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Synchrotron Mossbauer retlectometry using
stroboscopic detection
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M. Major· I. Serdons . Y. Yoda
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Abstract The concept of the heterodyne/stroboscopic detection of nuclear resonance
scattering of synchrotron radiation is extended to the grazing incidence geometry. Model
calculations for an antiferromagnetic [57Fe/Crho multilayer are shown and discussed.
Principles and methodological aspects of stroboscopic synchrotron Mossbauer reflectom­
etry are briefly reviewed.

Key words magnetic multilayers . Mossbauer reflectometry· nuclear resonant scattering
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1 Introduction

Synchrotron Mossbauer Reflectometry (SMR), the grazing incidence nuclear resonant
scattering of synchrotron radiation, can be applied to perform depth-selective phase analysis
and to determine the isotopic and magnetic structure of thin films and multilayers [1-5].
SMR is established in the time and angular regime and combines the sensitivity of
Mossbauer spectroscopy to. hyperfine interactions with the depth information yielded by
reflectometry. The specular SMR measurement is performed in the B-2B geometry, in either
the time integral (TlSMR) or the time differential regime (TDSMR). TlSMR means
recording the total number of delayed photons within a time interval lasting from t , to t i as
a function of the incident grazing angle B.t, is typically a few nanoseconds, depending on
the bunch quality of the radiation source and on the dead time of the detector and the
electronics. t2 is a value somewhat below the bunch repetition time of the storage ring. As a
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rule, a 8-28 scan of the prompt photons (conventionally called X-ray reflectometry) is
recorded along with a delayed time integral SMR scan. TDSMR consists of a time response
measurement at a fixed 8-28 geometry, performed at different values of 8. Like in the
forward scattering case, the presence of hyperfine interactions gives rise to quantum beats
in the time response.

2 The stroboscopic synchrotron Mdssbauer reflectometry

The heterodyne detection of nuclear resonant forward scattering of SR has been suggested
by Coussement et al. [6, 7]. In the heterodyne setup, two scatterers are present, the
investigated one and an additional single-line Mossbauer absorber, the latter acting as
reference sample. The reference sample is mounted on a Mossbauer drive, as shown in
Figure I. The radiation coherently scatters on both the sample and reference, as if the two
scatterers were a single absorber. The total number of the delayed scattered photons is
recorded as a function of the velocity v of the reference absorber. This experimental scheme
has the advantage that it is not sensitive to the time structure of the SR. Moreover, it provides
energy resolved spectra, similar to those in the usual energy-domain Mossbauer spectroscopy.

Since the heterodyne spectrum is the total number of the delayed scattered photons, it
can only be recorded if the prompt radiation is sufficiently reduced, e.g., by a polarizer/
analyzer [7] Another approach is detecting the number of delayed counts, integrated over a
well-defined time window, as a function of Doppler velocity v of the reference sample. This
is called stroboscopic detection (SD) [8, 9]. For stroboscopic experiments, the period length
tp of the observation time window is specially chosen so that

(I)

i.e., the Planck constant h times the observation frequency l/tp, has the same order of
magnitude as the hyperfine splitting of the investigated sample. The periodic time gating
results in a new type of resonances. They appear at Doppler velocities shifted from the
Mossbauer resonances of the sample by any integer number m times h/tp, and are called
mth-order stroboscopic resonances [8, 9].

In forward scattering geometry, the prompt electronic scattering homogeneously
contributes to the stroboscopic spectrum. Therefore, it does not affect the spectral shape.
However, in grazing incidence, the stroboscopically detected SMR line shape is
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Figure 2 Simulations forTISMR
spectra of57Fe/Cr AF multilayer for
different orientations of the hyper­
fine field.

e (mrad)

considerably influenced by the interference between the nuclear and the electronic
scattering [10].

The intensity expression of heterodyne/stroboscopic SMR [10] reads

00

I(v,B)cx mf;oosm JdET~[T+(E+me,Ev)-T~].[T(E,Ev)-Toolp} , (2)
-00

where m is the integer number indicating the stroboscopic order, Sm is the mth discrete
Fourier coefficient of the applied time window function [8, 9] and p is the polarization
density matrix [11] of the synchrotron source. T is the total scattering matrix [12] of the
sample-reference system [10]. This matrix depends on the energy E and also on the Doppler
energy shift E; caused by the movement of the reference. Note that the y-photons
coherently scatter on both the atomic electrons and the resonant Mossbauer nuclei.
Therefore, scattering matrices have a resonant nuclear and nearly energy-independent
electronic contribution. Consequently, for energies being far from the Mossbauer
resonances, E -7 ±oo on a hyperfine scale, the individual scattering matrices approach
their non resonant electronic contribution, Too . The mth term in the sum of Eq. 2 is called
the mth order stroboscopic spectrum component [9]. Indeed, according to Eq. 2, one finds
additional resonance lines at energies E; = E;± me [8-10]. For the interpretation of the
stroboscopic spectra, it is useful to express e in units of mrn/s:

A[nm]
c[mm/s] = 1000-[-] ,

tp ns
(3)

where A is the wavelength of the radiation in units of nm. For the Mossbauer transition
of 57Fe in cc-iron at room temperature, A::::; 0.086nm, the outer line separation of the
Mossbauer lines is 10.62 mrn/s. It follows from Eq. 3, that choosing tp=8 ns, e
approximately overlaps with the separation between the outer Mossbauer lines. Therefore,
choosing this time window period gives rise to an adequate separation of the stroboscopic
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Figure 3 Simulations for TDSMR spectra of 57Fe/Cr AF multilayer for 8 m parallel to the wave vector k
(dotted line) and 8Hf parallel to the a-polarization (solid line) at three different grazing angles. The right side
axis corresponds to the 8 m parallel to direction of the a-polarization case at the AF-Bragg position, where
having no AF-Bragg peak, the intensity is by two orders of magnitude lower.

resonances . Using Eq. 2 and applying the optical theory of SMR [I , 13], the theoretical
expression of stroboscopic SMR is straightforward [10].

3 Results and discussion

The code was merged into the EFFI program [14] and was used for some model simulations
of stroboscopic SMR spectra of a MgO/[57Fe(2.6 nm)/Cr(1.3 nm)ho anti-ferromagnetic
(AF) multilayer. First the corresponding TISMR curves are considered. Those yield
information on the alignment of the individual sublayer magnetization. If there is AF
coupling between the Fe layers, TISMR spectra may reveal magnetic multilayer period
doubling . This results in additional Bragg peaks, called AF-Bragg peaks.

Figure 2 shows the corresponding TISMR spectra for two different orientations of the
hyperfine filed, BHf being parallel/anti-parallel to the propagation of the SR (direction k)
and BHf parallel/anti-parallel to the direction of the o-polarization (perpendicular to k),
respectively. Both TISMR spectra have the peak at the critical angle (8=3 .67 mrad) [15]
and at the structural Bragg position (at 0=12.04 mrad), the latter being the result of the
nuclear/electronic contrast between the Fe and Cr layers. In the case of BHfbeing parallel/
anti-parallel to the direction of the c-pclarization, or in general, for any orientation being
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Figure 4 Simulations for stroboscopic SMR spectra of 57Fe/Cr AF multilayer for BIIf parallel to the wave
vector k (dotted line) and Bll r parallel to the a-p olarization (solid line) at three different grazing angles. The
right side axis corresponds to the BIIf parallel to direction of the a-polarization case at the AF-Bragg
position, where having no AF-Bragg peak, the intensity is by two orders of magnitude lower. The equidistant
vertical dashed lines (with distance z) indicates the different stroboscopic orders.

perpendicular to k, there is no AF-Bragg peak at 8=6 .81 mrad. The reason of this is the
special angular dependence of the coherent forward scattering amplitude]. An AF-Bragg
peak exists only, if there is a contrast in the susceptibilities according to the AF symmetry.
The only contribution in1 may result AF contrast is its dependence on the angle of k and
BHf [16], that is the same 90 degree for any direction perpendicular to k. However, in the
case of BHfbeing paral1el/anti-paral1el to the propagation of the SR those angles are 0 and
1800

, respectively, and a strong AF contrast is present.
Figure 3a--e show the TDSMR spectra for the same orientations, at the critical angle (8=

3.67 mrad), at the AF-Bragg position (0=6 .81 mrad) and at the structural Bragg position (0=
12.04 mrad), respectively. At the AF-Bragg position, there is a difference of two orders of
magnitude in the intensities of both orientations. Also the quantum beat behavior consid­
erably differs. However, making the difference between the two orientations of the hyperfine
fields in Figure 3b is hardly possible, there is a smal1 difference in the intensities only.

The stroboscopic SMR spectra in Figure 4 show similar properties we have found in
case of TDSMR spectra in Figure 3. Indeed, the simulations related to the two different
orientations of the hyperfine fields, the solid and dotted lines, are very similar at the
electronic critical angle (Figure 4a) and at the structural Bragg peak (Figure 4c). However,
there is a very significant difference between the solid and dotted lines at the AF-Bragg
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peak in Figure 4b. The count rate at the base-line of a stroboscopic SMR spectrum,
calculated at a certain grazing angle 8, is closely related to the TISMR spectrum at this
angle. Therefore, the intensities of the respective stroboscopic SMR spectrum at the AF
Bragg peak position (panel b) differ by almost two orders of magnitude. The second huge
difference between the solid and dotted lines in panels b of Figure 4 is the shape of the
lines, which correspond to the different quantum beat behavior we observed in Figure 3b.
Summarizing, the simulated stroboscopic SMR spectra show the same sensitivity to the
orientation of the hyperfine fields, therefore like TDSMR, stroboscopic SMR is also
capable for studying AF multilayers and thin films.

The advantage of the stroboscopic detection scheme is the possibility of the direct
visualization of the Mossbauer resonance lines. In Figure 4 the equidistant vertical dashed
lines with distance e (see Eq. 3) indicate the different stroboscopic orders. For the
simulations, an observation period of tp=8 ns was used, which corresponds to £=

10.62 mm/s, according to Eq. 3. The zone being symmetric to the zero velocity channel v=
omm/s, extending from v=-5.31 mm/s to v=5.31 mm!s, is the Oth order resonance (also
called heterodyne spectrum). The -I st and I st orders are shifted by e and -£, respectively.
In panels (a) to (c) the four resonance lines of the +I and - I stroboscopic orders (right and
left side, respectively) can be easily identified.

Note that in Figure 4b the stroboscopic resonances are hardly observable in case of
presence of AF contrast (dotted curve). This can be understood by taking into account that
the AF Bragg peak is electronically not allowed, however the intensity of the stroboscopic
peaks are proportional to the electronic reflectivity [17]. The stroboscopic spectra also show
a left/right asymmetry due to the variation of the phase of the total scattering amplitude
with energy. This latter allows for phase determination of the scattering amplitude from a
set of stroboscopic SMR spectra [17].

4 Conclusion

In conclusion , we discussed a new method, stroboscopic SMR for the determination of
hyperfine fields in magnetic multilayers . Like TDSMR, stroboscopic SMR is sensitive to
the orientation of the hyperfine magnetic field. The stroboscopic SMR spectra directly show
the resonance lines making possible considerable easier identification of the hyperfine
fields.
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Abstract A new methodology was envisioned in order to prepare green rust compounds
build on organic anions that could intervene in microbiologically influenced corrosion
processes of iron and steel. The formate ion was chosen as an example . The formation of
rust was simulated by the oxidation of aqueous suspensions of Fe(OH)2 precipitated from
Fe(I1) lactate and sodium hydroxide, in the presence of sodium formate to promote the
formation of the corresponding green rust. The evolution of the precip itate with time was
followed by transmission Mossbauer spectroscopy at 15 K. It was observed that the initial
hydroxide was transformed into a new GR compound. Its spectrum is composed of three
quadrupole doublets, D] (5=1.28 mm S-I , <1=2.75 mm S-I) and D 2 (5=1.28 mm s-1, <1=
2.48 mm S-I) that correspond to Fe(I1) and D3 (5=0.49 mm S-I, <1=0.37 mm S-I) that
corresponds to Fe(III). The relative area of D3, close to the proportion of Fe(III) in the GR,
was found at 28.5± 1.5% (-2/7). Raman spectroscopy confirmed that the intermediate
compound was a Fe(II-III) hydroxy-formate, GR(HCOO-) .

Key words green rust -corrosion formate . organic matter -steel

1 Introduction

Microbially influenced corrosion of materials results from the combination of chemical,
electrochemical, and biological factors. Organic matter is thus present and may by itself modify
the corrosion process through various ions and molecules. Moreover, electron donors such as
lactate or formate are necessary for providing energy sources. The formation of rust can be
simulated by oxidation of aqueous suspensions of Fe(OHh obtained by mixing solutions of
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NaOH and a Fe(II) salt. When the initial ratio of reactants [Fez+]/[OW] is larger than 0.5, an
intermediate green rust (GR) compound is obtained between the initial Fe(OHh and the end
products. GRs are Fe(II-III) hydroxysalts characterised by a crystal structure that consists of
the stacking of Fe(OHh-like layers carrying a positive charge as due to the presence ofFe(Ill),
and of interlayers constituted of anions and water molecules. The anion associated with Fe(IT)
in the salt induces the formation of the corresponding GR, e.g., using FeCIz·4HzO leads to GR
(Cl") [I]. The aim of this study was to study intermediate corrosion products induced by
organic species, for instance formate anion HCOO- .

2 Materials and methods

The formation ofrust was simulated by the oxidation ofaqueous suspensions ofFe(OHh. Since
Fe(II) formate was not available another Fe(IT) salt had to be used. Fe(II) lactate was chosen as
lactate is a large monovalent anion unfavourable for the stability of a green rust structure.
Sodium formate was then added to provide HCOO- ions. Various formate concentrations,
from 0.3 to 1.2 M, were considered, whereas the Fe(C3Hs0 3h and NaOH concentrations were
set at 0.18 and OJ M, respectively, for all experiments. Chemicals, provided by Aldrich®,
ensured a 98% min purity. Magnetic stirring (-500 rpm) in the open air ensured a progressive
oxidation of the precipitate and a thermostat maintained the temperature at 25±0.5°C.
Reactions were monitored by recording the potential Eh of a platinum electrode immersed in
solution, using the saturated calomel electrode as a reference. However, the measured
potentials will be given with respect to the standard hydrogen electrode. The pH of the
suspension was measured via a glass electrode.

Precipitates were analysed at various reaction times by transmission Mossbauer spectroscopy
(TMS) using a constant-acceleration Mossbauer spectrometer calibrated with a 25 urn foil of
n-Fe at room temperature, a 512 multichannel analyser (Halder, Elektronic GMBH), and a
50 mCi source of S7C O in Rh. Spectra were computer-fitted with Lorentzian shape lines and
errors on the Mossbauer parameters determination were estimated by analysing three samples.
Measurements were performed at IS K, a temperature allowing us to discriminate GRs from
Fe(OHh and Fe(IlI) oxyhydroxides [I, 2]. The GR obtained was also analysed by Raman
spectroscopy by using a Jobin Yvon spectrometer (LabRAM HR), with a resolution of about
2 em- I . Excitation was provided by a He-Ne laser (632.33 nm) through an Olympus
microscope with a SOx objective. Laser power was varied between 1.94 and 0.07 mW by a set
of three density filters to prevent the transformation of the product due to laser heating.

3 Results and discussion

3.1 Eh and pH vs time curves

The shape ofEh and pH vs time curves proved to be independent of NaHCOO concentration.
As an example, the curves obtained with [NaHCOO]=OJ M are displayed in Figure 1. Until
reaching point I, pH decreases from 12 to 8.5 whereas Eh increases from - 0.54 to -OJ3 V.
This corresponds to a progressive precipitation of Fe(OH)z. Since Fe(I!) lactate is only slightly
soluble in water (-20 gIL at 10°C and 85 gIL at lOO°C [3]), it is not completely dissolved
when adding the NaOH solution. Fe(OH)z is much less soluble (pKs= 12.94 at 25°C [4]) and it
precipitates from the initial dissolved Fe(II). The solution becomes undersaturated with respect
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Figure 1 Eh and pH vs time
curves recorded during oxidation
at 25°C of a Fe(OH)2 precipitate
obtained by mixing Fe(C3Hs0 3h
(0.18 M), NaOH (0.3 M) and
NaHCOO (0.3 M) solutions.
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to Fe(II) lactate that dissolves progressively while Fe(OH)2 forms. This process is evidenced
by the colour turning from pale green-blue to dark green.

Then, a plateau is observed around point 2 and both Eh and pH stay constant. Potential Eh

measured on this plateau depends on the [HCOO-] concentration and is equal to -0.325±
0.025, -0.345±0.025 and -0.400±0.025 V for [HCOO-]=O.3, 0.6, 1.2 M, respectively. On
such a plateau, the potential value is linked to the equilibrium conditions between the various
present phases [2]. Since it depends on the HCOO- concentration, one of the phases involved
in the equilibrium must contain formate, After point 3, both Eh and pH vary continuously and
stabilise after about 15 min when the oxidation of Fe(II)-containing phases into Fe(III)
oxyhydroxides is accomplished.

3.2 Analyses of the precipitate at various oxidation times

The characterisation of the precipitate during oxidation was achieved by TMS at 15 K.
Analyses were performed at intermediate times, denoted as points I, 2 and 3 on the Eh vs time
curve of Figure I. Spectra are displayed in Figure 2a-e and hyperfine parameters listed in
Table I. The spectrum of the precipitate sampled at point 1 is composed of three components.
The first one, FH, is an octet characteristic of Fe(OH)2 at such a temperature [1, 5]. The
presence of eight lines is due to the fact that the quadrupole-interaction energy and the
magnetic-interaction energy are similar, and the levels of the excited state are no longer pure
ones. The other spectral components are the quadrupole doublets characteristic of a green
rust. Doublet D, +2, with large isomer shift 8 and quadrupole splitting .1, is due to Fe(lI)
whereas D3, with smaller 8 and .1 values, is due to Fe(IIl). This compound results from the
oxidation of Fe(OHh At point 1, Fe(II) lactate is not detected by TMS, confirming that the
precipitation of Fe(OH)2 is achieved and that the excess Fe(II) is present as dissolved species
according to:

Since the precipitationrate ofFe(OHh that is linked to the dissolution rate ofFe(II) lactate is
slow, the oxidation ofFe(OH)2 has already produced some GR before the end of precipitation.

The precipitate obtained at point 2 on the Eh or pH plateau is still composed of a mixture
of Fe(OHh with GR. The spectrum is fitted with the same components, FR, D, +2 and D3 •

The only difference with the previous spectrum is that the relative areas have changed,
since Fe(OHh is transforming progressively into the GR compound .
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Figure 2 (a-c) Transmission Mossbauer spectra at 15 K of the precipitates sampled at points 1-3 indicated
on the Eh vs time curve (Figure I). Experimental curves (filledcircles), elementary components (solid line),
global computed curve (broken line) . (d) Raman spectrum of the precipitat e sampled at point 3. [NaHCOO] =
0.6 M.

Then at point 3, right after the plateau, the spectrum reveals that Fe(OHh is totally
consumed. Its oxidation has produced a GR compound. The spectrum was acquired on a
narrower velocity range in order to precise the hyperfine parameters and two quadrupole
doublets,D, and D2, can be fitted. Such doublets are also found in GR(CI-) [1] and GR(CO~-)

[6], whereas only one (D,) is found in GR(SO~-) [2]. The D,/D2 area ratio is about two. It was
found larger (-3) in GR(CO~-) and smaller (-I) in GR(Cll. The relative area of D3, that
corresponds approximately to the proportion of Fe(III) in the green rust, is found at 28.5±
1.5%, taking into account the analyses of the GRs obtained with [HCOO-]=O.3 and 1.2 M

(not represented).
Since this new GR has a TMS spectrum that differs from those of known GRs and since its

equilibrium conditions with Fe(OHh depends on the HCOO- concentration, it must be a Fe(II­
III) hydroxy-formate . From the proportion of Fe(III) close to two of seven (-28.5%), the
chemical formula Fe1'Fe1"(OH)'4(HCOO)z . nH20 can be proposed for GR(HCOOl. Its
formation by oxidation of Fe(OHh should then be written as follows:

6 Fe(OHh + Fe2+ + 2 HCOO- + 1/202 + (n+ I)H20 * Fe1IFe~"(OH)14(HCOO)2' nH20

(2)

Equilibrium conditions between Fe(OHh and GR(HCOO-) would thus correspond to:

7 Fe(OH)z + 2 HCOO- + nH20 * Fe1'Fe1"(OH)'4(HCOO)z . nH20 + 2e- (3)
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Table I TMS analyses at 15 K of samples 1-3, at various stages of the oxidation of Fe(OHh, as described in
Figure I

Sample I Sample 2 Sample 3

5 L1 H RA 5 L1 H RA 5 L1 RA

FH 1.4 3.0 190 48 1.4 3.0 190 42 D1 1.28 2.75 47

D1+ 2 1.32 2.67 41 1.31 2.67 45 D2 1.28 2.48 23

D3 0.53 0.39 II 0.52 0.39 13 D3 0.49 0.37 30

The accuracy is ±O.02 rom S- I for the isomer shift 5 and the quadrupole splitting L1 and ±5 kOe for the
hyperfine field H.

H hyperfine field in kOe and RA relative abundance in percent.

5= lsomer shift with respect to metallic n-Fe in rom S-I ; L1=quadrupole splitting in rom S.-I

and are given by Nemst's law:

Eeq = EO - 0.0591 log [HCOO-] (4)

As observed experimentally, the equilibrium potential Ecq decreases as [HCOO-]
increases.

The Raman spectrum of the GR formed at point 3 is presented in Figure 2d. It displays
the two characteristic vibration bands found in all OR compounds at about 430 and
500 crn" [7-9]. The small band at 1,346 cm" corresponds to the symmetric stretching
mode of the COO group of the formate ion. The three other bands, at 243, 331 and
376 cm- I may be characteristic of GR(HCOO -) . For instance, GR(CO~-) gives rise to
vibration bands at 220 and 260 cm" [9].

4 Conclusion

Using Fe(II) lactate as the source of Fe(II), it proved possible to prepare a Fe(II-III)
hydroxy-formate green rust by oxidation of aqueous suspensions of Fe(OH)z. Sodium
formate was added to provide the HCOO- ions to be intercalated in the GR structure. This
method should permit to prepare any GR variety, provided that the anion added is more
favourable for OR formation than the lactate anion. Mossbauer spectral parameters, as well
as the vibration bands displayed on the Raman spectrum, are typical of a OR compound, but
slightly different from those ofany other known GR compound . The interpretation ofthe slight
modifications induced by the intercalated anion should allow us a more detailed knowledge of
the structural properties of GRs [10].

References

1. Refait, P., Abdelmoula, M., Genin, 1.-M.R.: Corros. Sci. 40, 1547 (1998)
2. Refait, P., Bon, C., Simon , L., Bourrie, G., Trolard , F., Bessiere, 1., Genin, 1.-M.R.: Clay Miner. 34 , 499

(1999)
3. Lide, D.R. (ed.): Handbook of Chemistry and Physics , 75th edn . CRC, Boca Raton (1995)
4. Kelsall, G.H ., Williams, R.A.: 1. Electrochem. Soc. 138,931 (1991)
5. Refait, P., Charton, A., Genin , 1.-M.R.: Eur. J. Solid State Inorg. Chern . 35, 655 (1998)
6. Drissi, S.H., Refait , P., Abdelmoul a, M., Genin , 1.M.: Corros. Sci . 37, 2025 (1995)
7. Boucherit, N., Hugo Le Goff, A., Joiret, S.: Corro s. Sci. 32 , 497 (1991)

~ Springer



722 P. Refait, M. Abdelmoula, et al.

8. Simard, S., Odziemkowski, M., Irish, D.E., Brossard, 1., Menard, H.: 1. Appl. Electrochem. 31, 913
(2001)

9. Legrand,1. , Sagon, G., Lecomte, S., Chausse, A., Messina, R.: Corros. Sci. 43, 1739 (2001)
10. Genin, 1.-M.R., Afssa, R., Abdelmoula, M., Benali, 0 ., Emstsen, v., Ona-Nguema, G., Upadhyay, C.,

Ruby, C.: Solid State Sci. 7, 545 (2005)

~ Springer



Hyperfine Interact (2006) 167:723-727
DOl 10.1007/s I0751-006-9349-7

Monitoring structural transformation of hydroxy-sulphate
green rust in the presence of sulphate reducing bacteria

M. Abdelmoula . A. Zegeye • F. Jorand . C. Carteret

Published online : 14 November 2006
© Springer Science + Business Media B.Y. 2006

Abstract The actrvines of bacterial consortia enable organisms to maxmnze their
metabolic capabilities. This article assesses the synergetic relationship between iron
reducing bacteria (IRB), Shewanella putrefaciens and sulphate reducing bacteria (SRB)
Desulfovibrio alaskensis. Thus, the aim of this study was first to form a biogenic hydroxy­
sulpahte green rust GR2(SO~-) through the bioreduction of lepidocrocite by S. putrefaciens
and secondly to investigate if sulfate anions intercalated in the biogenic GR2(SO~-) could
serve as final electron acceptor for a sulfate reducing bacterium, D. alaskensis. The results
indicate that the IRB lead to the formation of GR2(SO~-) and this mineral serve as an
electron acceptor for SRB. GR2(SO~-) precipitation and its transformation was
demonstrated by using X-ray diffraction (DRX), Mossbauer spectroscopy (TMS) and
transmission electron spectroscopy (TEM). These observations point out the possible
acceleration of steel corrosion in marine environment in presence of IRB/SRB consortia.

Key words green rust -biocorrosion . SRB . iron sulphide TMS

1 Introduction

It was recently shown that the GR2(SO~-) was present among the corrosion product of
steel sheet piles immersed for 25 years in seawater and was associated with SRB. If the
formation ofGR2(SO~-) is the consequence of iron chemistry in seawater, then its presence
could promote a microbial activity. Indeed, GR2(SO~-) could form through a biotic
pathway [2] and could serve afterwards as a sulphate reservoir for SRB activity [3].

Therefore, the aim of this article is to clarify the main features of the mechanism of
biocorrosion. The starting material in the event, GR2(SO~-), was formed through the
microbial reduction of lepidocrocite by S. putrefaciens under Hz atmosphere serving as the
sole electron source. The GR2(SO~-) alteration experiments by D. alaskensis were
conducted with the biogenic GR2(SO~-) as the sole electron acceptor and lactate as the

M. Abdelmoula ([0) . A. Zegeye : F. Jorand : C. Carterel
LCPME, UMR 7564, CNRS-UHP Nancy I, 405 rue de Vandoeuvre, 54600 Villers-les-Nancy, France
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Figure 1 XRD diffractogram of the product during the incubation period. a, b, c, and d correspond to t= O,
t=3 days, t=20 days and t=300 days, respectively.

electron donor in non-buffered medium. The monitoring versus time of the products,
resulting from the biotic transformation ofGR2(SO~-), was carried out by XRD, TMS and
TEM.

2 Experimental methods

The iron reduction experiments were conducted with S. putrefaciens as described in [2].
The resulted mineral, GR2(SO~-), was used as an electron acceptor for SRB metabolism.
These bacteria (D. alaskensis) were incubated in a defined mineral medium containing
K2HP0 4 (0.5 g L- 1

) . Sodium lactate served as the electron source (3.5 g L- 1
) .

Three methods were used to characterize the products: DRX, TMS and TEM. Mossbauer
spectra were measured by means of a constant-acceleration spectrometer with a 50 mCi
57Co source. Computer fittings were performed with the Recoil Software of Lagarec and
Rancourt, using Lorentzian model or pseudo-voigt method based on the least-squares
method. The XRD data were collected with a D8 Bruker diffractometer, equipped with a
monochromator and position-sensitive detector. The X-ray source was a Co anode (A=
0.17902 nm). Transmission electron microscopy (TEM) was conducted using a CM20/
STEM Philips TEM, with a voltage of 200 kv,
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Table I Mossbauer hyperfine
parameters Incubat ion time 8 (mm/s) with L1 or H RA

(days) and respect to a-Fe at 2£ (kOe) (%)

temp erature RT (mm/s)

1=0 GR Dl : 1.27 2.92 36

02 :0.48 0.44 2\

17 K Lepido : 0.4 7 0.62 43

1=3 GR 01 : 1.24 2.87 16

02 :0.53 0.39 10
Lepido : 0.46 0.7 3 46

100 K Vivianite : \. 33 3.2 7

1.24 2.54 6

Greigite : 0.47 -0.\4 475 9

0.84 0.02 217 6

1=20 GR Dl : 1.18 2.6 34

02 : 0.4 0.5 32

Lepido : 0.4 7 0.5 5

215 K Vivianite : 1.2 2.96 13

Greigite : 0.41 -0.09 419 11

0.85 - 0.5 387 4

1=300 GR D\ : 1.24 2.67 29

D2 : 0.45 0.43 17

\ 3 K Vivianite: 1.27 3. \ 14

Greigite : 0.49 0 280 20

0.88 - 0.5 355 8

Iron oxid e : 0.48 -0.\5 504 12

3 Results and discussion

3.1 Bioreduction of lepidocrocite

The green colored product formed from y-FeOOH bioreduction was characterised by XRD
and TMS. The XRD patterns of products obtained after 90 days of incubation exhibit peaks
of GR2(SO~-) and lepidocrocite (Figure la) . Experimental GR2 d-spacings are similar to
those previously obtained in biotic and abiotic conditions for GR2(SO~-) [2]. The
Mossbauer spectrum of the greenish phase at 77 K can reasonably be fitted (Table I) with
three paramagnetic quadrupole doublets D\, Dz, and D Lcp idocrocitc (Figure 2a). The doublets
D) (ferrous state) and D2 (ferric state) correspond to GR2 (57%) and the doublet DL is
assigned to paramagnetic Fe3

+ in lepidocrocite (43%), with small isomer shifts 8 (0.47 mm/s)
and quadrupole splitting L1 (0.62 mm/s) values at 77 K [2].

3.2 Reactivity of GR2 with SRB

Two types of XRD patterns exist for GR depending upon the shape of intercalated anions,
which induce various stacking sequences. GRI incorporate planar or spherical anions (CI- ,
CO~- ) whereas GR2 inserts three-dimensional anions (S042

- ) [4]. GRI compounds have a
trigonal structure with sequence AcBiBaCjCbAkA..., where A-C designate OIr planes, a- c
metal cations layers and i- k intercalated layers. In contrast, GR2 compounds conserve the
original hexagonal stacking of the ferrous hydroxide with sequence AcBiA and crystallize
also in the trigonal system, but with a much smaller periodicity (only one single layer repeat
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Figure 2 Mossbauer spectra of the products with various incubation periods .

with a primitive hexagonal cell) along the C axis than for ORI (a three-layer repeat yielding a
rhombohedral structure). The XRD discriminate unambiguously both poly-types (ORI , OR2)
when one has a mixture of these two phases. The monitoring versus time of the interaction of
OR2(SO~-) with the SRB is carried out by characterising the precipitates by XRD, TMS and
TEM. Figure I shows the diffractograms measured at various incubation periods.

The XRD patterns of products obtained after 0 and 3 days of incubation (Figure la and
b) exhibit lines of OR2 and lepidocrocite. However, the lines of OR2 are always observable
but their intensity strongly decreased. A new reflection probably corresponding to vivianite
appears. After 20 days (Figure Ic), one observes the total extinction of the peaks
corresponding to the OR2 and lepidocrocite and growth of new lines ascribable to the ORI
whose intensity increases with the time of incubation (Figure Id).

Mossbauer spectra of the filtered solids were collected between 215 and 13 K at different
time of incubation. The corresponding hyperfine parameters are given in Table 1. The
spectrum recorded at 100 K reveals a distinct, rapid formation of new mineral phases by
day 0 (Figure 2a). At day 3, a magnetic component appears (Figure 2b). In spite of the
appearance of a new iron component Fe(II) ascribable to vivianite, the total amount of
Fe(II) is smaller than that of Fe(III) which correspond to two overlapping doublets
(lepidocrocite and ferric of OR). After 20 days, the shape of the spectrum is similar to
that obtained at 3 days of incubation, however the total quantity of paramagnetic Fe(III)
decreased notably (Figure 2c). The absorption of lepidocrocite strongly decrease because
of its probable dissolution by hydrogen sulphide [5], resulting from sulphate-reduction.
When we continue incubation for a longer period (300 days), the paramagnetic components
ascribable to vivianite and the OR are always present; in addition the intensity of the
magnetically ordered component increased (Figure 2d). A potential candidate for this
component is iron sulphide , which was identified as a greigite (Fe3S4), from the values of
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the hyperfine fields of its two sextets (280 and 350 kOe). Greigite, FeJS4, the sulphur
analogue of magnetite FeJ04 has a similar inverse spinel structure [6]. In spite of its clear
observation by TMS, XRD does not indicate any additional phases other than GRI and
vivianite . This suggests that this iron sulphide is poorly crystallized . The TEM results (not
shown) also confirm this observation . It consists of few areas that exhibit diffuse ring
selected area diffraction (SAED) patterns, indicating a poor degree of crystallinity.

The analyses by XRD showed unambiguously the appearance of the GRl(CO~-) to the
detriment of the GR2(SO~-) but the TMS and TEM identified, in addition of GRI (CO~-),

poorly crystallised greigite. TMS provided complementary data to understand the
mineralogical and chemical evolution of the samples in agreement to structural analyses.
Aqueous hydrogen sulphide and a part of aqueous ferrous iron species which is in
equilibrium with the GR2(SO~-) induces its dissolution and may then react and precipitate
as iron sulphide. In addition, the precipitation from dissolved iron species and by
incorporating the available dissolved surrounding anions such as carbonate (from lactate
oxidation) leads preferentially to GRI(CO~-).

4 Conclusion

The poorly crystalline Fe sulphides form as a result of the dissimilatory bacterial reduction
of sulphate [7]. D. alaskensis can couple the oxidation oflactate to the reduction of sulphate
ions incorporated in the biogenic GR2(SO~-) . Bicarbonate and hydrogen sulphide are
reaction products [8].

In this study, it was suggested strongly that the interaction of iron reducing bacteria and
sulphate reducing bacteria must be responsible for the catastrophic corrosion of steel in the
marine environment [I]. Microbiologically Influenced Corrosion (MIC) proceeds in two
steps: the reduction of ferric oxyhydroxides by DIRB to produce Fe2

+, which then form
GR2(SO~-), and the reduction of the sulphate ions trapped within the interlayers of the
GR2(SO~-) structure by SRB into sulphides and its subsequent reaction with Fe2

+ to form
ferrous sulphides.
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Abstract The electrochemical reactions of Li with c-Mg-Sn have been investigated by in
situ Mossbauer spectroscopy of 119Sn and X-ray diffraction. The lithiation transforms
initially c-Mg-Sn part into Li.Mg-Sn alloy (x<0.5). On further lithiation Mg is extruded
from the structure with formation of LizMgSn ternary alloy. In situ Mossbauer spectroscopy
provides valuable information on local environment of tin and swelling behavior and
cracking of the particles during discharge and charge processes.

Key words in situ measurements' lithium-ion batteries -electrochemical behavior ­
Mossbauer spectroscopy of 119Sn

1 Introduction

At the present time the lithium-ion technology is the preferable portable power source but
the development of high energy and power batteries for other applications, such as portable
power tools or hybrid vehicles, leads to intensive worldwide research about new electrode
materials and electrolytes. Among the new anode materials, the tin-based alloys [1, 2] c­
Mg-Sn allows to insert 4.4 lithium atoms per formula unit at a potential of 0.45 V leading
to a theoretical capacity of 704 Ah/kg .

We will show that use of 11 9Sn as a local Mossbauer probe is of high interest for
studying mechanisms induced by lithium insertion. Combined structural and electronic
analysis from X-ray diffraction, 119Sn Mossbauer spectrometry has allowed us to establish
that lith ium insertion induces a displacement reaction with Mg extrusion. Such
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Figure 1 Evolution of 119Sn
Mossbauer spectra recorded un­
der in situ condition during the
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displacement reaction definitively explains the well-defined plateau observed In the
electrochemical potential curves.

2 Experimental

A batch of cubic Mg2Sn was prepared by reacting stoichiometric amounts of elemental
metallic powder (purity >99%) through a ball-milling process. Typically, for such a
synthesis, 2 g of the mixed powders and a steel ball (7 g) were loaded into a stainless steel
vial under an Argon atmosphere. Then, the sealed vial was sequentially shaken for various
lengths of time in an SPEX8000 miller with 15 min of interruption every 30 min of shaking
to release as much as possible of the shock-induced generated heat.

Electrochemical tests of c-Mg-Sn have been done in thin plastic Li-ion cell Pl.Ion"
developed by Bellcore[3].

3 Results and discussions

In Figure 1, we compare at the same velocity scale, in situ spectra of c-Mg-Sn during
lithium insertion (discharge) and extraction (charge). Each spectrum has been recorded for
an hour. Variations of the baseline far from absorption lines are observed suggesting
modification of the irradiated surface of the sample, Since this baseline is directly due to
gamma rays going through the sample without absorption, the observed variation from a
spectrum to another may be due to voids between the particles (increase of baseline level)
or to the swelling of the particles themselves (decrease of baseline level). These voids are
due to cracks formed during lithium insertion. In another hand, decrease of the baseline is
mainly due to an increase of the number of absorbing nuclei. This observation is attributed
to the swelling of the particles.
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Figure 2 Discharge-charge
curves of pristine c-MgzSn upon
Li-insertion compared to in situ
119Sn Mossbauer results.
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In Figure 2, we have drawn the baseline percent relative to those observed in the first
spectrum. Hence, values lesser than 100% correspond to a more absorbing sample
compared to pristine sample . Typical discharge/charge curves are shown in the upper part of
Figure 2. The curve presents a sharp decrease of the potential at the very beginning of
insertion process from 1.5 to 0.45 V. The well-defined plateau corresponding to a two-phase
system is observed. Then, below 0.45 V a continuous decrease of the potential can be
ascribed to a topotactic insertion of lithium atoms in the new phase.

In Figure 2, one can also see variations of hyperfine parameters . Isomer shift shows two
main domains corresponding respectively to the formation of LizMgSn from Li.Mg-Sn
with extrusion ofMg (from 1.98 to 2.01 mm/s) . The second domain show that tin atoms are
not involved in the electrochemical process since isomer shift does not evolve and Li are
then intercalated in Mg structure resulting in formation of Li.Mg.

Lithium insertion/extraction in c-Mg-Sn induces baseline, absorption, linewidth and
isomer shift that are in good agreement with the previously proposed mechanism starting
from in situ XRD results [4].

I) Mg-Sn + x Li -> Li.Mg-Sn
2) LixMgzSn+(2 - x) Li -> LizMgSn + Mg

3) Mg +x Li -> Li.Mg

The variations observed in Figure 2 during the first discharge in the baseline can be
explained by the following . The initial contribution is mainly due to, in a first
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approximation, the particles that are not joining together. So, y -rays that are going through
voids contribute to the baseline. The initial absorption close to 12.5% is characterizing the
tightness of the Sn-Mg chemical bonding in the pristine material. The first steps of lithium
insertion consist of topotactic mechanism in which swelling of particles is induced,
reducing the voids between active particles . Hence baseline is decreasing as observed in the
Mossbauer spectra. Absorption is also decreasing and reflects, through f-Lamb--Mossbauer
factor, a decrease of the strength of Sn-Mg chemical bonding. This observation is in
agreement with XRD cell parameters variation . Then, the increase of the baseline reaching
asymptotically a saturating value is a fingerprint of crack formation, responsible of the
irreversible capacity. More and more voids are present in the sample . The decrease of
absorption to about 10.5% corresponds to a new phase formation (Li2MgSn) while a part of
Mg is extruded from the pristine structure .

4 Conclusions

In situ Mossbauer spectroscopy can be very useful to study lithium insertion mechanism in
order to better understand the electrochemical behavior of the new electrode materials. We
have shown how to use baseline variation to have a direct evidence of swelling of the active
material particles in the battery which is a key issue for industrial applications.

Concerning Mg2Sn, the electrochemical insertion oflithium in the pristine material leads
to a topotactic insertion producing Li.Mg-Sn, Then, this alloy is not stable and forms a new
phase Li2MgSn by extrusion of Mg from the initial structure. The conclusions deduced
from Mossbauer are in a good agreement with those obtained from in situ X-ray diffraction
measurements.

Now, this way of using Mossbauer spectroscopy provides a new tool to get deeper
insight in characterizing Li-ion accumulators, even for the case in which X-ray diffraction
pattern do not give information when amorphous or nanosized particles are formed.
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Abstract Sn-based composite materials were synthetized by a conventional melt­
quenching method, and studied by X-ray diffraction, electrochemistry and in situ l19Sn

Mosssbauer spectroscopy. Tin was dispersed ex situ into a matrix formed from B203:P20S.

XRD and 119Sn Mossbauer spectroscopy show the formation of an interface between the
active species (Sno) and the matrix. This amorphous interface acts as a "buffer-zone" which
compensates volume changes during the tin-lithium alloy formation and avoids aggregation
of tin particles.

Key words Li-ion batteries -tin-based composite materials· in situ Mossbauer spectroscopy

1 Introduction

Recently, there has been a considerable interest in finding new electrode materials with high
capacity for new applications of Lithium-ion batteries. Many alloy based anode materials
have been studied to overcome the limited capacity of graphite, but they undergo severe
volume expansion/contraction during alloying and de-alloying reactions, which finally
leads to the pulverisation of the electrodes. Sn-based oxides [I, 2] or Sn-based glasses [3]
have attracted considerable attention because these materials exhibit very promising
performances (high specific capacity, large reversibility, good safety). The choice of BP04

as a matrix for the dispersion of the active species is justified by its good thermal and
electrochemical stability and its good ionic conductivity.
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Figure 1 XRD Powder patterns
of SnlBP04 composite.
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In this work , we report a study of such Sn-based composite materials based on X-ray
diffraction, electrochemical tests and in situ l 19Sn Mossbauer spectroscopy.

2 Experimental

The Sn/BP04 composite was prepared by a conventional melt-quenching method. The
active species (f3Sn) were homogeneously dispersed into the matrix formed by BZ03:PZOS

with an optimized composition [4]. Stoichiometric amounts of f3Sn (Aldrich, diameter
<10 um) and BP04 (synthesized from NH4HzP04 and H3B03 as phosphoric and boric
precursor, respectively) were ground and heated in a vitrous carbon heating boat inside a
horizontal tube furnace at 500°C. This mixture was heated for 5 h in a constant flow of
nitrogen and quenched to room temperature by removing the boat from the furnace . The
solid formed gives a grey powder after grinding.

X-ray diffraction (XRD) powder patterns were recorded with a Philips instrument, using
CUKal radiation (A= 1.54051 A). 119Sn Mossbauer spectra were recorded by transmission
(transmission Mossbauer spectroscopy, TMS) in the constant acceleration mode using a
conventional EG&G spectrometer. Conversion electron Mosssbauer spectroscopy (CEMS)
measurements were carried out by means of a standard Mossbauer spectrometer with a
constant acceleration movement and using a gas flow (94% He, 6% methane) proportional
counter to detect the internal conversion electrons emitted after resonant absorption of
gamma rays. The source was 119mSn in a CaSn03 matrix and all spectra were collected at

room temperature.
Electrochemical tests were carried out using a Swagelock" cell employing a lithium foil as

counter electrode and utilizing I M LiPF6 in mixed organic solvents as the electrolyte. The cell
was assembled in Ar-filled glove box. The discharge-charge tests were carried out by means
of a Mac Pile system operating in a galvanostatic mode, between 1.2 and 0.1 V vs Li+/Lio.

3 Results and discussion

The XRD pattern of Sn/BP04 is shown in Figure I . The observed diffraction peaks
correspond to crystalline f3-Sn and BP04 and the broad halo between 10 and 17° () to an
amorphous phase. The lattice parameters of the observed crystalline phases for BP04
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Table I Hyperfine parameters obtained for the SnlBP04 composite at 300 K: isomer shift {) relative to
BaSn03, quadrupole splitting L1 and line width at half-maximum r

Tin sites Contribution (%) s (mm/s) L1 (mm/s) r(mm/s)

TMS Sn(O) 60 2.37 0 0.889
Sn(lI) 40 3.39 1.47 0.889

CEMS Sn(O) 17 2.25 0 0.985
Sn(lI) 83 3.38 1.54 0.985

(a=b=4 .341 A and c=6 .635 A) and f3-Sn (a=5.830 A and c=3.l81 A) are in good
agreement with previously published values [5, 6].

11 9Sn Mossbauer spectroscopy gives us further information about the Sn local
environment in this composite material. Figure 2 shows both the experimental data and
the fitted curves of the Mossbauer spectra recorded in transmission mode (TMS, Figure 2a)
and in emission mode (CEMS, Figure 2b). The hyperfine parameters are given in Table I.

The spectrum obtained in transmission mode (Figure 2a) was fitted by considering two
different contributions: Sn" and Sno. The hyperfine parameters of the Snll doublet (<5=
3.39 mm/s, ,1= 1.54 mm/s) are in the same range of values than those of amorphous tin
oxides [7] and can be attributed to the amorphous phase observed by XRD. The hyperfine
parameters of Sno are close to those of f3Sn, which confirms the existence of f3Sn in the
composites as observed by XRD. The relative quantities of the two species have been
evaluated from the values of the Lamb-Mossbauer factor at 300 K (f::::OA for Sn" and f::::
0.04 for f3-Sn) [8]. The composite is formed by about 95% of f3Sn and 5% of Snll-based
amorphous phase. The spectrum obtained by CEMS (Figure 2b) is formed by an
asymmetric doublet which was also fitted with two components due to Sno and Sn". The
hyperfine parameters are close to those obtained in transmission mode, which confirms that
the two types of tin detected by CEMS can be assigned to the same species (Table 1). The
relative amounts obtained by considering the f factors are 80% for f3Sn and 20% for the
Snll-based amorphous phase. The comparison between the relative contributions obtained
in the two modes (TMS and CEMS) clearly shows that the Sn" atoms are located in thin
layers. Since the amorphous phase comes from the reaction of BP04 with /3Sn, we
conclude that the composite is formed by particles of BP04 and f3Sn with an interface
formed by the Sn" based amorphous phase.
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Figure 3 Voltage profile of Sn/BP04 composite between 1.2 and 0.1 V. The cell was cycledat a rate of C/20.

Figure 3 shows discharge/charge profile s of the Sn-BP04 composite at C/20 rate. The
material exhibits a capacity of 712 mAh/g at the end of the first discharge. The capac ity
retention is 71% at the first cycle and increases to 100% at the seventh cycle. The lithium
insertion/extraction mechanism has been characterized by in situ Mossbauer spectroscopy
in TM with a battery assembled using the plastic technology [9]. The cell was discharged to
0.1 V and charged to 1.2 V with a constant current of 10 mA/g (C/30 rate). Each spectrum
was recorded during 6 h, which corresponds to the insertion of 0.2 Li in the electrode.

Figure 4a shows the experimental in situ 119 Sn Mossbauer spectra at different depths of
the first discharge and charge. The first spectrum obtained for the reaction of 0.2 Li with the
composite material (point a) is close to the spectrum obtained for the pristine material
(Figure 4b). For 0.4 Li (point b), the Sn" atoms belonging to the interface layer were
completely reduced into Sno. At the end of the discharge (point c), most of the f3 Sn particles
were transformed into Li7Sn2 nano-alloys and at the end of the first charge (point d), the
Li7Sn2 alloy is back-transformed into l3 Sn. The first discharge corresponds to a certain
reorganization of the starting material. We can suppose that a very small amount of Li is
inserted into the BP04 matrix improving its conductivity [10]. During the charge, the
successive potentia l plateaus observed in Figure 3 are similar to those observed for l3 Sn [II] .
Thus, the proposed mechanism for SnlBP04 composite materials consists in two steps:

I) Reduction of the Snl! atoms of the amorphous interface betwe en BP04 and 13Sn and
restructuring of the compo site,

2) Reversible formation of Li.Sn alloys :
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Figure 4 In situ 119 Sn Mossbauer spectra of Sn/BP0 4 composite at C/30 rate in TMS (a) recorded during the
first discharge and charge, and (b) at different depths of the first discharge and at the end of the first charge.

The dispersion of tin particles (Sno) in the borophosphate matrix allows dissipating the
mechanical stress induced by large volume changes in alloying and de-alloying reactions
and avoiding an aggregation of tin particles.

4 Conclusion

Dispersion of tin particles in borophosphate matrix substantially improves the cycling
performances of anode. The composite material shows high reversible initial capacity and
high capacity retention. This could be correlated to the structural stability of the amorphous
interface between tin and the crystalline BP04 matrix.
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Abstract Four samples of steels with alloying elements were exposed to an industrial
environment during 1,955 days, aiming to elucidate the effect of the alloying elements Cu
and Ni on the resistance of weathering steels to corrosion processes. The samples were
characterized with optical microscopy, scanning electron microscopy (SEM), powder X-ray
diffraction (XRD), saturation magnetization measurements and with energy dispersive
(EDS), infrared, Mossbauer and Raman spectroscopies. All the steels originated orange and
dark corrosion layers; their thicknesses were determined from the SEM images. EDS data
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of such rust layers showed that the alloying element content decreases from the steel core
towards the outer part of the rust layer. Moreover, in the dark rust layer some light-gray
regions were identified in the Wand Cu-alloy steel, where relatively higher Cr and Cu
contents were found. XRD patterns, infrared, Raman and Mossbauer spectra (298, 110 and
4 K) indicated that the corrosion products are qualitatively the same, containing
lepidocrocite (yFeOOH; hereinafter, it may be referred to as simply L), goethite (aFeOOH;
G), feroxyhite (b'FeOOH; F), hematite (aFeZ03; H) and magnetite (Fe304; M) in all samples;
this composition does not depend upon the steel type, but their relative concentrations is
related to the alloying element. Mossbauer data reveal the presence of (super)paramagnetic
iron oxides in the corrosion products. Saturation magnetization measurements suggest that
feroxyhite may be an occurring ferrimagnetic phase in the rust layer.

Key words low alloy steels iron oxides -corrosion

1 Introduction

The knowledge of the resistance of steels to corrosion is very important for metallurgy
industries. The weathering steel, also known as low alloy steel, does contain small
proportions of alloying elements, typically not more than I mass% of, for instance, Cu, Cr,
Ni or P. In some cases, the weathering steel is preferable to the mild steel, due to the
formation of an adherent and compact rust layer known as "patina," which tends to
decrease its corrosion rate. The formation of the patina is favored by the presence of
alloying elements, and also of SOz and humid-dry cycles of the industrial atmosphere . The
exposition time to such conditions tends to increase the patina layer. According to the
literature, the alloying elements tend mainly to decrease the size of the corrosion thickness
[I, 2]. However, in those works, contents of the alloying elements were used in higher
proportions than that of the weathering steel [3-6], and they were combined with other
elements [7], making it difficult to infer about their individual contribution to the resistance
of the steel to corrosion. The main objective of this work was to study specifically the role
of Cu and Ni as alloying elements on the morphology and composition of the rust layer of
the corresponding weathering steels.

2 Experimental procedures

Four different steels were used: (1) a commercial weathering steel; (2) a matrix without
alloying elements and two special alloys, prepared by addition of (3) I mass% Cu and (4)
I mass% Ni, respectively. The chemical composition of these steels shown in the Table I
was selected basing on the works of Larrabee and Coburn [8] and Horton [9].

The steels were exposed to the atmosphere of an industrial area in the city of Ipatinga,
state of Minas Gerais, Brazil, during 1,955 days. The corrosion rate of these steels was
evaluated from mass loss measurements, in accordance to the ASTM G-90 standard. The
optical microscopy (Olympus model MIC-D) was used to monitor the coloration of the rust
layer and the SEM (Jeol Model JSM 6460 LV with EDS of Thermo Noran Systems Six
model 200) images to obtain information about the morphology and thickness of the rust
layer. The rust materials were prepared for spectroscopic techniques by removing the non­
adherent corrosion products, with a stylet; the separated fractions were then homogenized
and strained. The corrosion products in the rust layer were first characterized with powder
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Table I Chemical composition of the studied steel samples (in mass%)

Steels C Mn S P Si AI sol Cll Cr Ni

Weathering (WS) 0.1 0.37 0.009 0.07 0.36 0.37 0.56 0.33

Matrix (M) 0.043 0.30 0.015 0.019 0.024 0.047 0.003 0.0 18 0.015

Cu-alloy (Cu) 0.048 0.28 0.020 0.019 0.024 0.045 1.01 0.007 0.017

Ni-alloy (Ni) 0.040 0.27 0.0 15 0.020 0.020 0.050 <0.02 <0.02 1.000

Table II Corrosion rate and thickness of the rust layer of the steels

Steels Ni Cll W M

Corrosion rate/mm year" ! 0.02 0.022 0.026 0.032

Thickness of the rust layer/urn 59 66 82 126

XRD (Rigaku Geigerflex with COKlX radiation and nickel filter at 40 kv/30 rnA), to identify
the crystalline compounds, and with EDS, to estimate the distribution of the alloying
elements in the rust layer. The infrared (Nicolet Magna-IR 760, operating in transmission
mode, and KBr pellets) data were used to identify the amorphous compounds. Raman
measurements (Renishaw Raman Microscope system 3000, using the 514.5 nm laser of an
Ohmnichrome Ar" source, under 2 mW at the sample, to avoid thermal or photochemical
degradation) and Mossbauer (conventional transmission mode, with a 57Co/Rh source with
- 10 mCi, at room temperature (RT; -298 K), 110 and 4, 2 K) provided the experimental
bases to identify and quantify the corrosion products . To analyze the Mossbauer spectra, the
velocity scale was calibrated with a metallic Fe (lXFe) foil; the isomer shift values are
quoted relatively to this reference. Data were numerically treated with the least-square
NORMOS [10] fitting program. The saturation magnetization measurements were made
with a portable soil magnetometer with a fixed field of 0.3 T [11], in an attempt to detect
the presence of ferrimagnetic iron oxides, particularly magnetite, maghemite or feroxyhite.

3 Results and discussion

The corrosion rate was lower for the Ni and Cu-alloys, followed by the WS and M steels
(Table II). The optical microscopy images revealed that a rust layer, with orange (outer) and
dark (inner) corrosion products, was formed in all steels. From SEM images, it was
observed cracks in all rust layers. However, in the steels with lower corrosion rate (Ni and
Cu), these cracks were thinner, less frequent and closer to the surface of the rust layer. The
steel matrix appeared heterogeneous in color, granularity and thickness. The decrease in the
thickness of the rust layer (Table II) corresponded to a decrease in the corrosion rate. These
results evidence that Cu and Ni contribute to the formation of a thinner rust layer.

In Figure 1, from left to right, they can be seen the resin support (darker area), the rust layer
and the steel (lighter area) matrix. The vertical line in the linescan shows the interface between
the rust layer and the steel. It was observed that the alloying element contents decrease
progressively from the steel matrix towards the outer layer. In the Cu and Ni-alloys there was
an accumulation ofCu and Ni at the interface. However in the Ni-alloy the distribution ofNi
was more uniform than Cu is in the Cu-alloy. The weathering steel presented some light-gray
areas, in the dark region of the rust layer, for which the Cr and Cu contents are higher. The Cu­
alloy also presented such light-gray areas, in which the Cu content was found to be higher.
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Figure 1 EDS linescan patterns (right column) along the horizontal lines of the rust layers of the steels
(left column).

Figures 2a and b show the powder XRD patterns and the medium infrared spectra of the
corrosion products of these steels, respectively; the diffractograms and infrared spectra were
very similar for all steels. From these data, the identified corrosion products are actually
lepidocrocite, goethite, feroxyhite and hematite.

Figures 3a and b show the Mossbauer spectra at 110 and 4.2 K, respectively, Once again,
the spectra are very similar for all steels. In the RT (not shown) and 110 K Mossbauer
spectra, it was observed incipient sextets, probably due to goethite and hematite and a
doublet assignable to (super)paramagnetic compounds in the rust layers.
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Figure 3 (a) 110 K and (b) 4.2 K Mossbauer spectra for the corrosion products from the steels.

The 4.2 K Mossbauer spectra were fitted with a hyperfine field distribution. The analysis
of the 4.2 K Mossbauer spectra reveals the presence of lepidocrocite, goethite, feroxyhite
and hematite. This hematite underwent the Morin transition. For the Ni-alloy steel it is
observed a paramagnetic doublet of Fe3

+ probably due to lepidocrocite. The fitting
parameters of the 4.2 K Mossbauer spectra are presented in Table III. From this table, it can
be seen that, for all steels, lepidocrocite and goethite are the main corrosion products,
followed by feroxyhite and hematite. The proportions of lepidocrocite and hematite are
comparable, for all steel, whereas those of goethite and feroxyhite change, depending upon
the steel.

It was observed that a decrease of the corrosion rate follows an increase of the
proportion of goethite (Figure 4a), These results agree with data reported in the literature:
more protective steels have higher goethite relative concentration [1, 2, 13]. It was also
observed that an increase of the corrosion rate is accompanied by an increase of the relative
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Table III Fitted parameters of the 4.2 K Mossbauer spectra of the steel samples

Steel Oxide 8/mm S-1 e, Ll/mm S-I BhlT' Tlmm S-I Ar/% f Ar /f CAr/%

WS

Cu

Ni

M

L
G
F
H
L

G
F
H
L

G
F

H
Fe3

"

L
G
F
H

0.501(3)

0.498(2)

0.494(7)

0.49a

0.506(5)

0.505(2)

0.50(1)

0.49a

0.507(7)

0.502(2)

0.482(9)

0.49a

0.52a

0.476(4)

0.477(2)

0.47(1)

0.49a

0.033(7)

-0.23a

o-
0.39a

0.035(9)

- 0.234(6)
o-
0.39a

0.04(2)

-0.229(4)
o-
0.39a

0.52a

0.020(9)a

- 0.23a

Oa

0.39

45.5(2)

50.6(5)

51.68(8)

54.1

45.4(3)

50.5(3)

51.2(2)

54.1(2)

45.0(6)

50.3(4)

51.2(1 )

53 .8(2)

45.4(2)

50.3(3)

51.6(1)

54.1

0.31a

0.32a

0.50(3)

0.32(7)

0.33a

0.30a

0.42(6)

0.30(8)

0.31a

0.30a

0.51(4)

0.31(1)

0.56a

0.31a

0.32a

0.56(5)

0.37(1)

39 .9(2)

45.2(2)

12.5(2)

2.4(2)

42.2(2)

46.6(2)

8.5(2)

2.7(2)

33 .7(2)

49 .0(2)

11.0(2)

1.7(2)
4.6(2)

41.2(2)

42 .6(2)

14.3(2)

1.9(2)

0.82(5)

0.80(5)

0.49(3)

0.82(5)

0.80(5)

0.49(3)

0.82(5)

0.80(5)

0.49(3)

0.82(3)

0.82(5)

0.80(5)

0.49(3)

48.66(6)

56.50(6)

25.51(6)

2.4(2)

51.46(6)

58.25(6)

17.35(7)

2.7(2)

41.1 0(6)

61.25(6)

22.45(6)

I. 7(2)

5.61(6)

50.24(6)

53.25(6)

29.18(6)

1.9(2)

36.567(2)

42.459(2)

19.170(3)

1.80(8)

39.658(2)

44.890(2)

13.371(4)

2.08(7)

31.110(2)

46.363(2)

16.993(3)

1.3( I)
4.25(1)

37.334(2)

39.570(2)

21.684(3)

1.4(1)

a Fixed parameter during the fitting procedure. WS=weathering steel, Cu =Cu-alloy steel, Ni =Ni-alloy steel
and M=matriz steel. L=lepidocrocite, G=goethitc, F=feroxhyte and H=hematite, 8=the isomer shift relative
to the exFe, e=quadrupole shift, Ll=quadrupolc splitting , BhFmaximum probability magnetic hyperfine
field, T> line width ; Ar is the Mossbauer subspectral area,j is the recoilless fraction [12] and CAr=(Ar/f) /
'B(Ar/f)i that correspond to the fraction de Fe present in each iron oxide in the rust layer of the steels .
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Figure 4 Correlation between a the proportion of goethite and the corrosion rate; b the proportion of
feroxyhite and the corrosion rate and c the proportions of fcroxyhit e and goethite in the steel samples.

amount of feroxyhite (Figure 4a) , resulting that, as a general trend , an increase of goethite is
accompanied by a decrease of the relative concentration of feroxyhite (Figure 4c) .

Feroxyhite is the only ferrimagnetic iron oxide present in the rust layers of these steels
and it responds for the saturation magnetization values in all steels : 1.5; 2.5; 3.3 and 4.0 J
T- 1 kg-I for Cu, Ni, WS and M, respectively. It was observed that an increase of saturation
magnetization values was accompanied by an increase of corrosion rates .

Results of powder X-ray diffraction, infrared and Mossbauer spectroscopies indicate that
the corrosion products are virtually the same for all steels, but Mossbauer data show that the
alloying elements influence the relative concentration of the corrosion products.

Raman spectroscopy was confirmed to be a powerful tool on the identification of the
corrosion products [I, 14]: lepidocrocite is the main compound present in the orange rust
layer, followed, in a lesser extent, by goethite (Figure Sa). In the light gray area, where Cu
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Figure 5 Raman spectra of a red island; b light-gray area and cdark-gray layer of the Cu-alloy.

and Cr contents were found to be high, goethite and hematite bands dominated the
spectrum (Figure 5b). The Raman spectrum of darker gray regions (Figure 5c) showed a
broad band, centered at ca. 680 cm- 1 and overlapped several narrow bands, as the major
feature. Both magnetite and feroxyhite present bands in this spectral region and it is very
likely that these two compounds are present in the studied rust area. It is surprising that
magnetite was only detected by Raman spectroscopy and a possible reason is that magnetite
could form an adherent layer, not easily scratched out and then it is in small quantities in the
rust layers of the steels.

4 Conclusions

The alloying elements Cu and Ni influence the corrosion rate, the rust layer thickness, the
saturation magnetization values, and the way they are distributed in the rust layer, which
presents orange and dark corrosion products. The identified compounds, namely
lepidocrocite, goethite, feroxyhite and hematite, appear in all studied steels, but Cu and
Ni influence further the relative quantity of the corrosion products. The major compounds
are lepidocrocite, goethite, followed by the feroxyhite and hematite. Magnetite is only
detected with Raman spectroscopy as it occurs in very small quantities in these loose rust
layer and it is hardier identified with the other techniques used in this work. It is also found
that an increase of the corrosion rate is accompanied by a decrease of the proportion of
goethite. An increase in the relative quantity of feroxyhite is accompanied by an increase in
the corrosion rate and saturation magnetization values. From Raman spectroscopy it was
found that the orange corrosion products are mainly constituted by lepidocrocite with minor
quantity of goethite, feroxyhite and hematite, and the dark corrosion is constituted by
goethite, feroxyhite, hematite and magnetite. The areas of the rust layer in which the Cu and
Cr contents are higher contain higher proportions of goethite.
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Abstract Mossbauer investigations about iron atom redistribution in oxide films of
zirconium alloys subjected to corrosion at 500°C in pure oxygen and water pair have been
analysed. The alloys were also subjected to autoclave conditions at a pressure of 10.0 MPa
and autoclave conditions at 350°C and at a pressure of 16.8 MPa, using distilled water and
water with additives of lithium and fluorine. It is shown that, depending on the corrosion
environment, various compounds of iron, such as a-Fe203, Fe304, and FeO, as solid
solutions of iron in zr02 are formed in oxide films.

Key words alloy corrosion -Fe valence state zirconium alloy

1 Introduction

The active use of zirconium alloys in the nuclear industry is related to a number of its
positive properties, such as the low cross-section of thermal neutrons, plasticity, and high
melting temperature. In order to improve its mechanical and corrosion properties, zirconium
alloys use various dopants (iron, tin, niobium, nickel, chrome, and other atoms) [1,2]. In
this paper, numerous data relating to the change in iron atoms state in oxide films
depending on corrosion conditions are analysed. A comparison of our data and those
provided by other researchers is given.

2 Technique of alloy preparation

The techniques used to prepare the alloys for the corrosion and Mossbauer experiments are
described in [3-6]. The Zr-1.3% 8n-l% Fe-0.5% Cr-0.12% 0 alloy was tested at 360°C in
autoclave conditions (0=16.8 MPa), in water with 10 ppm Li and 650 ppm B (as boric

v. P. Filippov ([8]) • V. I. Petrov . Y. A. Shikanova
Moscow Engineering Physics Institute (State University) .
31 Kashirskoe Shosse, Moscow 115409, Russia
e-mail: vpfilippov@mephi.ru
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Figure 1 Fitings of 57Fe CEMS spectra, taken at room temperature.

acid) (the concentrations are given in mass%). The duration of the corrosion tests was
370 days. The double alloys with (0.5+ 1.5) mass% Fe concentration, also triple and four­
fold alloys with (0.5+ 1.5) mass% Fe, (0.5+ 1.5) mass% Sn, (0.5+0.7) mass% Cu, 0.5 mass
% W, 0.5 mass% Cr were prepared. The corrosion tests were performed in stainless steel
autoclave at 350 and 500°C. The corrosion test of Zr+ 1.5 mass% Fe in air were tested at
450 and 750°C. The oxide film was removed from the alloy both mechanically and
chemically. The spectrometers were calibrated using a standard co-Fe absorber. The isomer
shifts are given relative to n-Fe,

3 Experimental results

3.1 Spectra obtained after corrosion of alloys in water with Band Li

The spectra of oxide films of Zr-1.3% Sn-I% Fe-0.5% Cr-0.12% alloys were received in
CEMS and transmission modes. Early research has shown that in the initial alloy, the iron
atoms similar to those in Zr(Fe,Cr)2 intermetallic compound [4]. Figure I shows the CEMS
spectra for several oxide film thicknesses. The left part of the figure shows the central part
of the spectra, with the best resolution of lines of paramagnetic phases. In the right part of
the figure, the spectra have been compressed along the velocity axis and stretched on along
the intensity axis to better observe the lines of magnetic phases.

The spectra analysis shows that on 0.3-1.2 urn thick oxide films the paramagnetic
phases Zr(Fe, Cr), (with IS=-(0.15-0.25) mm/s, QS=0.22-0.32 mm/s), Fe3

+ (with IS=
0.35-0.45 mm/s, QS=0.9-1.I mm/s), and Fe2

+ (18=0.6-1.1 mm/s, QS=0.9-1.3 mm/s)
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Figure 2 57Fe Mossbauer transmission spectra of oxide film of sample after 47 days of oxygen ation
(1.6 11m), taken at room temperature.

were found . Thus , in the initial corrosion stage in oxide film with the existence of Fe3
+ and

Fe2
+, the Zr(Fe,Crh particles are presented.
The traveling path for the conversion electrons of iron atoms is close to 0.3 urn.

Therefore, for the 0.3 urn-thick oxide film, the Zr(Fe,Cr)2 lines can be assigned to the
precipitates which are located in the oxide film as well as in the metallic u-Zr matrix .

When the oxide film thickness increases, the intensities of both Fe2
+ and Zr(Fe,Crh

doublets decrease. This can be explained by the fact that the iron atom oxidises during
corrosion. Taking into account [3, 4, 7], we can conclude that in the oxide films of these
alloys the solid solutions of the Fe2

+ and Fe3
+ ions in zr02 are formed. An analysis of the

right part of Figure 1 shows the presence of lines due to hyperfine magnetic splitting of
the magnetic phases in oxide films . The parameters of theses lines in the first spectra of the
right part of Figure 1 are Befl = (33 .0 ± 1.0)T, and lines with Bef2 = (30 .5 ± 1.0)T and
BefJ = (27.5 ± 1.0)T. As it is shown in [4], these parameters correspond to the spectrum
parameters of the Cr atom solid solution in u-Fe,

When the thickness of the oxide film increases, the intensity of metallic iron lines
decreases and the lines of hyperfine magnetic splitting of Fe304 appear. It has been noticed
that n-Fe lines are visible from the 1.2 urn thick oxide film, whereas the lines of a Fe304
compound are visible only after the thickness of the oxide film reaches 2.0 urn.

In order to investigate iron atom states for all oxide film thicknesses, the spectra of
various-thickness separated films, from 0.3 up to 6.0 urn, have been collected. The spectra
of 1.6 (Figure 2) and 6 urn (Figure 3) are shown to illustrate the change in iron chemical
state as oxide film thickness increases.

In the transmission spectra of 1.6 um thick oxide film (separated mechanically),
intensive lines of quadruple splitting of paramagnetic phases can be observed. The fitting
shows the lines of the Zr(Fe,Crh intermetallic particles. These particles were separated
from the metallic part of the sample with oxide film.
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Figure 3 57Fe Mossbauer transmission spectra of oxide film of sample after 370 days of oxygenation
(6.0 urn), taken at room temperature.

The 6 urn thick oxide film (Figure 3) was removed mechanically. Fitting shows the
existence of Fe304, metallic u-Fe with Cr atoms. Fe+3 and Fe+2 ions are probably in solid
solution in zr02_The lines of the FC304 compound have quite large intensities, and lines of
the solid solution Cr in c-Fe are seen.

3.2 Corrosion in air

The spectra analysis [6] shows that under 0.1 MPa pressure at 750°C in oxide films, the (X­
Fe203, FeO and solid solutions of iron atoms in Zr02.compounds are formed. A decrease in
temperature down to 450°C decreases the speed of corrosion, but in oxide films
complementary metallic particles of n-Fe are formed. Low pressure (p= 1.37 Pa, t=750°C)
corrosion test of Zr-1.21 mass% Fe and Zr-1.2l mass% Fe-0.81 mass% Cu-0.42 mass% W
alloys shows that in oxide films, (X-Fe is formed, and its concentration increases with
increasing oxide film thickness. After 17 h of corrosion, we can see the lines of Fe304 and
lines which show the presence of a solid solution of iron atoms in hydrides (ZrH type). Low
pressure corrosion of alloys doped by Cu and W gives slower oxidation than a binary alloy. It
is important to note that the Fe304, compound was not detected in all stages of the corrosion
process up to 20 h. This means that an interrelation between corrosion resistance and
redistribution of iron atoms in zr02 exists. The high n-Fe concentration in oxide films
indicates the best corrosion resistance.

3.3 Corrosion in oxygen

Fitting of the spectra of oxide films of binary and multicomponent alloys [3, 5, 7] shows the
lines of hyperfine magnetic splitting of u-Fe, a-Fe203' phases and the lines of paramagnetic
phases, corresponding to FeO and solid solutions of Fe3+ and Fe4

+ in zr02 compounds [8].
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The concentration of all phases, except Fe4
+ solid solution in zr02, increases. It was

found that in binary alloys, the concentration of a-Fe is lower than in a multicomponent
alloy.

It was shown that after transition to catastrophic corrosion, the concentration of n-Fe
decreases and the concentration of a-Fe203 increases. Once again, these data show that
there is an interrelation between the corrosion behavior of alloys and redistribution of iron
atoms in zr02. It was noted that in multicomponent alloys there is more u-Fe in zr02, and
the time of transition to catastrophic corrosion is longer.

3.4 Corrosion in autoclave

Analysis of spectra of oxide films obtained in an autoclave [3, 5, 7] shows the presence of
the Fe(OHh, a-Fe203, and Fe3

+ solid solutions in zr02 compounds. The Fe(OHh
compound is unstable and under high temperature decays to a-Fe203 oxide and water. The
great difference between water steam and autoclave corrosion is the following: in water
steam, the Fe304 is formed on oxide film; in the autoclave, Fe20 3 is formed. It was found
that the interrelation between redistribution of iron atoms in zr02 and the alloy corrosion
resistance exists both in autoclave and water steam corrosion.

4 Conclusion

I. The intermetallic compounds with iron in zirconium alloys during corrosion are
destroyed, and iron atoms in oxide films form precipitates of metallic iron, iron oxides
with various valences of iron, and solid solutions of Fe2

+, Fe3
+, Fe4

+ in zr02.
2. The valence state of iron atoms in oxide films depends on the corrosion environment.

Oxygen and great pressure of water increase the relative concentration of a-Fe203; the
presence of Band Li increases the probability of formation of Fe304.

3. The correlation between the iron atoms redistribution in oxide films and the alloy
corrosion resistance was established . The alloys with more o-Fe content in oxide films
have a greater corrosion resistance. Transition to catastrophic corrosion is linked to a
decrease in concentration of a-Fe and an increase in concentration of iron oxides.
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Abstract A systematic study has been made of the initial corrosion products which form
on mild steel capons exposed near the coastal region of Oman and at some industrial areas.
The phases and compositions of the products formed at different periods of exposure were
examined by using Mossbauer spectroscopy (295 and 78 K) and X-ray diffraction (XRD)
techniques. The results show that lepidocorcite and maghemite are early corrosion products
and goethite starts to form after 2 months of metal exposure to the atmosphere. Akaganeite
is an early corrosion product but it forms in marine environments only, which reflects the
role of chlorine effect in the atmosphere. The 12 months coupons showed the presence of
goethite, lepidocorcite and maghemite, but no akaganeite being seen in the products of one
of the studied areas.

Key words lepidocorcite maghemite . akaganeite

1 Introduction

Metallic corrosion rates vary considerably with moisture and contaminant contents of
atmosphere. Oman has a I,700 km coastline that extends from the straits of Hormuz in the
north to Salalah in the south. As a whole this region is characterised by high annual water
evaporation, with high salinity ranging from 36.5 to 40.5 psu . Near the coastal regions , air
is laden with increasing amounts of sea salt (in particular NaCl) . Moisture exchange across
the air-sea interface is enhanced by the extremely arid nature of the bordering lands . At
industrial areas, such as Al-Rusail , Mina Al-Fahal and Sohar appreciable amounts of S02,
which converts to sulfuric acid, and lesser amounts of H2S, N02, NH3 are encountered.
Because of a very strong seasonal variation and inter-annual fluctuation in weather resulting
from the reversal of south-west and north-east monsoons, Oman renders most climate
conditions poss ible and offers a unique opportunity to study the influence of the

A. Gismelseed (18J)• S. H. Al-Harthi . M. Elzain . A. D. AI-Rawas . A. Yousif'
S. AI-Saadi . I. AI-Omari . H. Widatallah . K. Bouziane
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Figure 1 XRD spectra of AI-Hail and Rusail sites.

environment on the corrosion rates and the corrosion products of mild steel, copper,
aluminum and zinc.

The present study is part of a strategic project aimed to produce the first corrosion maps
of mild steel, copper, aluminum and zinc of Muscat region . The corrosion products formed
on mild steel coupons exposed at two selected sites out of sixteen stations at different
periods were identified by using Mossbauer spectroscopy and X-ray diffraction techniques.

2 Samples preparation and experimental methods

The commercial mild steel coupons of type CIOIO were exposed AI-Hail (marine) site
which is very close to Oman Gulf shore and at Al-Rusail (industrial area) site which is
about 20 Ian off the shore. The formed corrosion products were carefully scrapped off from
the surface of the coupons and prepared for XRD and Mossbauer measurements. However,
due to hard filing considerable percentage of «-Fe appeared in the Mossbauer spectra of
some samples. The powder X-ray diffraction (XRD) patterns of the samples were recorded
on a Philips diffractometer (model pw 1820) with a Co K« source . Mossbauer
measurements were performed on the samples in a continuous liquid nitrogen flow cryostat
using a 50 mCi 57CO(Rh) source with a spectrometer in the transmission mode. The
spectrometer was calibrated with oc-Fe foil spectrum at room temperature.

3 Results and discussion

X-ray powder diffraction pattern for all samples were recorded in the angular range 10-70°
to obtain a basic identification of the oxides present due to corrosion. Although , the relative
peak intensities with the corresponding peaks of the detected oxides were different from
coupon to coupon, all the X-ray diffraction patterns had mostly similar features independent
of the exposure period and environment (see Figure I) . Goethite, lepidocorcite and
maghemite were the main oxides identified with exclusion of akaganeite in each corrosion
product. The phases were identified by performing multiple searches on a database using
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Figure 2 295 and 78 K Mossbauer spectra of the corrosion products on mild steel coupons exposed in
AI-Hail site for 3, 6, 9, and 12 months.

PW 1876 PC-identifY and PW 1877 APD (automatic Powder Diffraction) software
programs.

To complete the identification of the detected oxides and to measure their partial
fractions in each of the studied coupons, transmission Mossbauer measurement performed
at room temperature and liquid nitrogen are presented in Figures 2 and 3 and their least
square fitting parameters are collected in Table 1.

The RT (295 K) spectra of AI-Hail site (Figure 2 left) consist of broadened magnetic
compon ent and a dominant paramagn etic doublet. The Mossbauer parameters of the
doublet (<5=0.34 mm/s and ~EQ=0.65 mm/s) are in good agreement with those published
for lepidocorcite and superparamagnet ic component of goethite and maghemite at RT [I, 2],
since the XRD data excluded the presence of akaganeite . The magnetic component of each
spectrum were fitted to a distribution program with two /three subspectra since its field
distribution is attributed to more than one phase and different particle sizes. One ftwo of the
subspectra are assigned to magnetic goethite (X-FeOOH and the third to magnetic
maghemite y -Fez03' As shown in Table I the maghemite (third component) is not yet
crystallized during the first 3 months. It is well known that the magnetic hyperfine field of
the well crystallized maghemite is in the range of 48-51 Tesla [I] . In order to identify the
superparamagnetic components the Mossbauer spectrum of the samples was recorded at
78 K (Figure 2 right). The resolution of the magnetic component is much better compared
to that of RT.

The spectrum was fitted with a doublet assigned for lepidocorcite and superparamagnetic
goethite (SP) and three magnet ic sub-spectra assigned as follows: magnetic goethite ,

~ Springer



o
V e 10 c lt y [ m m il )

756

.- - ~

A 1,1 $ a n 3m
0 .99

0 .96

0 .91

0 .96

1 . 0 0

0 .96

0 .92

0 ,86
1 . 0 0

R u s a iI 9m

0 .9 6

0 . 92

0 .90

1 . 0 0

0 .98 R u sa u 1 2 m

0 .96

."

1 . 0 0

0 . 99

' . 0 0

0 .99

0 .91

A. Gismelseed, S. AI Harthy, et al.

V e 10 c ity [m m I s )

Figure 3 295 and 78 K Miissbauer spectra of the corrosion products on mild steel coupons exposed in
Al-Rusail site for 3, 6, 9, and 12 months.

magnetically ordered goethite S2, and maghemite. The area percentages of each component
are collected in Table II. In the table, PI is attributed to lepidocorcite which is paramagnetic
at both 295 and 77 K, while S I is due to superparamagnetic (SP) goethite with particle size
less than 8 nm [3]. The percentage of PI is decreasing with time while Sl is almost
constant.

A dominant doublet with weak intensity broadened magnetic component characterizes
the Mossbauer spectra of Al-Rusail coupons produced at RT. The coupons are collected at
the same periods of Al-Hail coupons. The hyperfine interaction parameters (Table I)
obtained for the doublet are attributed to the superparamagnetic goethite, maghemite and
lepidocorcite. The magnetic components were fitted to two subspectra with magnetic field
in the range of 20-35 Tesla and are assigned to goethite with different particle size. In
contrast to AI-Hail coupons there are no magnetic y-Fe203 detected in AI-Rusail coupons.
The shape of the spectrum at 78 K shows a tremendous change compared to the RT
spectrum with a remarkable increase in the relative intensity of the magnetic component
(see Figure 3. The II % contribution of the paramagnetic component as obtained from the
fitting results is attributed to the superparamagnetic component of goethite not yet resolved
even at 78 K. According to Janot et al. [4] the persistence of this component at 78 K
indicates that the size of its particle is below 8 nm. The fitting of the magnetic component at
78 K was achieved by assuming three magnetic sextets, two of them attributed to magnetic
and magnetically ordered goethite and the third ascribed to magnetically ordered
maghemite. The magnetically ordered superparamagnetic goethite S2 is increasing with
time and then decreases leading to the growing of the maghemite y-Fe203 component. The
identification of the iron oxide phases in the samples as determined by the analysis of78 K
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Tabl e I 295 K Mossbauer parameters of AI-Hail and A-Rusail sites corrosion products

s(±O.02) Ll (±O.OI) B (±O.I) A (±I) s (±0.02) Ll (±0.01) B (±O.I) A (±1)

(mm/s) (mm/s) (T) (%) (mm/s) (mm/s) (T) (%)

3m AI-Hail site AI-Rusail site
o-Feooll, / -FeooH 0.35 0.67 100 0.34 0.66 100

/ -FeZ03

6m
o -Feool-l, , 0.35 0.66 70 0.35 0.66 83

-y-Feool-l / -FeZ03

o -Feooli (ml) 0.38 - 0.13 33.8 9 0.37 -0.13 32.2 14
a -FcooH (m2) 0.30 -0.09 25.0 17 0.37 -0.09 25.5 3

/ -FeZ0 3 0.39 - 0.14 48.6 4
9m

o-Fcooll, , 0.35 0.66 45 0.35 0.66 64

/ -FeooH / -FeZ03
a-FcooH (ml) 0.30 - 0.12 44.6 8 0.27 - 0.17 33.2 13
o-Feooll (m2) 0.30 - 0.13 27.0 36 0.28 -0.21 26.2 23

/ -FCZ0 3 0.39 - 0.14 48.8 II
12 m

o -Feool-l , , 0.35 0.66 44 0.35 0.66 64

/ -FeooH / -FeZ03

a-FeooH (ml) 0.31 - 0.11 42.8 7 0.35 -0.17 31.9 25
a-FcooH (rn2) 0.33 -0.13 26.5 37 0.34 - 0.21 20A II

/-FeZ0 3 0.32 -0.14 48.6 12

Table n Area percentage of AI-Hail and Al-Rusail coupons calculated from 78 K Mossbauer spectra

/ -FeOOH PI a -FeOOH 51 (5P) a -FeOOH 52 a -FeOOH (magnetic) / -FeZ0 3

Field range (T)" 0 0 39-42 43-46 48-51

AI-Hail site
3m 13 8 24 55 0
6m 9 8 31 4 1 II
9m 0 9 33 15 43
12 m 0 8 35 13 44

AI-Rusail site
3m 47 I I 15 27 0
6 m 16 II 34 27 12
9m 00 II 32 38 19
12 m 00 I I 27 40 21

a Expected magnetic hyperfine field in Tesla for each component.

Mossbauer spectra are in good agreement with XRD data and their area percentages are
collected in Table II.

4 Conclusions

Detailed investigation of the oxide concentration variation which are thought to occur
within each exposed coupon will be helpful in explaining the environmental influence on
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oxides formation as a function of time. The difference in the growing of (X-FeOOH and
v-Fe-O, in each site is of remarkably interest. Such studies will lead to improve selection of
the materials and increase the overall understanding of the corrosion processes at the
microscopic level.

Acknowledgement Financial support from Sultan Qaboos University under project no. SR/ScilPhys/02/01
is gratefully acknowledged.
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Abstract The electrochemical reactions of Li with Mn-Sb and small amounts of MnSb
have been investigated by Mossbauer spectroscopy and X-ray diffraction. The lithiation
transforms initially the MnSb part and later the Mn-Sb part into amorphous LiMnSb . On
further lithiation the LiMnSb phase transforms to rather well crystallized Li3Sb. In the X­
ray diffraction pattern for the fully lithiated sample extruded nanocrystalline Mn is seen for
the first time in these type of electrodes. The first delithiation of Li3Sb results in a mixture
of three phases Mn-Sb, MnSb and LiMnSb . After several cycles (charges and discharges)
of the electrode the Mn-Sb phase disappears completely.

Key words Mossbauer spectroscopy- X-ray diffraction -nanocrys talline material

1 Introduction

A commercia l Li-ion battery consists typically of a carbon based anode and a transition
metal oxide as cathode. There is, however a great incentive to search for other anode
material which can store more Li and function more safely than graphite. One aim has been
to find anode compounds which can be cycled several times without loss in capacity, can
take a high volumetric load of Li, are safer etc. Several binary intermetallic compounds
have been studied with one constituent inactive and the other active . As active elements Sn
and Sb have been favorites and as inactive e.g., Mn, Fe, Co, Ni, Cu have been used. In situ
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Figure 1 Discharge and charge
curve for a representative Mn2Sb
cell. Letters A to G correspond to
the samples used for X-ray dif­
fraction and 121Sb Mossbauer
characterizations.

X-ray diffraction study of lithiated MnSb and Mn2Sb was performed by Fransson et al. [1]
followed up by a Mossbauerand X-ray study ofMnSb by Ionica et al. [2]. They both found
that the lithiation of the pristine material proceeds via an intermediate LiMnSb structure
before transforming, with Mn extrusion, to LijSb . This reaction seems to be reversible on
delithiation to some extent due to the strong structural relationship between the involved
compounds.

By contrast on lithiation of Mn2Sb a direct transformation to Li3Sb and on delithiation
MnSb was formed and not Mn2Sb [I].

In this paper, we report on the electrochemical reaction of lithium with Mn2Sb and on
the structural changes as determined by Mossbauer spectroscopy and X-ray diffraction.

2 Experimental

Mn2Sb was synthesized by heating Mn and Sb metals with purities higher than 99% in
alumina crucibles at 900°C under Ar for 25 h [I]. Mn2Sb powder material was mixed with
carbon black and PTFE (polytetrafluorethylene ) binder in weight proportion of 84:8:8 and
tested as negative electrode in a (Li/LiPF6 (1M, PC:EC:DMC=I :1:3, v/v)/Sb-m ixture)
Swagelock cell. Discharges and charges were carried out for each cell under galvanostatic
condition using a Mac Pile II system at 1120 Li atom per mol Mn2Sb and hour rate (C/20)
between 0.0 and 1.5 V versus Li"/Li. The discharge curves were, within experimental error
the same for all cells, up to the points where the cell discharge was stopped (points B, C, D,
E, F on Figure I) . One cell was, after being fully discharged, charged to a potential 1.5 V
(point G on Figure 1).

The cells were opened in a glove box, Mossbauer absorbers and X-ray samples were
prepared under Ar atmosphere. Mixtures of the electrode material and cellulose were placed
in absorber holders, transparent for "'(-rays and airtight closed with plastic covers . Parts of
the electrode materials were also laid on glass plates covered by plastic covers for the X-ray
measurements.

The pristine Mn2Sb sample (point A in Figure 1) was ground to a fine powder and for
the X-ray measurements placed on a glass plate while for the Mossbauer measurements the
absorber was made with the powder mixed with grease .
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Figure 2 X-ray diffraction pat­
terns of the Mn2Sb electrode
collected during discharge and
charge. -:i
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121Sb Mi:issbauer measurements were done in constant acceleration and transmission
mode with both the source Bal21mSn03 (0.2 mCi) and absorber held at 4.2 K. The isomer
shifts 0 later presented are referred to that source .

X-ray measurements were performed using a D8-Bruker diffractometer with mono­
chromated Cu Kat radiation.

3 Results and discussions

The voltage profile for the first discharge and charge is shown in Figure I . Upon discharge
the voltage profile shows an immediate drop and a small step staircase behaviour typical for
the formation of solid electrolyte interfaces, followed by a plateau similar to the one
presented by Fransson et al. [I] . The cell is fully discharged for a Li content of about 3.5
atoms per Mn2Sb unit. The charging curve follows the same behaviour as found in [I] and
the cell is completely charged for a Li content x-0.9.

The X-ray diffractograms and the Mossbauer spectra are presented in Figures 2,3 and 4,
respectively.

The Mi:issbauer spectra were analysed using a modified form of the fitting routine by
Ruebenbauer et al. [3]. The source line width was fixed to 1.45 mm/s and the absorber line
width I', was kept the same for alliorentzian lines and fitted to on average 1.75 mm/s . In
the fitting the electric quadrupole splitting L1 is defined as eQgVzz- where Qg is the electric
quadrupole moment of the 121 Sb nucleus in its ground state and Vzz the electric field
gradient. Figure 5 show the intensities of the different phases, as found from the fits of the
the Mi:issbauer spectra.

3.1 Sample A

The X-ray diffractograms as shown in Figure 2 reveal that the pristine sample A can be
composed of Mn2Sb, MnSb and Sb. There is a strong overlap between the lines for MnSb
and Sb and in the study by Fransson et al. [I] the MnSb specific line at 28=43.3° was
hidden by the presence of stronger lines coming from the cell hardware. The presence of Sb
is then only assured by the lines at 28=41.8 and 47.3° which however overlap with closely
lying lines from Mn2Sb. This means that the presence of Sb reported by Fransson et al. [I]
can be questioned.
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Figure 3 Mossbauer spectra of the samples A-F taken from the discharging process.

The Mossbauer spectrum for sample A could be reasonably well fitted using two
magnetic patterns representing Mn-Sb and MnSb. The magnetic moments and thus the
magnetic hyperfine fields in Mn-Sb are perpendicular to the c-axis below 240 K as found
by Wilkinson et al. [4] and the charge symmetry around the Sb nuclei is such that the
electric field gradient (efg) tensor has it main component along the crystallographic c-axis
and its asymmetry parameter 17 equal to O. Thus in the fitting procedure the angle between
the magnetic hyperfine field Bhf and the efg z-axis was fixed to 90°. The isomer shift 0,
quadrupole splitting .1 and magnetic hyperfine field Bhf were found to be - 7.86(9) mm/s,
1.0(5) mm/s and 24.2(9) T, respectively, the latter value close to the value 25.12 T reported
by Pinjare et al. [5] from NMR studies. The hyperfine parameters derived for MnSb (0=
-9.2(2) mm/s, .1=2 .6 (9) mm/s and Bhr=37(1) T) are in excellent agreement with the values
in [2].

3.2 Samples B, C, D, E and F

X-ray diffractograms show that the phase MnSb (12% of the pnstme sample A) is
completely non-existing for all these samples. The intensity of the Li3Sb lines grows
steadily as a function of Li content while the Mn-Sb diffraction lines become weaker and
weaker. The diffraction lines of the Li-Sb phase are much broader than the corresponding
lines for Mn-Sb reflecting the deformation of the crystal structures when Li atoms enter.

As also noted by Fransson et al. [I] the X-ray diffractograms do not reveal any lines
characteristic for LiMnSb [6] in the discharging process. This phase is however seen in the
subsequent delithiation process of Li3Sb by Fransson et al. [I] and also in the
electrochemical reactions of lithium with MnSb (Ionica et al. [2]). It has its most prominent
line at 20=24.4° .
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Figure 4 Mossbauer spectra of
the sample G in the charged state. 1.00
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The Mossbauer spectra for the samples B-E show patterns from Mn-Sb, Li3Sb and
LiMnSb. The amount of pristine phase Mn-Sb decreases, while the amount of the other
phases increases as a function ofLi content. Since the phase LiMnSb was not seen in the x­
ray diffractograms but only in the Mossbauer spectra this phase must be amorphous with
local ordering over short distances. The hyperfine parameters found for LiMnSb were (5=
- 8.0(2) mm/s and .1=8.7 (9) mm/s.

The fully discharged sample F with nominally x=3 .5 Li shows a simple X-ray
diffraction pattern and a Mossbauer spectrum representative of Li3Sb (Figures 2 and 3).
Besides the rather broad X-ray peaks from Li3Sb a very broad structure was found at 2(}=
34.6° emanating from the cellulose in the cell and a broad line at around 20=42 ° which
emanates from Mn. This is the first time electrochemically extruded nanocrystalline Mn has
been detected. The Mossbauer spectrum was well fitted with a single line having an isomer
shift (5 of-7.65(5) mm/s in good agreement with the value -7.8 mm/s reported by lonica
et al. [2] for Li3Sb.

3.3 Sample G

The X-ray diffractogram (Figure 2) and the Mossbauer spectrum (Figure 4) for this charged
sample show the reappearance of Mn-Sb and MnSb and the disappearance of Li3Sb. Here
the phase LiMnSb is largely crystalline and is clearly observed from the diffraction line at
20=24.4°.

3.4 Phase formation processes

Lithiation process It seems that, on lithiation of the pristine material, Li ions first enter
MnSb and an amorphous LiMnSb is formed (Figure 5). This process continues until all
MnSb is "consumed ." Above x~0.5 Li ions also enter the Mn-Sb phase and the process of
forming amorphous LiMnSb from that phase takes over. This amorphous phase however
starts to transform into the crystalline phase Li3Sb on further lithiation and in the final stage
when the discharge is complete all Sb atoms are in the phase Li3Sb and all extruded Mn
atoms are in a nanocrystalline phase as detected by the X-ray diffractogram.
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The hypothesis put forward by Fransson et al. [I] that the transformation of Mn2Sb to
LiMnSb is more difficult to achieve than the MnSb-to-LiMnSb transition is thus proved by
the present result.

Delithiation pro cess Fully charged means in this case that the delithiation is not complete
since some Li still exists in the cell. In our case we found x:::o 0.9. According to the
Mossbauer result all Li in the fully charged state resides in the phase LiMnSb which now is
better crystallized than when it was formed in the discharging process. Furthermore, upon
delithiation of Li3Sb, twice as much of the Mn2Sb phase is formed as compared to MnSb.
This may be due to the crystalline similarities between Li3Sb and Mn2Sb [1]. A
transformation between Li3Sb and MnSb is however also rather probable from structural
considerations and on repeated cycling (20 times) it seems that the fully charged cell only
consists of MnSb and LiMnSb while Mn2Sb is absent [I].

4 Conclusions

Mn2Sb (with small amounts of MnSb) electrodes operate in lithium cells in a complicated
manner. On Li insertion the transformation into LiMnSb seems easier for the MnSb part of
the electrode than for the Mn2Sb part. This may be due to that the transformation of Mn2Sb
into LiMnSb also involves metal extrusion. In the fully lithiated cell the phase LijSb is
observed but also the extruded metal Mn as nanocrystalline material.

Upon further delithiation from Li3Sb a completion between the formation of Mn2Sb and
MnSb seems to occur besides that all Li are not extruded being in the phase LiMnSb .
Remaining traces of the Mn2Sb structural framework results in twice as much Mn2Sb phase
as compared with the MnSb phase. Further cycling process however break up the Mn2Sb
structural skeleton and with 20 cycles only MnSb remains besides LiMnSb.

Acknowledgements This work has been carried out in the framework of ALISTORE, Network of
Excellence (contract no.: SES6-CT-2003-503532). The authors are grateful to the European Community for
financial support.
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Abstract Crystalline LiFeP04 has been synthesized using solid-state, spray pyrolysis, and
wet chemical methods. The crystal parameters were obtained from Rietveld's refinement
methods of the X-ray diffraction patterns. A detailed investigation of the Fe valency carried
out using Mossbauer spectroscopy at room temperature indicates that Fe is predominantly
present in its bivalent state.

Key words lithium-ion batteries · cathode material· Mossbauer spectroscopy

1 Introduction

Rechargeable lithium-ion batteries are extensively used in numerous electronic devices.
These batteries currently use various cathode materials such as LiCoOz, LiNiOz, LiMnz04
and Lil +xMno.sCro.sOz, which have been previously tested; however, some of these
electrodes are found to have poor charging and discharging characteristics and can be
environmentally toxic and expensive to fabricate [1]. In the search for a good alternative
cathode material, Goodenough's group discovered that lithium iron phosphate (LiFeP04)

could be an acceptable replacement [2]. Electrochemical studies of LiFeP04 show that it
has good specific capacity and high output voltage, properties which could be used for a
wide range of applications in electronic devices [1].
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The olivine-based structure of LiFeP04 consists of a polyoxyanionic framework
containing Fe06 octahedra and P04 tetrahedra. In addition , vacant interstitial sites available
in the structure provide the u' ions with more freedom to migrate. Moreover, it is
electrochemically proven that Li+ ions can be reversibly inserted into and extracted from
the interstitial sites. This important property ofLiFeP04 has led many researchers to pursue
investigations of this compound as a cathode material for lithium-ion batteries.

In order to accurately study the electrochemical characteristics of LiFeP04, a pure
compound must first be synthesized. It has been previously reported that LiFeP04 can be
prepared by hydrothermal or solid-state methods. LiFeP04 powders obtained by hydrother­
mal routes were mostly amorphous and, in some cases, the presence of impurities could be
identified by X-ray diffraction (XRD) studies. However a crystalline form of LiFeP04 was
obtained by annealing the amorphous sample at high temperature under an inert atmosphere
[3]. In some reports, a pure and crystalline form of LiFeP04 could be synthesized directly by
the solid-state reaction method at high temperatures [10]. Unfortunately, the sample
conductivity was measured to be between 10-9 and 10- 10 S. cm'" , which prevents its direct
application as a cathode material. However, carbon addition during the synthesis is found to
improve the electrical conductivity of LiFeP04 materials [4-7]. Chung et al. [9], alternatively,
found that doping LiFeP04 with supervalent ions (Mg2+, AI3+, Ti4 ' , Zr4+, Nb5+ and W6+)
leads to a significant improvement in the conductivity, by a factor of -10 [8]. Additionally,
substitution by Mn, Mg, Ni, Co, Cu, Zn and Ge into the lattice sites of Fe has been observed
to stabilize the crystalline structure. This class of conductive LiFeP04 may be of interest for
high-power, safe, rechargeable batteries for medical devices, and applications that currently
use super capacitor technology [9].
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Table I Room temperature hy-
perfine parameter s of sample A Sample IS (rnrn QS (mm r (mm Relative area

(solid state reaction), sample 8 S- I) S-I ) S- I) (%)
(spray pyrolysis) and sample C
(wet chemical method) A 1.20 3.00 0.30 91.7

0.43 0.91 0.40 9.3

8 1.2 1 2.96 0.30 97.0

0.37 0.42 0.31 3.0

C 0.21 2.99 0.28 82.5

0.41 0.89 0.38 7.2

0.51 1.27 0.38 10.3

A* and C* result from the ad- A* 0.43 0.91 0.40 100.0

justment of the spectra after ex- C* 0.40 0.91 0.41 60.5

traction of the bivalent 0.53 1.23 0.41 39.5
component.

In the present study, LiFeP04 samples were prepared via solid-state, spray pyrolysis , and
wet chemical methods. The samples where then characterized by several analytical
methods, among them, Mossbauer spectroscopy which is well known to be much more
sensitive than the diffraction analysis for detecting impurities with different valence states
of Fe. An extensive Mossbauer study was carried out and some results of the room
temperature study are presented and discussed .

2 Experimental section

A LiFeP04 sample was prepared by solid-state reaction using LiOH, Fe(II)C204. 2H20 and
(NH4)2HP04 (sample A). Initially, the precursors were thoroughly mixed and loaded in to an
alumina boat, heated at 350°C for 5 h under a reducing flow atmosphere consisting of 5% H2
and 95% Ar and then cooled to room temperature. The sample was then reground and
reheated at 700°C under the same conditions [II]. Sample B was synthesized by the spray
pyrolysis method using the procedure reported by Bewlay et al. [12]. Amorphous FeP04 was
synthesized by spontaneous precipitation from an equimolar aqueous solution of Fe
(NH4h(S04)26H20, N~H2P04 and hydrogen peroxide as reported by Prosini et al. [13].
Amorphous LiFeP04 (sample C) was obtained by chemicallithiation of amorphous FeP04 by
using LiI as a reducing agent. Crystalline LiFeP04 was obtained by heating the latter
amorphous compound in a tubular furnace at 550°C for I h under a reducing atmosphere.

All samples were characterized by XRD using a SCITAG (Xl) diffractometer with Cu Ka

radiation. Rietveld refinement was performed using the GSAS (General Structure Analysis
System) program to determine the crystal structure parameters [14]. Fourier Transform
Infrared spectra (FTIRS) were recorded with a Nicolet 710 instrument. This technique allows
the user to identify easily the chemical bounding present in crystalline and non-crystalline
compounds. The 57Fe Mossbauer spectra were collected with a 57COy-ray source. Velocity
and isomer shift calibration was performed using Fe foil as the standard at room temperature.
The sample thickness was adjusted so that the Fe content was -10 mg/crrr'.

3 Results and discussion

For each sample, XRD indicated a pure single phase of LiFeP04 with a crystalline olivine
structure indexed by orthorhombic Pnmb. The cell parameters of the sample sample A a=
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Figure 2 Room temperature
Mossbauer spectra of the Fe3+

component in samples A and C. -5

Velocity (mm Is)
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10.3095 (7) A, b=5 .9993 (4) Aand c=4.6932 (3) A obtained from the Rietveld refinement
are in good agreement with previously reported values [II] .

Infrared spectra are similar for the different samples and are in agreement with the
structural data. The main absorption bands concern the P04 groups , with a strong split band
appearing at - 1,060 em- I , which is attributed to the stretching vibration mode with splitting
due to the distortion of the phosphate tetrahedra as observed from the structural results, and
the bending mode appearing as a split signal at -600 cm- I .

Mossbauer spectroscopy measurements at room temperature of all samples are shown in
Figure I. The spectra were fitted with two or three doublets ; a dominant symmetric doublet
is observed in the case of naturally occurring mineral triphylite LiFeP04

15
. In the room

temperature data for paramagn etic LiFeP04, two parameters are of importance: the isomer
shift IS and the quadrupole splitting QS. The hyperfine parameters are reported in Table I.
The doublet with IS= 1.20-1.21 mm S- I, present in each sample, is typical for Fe2

+ in ionic
compounds.

The exceptionally large quadrupole splitting value observed (QS =2 .96-3 .00 mm S-I) is
primarily explained by the asymmetry of the electrons surrounding (d6 configuration), but
also by the asymmetric local environment of the Fe atom. The Mossbauer parameters IS
and QS for our samples are in good agreement with those ofLi et al. [IS] (IS= 1.22 mm S-I ,

QS=2 .98 mm S-I) and Andersson et al. [16] (IS= 1.22 mm S-I ; QS=2.96 mm S-I) obtained

for natural triphylite .
In addition to the Fe2

+ doublet , a small absorption area in the center of each of the
Mossbauer spectra was also observed , with an isomer shift typical for Fe3

+ (Table I). The
nature of this Fe3

+ phase could be due to amorphous or nanoparticules since it was not
detected by XRD. Moreover, these parameters do not correspond to the characteristic of
impurities of the type FeP04 or Li3Fe2(P04)3' In order to obtain further insight, the bivalent
pattern of the spectrum was carefully removed. The resulting spectra presented in Figure 2
clearly show the presence of at least one or two doublets whose hyperfine parameters are
indicated in Table I; these values were obtained without applying any constraints. The good
agreement between the values obtained from the original spectra and these "subtracted"
spectra provide an indication of the representativeness of such a subtraction .
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The value of the electric field gradient at the Fe3+ nuclei (d5 configuration) is caused by
the distortion of the octahedral oxygen surrounding. The first one is more distorted than the
second, so these two doublets correspond to Fe3+ in two inequivalent cation positions .

In the olivine structure, the phosphorous atoms occupy tetrahedral sites, while the iron
and lithium atoms occupy octahedral sites (denoted M(2) and M(I), respectively). Sample
A and B, obtained, respectively, by sol-gel route and solid-state reaction, have only one
doublet which is poorly defined, whereas the wet chemical route sample is characterized by
two more readily defined doublets. These latter doublets have parameters previously
observed for trivalent iron in silicates [17], (IS=0.358 mm s- I; QS= 1.283 mm s- I) and (IS=
0.423 mm S-I ; QS=0.614 mm S-I) attributed, respectively, to M(I) and M(2) sites in
LiFeP04 . Although it is presumed that LiFeP04 has a very narrow composition range, Li
vacancies can be accommodated in the olivine structure [18]. The Fe3+can arise in the
LiFeP04 structure by composition variations such as 3Fe2+~2Fe3+, leaving an iron
vacancy in the M(2) site, or LiFe2+~Fe3 ., leaving a vacancy ofLi in the M(l) site or Fe in
the M(2) site [19] and Fe occupation of the M(l) site. The ionic radius of the high spin Fe3+
cation in octahedral coordination is 78.5 pm, and that corresponding to the hexacoordinated
Li+ ion is 90.0 pm; a reduction of the cell volume might therefore be expected with
variation in the lithium stoichiometry. However, it must also be considered that if vacancies
are introduced in Lt sites, repulsion between negatively charged ions could cause an
expansion of the crystal.

Rietveld refinement of the entire sample set and Mossbauer measurements at low
temperature are currently in progress in order to verify this assumption.

4 Conclusion

A crystalline form of LiFeP04 has been prepared via solid-state reaction, spray pyrolysis and
wet chemical methods. XRD refinement gives good agreement between experimental crystal
parameters and reported values. As expected, analysis of room temperature Mossbauer
spectra shows that Fe is predominantly present in its bivalent state. A weak Fe3+subspectra
could account for Fe3+ occupancy of cationic positions in an olivine structure.
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Abstract The electrochemical reaction mechanisms between lithium and cystalline MnSb
are investigated by X-ray diffraction, 121Sb Mossbauer spectroscopy, and X-ray absorption
spectroscopy (XAS). The analysis of the experimental data at different depths of the
electrochemical discharge process reveals a complex reaction mechanism comprising two
steps. The main reaction of the first step corresponds to the dispersion of lithium in the
MnSb matrix with formation of the intermediate compound LiMnSb. The second step
corresponds to a Li-Sb alloying process with formation of Li3Sb.

Key words intermetallics · lithium reaction mechanism - 121 Sb Mossbauer spectroscopy

1 Introduction

In recent years "Li-ion" batteries have become essential part of many portable electronic
devices (computers, cellular phones, wireless tools). They are also considered as promising
candidates for energy storage in electric vehicles. The electrodes of these batteries are
composed of insertion materials in which lithium ions are inserted and extracted during the
charge/discharge cycle. Currently, graphite or hard carbons are used as anode materials due
to their advantageous properties concerning safety and reversibility of the lithium insertion
and extraction [1-3]. However, alternative materials offering higher capacities and doubled
energy densities will be demanded for next generation batteries.

The binary lithium-metal systems Li-Sn and Li-Sb have been considered as such
alternatives and were thus studied intensively. They give high capacities during the first
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Figure 1 Charge/discharge curves ofa MnSb electrode tested in a Swagclok" cell between 0.2 and 1.4 V
versus Lt lLi at a C/20 rate.

discharge run, but show poor cyclability due to large volume changes during lithium
insertion and extraction. Improved cyclability was observed for the newly proposed
intermetallic materials M-Sn and M-Sb (M = transition metal), in which M plays the role
of an inactive matrix buffering the volume changes during cycling [4-6]. In the present
study the intermetallic compound MnSb was tested as anode material with the aim to
combine the large reversible storage capability of antimony with the inactive matrix effect
of manganese in order to improve the cycle performance .

Lithium insertion in intermetallic compounds M-Sb takes place via complex multi-phase
mechanisms. The identification of the various phases is complicated by the poor
crystallinity and small particle size of the discharged electrode material. X-ray diffraction
alone is thus insufficient to elucidate the reaction mechanisms; the use of alternative
techniques providing insight to the electrochemical reaction mechanisms on an atomic scale
becomes necessary. In the present study we used 121Sb Mossbauer spectroscopy and X-ray
absorption spectroscopy at the Mn K edge in order to complete data from X-ray diffraction.

2 Exper imental aspects

MnSb was synthesised by heating a stoichiometric mixture of the elements in an alumina
crucible under an Ar (5% H2) atmosphere for 10 h to 680°C. The crucible was then slowly
cooled under the same Ar atmosphere. Finally, the sample was annealed at an appropriate
temperature in order to obtain a single-phased intermetallic compound.
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8.72 mrnls relative to the source).

The electrochemical behaviour was tested using two-electrode Swagelok" cells of the
Li 1M Li PF6 (PC:EC:DMC=I :1:3, v/v) I MnSb type. Electrodes containing 80 wt.%
sample, 10 wt.% PTFE binder and 10 wt.% carbon black were pressed to pellets of a
diameter of 7 mm. The electrochemical curves were recorded on a MacPile II system at a
C/20 rate (a molar ratio LilMnSb equal to unity was reached in 20 h) for both charge and
discharge between 0.2 and 1.4 V versus u ' /Li. The electrode materials were analysed ex
situ at several depths of discharge and charge . For this purpose the Swagelok" cells were
opened inside an argon filled glove box and the electrode materials containing the active
material were placed in specific sample holders transparent for y and x-rays,

121Mossbauer spectra were recorded on an EG&G spectrometer in a constant
acceleration mode and in transmission geometry. The source of a nominal activity of
0.5 mCi consisted of Ba121mSn03' During the measurements, both source and absorbers
were cooled to 4 K in order to increase the fraction of recoil-free absorption and emission
processes. Isomer shifts are given with respect to the source compound.

XAS experiments were performed in transmission mode on beam-line 7.1 of the
Synchrotron Radiation Department, CCLRS Daresbury Laboratory (England). The beam­
line was equipped with a Si(lll) double crystal monochromator.

3 Results and discussions

The discharge curve of MnSb, shown on Figure 1, presents the following characteristics: a
fast drop from the open circuit voltage of 2.8 to 0.8 V, associated with the formation of a
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Table I 12 JSb Mossbauer parametersobtained from spectra recorded at points A to D of the discharge curve
of Figure I

Sample Composition LixMnSb J (mm s-J) «»; (mm s-J) r(mm S-I) Hhf (T) C (%) Identification

A x=O (2.84 V) -9.49 (3) 1.88 (8) 1.21 (8) 37.9 100 MnSb
B x=0.8 (0.70 V) -9.41 (5) 1.91 1.52 34.2 73 (2) MnSb

-8.42 (I) 2.84 1.52 12 (I) LiMnSb
-11.80 (2) 10.48 1.52 8 (I) LixMnSbv

0.68a -3.68a 1.52 7 (2) Sb20S

C x= 1.1 (0.59 V) -9.49 3.41 (2) 1.43 (I) 36.4 49 (2) MnSb
-8.40 (2) 2.80 (4) 1.43 (1) 34 (I) LiMnSb
-11.84 (2) 10.62(1) 1.43 (l) 12 (I) LixMnSbv

0.68a -3 .68a 1.43 (1) 5 (2) Sb20S

D x=3 (0.20 V) -7.82 (7) - 1.81 (2) 88 (2) MnSb
-10.42 (9) 19.22 (I) 1.81 (2) 12 (2) Li3Sb

All isomer shifts are relative to the BaJ21 m Sn03 source

J isomer shift, eQVzz quadrupole coupling, rlinewidth, Hhjhyperfine magnetic field, C relative contribution.

a Sb20S contribution

passivating film on the carbon particles as a result of the reduction reaction between lithium
and the electrolyte, followed by two plateaus, a first one at 0.78 V versus Li+/Li ending at
point B, and a second at 0.55 V versus Lt/Li beginning at point C. The discharge process
is completed when the voltage reaches the value of 0.2 V (point D). The sample
composition at this point corresponds to the formula Li3.03MnSb.

The calculated specific capacity for this composition is 460 Ah kg-I . The voltage profile
reveals an important loss in capacity for the first cycle; the obtained reversible capacity
value is 330 Ah kg-I . Cycling tests carried out by Fransson et al. [7] indicate a good
cyclability for 25 cycles .

Figure 2 shows 121Sb Mossbauer spectra recorded at the four points A to D of the
discharge curve shown on Figure I. The corresponding refined values of the hyperfine
parameters isomer shift [j (IS) and quadrupole splitting (eQVzz) derived from the analysis of
the experimental data using a transmission integral procedure [8] are reported in Table 1.

The spectrum of sample A shows four broadened peaks each containing three
unresolved lines and two small satellites each containing two unresolved lines. The
refinement of this spectrum reveals a strong magnetic field of 37.9 T with a small
quadrupole interaction on the antimony sites . The refined values of the hyperfine
parameters evidence the occurrence of Sb on a single crystallographic site, in agreement
with the NiAs type structure of MnSb [9].

The Mossbauer spectra of samples Band C reveal the formation of LiMnSb as a new
phase while the potential decreases to 0.6 V. The hyperfine parameters of this phase derived
from the spectra , 8=-8.42 m s- I , eQVzz= 2.84 m s- I, are in good agreement with calculated
values using the density functional theory (DFT). The formation of LiMnSb has also been
observed in a previous study by X-ray diffraction [10]. The presence of Sb20 s in small
amounts is attributed to oxidation during sample transfer from the glove box to the
Mossbauer spectrometer and during the X-ray diffraction measurement. The amount of
pristine MnSb decreases during the discharge run, while the amount of LiMnSb increases.
A fourth contribution of a spectral weight of 10% was attributed to the formation of a
metastable, antimony-rich phase of a Li-Sb type, due probably to the electrochemical
reaction kinetics .
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Figure 3 Mn K XANES of
pristine, partially (C) and com­
pletely (D) discharged MnSb and
ofMn metal.
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The spectrum of the completely discharged sample D (Figure 2) reveals the occurrence
of cubic Li3Sb as the main phase, accompanied by a small amount of a second phase which
is assigned to a highly dispersed antimony-poor LixMnSby phase (<5=-10.42 mm S-I)

formed electrochemically.
Spectra of the X-ray absorption near edge structure were recorded at the Mn Kedge

(Figure 3). The spectrum of the partially discharged sample C bears still close resemblance
to that of the pristine material, indicating that the major part of manganese is still present in
the form of MnSb. The spectrum of the fully discharged sample D differs from that of the
starting material insofar as the intensity of the oscillations above 6560 eV is strongly
reduced. A comparison of the spectra of MnSb and elemental Mn shows that above
6560 eVa maximum of the former coincides with a minimum of the latter and vice versa.
The spectrum could therefore be considered as the sum of the spectra of MnSb and metallic
Mn the formation of which would be expected from a reaction mechanism MnSb + 3Li -+

Li3Sb + Mn. However, X-ray diffraction gave no indication of the presence of crystalline
elemental manganese. Moreover, the shape of the Mn K edge spectrum resembles still more
that of MnSb than that of Mn. We therefore conclude that manganese is present in finely
dispersed form, with an important fraction of atoms in contact with the Li3Sb phase via
Mn-Sb bonds, forming in this way the antimony-poor LixMnSby phase seen in the
Mossbauer spectrum of sample D.

4 Conclusions

Experimental and theoretical results are combined in order to better understand the
electrochemical process. Considering the overall characterisations, we are able to confirm
the displacement of Sb atoms during lithium insertion which leads to the formation of an
intermediate material. As the amount of lithium insertion into the active matrix increased,
Li3Sb alloy was formed which remains in interaction with the Li .Mnsb, matrix.

Acknowledgement C.M. Ionica acknowledge s ADEME, France and SAFT Bordeaux, France (contract N°
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Abstract Fe-ZSM-5 samples containing a combination of 57Fe3+ in framework (FW) and
regular iron in extra-framework (EFW) sites were prepared by introducing 57Fe in
hydrothermal synthesis, then exchanging Fe2+ of natural isotope composition into the
lattice. The stability for one part of Fe2+ and Fe2+ ...... Fe3+ reversibility for the other part in
catalytic decomposition of N20 is demonstrated by in situ Mossbaer measurements.
Formation of dinuclear FeFw-0-FeEFw pairs is not prevailing.

Key words Fe2+ and Fe3+ simultaneously ' N20 decomposition

1 Introduction

Specific oxidation reactions may be carried out by applying Fe-ZSM-5, e.g., active "cx.­
oxygen" can be generated by loading 0 to specific Fe sites with decomposing N20 [1].
Presence and role of highly dispersed extra-framework (EFW) Fe2+ is experimentally
demonstrated in these processes [1,2] . Existence of higher oxidation state (Fe4+) can also
be proposed as model calculations suggest either for di- [3] or mononuclear centres [4].
Highly dispersed EFW iron can be generated by removal of framework (FW) iron from Fe­
ZSM-5 (prepared by hydrothermal synthesis with iron in the synthesis gel) by high tem­
perature treatment [1] or by steaming at lower temperatures [2]. Direct introduction of EFW
iron from aqueous media is less preferred, due to hydrolysis of Fe3+. Instead, non-aqueous
solvents can be used [5] or evaporating FeC13 into the zeolite lattice can be applied [6].

In the present communication we demonstrate the simultaneous presence of FW and
EFW iron. In the first step enriched 57Fe is introduced to FW sites in hydrothermal
synthesis(inSi;57Fe::::200 ratio). In the second step Fe2+ with regular isotope composition is
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exchanged from methanolic media to EFW position (Si/Fe::::67). Since modest temperatures
are used (T<750 K) for treating the Fe-ZSM-5, the original FW and EFW siting and
oxidation states are mostly maintained. Paramagnetic Fe3+ ions located in FW sites exhibit
spin-lattice relaxation phenomena (due to their low concentration in the lattice) [7, 8],
whereas diamagnetic EFW Fe2+ ions do not interact with Fe3+. After oxidation of EFW
Fe2+ to Fe3+ the collapse of relaxing spectral shape can be expected (due to the onset of
spin-spin relaxation as a result of the increased amount of Fe3+). This phenomena might
particularly occur in the case of direct coupling, namely with occasional formation of
dinuclear FeFW-O-FeEFW pairs.

The Fe-ZSM-5 samples were exposed to N20 atmospheres-the catalytic property is
manifested in a test reaction of N20 decomposition. In situ Mossbauer spectra under
reaction conditions demonstrate in part the stability of Fe2+, and for the other part the Fe2+
+-+ Fe3+ reversible transformation. The anticipated collapse of the paramagnetic feature does
not prevail, thus formation of dinuclear FeFw-0-FeEFw pairs is not dominant.

2 Experimental

2.1 Sample preparation

Fe-ZSM-5 was prepared in four stages. First, hydrothermal synthesis was performed with
enriched 57Fe, with Si;57Fe::::200 ratio. The details of the synthesis are described in [9]. In
the second step tetrapropyl-ammonium bromide template was removed at modest
temperature (620 K) by treatment in ozone resulting in (H+, Na+) form of ZSM-5. In the
third step NH4+ form was obtained by ion exchange in NH40H . In the following step Fe2+
of regular isotope abundance was exchanged from methanolic solution of FeS04 ' under
continuous stream of argon-to prevent formation and hydrolysis of Fe3+.

Iron content was determined by total dissolution of Fe-ZSM-5 and measuring the
amount of iron by atomic absorption. Iron content of Si/Fes Sf) ratio was found, in average.
Thus, the nominal ratio of FeFW/Fe EFW is 1:3. For interpreting the spectra it is important to
emphasize that the 57Fe abundances are different for the FWand EFW iron parts (100 and
2.2%, respectively), thus the apparent nominal proportion for the FW and EFW with respect
to the Mossbauer-active 57Fe is 15, i.e., approximately only 6% of spectral area might be
originated from the contribution of exchanged FW Fe2+ component.

2.2 Mossbauer measurements

The measurements were performed in an in situ cell, spectra were obtained at 77, 300 and
620 K. The latter spectrum was obtained in a 6 h treatment in N20. Fe-ZSM-5 samples
were evacuated at 620 and 720 K for 2 h in 10- 2 Pa. Isomer shift values are relative to
metallic cc-iron.

2.3 Catalytic performance

Catalytic performance of Fe-ZSM-5 (50 mg) was tested in a temperature programmed
reaction in a flow of 10% N20/He mixture (40 ml/min) with a temperature ramp of 10 Klmin
up to 770 K. Activity was measured by detecting the amount of formed oxygen (MRU gas
analyser, Delta 65-3).
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Figure 1 Spectra of 57Fe-ZSM-S after hydrothermal synthesis. (A) NH./ exchange, (Tm=77 K) (a);
evacuation 670 K (Tm=77 K) (b); same as b measured at Tm =3 00 K (c) (left side). Sample A after additional
FeS04 exchange and after the same treatments (B) (right side).

3 Results and discussion

3.1 57Fe isomorphous substitution

Spectra of samples (Si/ 57Fe=200) recorded after the hydrothermal synthesis followed by
removal of TPABr template by ozone at 350°C and a subsequent exchange with 0.5 M
NH4N0 3 solution are shown in Figure lA. The main feature of the spectra is the
temperature dependent relaxation phenomena attesting the dominance of spin-lattice
relaxation of isolated Fe3+ ions. Removal of water and NH3 from the NH4+ form of zeolite
(Figure lAa) results in weakened coupling with lattice vibrations, the spin relaxation time is
longer after evacuation, i.e., the magnetic features are more expressed (Figure lAb). Upon
increasing the temperature of measurement to 300 K the magnetic structure collapses to a
broad central line (Figure lAc ).

3.2 Ion exchange of Fe2
+

Spectra recorded on the sample after the FeS04 ion exchange in methanolic media are
shown in Figure lB. The spectrum recorded after drying at 350 K can apparently be
combined from Figure lA and an Fe2

+ component. Thus, as expected, there is no magnetic
interaction between the relaxing Fe3

+ and diamagnetic Fe2+in spite of the four-fold increase
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of the iron content in the sample. The contribution of the Fe2
+ to the spectral area is 7%

(very close to the expected -6% as mentioned in the Experimental part). This component
exhibits IS= 1.30 mmls and QS=3.60 mmls . Similarly to Figure lAb , the evacuation results
in the decrease of the intensity of the central singlet. The environment of Fe2

+ is also
modified, IS= 1.40 mmls and QS=3.01 mm/s can be obtained from the spectrum of
Figure lBb. Collection of the spectrum at 300 K results in a collapse of magnetic side peaks
to a broadened central line. The separate dominant Fe2

+ contribution is characteristic (IS=
1.27 mmls , QS=2.90 mmls) .

3.3 Catalytic performance

The catalytic performance of FeZSM-S was tested in the temperature-programmed-reaction
of decomposing N20 . Namely, 10% N20 in He was flown above the sample in ramping the
temperature in the 4S0-820 K range. The conversion ofN20 in dependence of temperature
is shown in Figure 2. The highest activity for the decomposition of N20 is found around
600 K, attesting that the Fe-ZSM-S studied exhibits noticeable catalytic activity. The
presented dependence of activity on temperature is similar to that reported in other
communications for Fe-ZSM-S (see e.g., [10]).

3.4 Effect ofN20 as reflected in the in situ spectra

In order to study the effect ofN20 on iron a second series of measurements was performed
on an other portion of the Fe2

+ exchanged sample. The spectrum of the starting sample
(evacuated at 720 K) is similar to that shown in Figure IBb - it is composed from a
broadened relaxing Fe3+ and a separated Fe2+ doublet (IS= 1.3S mmls, QS=3.0S mmls in
14% spectral area, Figure 3a). Decomposition ofN20 via 2 N20 - 2 N2+0 2 is prevailing
in S70-620 K region [1]. Hence, in situ spectrum was collected at 620 K during a 6 h
treatment in N20 (Figure 3b). A broad Fe3

+ relaxing component is present with Fe2
+

superimposed (IS= 1.07 mmls, QS=2.46 mm/s in 6.S% spectral area). This spectrum
directly demonstrates that Fe2

+ exists at reaction conditions. After cooling the sample to
77 K in N20IN2 mixture the spectrum of Figure 3c is collected with Fe2

+ in 9% spectral
area (IS=1.38 mm/s, QS=3 .0S mmls) . A repeated evacuation at 720 K practically restores
the starting spectrum (Figure 3a), Fe2

+ is present in 16% spectral contribution (lS=
1.39 mmls, QS=2 .99 mmls) besides Fe3+. It is worth referring here to the change of the
Fe2+ portions in the series measured at 77 K: 14% in vacuum at the start, 9% in N20 and
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Figure 3 Series of subsequent
spectra of Fe-ZSM-5 with com­
bination of framework Fe3

+ and
extra-framework Fez

+, obtained
after Fez

+ exchange and evacua­
tion at 670 K (a) ; in situ spectrum
recorded during NzO decomposi­
tion at 620 K (b) ; cooled to 77 K
in NzO (c); after evacuation at
670 K and cooled to 77 K in
vacuum (d) .

d)
evac

77 K

-12 -9 -6 -3 o 3 6 9

783

12

velocity , mm/s

16% at the final evacuation. These numbers show that reversible Fez+ --+ Fe3
+ --+ Fez+

conversion proceeds on a significant part of EFW iron.
With regard to the other aspect, the occasional formation of dinuclear FeFw-O-FeEFW

pairs, the process is not manifested in a significant extent. Namely, treatment in NzO
resulted in Fez

+ --+ Fe3+ oxidation for a significant part of EFW iron. At the same time
however, the relaxing background originated from the isolated FW Fe3

+ ions is retained,
i.e., the number of dinuclear FeFw--0-FeEFw pairs with directly coupled spins should be
limited.

Acknowledgements The authors are indebted to Gabriella Pal-Borbely for the determination of iron content
of Fe-ZSM-5 and I. Kiricsi for the low-temperature removal of template from the synthesized Fe-ZSM-5
in ozone .
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Abstract 119Sn Mossbauer spectrometry has been carried out on Ni-Sn alloys (Ni3Sn LT,
Ni3Sn2 LT and Ni3SI4) and combined with ab initio calculations. Lithium insertion/
extraction mechanisms of the most interesting compound (Ni3SI4) have been studied from
11 9Sn Mossbauer measurements. The first discharge shows a plateau close to 0.0 V, which
can be attributed to the formation of the Li7Sn2 alloy.

Key words 119Sn Mossbauer spectrometry · lithium-ion batteries intermetallic
compounds' lithium insertion mechanism

1 Introduction

Fifteen years ago, rechargeable "Li-ion" batteries appeared on the market, using graphite or
hard carbons as anode for their safety and high reversibility during electrochemical lithium
insertion/extraction [1-3] . With the soar of portable electronics, aerospace applications, etc.,
the relatively low capacity of these lithium cells (372 mAh/g with graphitic anode) makes
that alternative anode materials must be found . In recent times, a number of binary alloy
systems (Li-Sn, Li-Si, Li-Sb) were investigated as alternatives [4, 5], but a tremendous
volume change occurs during cycling, inducing a weak cyclability [6, 7]. In order to avoid
this volume change, several studies were made on tin-based lithium alloys using
intermetallic host materials, where the transition metal is expected to buffer the expansion,
such as nickel in NhSn4 [8] or copper in CU6SnS [9].

119Sn Mossbauer spectrometry has been used in order to study local tin environment of
pristine materials and to follow lithium insertion/extraction in intermetallic compounds for a
better mechanism understanding. Moreover, electron structure calculations have been
performed, using the linearized-augmented-plane-wave (LAPW) method [10], to evaluate
hyperfine parameters of pristine materials.

S. Naille (18])• P. E. Lippens ' F. Morato . J. Olivier-Fourcade
Laboratoire des Agregats Moleculaires et Materiaux Inorganiques (CNRS UMR 5072) ,
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Figure 1 SEM picture of
NbS14·

2 Experimental

S. Naille, P. Lippens, et al.

The pristine materials, Ni.Sn LT, Ni-Sn, LTwere synthesized by direct synthesis from pure
elements in silica tubes sealed under vacuum. After annealing 10 days at 800°C for Ni3Sn
LT and 10 days at 500°C for Ni.Sn , LT, the tubes samples were slowly cooled to room
temperature in the furnace. As for NhSI4, initial components in stoechiometric ratio were
mechanically milled under argon atmosphere for 10 min before fired in a tube type furnace
under controlled atmosphere for 4 h at 500°C.

The different phases were characterizedby X-ray diffraction, for phase identificationand
purity. The powder morphology was investigated by Scanning Electron Microscopy (SEM).
119Sn Mossbauer spectra were recorded by transmission in the constant acceleration mode
using an EG&G spectrometer, the source was 119mSn in a CaSn03 matrix. The velocity
scale was calibrated using the magnetic sextuplet of a high purity iron foil absorber as a
standard, using 57CO (Rh) as the source.

Electrochemical lithium insertion/extraction tests were performed in Swagelokw-type
cells assembled in argon-filled glove box. Positive electrodes were prepared by mixing
80 wt.% pristine powder, 10 wt.% carbon black and 10 wt.% PTFE binder and pressed in
7 mrn diameter pastilles. The electrolyte was 1M LiPF6 in EC/PCIDMC (1:1:3 v/v). The
lithium insertion/extraction experiments were performed galvanostatically, using a Mac
Pile II system, within a voltage window of 0.0-1.2 V. 119Sn Mossbauer measurements
were done ex situ at several depths of discharge and charge, always in avoiding the air
pollution.

3 Results and discussion

The different synthesized alloys were identified like single-phase compounds. The unit cell
parameters refinement leads to hexagonal Ni3SnLTwith a=5.298 (4) Aand c=4 .250 (2) A
as compared with the literature data [11] and to orthorhombic NijSn, LT with a=7.ll8
(5) A, b=5.l94 (2) Aand c=8 .132 (8) A, which is in good agreementwith the data reported
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Figure 2 Room temperature
119Sn Mossbauerspectra of
Ni3SnLT, Ni3Sn2 LTand Ni3Sn4.
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Table I 11 9Sn Mossbauer parameters for Ni3Sn LT, Ni3Sn2 LTand Ni3Sfi4

Compound Site

Ni3Sn LT
Ni3Sn2 LT I

2
Ni3Sn4 I

2

Experiment Theory (±O.05)

8 (mrn!s) L1 (mrn!s) 8 (mm/s) L1 (mrn!s)

1.50 0.15 1.40 0.20
1.75 1.03 1.70 1.20
1.73 1.50 1.70 1.55
2.01 0.70 2.05 0.70
2.02 1.18 2.05 1.15

8 is the isomer shift relative to BaSn03 and L1 is the quadrupolesplitting.

in the literature [12]. Ni3Sli4 crystallizes in the monoclinic system with a= 12.187 (13) A, b=
4.055 (5) A, c=5 .216 (7) A and ,6= 105.19 (5)0 which is within the homogeneity range
reported in the literature [13]. The average particle size is of about 10 urn as shown in
Figure 1 for Ni3Sli4.

The 119Sn Mossbauer spectra obtained at room temperature are shown in Figure 2. As
shown previously, the experimental data obtained for Ni3Sn2LT and Ni3Sli4 can be roughly
fitted with one component corresponding to an average site [14]. We have considered here a
more accurate treatment by taking into account the different tin crystallographic sites. The
hyperftne parameters were first evaluated from LAPW calculations as in [15, 16] and were
used as starting values in the non-linear-Ieast-square fitting procedure. The results are
summarized in Table I.

Figure 3 shows the galvanostatic first cycle of the most interesting compound (Ni3Sli4),
due to the high quantity of Sn per formula, at current density of 2.06 mNg. 12.5 Li were
inserted during the first discharge, corresponding to a capacity of 515 mAh/g. We can
furthermore observe the existence of a biphasic plateau right above 0.0 V. It can be also
seen that Li-extraction capacity is 282 mAh/g, which means that 6.85 Li were restored. x­
ray diffraction pattern of the discharge electrode only shows the amorphisation of Ni3Sn4
but no presence of any Li.Sn phase , corresponding either to a formation of nanocrystalline
or amorphous phases.
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Figure 3 Galvanostatic dis- x (LiJNi
3
Sn4)

charge/charge ofNi-Sn, electrode 0 2 4 6 8 10 12 14
materials. Ex situ 119Sn Mossba- 2.0

uer measurements were done at
the points a, b, c, d and e.

~": 1.5
+~
::s
'".. 1.0
C
~

ell
S
"S 0.5
;..

d

100 200 300 400 500 600

Capacity (mAhlg)

1.00
Figure 4 Ex situ 119Sn Mossba-
uer spectra of the points shown in

0.95Figure 3: a the pristine compound
Ni3S n4 and the electrode b after 4
Li inserted, c after 6 Li inserted, d 0.90 e)

at the end of the first discharge 1.00
and e at the end of the first N i lSn~ Li 7SIl ~

charge. = 0.95
0

0[ji
'IJ 0.90 d)Os

1.00'IJ= Ni.\Sn, u.s«,
~
l-< 0.95.....
QJ

o~ 0.90 c ).....
~

1.00Qj
c:z:::

0.95

0.90 b)

1.00

0.98

a)

0.96
-6 -4 -2 0 2 4 6

Velocity (mm/s)

The ex situ 119Sn Mossbauer spectra of Ni3S\4 samples recorded on the plateau cannot
be fitted with the only Ni3Sn4 contribution (Figure 4c and d). Two doublets can fit the
additional contribution (10% when 6 Li were inserted and 76% for the discharge electrode)
with hyperfine parameters (Table II) close to those found for Li-Sn, [17]. However, no
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Tab le II 119Sn Mossbauer parameters of (a) the pristine compound Ni3Sn4 and the electrode (b) after 4 Li
inserted, (c) after 6 Li inserted, (d) at the end of the first discharge and (e) at the end of the first charge

Sample Site Ni3S~ Li7Sn2

o(mm/s) L1 (mm/s) 1 (%) o(mm/s) L1 (mm/s) 1(%)

(a) I 2.01 0.7 50
2 2.02 1.18 50

(b) I 2.01 0.68 50
2 2.01 1.20 50

(c) I 2.00 0.64 45 1.98 1.10 5
2 1.98 1.37 45 1.86 0.24 5

(d) I 1.95 0.63 12 2.00 0.97 38
2 1.98 1.37 12 1.88 0.29 38

(e) I 2.04 0.72 50
2 2.00 1.39 50

ois the isomer shift relative to BaSn03' L1 is the quadrupole splitting and I is the relative intensity of the
component.

Figure 5 119Sn Mossbauerspec­
trum of the charged electrode at
75 K.
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significant changes can be observed until 4 Li (Figure 4b) which means that the formation
of Li7Sn2 occurs during the plateau. This shows that Ni3S1i4 reacted with lithium to form
Li7Sn2 by the reaction proposed here:

The Mossbauer spectrum obtained at the end of the first charge (Figure 4e) is close to
that obtained for the pristine material (Figure 4a). Similar values of the Mossbauer
parameters are obtained in the two cases except for the quadrupole splitting L\2 (Table II).
Yet an asymmetry appears; experiment for the charged electrode was thus done at 75 Kin
order to eliminate the hypothesis of in situ (3-Sn formation (Figure 5). Due to the weak
recoilless factor of I3 -Sn at room temperature (f(300k) = 0.045) [18], the asymmetry should
increase as temperature decreases, that not happened. This suggests that only the
contribution of Ni3S1i4 appears at 1.2 V. The observed small difference of hyperfine
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parameters between this sample and the pristine material could be due to the slightly
disordered structure of the reformed nanosized Ni3S14.

4 Conclusions

We have studied alloying mechanisms in Ni-Sn crystalline phases at the nanoscale whilst
lithium insertion/extraction. First, 119Sn Mossbauer spectrometry and ab initio calculations
were combined for an accurate determination of the Mossbauer parameters. Then, we have
found that the most attractive compound, Ni3Sn4, reacts electrochemically with lithium to
form Li7Sn2 with a capacity of 515 mAh/g. In a near future, we will focus on
nanostructured Ni3Sn4 in order to improve the electrochemical performances.
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Excellence (contract no. SES6-CT-2003-503532). The authors are grateful to the European Community for
the financial support.
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Abstract The composition of localised corrosion products formed on galvanised steel in
contact with hot water was determined using X-ray diffraction, electron probe microanal­
ysis, Raman and Mossbauer spectroscopies . Iron carbonate , a Zn-Fe mixed carbonate,
goethite, lepidocrocite and akaganeite were identified together with some Fe-free
components . The necessity of using different, complementary techniques of analysis is
emphasised and some features of the corrosion mechanism are discussed.

Key words corrosion products -galvanised steel · hot water Mossbauer spectroscopy

1 Introduction

Iron oxides and oxyhydroxides are common compounds forming on iron and steel
components working in contact with aqueous environments, soil, humid and aggressive
atmospheres . The identification and characterisation of all compounds are of main
importance in order to understand the corrosion mechanisms and undertake remedies
suitable to prevent further damages. However, considerable difficulties may arise in many
practical cases due to the complex and sometime synergic effects of several factors: type of
iron alloy (composition, microstructure, surface state, etc.), environment and exposure
conditions, and corrosion products (number, particle size, morphology, crystallinity, lattice
defectivity, phase transformations [1-7]). In this regard, a determining approach involves
the use of different and complementary techniques of analysis, especially for corrosion
products in the form of small particles [8-10].

In the present work, the attention was addressed to the corrosion of components realised
in galvanised carbon steel, working in contact with hot water in large household heating
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Department of Physics, University of Panna, Panna, Italy
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systems. As known, these components can undergo heavy corrosion when the in-service
temperature exceeds a critical value (about 60°C), leading zones of the base steel to become
anodic vs. the zinc coating, localised losses of metal to occur with formation of tubercles of
oxidised corrosion products and the underlying steel to become gradually thinner up to
perforation of the metal wall.

2 Experimental details

Samples of corrosion products were removed from -3 mm thick specimens of galvanised
low carbon steel, taken from two different positions in the heating system (in-service time
-I year), selected for the considerable differences in the extent of local corrosion. On the
wall of a tank, the tubercles of rust were somewhat extended in the vertical direction
(gravity effect) but limited in thickness. Therefore, the samples of rust removed in the form
of powder contained all the corrosion products (sample A). In contrast, some thick tubercles
grew within a pipe, allowing the outer part (sample BE) and the inner part (sample BI) of
the products to be removed separately from an almost perforated metal zone. Each sample
was carefully mixed and homogenised, characterised by scanning electron microscopy
(SEM) for morphological features and analysed by electron probe microanalysis (EPMA) in
energy dispersion mode (EDS) for elemental composition. X-ray diffraction patterns (XRD)
were recorded using a computer-controlled goniometer and CoKe>: radiation, with a 0.01 2()
angular step and 2 s counting time. Transmission Mossbauer spectra (TMS) were detected
using a 20 mCi 57ColRh source. A least squares minimisation routine with a combination of
linear and non-linear regressions was used to fit the spectra as a superposition of Lorentzian
lines and to obtain the distribution of the hyperfine magnetic fields (Hhf) . The isomer shift
is referred to cc-Fe, Raman spectra (RS) were recorded using a u-Rarnan spectrometer
incorporating an Ar+ laser (514.5 nm wavelengyh, 0.3 mW power).

3 Results and discussion

Figure la shows an XRD pattern measured for the sample A. It shows a prevailing
contribution from FeC03 (siderite), and very small contributions from iron-free
compounds, i.e., (Ca,Mg)C03 (calcite) and Zn5(C0 3)-2H20 (hydrozincite). In agreement,
EDS spectra showed the presence of significant amounts of calcium and zinc in this sample.
The presence of calcite can be reasonably due to a deposition process from water, while
hydrozincite may well be a product of zinc-water interaction. The Mossbauer spectrum
measured for the same sample (Figure 2a) can be interpreted as the superposition of four
doublets: doublet I (IS= 1.22 mm s- I, .:1EQ = 1.82 mm s- I) due to siderite, doublet II (IS=
1.20 mm S-I , .:1EQ =2.22 mm S-I) ascribed to (Zn,Fe)C03 mixed carbonate [11,12], doublet
III (IS=0 .37 mm s- I, .:1EQ =0.94 mm s- I) ascribed to 13-FeOOH, akaganeite, and doublet
IV (IS=0.36 mm s- I, .:1EQ =0.56 mm s- I) attributable to y-FeOOH, lepidocrocite, and
partially to akaganeite [I, 13-15].

This interpretation is supported by the presence in the XRD pattern of low intensity
peaks at 2()=16.34, 31.28 and 42.52° attributable to 1epidocrocite. The low intensity and
large XRD peaks characterising the pattern measured for a commercial 1epidocrocite
(Figure 3a) indicate the tendency of this oxyhydroxide to form as poorly crystallised, small­
sized particles. Akaganeite, in tum, could contribute to the XRD pattern with the very small
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Figure 1 XRD patterns for (a) sample A, low thickness tubercle, all products analysed, (b) sample BI, thick
tubercle, inner part, and (c) sample BE, same thick tubercle, outer part. S Siderite, G goethite, L
lepidocrocite, A akaganeite.

peaks at 28=13.32 and 31.28°, which are not far from two of the three more intense
reflections expected for this compound. It is worth noting that the formation of akaganeite
is favoured by the presence of CI- or F- ions in solution [I , 16]. In effect, EDS
measurements have shown the presence of chlorine in some particles of the sample.

The XRD pattern in Figure la also shows a low intensity peak at 28=24.69°, a position
corresponding to the maximun intensity peak of goethite. Reasonably, the content of this
compound in sample A is too low to significantly contribute to the Mossbauer spectrum.

Figures 1band 2b show respectively the XRD pattern and the Mossbauer spectrum
measured for sample BI (inner part of a largely sized tubercle). Both spectra are similar to
those measured for sample A (Figures la and 2a); therefore, also BI sample contains
siderite, a Zn-Fe mixed carbonate, lepidocrocite and akaganeite as the main corrosion
products. On the other hand, the comparison also shows that sample BI exhibits:

XRD with less intense and more broadened peaks (indicating poorer cristal1inity and
smaller particle size) and a relatively higher contribution from goethite;
a Mossbauer spectrum with a magnetic contribution (IX in Figure 2b, main magnetic
field HhF205 kOe). This contribution can be attributed to goethite (appreciably
contributing to XRD) with particle size that can be evaluated to be around 15 nm
considering the relation existing between goethite hyperfine magnetic field and particle
size [17, 18].

Figure Ic shows the XRD pattern measured for the outer part of the same largely sized
tubercle (sample BE). It shows a prevailing contribution from goethite and a small
contribution from lepidocrocite. In agreement, the Raman spectrum shows distinctive peaks
of goethite and, for some particles, also the maximum intensity peak of lepidocrocite
(Figure 4).
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Figure 2 Transmission Mossba­
uer spectra for (a) sample A, low
thickness tubercle, all products
analysed, and (b) sample SI,
thick tubercle, inner part. (I)
FeC03, siderite; (II) Zn-Fe mixed
carbonate; (III) j3-FeOOH, aka­
ganeite; (IV) y-FeOOH, lepidoc­
rocite (and, partially, akaganeite);
a) a-FeOOH, goethite in par­
ticles around 15 nm in size.
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Figure 3 XRD patterns for
commercial powders: (a) lepi- ~
docrocite; (b) goethite.
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The Mossbauer spectrum for the same sample (Figure Sa) can be interpreted as the
superposition of doublet V (IS=0.38 mm S-I; L1Eo=O .92 mm S- I) and doublet VI (IS=
0.37 mm s-I ; LlEo=0.54 mm s- 1). Doublet V and, partially, doublet VI can be attributed to
akaganeite. As for doublet VI, it can be attributed to lepidocrocite and, taking into account
the XRD results, also to goethite in the form of very small particles «IS nm) [14,17,18].
In agreement, the particle size of this goethite, as determined from XRD line broadening
using the Scherrer formula, is 13± 1 nm.
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Figure 4 Raman spectrum typi­
cal of particle aggregates of sam­
ple BE (thick tubercle, outer part)
containing goethite, G, and small
amounts of lepidocrocite, L, »
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For comparison, Figures 3b and 5b show the XRD and Mossbauer measurements carried
out for a commercial goethite. The Mossbauer spectrum shows a predominant six-line
contribution due to well crystallised, large particles of goethite and, superimposed, two
series of sextets that can be attributed to small particles of goethite displaying a partial
superparamagnetic relaxation. The analysis of the XRD pattern allowed a mean particle size
of 44 nm to be evaluated for this sample.
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The above results point out that an exhaustive identification of corrosion products
formed on iron alloys in contact with aqueous environments only can be achieved using
different and complementary techniques of analysis. In particular, without the support of
Mossbauer measurements lepidocrocite and akaganeite hardly could have been unambig­
uously identified in XRD spectra exhibiting some prevailing contribution from other
compounds (e.g. siderite in sample A, goethite in sample BE). On the other hand, without
the support of XRD and Raman analyses, goethite in the form of small particles might not
have been identified only on the basis of the Mossbauer spectra.

A conclusive point regards some features of the corrosion process under investigation.
The presence of Fe2

+ as carbonate is not surprising within corrosion products formed in
contact with water of adequate hardness, generally giving rise to the formation of insoluble,
impervious and protective layers of calcium carbonate on the galvanised steel. By the way,
in different conditions of exposure Fe2

+ can also be present within Fe304, especial1y on
steel components working in contact with very hot water [10, 19]. Subsequently, Fe2

+ in
iron carbonate can be oxidised to Fe3+ in the form of goethite [20]. Goethite might also be
formed by transformation of akaganeite [16]. In general, oxyhydroxides of Fe3

+ can
precipitate directly from aqueous solutions containing iron complexes produced by iron­
water interactions [19], the formation of akaganeite being favoured by the presence in
solution of chlorine or fluorine ions.

Acknowledgements The experimental support for Raman measurementsgiven by F. Ospitali,University of
Bologna, Italy, is gratefully acknowledged.
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Abstract Intermetallic phases Li-Sn were synthesized by ball-milling and characterized
for their structures and electrochemical performances. All phases in Li-Sn binary phase
diagram were identified by 119Sn Mossbauer spectroscopy, used as reference materials for
the study of lithium insertion into tin-based electrode materials. The observed spectra show
two distinct environments of tin; the Sn-rich phases and the Li-rich phases. An example of
electrochemical properties of these phases is proposed for LizzSns. Irreversibility of the first
cycle is related to the structural change (3D---+2D) of this phase.

Key words 11 9Sn Mossbauer spectrometry ' ball milling· Li-Sn alloys
electrochemical performance

1 Introduction

The increasing demand of electric energy for many applications motivates an intensive
research on batteries. Li-ion batteries have created a true revolution, allowing an
improvement in electric performance in terms of mass and volume capacity. Lithium forms
extensively alloys with tin, to a limiting stoichiometry of LizzSns [I] , which corresponds to
a specific capacity of 991 mAhlg, considerably higher than those of graphite and coke
which are 372 and 200 mAhlg, respectively [2].
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Unfortunately, the Li-insertion mechanism is mainly based on the formation of Li-Sn
alloys which leads to volume variations of the particles on cycling and therefore strongly
limits the reversibility.

This leads us to study the Li-Sn system; the objective is to synthesize the intennetallic
phases Li-Sn by mechanical alloying [3, 4]. The purpose of the study of these phases is to
better understand the electrochemical mechanisms in anodic materials based on tin.

2 Experimental

Pure elemental Sn rod (99.9% Aldrich) and Li foil (99.9% FMC) were mixed together.
Powder mixtures were sealed for 48 h under argon atmosphere, samples were milled in
SPEX 8000. Starting materials were charged in stoichiometric amounts into hardened steels
vials with two steel balls in a glove box under argon atmosphere . Then the mechanically
alloyed powder was fired in a tube type vacuum furnace .

After ball milling experiments, phase purity and crystallinity of the powders were
examined by X-ray diffraction on a D8 Brucker diffractometer (CoKa radiation, B-B
geometry, psd detector) using a hermetically closed sample holder.

Electrochemical lithium tests were performed in Swageloktv-type cells assembled in an
argon-filled glove box. The cells consist in a composite positive electrode containing the
active material mixed with 10% acetylene black, a Li metal disk as the negative electrode,
and a whattman borosilicate glass microfiber separator with LiPF6 (1M) in PC/ECIDMC as
electrolyte . The discharge!charge curves were measured by means of Mac Pile system
operating in the galvanostatic or potentiostatic mode.

119Sn Mossbauer spectra were recorded by transmission in the constant acceleration
mode using an EG&G spectrometer. The source was 119mSn in a CaSn03 matrix. The
velocity scale was calibrated using the magnetic sextet of a high purity iron foil absorber as
a standard, using S7CO (Rh) as the source. The spectra were fitted to Lorentzien profiles by
least-squares method using the G.M.5.S.I.T program [5]. Isomer shift values are given
relative to a BaSn03 spectrum recorded at room temperature. The absorbers containing 1­
2 mg of 119Sn per square centimeter were prepared by mixing powder samples and Apiezon
grease inside the glove box, and sealed with parafilm to avoid contact with air.

3 Results and discussion

Room temperature 11 9 Sn Mossbauer effect spectra for Li-Sn alloys are shown in Figure I.
Spectra of this phases were fitted to various combinations of doublets in accordance with
the results of the X-ray diffraction study.

The XRD analysis revealed that the : LiSn, Li13Sns, Li-Sn, and Li22Sns phases are
rather pure and the structural parameters agree with those reported in the JCPDS files. The
Mossbauer spectrum of Li-Sn, was fitted to two doublets to account for the two
inequivalent Sn sites present in this structure, and a single subspectrum corresponding to a
small amount of I3Sn-like impurity. These results confinn that mechanical alloying provides
rather pure and well crystallized Li.Sn phases.

Majority of these phases show two tin distinct environments; the Sn-rich phases (Li-Sn.;
LiSn) with a higher symmetry (..1 small) and a significant number ofSn-Sn bonds (0 large),
the Li-rich phases (LiSn, LisSnz, Li7Sn3, Li13Sns, Li7Snz, Li22Sns) with low symmetry (..1
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Figure I 119Sn Mossbauer spectra of Li-Sn system.

large) and a low number of Sn-Sn bonds (J low). Two types of variations of the isomer
shift as a function of Li content can be related to changes in the Sn local environment. The
Sn crystallographic sites are mainly formed by Sn atoms in Sn-rich phases and by Li atoms
in Li-rich phases.

The bal1-milled Li22Sns sample was tested in aLi-half cel1 that was cycled between 0.1
and I V at a Lil20 h rate in potentiostatic mode . As shown in Figure 2, the voltage­
composition curves of Li22Sns/Li cel1s exhibit three plateaus in charge (e.g., oxidation)
located at 0.60, 0.73 and 0.80 V with the three corresponding ones situated near 0.67,0.55
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Figure 2 Voltage composition curve for a Li22Sns/Li cell cycled between 0.1 and I V.The cell was cycled at
a rate of Li/20 h in the potentiostatic mode.

and 0.4 V in discharge (e.g., reduction) indicative of the existence of three reversible two­
phase processes . Several staircase steps show the existence of single-phase materials [6] in
agreement with the previously reported phase diagram. The large volume changes occurring
during lithium insertion and de-insertion are responsible for irreversible capacity loss in the
first cycle because the Li.Sn alloy phases structurally differ with either 2D or 3D structures.

4 Conclusions

We further demonstrated the advantage of ball-milling to easily prepare single phases Li.Sn
in the binary Li-Sn system. Rather pure Li-Sn crystalline phases have been obtained from
ball-milling synthesis. They can be used as reference materials for the study of Li insertion
into tin based electrode materials.

Although very attractive on a gravimetric capacity, Li-Sn phases were conditioned by
cyclability issues due to large Li-driven volume swings inducing an electronic loss of
connectivity.

Acknowledgements This work has been carried out in the framework of ALISTORE, Network of
Excellence (contract no. SES6-CT-2003-503532). The authors are grateful to the Europe an Community for
the financial support.
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Abstract Hydroxysulphate green rust {OR (SO~-)} species were precipitated in the
presence of various anions. OR(SO~-) is stable at ~pH 7 and is transformed into a mixture
of magnetite and ferrous hydroxide when the pH raised at ~12. In the presence of carbonate
species, OR(SO~-) is partially transformed into a mixture of magnetite and siderite at
~pH 8.5. This transformation is stopped when silicate anions are present in the solution. As
already observed for phosphate anions, the adsorption of silicate anions on the lateral faces
of the OR(SO~-) crystals may explain this stabilization effect. Sulphate anions are easily
exchanged by carbonate species at ~pH 10.5. In contrast, anionic exchange between
sulphate and phosphate anions was not observed.

Key words green rust -Mossbauer spectroscopy ' carbonate · phosphate silicate

1 Introduction

Mixed Fell-FellI hydroxysalts green rust of general chemical formula [Fe~Lxle~1 (OH)2r+.
[(x/n) An

- , y H20]r- are members of the layered double hydroxides (LDH) family and
consists of brucite like sheets separated by anions An

- and water molecules. They were
observed as corrosion products on the surface of various materials: water pipes [1], steel
sheet piles [2] and granular iron [3]. Due to the presence of FelI

, these compounds are very
reactive and are easily oxidized into ferric oxyhydroxides. In anoxic aqueous solutions,
hydroxysulphate green rust (OR(SO~-)) was shown to be a metastable compound
compared to mixtures of magnetite and ferrous hydroxide [4] and the transformation of
hydroxycarbonate green rust {OR(CO~-)} into a mixture of magnetite and siderite was
observed [5]. The reaction was stopped in the presence of phosphate anions that adsorb
specifically on the lateral faces of the green rust crystals [6]. In this work, the
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Table I Concentrations of the species used for the coprecipitation experiments

C. Ruby, A. Gehin, et al.

Type of foreign anions

Carbonate
Silicate
Phosphate

Iron concentration

[Fe]=6.7x 10-2 M

[Fe]=6.7x 10- 2 M

[Fel=4 x lO- ' M

Foreign anions concentrations

0<[Na2C03]< 1.3x 10- 1 M
[Na2Si0 3]=10-2 M

0<[Na3P04]< 1.3 x10- 1 M

Basic solution

Na2C03
Na2C03
NaOH

coprecipitation in anoxic aqueous solution of dissolved sulphated Fell and Fe III salts is
studied in the presence of various anions . As it will be seen, GR (SO~-) precipitates in a
first step independently of the presence of these anions . However, GR (SO~-) is not always
chemically stable and several transformations will be observed.

2 Materials and methods

FeS04'7HzO and Fez(S04k5HzO salts were dissolved in 600 ml of demineralised water
and introduced in a gas-tight reactor. A ferric molar fraction n(Fe lll

) / [n (Fell) +n(Felll
) ] =

33% was chosen. If necessary, low quantity of Na3P04 '12HzO or NazSi03 salts were
introduced into the initial mixture and details concerning the various species present in the
solution are given in Table 1. Anoxic conditions were maintained by a continuous nitrogen
bubbling. A basic solution (NazC03 or NaOH) was added progressively into the initial
mixture at a flow of 0.5 ml min-I and the pH was monitored to follow the steps of the
coprecipitation reaction. The precipitates were analyzed with transmission electron
microscopy coupled with an energy dispersive X-ray analyser (TEM-EDX) and with
transmission Mossbauer spectroscopy (TMS). Isomer shifts were calculated by using the
TMS spectrum of an u-Fe foil at 300 K as a reference. Lorentzian shape lines were used to
fit the spectra.

3 Transformation of hydroxysulphate green rust and role of the carbonate species

Influence of the pH GR(SO~-) is easily synthesised by adding a NaOH solution to the
dissolved salts at a ratio R = n(OH-) jn(Fe) = 2. The shape of the titration curve that
represents the evolution of the pH as a function of the ratio R is presented in the inset of
Figure l a. It was previously discussed [7] : ferric species precipitate before the first
equivalent point and GR(SO~-) forms during the second pH plateau. For R=2, the pH is
situated around 7 and the TMS of GR (SO~-) consists of one ferrous doublets D I and one
ferric doublet Dz. Hyperfine parameters are given in Table II.

In the absence of anions other than SO~- , GR (SO~-) was stable during several months
when the suspension was maintained in anoxic condition. In contrast, when an excess of
NaOH was introduced in the solution, a pH value of 12 was reached and GR(SO~-) was
fully transformed into a mixture of magnetite and ferrous hydroxide (Figure Ib). This is in
agreement with previous thermodynamic predictions [4]: it was demonstrated that
magnetite is more stable than GR(SO~-) in alkaline solution.

Influence of the carbonate species The sulphated dissolved salts were precipitated by an
NaZC03 solution. The precipitation of GR (SO~-) was observed at a pH around 8.5 at the
second equivalent point of the titration curve (Figure lc), This result was not expected
because it is often reported that carbonated LDH compounds easily form. The
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Figure I Miissbauer spectra of various precipitates : (a) precipitated with NaOH, (b) Fe304+fe(OHh
precipitated with NaOH, (c) precipitated with Na2C0 3, (d) sample c aged during two weeks in anoxic
conditions.

Tab le II Hyperfine parameters of the Miissbauer spectra

Figure Compound s Ll or E: H RA (%)

la GR(SO~~ ) D1 1.3 2.93 65
D2 0.49 0.5 35

Ib Fe(OHh D1 1.29 3.06 37
Fe304 SI 0.41 0 507 28

S2 0.75 0 479 35
Ic GR(SO~- ) D1 1.31 2.91 66

D2 0.49 0.47 34
Id GR(SO~-) D1 1.29 2.85 18

D2 0.49 0.45 9
FeC0 3 Ds 1.3 1 2.21 27
Fe304 S, 0.22 0 501 18

S2 0.66 0 477 24

fJ Isomer shift (mm s- I ) ; Ll or E: quadrupo le splitting or shift (mm s- I ) ; H hyperfine field (kOe); RA relative
abundance (%)

transformation of GR(SO~-) into GR(CO~-) was only observed when an excess of
carbonated species was added (-pH 10.5). The Mossbauer spectrum of GR(CO~-) (not
shown) consists of two ferrous doublets and one ferric doublet. At lower pH (-8.5),
GR(SO~- ) was transformed partially into a mixture of magnetite and siderite after a
2 weeks aging of the suspension in anoxic condition (Figure Id).
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Figure 2 TEM images of the precipitates taken at different stages of the coprecipitation of Fell and Felli
species in the presence of phosphate anions : (a) Badly crystallized ferric compound that contain Fe, 0 and P
atoms; (b) and remaining ferric compound.

4 Stabilization of hydroxysulphate green rust by phosphate and silicate anions

Influence of the phosphate species Various amounts of a Na3P04 salt were dissolved into
the sulphated Fell-FellI solution and precipitated with a NaOH solution. The precipitate was
-100% ofGR(SO~-) when a ratio R = 2 - (3 x [Na3P04J![FeJ) was introduced into the
solution. This result suggests that the Fe species were neutralized by both basic solutions,
i.e., NaOH and Na3P04. For a ratio [Na3P04J![Fe] = 1/6, the TEM image of the sample
taken at the first equivalent point (R= 1/2) consists of agglomerated particles (Figure 2a).
Fe, 0 and P atoms were identified with EDX and the estimated atomic relative abundance
was, respectively, 22, 65 and 13%. At this stage of the reaction, the phosphate species are
chemically bound with FellI ions. The TEM images of the sample taken at R=3/2 consist
essentially of hexagonal GR(SO~-) crystals, but small amounts of the initially formed
ferric particles were sometimes observed. EDX analyses performed on the GR(SO~-)

crystals confirm the presence of Fe, 0 and S atoms. Anionic exchange between PO~- and
SO~- anions did not occur and the absence of P atoms was verified with EDX. This result
differs from previously reported data presented by Hansen and Poulsen [8]. It was reported
that the reactivity ofPO~- with GR(SO~-) occurred very slowly and several months were
necessary to convert GR(SO~-) into a mixture of vivianite Fe3(P04)2 and a badly
crystallized ferric oxyhydroxide. The stability of GR(SO~-) for such a long period was not
verified in our experiments.

Influence of the silicate species The sulphated dissolved salts were mixed with a fixed
amount of a Na2Si03 salt and the mixture was precipitated with a Na2C03 solution. The
previously observed transformation of GR(SO~-) into the mixture {Fe304, FeC03} by
aging did not occur and GR(SO~-) remains stable during several weeks. Similarly to what
was observed for phosphate anions for GR(CO~-) [6], this stabilization effect may be
explained by the adsorption of silicate anions on the lateral faces of the of GR(SO~-)
crystals. The concentration of P in solution was measured with ICP-AES and it was of the
same order of magnitude than the relative number of surface sites present on the lateral
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faces of the GR(CO~-) crystals [6]. Here, direct evidence is difficult to perform with
TEM-EDX because the (0001) faces of the GR(SO~-) are always almost parallel to the
copper grid. In contrast, the transformation of GR(SO~-) into GR(CO~-) observed at
-pH 10.5 was not stopped by the presence of silicate anions.

5 Conclusion

The coprecipitation of dissolved sulphated ferric and ferrous salts was studied in the
presence of various foreign anions. Hydroxysulphate green rust {GR (SO~-)} precipitated
quickly even in the presence of carbonate species. However, GR(SO~-) is a metastable
compound and transforms either into hydroxycarbonate green rust at -pH 10.5 or into a
mixture of magnetite Fe304 and siderite FeC03 at lower pH. This last reaction is stopped in
the presence of silicate anions that may adsorb on the lateral faces of the GR(SO~-)

crystals preventing their transformation. GR(SO~ -) is stable in the presence of low
quantity of phosphate species and anionic exchange between phosphate and sulphate anions
did not occur in our experimental conditions.

Acknowledgement We would like to thank the Conseil Regional de Lorraine for financing the thesis grant
of Antoine Gehin.
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Abstract Calcium ferrite oxides were prepared by calcining a mixture powder of iron- and
calcium oxide. The s7Fe-Mossbauer spectra of the calcium ferrites oxides were measured,
revealing that the products should be Ca2Fe20S and CaFe204, the ratio of which was
dependent of the Fe/Ca atomic ratio of the mixture powder.

Key words calcium ferrite Ca2Fe20S . CaFe204 ' calcining ofFe203 and CaO .
s7Fe-Mossbauer characterization

1 Introduction

As strengthening the regulation of emission of exhausted gas of motor bicycles from a
viewpoint of environment protection, there have been a lot of efforts to develop catalysts to
decompose hazardous compounds such as carbon monoxide and hydrocarbons. Noble­
metal based catalysts such as Pt and Pd catalysts are extensively adopted to reduce such
emission gas, which have an advantage to ensure a long term use but is costly limited due
to their rare amount as natural resources. We have paid attention to calcium-ferrite based
catalyst for the purpose. Before our recent study on calcium-ferrite catalyst [1] revealing
that the catalytic activity of propylene oxidation over Ca2Fe20S was almost same as over a
Pt-supported catalyst, few preceding reports have been published [2]. Calcium ferrite is
environmentally safe, chemically stable, costly cheep and greatly abundant as the resource
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Figure 1 57Fe-Mossbauer spec­
tra at 293.0 K of calcium ferrites
prepared from the mixtures of
Fe103 and CaO with mixing
atomic ratio (Fe/Ca) of 1/3, I and
3. Two sets of sextet set for
brownmillerite-type Ca1Fe105;
closed circles for the octahedral­
site Fe3

+ while open ones for the
tetrahedral-site Fe3

+. The doublet
component marked by triangles
was assigned to CaFe104.

o o o o o
Fe/Ca=l/3

o

Fe/Ca=l

Fe/Ca=3

-10 o
Doppler velocity / mm S-I

10

because it is by-product slug in iron-manufacture industry. In the present work, calcium­
ferrite catalysts were characterized by means of 57Fe-M6ssbauer spectroscopy.

2 Experimental

The samples were prepared by calcining a physical mixture of Fe203 and CaO with an
atomic ratio of Fe to Ca from 1/3 to 3 at I ,OOO°C for 3 h in air. Details of the procedure are
referred to our previous report [I] . Mossbauer measurements were performed in an ordinary
mode with Mossbauer spectrometers of Model MD-22B and MGF-500F, fabricated by
Topologic Systems, Inc., with a 57CO(Rh) source. Measurement temperature was ranged
from 78.0 to 293.0 K regulated by using an Oxford cryostat DN-I726 with a temperature
controller ITC-60I. Each spectrum was measured for the running time of 1 or 2 days. The
curve fitting of spectra was carried out by using of a commercially available Mossbauer
analysis program named MossWinn 3.0i. The isomer shift and Doppler velocity scale were
calibrated with respect to metallic iron at 293.0 K.

3 Results and discussion

Typical 57Fe-Mossbauer spectra at 293.0 K measured for calcium ferrites are shown in
Figure 1, where the mixing atomic ratios (Fe/Ca) in the starting mixtures are 1/3, 1, and 3
for the spectra at the top, middle and bottom, respectively. It was revealed by our analysis
of the Mossbauer spectra that a main product in the samples with Fe/Ca= 113 and 1 should
be brownmillerite-type Ca2Fe205 with two ferric ion sites of tetrahedral and octahedral.
Calcium ferrite Ca2Fe205 appears in the spectra of Figure 1 as two sets of sextet with an
almost identical intensity, although their absorptions look too small to find out clearly for
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Figure 2 Temperature­
dependence of 57Fe-Mossbauer
spectra for calcium ferrite pre­
pared from the mixturesof FeZ03
and CaO with a mixing atomic
ratio (Fe/Ca) of 2. A set of sextet
marked by open squares was
ascribable to un-reacted FeZ03'
while a sextet by closed squares
to CaFeZ0 4' With a transition
temperature around 190 K, the
sextet was found to change dras­
tically to a doublet line-shape
marked by triangles .

•• •
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the sample with Fe/Ca=3. The two sextets are indicated by the markers in the figure, where
closed and open circles set for Fe3

+ occupied at octahedral and tetrahedral sites,
respectively, in the brownmillerite-type structure; the isomer shift, quadrupole splitting,
internal field were evaluated to be 0.35 mrn/s, - 0.52 mrn/s, and 50.7 T for the octahedral
site, and then 0.18 mrn/s, 0.72 mrn/s and, 43.2 T for the tetrahedral site. These Mossbauer
parameters at 293.0 K agreed to those at 300 K previously reported by Randhawa and
Sweety [3]; 0.37 mrnIs, -0.52 mrnIs, and 50.4 T for the octahedral site, and 0.18 mrn/s,
0.72 mrnIs and, 42.9 T for the tetrahedral site of Ca2Fe20S.

It was suggested that other calcium-ferrite species could be CaFe204, which was
recorded at 293.0 K as a doublet with IS=0.37 mrnIs and QS=0.51 mrnIs in Figure 1 as
pointed by triangle-markers, on the base of our recent X-ray diffraction study [1] and the
Mossbauer data (1S=0.36 mrnIs and QS=0.49 mrnIs) by Simmons and Music [4]. In order
to confirm such an assignment, the Mossbauer spectra of the product with Fe/Ca=2 were
measured over the temperature range from 78.0 to 293.0 K as shown in Figure 2. It was
clearly found that there was a drastic change of line-shape for CaFe204. The sextet
component (marked by closed squares) with an internal magnetic field (Hf) of 46.2 Tat
78.0 K was dramatically changed to the paramagnetic doublet marked by triangles at
293.0 K, corresponding to disappearing of magnetic ordering with increasing of
temperature. This finding is due to a transition from antiferromagnetic to paramagnetic
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Figure 3 Atomic ratio (Fe/Ca)­
dependence of product yield (%)
obtained from Mossbauerspectra.
Symbol ofsquare sets for
CazFezOs, closed circle for
CaFe Z04. and double circle for
unknown Fe3+ species.

~-
~ 50......
~

1
Fe/Ca

2 3

with a Neel temperature of ca. 190 K close to that (200 K) for CaFe204 in the literature [5],
confirming that it should be ascribable to CaFe204. For the samples with Fe/Ca=1/3 and
Fe/Ca=l, the Mossbauer spectra were measured at 78.0 K, which showed that the spectrum
of Fe/Ca= 1/3 was observed to be almost the same as that at 293.0 K while there was found
a pronounced change in the spectrum for the Fe/Ca= 1 sample; the doublet disappeared and
changed to a set of sextet with HF45 .5 T being ascribed to CaFe204' These observations
imply that the ferric species observed for the Fe/Ca= 1/3 was not CaFe204, unfortunately
not identifying what chemical species it is exactly now although it is clarified to be
paramagnetic Fe3

+ species.
The product yields of Ca.Fe-O, and CaFe204 are plotted against the mixing atomic ratio

of Fe/Ca in Figure 3, which were obtained from the Mossbauer absorption area of each
component at 293.0 K. Since the doublet component for Fe/Ca< 1/2 might probably be
some Fe3

+ species but not CaFe204 as described above, the marks were depicted by a
double circle. For the spectra for the samples with Fe/Ca=2 and Fe/Ca=3, the non-reacted
Fe203 component with an area percentage of 11.8 and 39.8%, respectively, was observed as
well as calcium ferrites, Ca2Fe20S and CaFe204. The plotted yield values for Fe/Ca=2 and
3 in the figure were corrected by eliminating the non-reacted Fe203 component from the
total percentage. Figure 3 shows that below the ratio of Fe/Ca=l , a main product was
Ca2Fe20S while it was CaFe204 above the ratio= 1. It should be a reasonable observation
that the iron-richer ferrite-product of CaFe204 was easily yielded with increasing of iron
content in the starting reaction mixture.
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Abstract Variable temperature 119Sn Mossbauer spectroscopy was used to obtain relative
Lamb-Mossbauer factors for three tin corrosion products: hydrated stannic oxide
Sn02'xH20, abhurite Sn2106CI16(OH)14, and tin hydroxysulfate Sn30S04(OH)2' Their
hyperfine parameters have also been investigated.

Key words Lamb-Mossbauer factor-tin corrosion products

1 Introduction

The use of tin in many industrial fields has become increasingly important. Thin tin
coatings are used in solders, marine equipments, roofing, gasoline tanks, exhaust pipes and,
more widely, coating of steel in canning industry. As a consequence of this usage , the tin
comes in contact with an innumerable variety of environments [1]. Thus, the understanding
of the corrosion mechanism is required to develop any protection protocol. Mossbauer
spectroscopy can provide precious information on the corrosion process. It allows the
characterisation of the phases resulting on the tin corrosion [2], and permits their
quantification [3]. The identification of the corrosion products is deduced from the
hyperfine parameters. The quantification is conditioned by the knowledge of the Lamb­
Mossbauer factors e.g.,j-factor. Therefore, reliable analysis of the corrosion layer requires
an accurate determination ofboth the hyperfine parameters and the Lamb-Mossbauer factors
of the formed phases. The hyperfine parameters have been published for the principle tin
compounds. Unfortunately, only few j-factor values are available for tin compounds and
the essential published results concern metallic tin and tin oxides. Also, for the same
compound the value of Lamb-Mossbauer factor varies following the preparation method.
The work of Collins and his collaborators, [4], illustrates clearly the impact of the
crystallinity on both the Mossbauer parameters and the j-factor of tin oxides.

M. T. Sougrati . S. Jouen (18J)• B. Hannoyer
Laboratoire d 'Analyse Spectroscopique et de Traitement de Surface des Materiaux Institut des
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Compounds

Sn02'xH20
Sn30 S04(OH)2

Sn2l0 6Cl I6(OH)14
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4 ±0.01 mm S-I

0.61
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Figure 1 Mossbauer spectra
at RT; (a) Sn02 'xH20,
(b) Sn30S04(OHh and
(c) Sn2106ClI6(OH)14.
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The purpose of this work is to give a comple te Mossbauer study of three tin corrosion
products. The hydrated stannic oxide SnOz'xHzO is formed during outdoor corrosion of
metallic tin and tin bronzes [5], the abhurite Sn2l06C116(OH)14 has been detected as a
corrosion product of tin formed in seawater [6] and tin hydroxysulfate Sn30S04(OH)z
which is expected to form in atmospheres containing notable amount of sulphur dioxide [7].

2 Experimenta l

In the ideal case, only natural corrosion products must be investigated. However, except for
natural hydrated stannic oxide, it was not possib le to get sufficient amount of natural
compounds for Mossbauer measurements. Hence, electrochemically synthesised tin
hydroxysulfate and abhurite have been used . XRD examination shows that the resulting
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Figure 2 Temperature depen­
dence of the normalised area
under the resonance curve.
Sn02'xH20 (filled triangle),
Sn30S04(OHh (filled circle) and
Sn2I06CII6(OH)I4 (plus symbol) .
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products are of high crystallinity with orthorhombic and trigonal system respectively for tin
hydroxysulfate and abhurite .

The variable temperature Mossbauer experiments were carried out in the 15-300 K
temperature range on powdered samples. The source used was a 119mSn (CaSn03) source
(10 mCi) with a conventional constant acceleration spectrometer. The analysed samples
contain 10mg cm- 2 of natural tin nuclei . The chemical isomer shift data are quoted relative
to the centroid of BaSn03 spectrum at room temperature.

3 Results

3.1 Hyperfine parameters

The Mossbauer hyperfine parameters obtained at room temperature for Sn02'xH20, Table I,
are in good agreement with literature data [8, 9]. The data obtained for Sn30S04(OHh are
slightly different from those found by Davies and Donaldson [10] (0=2.57 mm s-\ ..1=
2.00 mm S-I). No data have been found in the literature for Sn2l06CI16(OH)14.

A typical spectrum for each compound is shown in Figure 1. Spectrum (a) contains, in
addition to Sn02'xH20 sub-spectrum, a second component at 0=2.508 mm S-1 which is
assigned to metallic tin. Sn30S04(OHh spectrum consists on a single asymmetric doublet
(b). Sn2l06CI16(OH)14 spectrum is also an asymmetric doublet. The small peak observed
around 0=0.0 mm S-I indicates the formation ofSn(IV) compound (c). The relative area of
this peak is less than 2% of the spectrum.

3.2 Lamb-Mossbauer factor ({-factor)

When the corrosion products are clearly identified, Mossbauer spectroscopy can be used for
quantitative analysis. For this purpose, relative Lamb-Mossbauer factors are required. In the
case of thin absorber, the temperature dependence of the Lamb-Mossbauer factor can be
represented by the temperature dependence of the area under the resonance curve [11]. In
the Debye model and in the high-temperature limit, one can write [8]:

Where A is the area under the resonance curve, ER=2.572 meV is the recoil energy for
11 9Sn, 8M is the Debye temperature of the solid and ks is the Boltzmann constant.
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Table II Experimental j-factors
and OM for Sn02 , Sn02'xH20,
Sn)OS04(OHh and
Sn21 06 C116(OH)14

*Deduced from OM given in ref­
erence [4].

Compounds

Sn2ICI16(OH)1406

Sn30 S04(OHh

Sn02'xH20
Sn02industriai

Sn02anhydrous
Sn02amorphous

148.8

147.0
265.3

310.3

313.0

243.0

M. Sougrati, S. Jouen , et al.

ffactor at RT

0.098

0.09)

0.458

0.565

0.57*

0.40*

Figure 2 displays the temperature dependence of the area, normalised to the area at To=
15 K, for Sn02·xH20, Sn30S04(OHh and Sn2I 06CI16(OH)14. The logarithmic dependence
of the area under the Mossbauer spectra shows the shape expected by Debye model: linear
at high temperature. The slope of this curve at high temperature permits the determination of
the Debye temperature and therefore theffactor. Table 11 recapitulates the obtained results.

The ffactor of crystalline industrial Sn02 has also been determined, see Table 11, the
obtained value is in good agreement with literature data [4]. The significant difference
between this value and that obtained for Sn02'xH20 (17%) shows that ffactor values
obtained using industrial compounds can not be used for accurate quantitative analysis for
corrosion products. Since the ffactor can be different for a same compound following its
growth condition, it is necessary to determine systematically this factor for any quantitative
purpose. Furthermore, the ffactor of tin compounds being low, it is pertinent to carry out
Mossbauer measurement at low temperature in order to increase the sensitivity.

As regards to theffactors found in this work, it appears difficult to detect small amount
of Sn30S04(OH)2 or Sn2106CI16(OH)14 compounds if they are mixed with stannic oxide.
The detection limit of Mossbauer spectroscopy is commonly defined as the amount
corresponding to a sub-spectrum of at least I% of the Mossbauer spectrum area. In this
case, the detection limit, at room temperature, of sulfate and chloride mixed with
Sn02·xH20 can be evaluated to 1.5 mol%.

4 Conclusions

Three tin corrosion products have been investigated by Mossbauer spectroscopy. The Lamb­
Mossbauer factors of these compounds have been determined. The obtainedj-factor values
are notably different. Consequently, the quantitative interpretation of the Mossbauer
spectrum of a mixture of tin compounds must take into account this fact.

References

1. Huang , B.X., Tornatore, P., Li, Y-S.: Electrochim. Acta 46(5), 671 (2001)
2. Zapponi , M., Perez, 1., Ramos, C., Saragovi , C.: Hyperfin e Interact. 148, 145 (2003)
3. Muir, A.H.: Mossbauer effect and methodology. In: I. J. Gruverman (ed), vol. 4, p. 75. Plenum, New

York (1968)
4. Collins , G.S., Kachnowski, T., Benczer-Koller, N., Pasternak, M.: Phys. Rev. B 19, 1369 (1979)
5. Jouen, S., Hannoyer, B., Piana, 0 .: Surf. Interface Anal. 34, 192 (2002)
6. Dunkel, S.E., Craig, J.R., Rimstidt , J.D., Lusardi, W.R.: Can. Mineral. 41, 659 (2003)
7. Jouen, S.: Thesis, Universite de Rouen, 2000
8. Shibuay, M., Endo, K., Endo, K., Sano, H.: Bull. Chern. Soc. Jpn . 51(5), 1363 (1978)
9. Lefebvre , I., Szymanski, M.A., Olivier-Fourcade, J., Jumas , J.C.: Phys. Rev. B 58, 1896 (1998)

10. Davies, C.G., Donaldson, J.D.: J. Chern. Soc., A 946 (1968)
II. Herber, R.H., Hazony, Y : Techniques of Chemistry. In: Weissberger, A., Rossiter, B.W. (eds.),vol. I,

p. 278ff. Wiley, New York, (1972)

~ Springer



Hyperfine Interact (2006) 167:819-823
001 10.1007/sI0751-006-9364-8

Study of the electrochemical properties in substituted
LizTi307 ramsdellite

Michele Van Thournout • Manfred Womes .
Josette Olivier-Fourcade . Jean-Claude Jumas

Published online : 31 October 2006
© Springer Science + Business Media B.Y. 2006

Abstract Substituting the ramsdellite compound Li2Ti307 has been considered in order to
improve the structure stability and performances for its use as electrode material for Li-ion
accumulators. Two substitutions have been carried out, Ti/Fe and (Ti, Li)/(Fe,Ni). The
presence of s7Fe as a local Mossbauer probe is interesting for studying its local
environment and the electrochemical mechanisms induced by lithium insertion.

Key words lithium insertion mechanism- titanium oxides -metal substitution
s7Fe Mossbauer spectroscopy

1 Introduction

Li-ion batteries are important energy storage devices, useful for high power applications
such as portable power tools or hybrid vehicles . A considerable part of the work is focussed
on new anodic electrodes with the aim to improve the performances and the security [1].
Since several years lithium titanates, based on the TiIV/TiIlI redox couple, are intensively
studied as new Li+ ion insertion materials. They have an ideal structure with vacant sites
allowing lithium intercalation and a higher working potential versus lithium (1-2 V),
compared to carbon anode materials , improving the security. Among these compounds, the
spinel Li4TisOl2 (theoretical capacity 175 rnA h g-I) has already been selected for new
commercialized lithium-cells. By heating the spinel compound above I,OOO°C the
metastable ramsdellite compound Li2Ti307 is obtained. The ramsdellite structure has
channels , partially filled with Li atoms according to the (Lil.72D2.2sMTi343Lio.57]jOS
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Figure 1 Discharge/charge
curve of Fe/Ni-doped LizTh07,
showing the different samples a,
b, C, d, e investigated by 57Fe
Mossbauer spectroscopy.
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structural formula (0 = vacancies , c=channel, j=framework) [2]. The vacancies in the
channels allow u' ion insertion/extraction in agreement with a one-phase system:

(Li1.720 2.2S) c [Ti343LiO.57]fOs +xLi -> (Li I.72+x) c [Ti343Lio.57]fOS

The insertion of 2.28 Li+ ions per formula unit corresponds to a capacity value of
198 rnA h g- 1. However, capacity values are limited due to electrostatic repulsions between
Li atoms in the structure [3]. Improved charge capacity requires thus a better Li+ ion
accessibility to the vacant sites.

To ensure better cycling performances, additional vacant sites can be created by
substituting Felll/Nill on TiIV/Li framework sites [4-7]. Moreover, introducing 57Fe as a
local Mossbauer probe gives valuable informations concerning its local environment and
makes it possible to study the electrochemical behaviour of iron in the ramsdellite structure
during cycling [5, 6].

Lithium insertion in the ramsdellite compound LizTi307 is based on the Ti,v/Tilll redox
couple . The results of electrochemical tests of Fe doped LizTi307 reveal a second redox
reaction between 2.2 and 1.8 V characteristic for the reduction of Felli to Fell. Capacities
were not improved but this composition showed an excellent cycling behaviour and was
obtained at a lower synthesis temperature «I ,OOO°C) [4].

Aldon et al. investigated the Fe-containing LizTi307 by 57Fe Mossbauer spectroscopy.
All iron atoms are located on octahedral sites with oxidation state Felli. During Li+ insertion
they observed the total FellllFell reduction between 2.2 and 1.8 V [5, 6].

By substituting Fe and Ni, Felli/Fell reduction is limited and improved capacities are
obtained [7]. In this paper the redox process analyzed by 57Fe Mossbauer spectroscopy will
be discussed .

2 Experimental

The ramsdellite LizTi307 phase is obtained by ceramic synthesis from pure oxides (LizC03

and Ti02) in stoichiometric amounts. After a high temperature treatment (above I,OOO°C) the
fmal product is quenched in air to obtain the metastable ramsdellite phase. For the
substitution of 5% Ti'v by Felll/Nill with ratio I :4, a two-step process (sol-gel and ceramic)
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Figure 2 57Fe Mossbauer spec-
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Table I 57Fe hyperfine parameters of Li2Ti30 7/(Fe,Ni)

Sample x J (mm/s) L1Eq (mrn/s) 2r(mm/s) A (%) Attribution

a 0 0.38 (I ) 0.52 (1) 0.60 (1) 91 Felli octa

0.45 (4) 1.80 (6) 0.60 (12) 9 Felli octa

b 0.6 0.38 (1) 0.50 (1) 0.66 (2) 83 Felli octa

0.92 (3) 2.58 (4) 0.61 (6) 17 Fell tetra

c 1.2 0.36 (1) 0.59 (2) 0.67 (4) 50 Felli octa

0.99 (1) 2.67 (I) 0.38 (1) 50 Fell tetra

d 1.3 0.37 (I) 0.59 (2) 0.63 (4) 52 Felli octa

0.96 (I) 2.68 (I) 0.43 (2) 48 Fell tetra

e 0.1 0.36 (I) 0.50 (1) 0.59 (2) 52 Felli octa

0.98 (1) 2.66 (1) 0.50 (2) 48 Fell tetra

x The number oflithium electrochemically inserted; J isomer shift relative to cc-Fe; Mq quadrupole splitting ;
2r line width at half maximum ; A contribution of subspectra to the spectrum.

was used. First the formed gel, precipitated from solutions of titanium iso-propoxide and iron
metal powder enriched in the isotope 57Fe, was calcined at 450°C resulting in (Fe)-TiOz.
The powder was then ball-milled in presence of LizC0 3 and NiO and treated at high
temperatures (980°C).
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X-ray powder diffraction (XPD) showed that the doped compounds conserve the
ramsdellite structure.

Electrochemical lithiation was performed in Swagelok" test cells with configuration :
Li/LiPF6 I M (EC:PC:3DMC)/ LizTi30 7 (substituted) + carbon black + binder, assembled
in an argon filled glove box. Galvanostatic discharge/charge curves were obtained using a
McPile II system with cycling rates of 1 Li/IO h.

In order to study the lithium insertion mechanism, iron doped materials at several depths of
discharge and charge have been analyzed by 57Fe Mossbauer spectroscopy at room
temperature in transmission mode using 57CO in a Rh matrix as the y-ray source. The
electrochemically inserted samples were measured ex situ from Swagelok" electrodes. 57Fe
hyperfine parameters are determined by fitting Lorentzian curves to the experimental data.

3 Results and discussion

Figure 1 shows one cycle of the electrochemical behaviour of LizTi30 7: (FeINi).
Mossbauer spectra, shown in Figure 2, were recorded at different discharge/charge depths
labelled a, b, c, d, e in Figure 1.

Before lithium insertion (Figure 2a) the isomer shift values (8=0 .38 mrnIs and 8=
0.45 mm/s) of the fitted subspectra (Table I) indicate the presence of Felli on octahedral
sites (full line subspectra); in agreement with a substitution mechanism Ti/Fe. The
quadrupole splitting (~Eq) is correlated with the symmetry of the charge distribution
around the iron nucleus . The large values observed indicate a distortion of the octahedra.
The large values ofthe line width at half maximum are correlated to symmetry modifications of
the probed Fe atoms due to multiple environmental differences. During the first discharge one
can observe a partial FelII/Fell reduction, in agreement with the occurrence of a small
irreversible plateau in Figure 1. The values of the isomer shift (0.9<8< 1) indicate a migration
of Fell to tetrahedral channel sites (dot line subspectra). This phenomenon was previously
observed in thiospinels where Fell migrates from octahedral 16d sites to tetrahedral 8a sites
[8]. At the end of the discharge half of the iron atoms are reduced and their location within
the channels forms pillars to the structure, which avoid volume changes during lithium
insertion/extraction. No iron oxidation occurs upon lithium extraction (point e).

4 Conclusion

The (Ti, Li)/(Fe,Ni) substitution in LizTi30 7 facilitates the synthesis, improves the structure
stability and the electrochemical cyclability. The investigation of the redox process by
Mossbauer spectroscopy reveals changes of the cation distribution during lithium insertion/
extraction by migration of Fe from octahedral to tetrahedral sites.
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Abstract Iron oxide catalyst with spinel structure used for dehydrogenation of ethylben­
zene is one kind of important catalyst in petrochemical industry. In this work several series
of industrial catalyst were prepared with different components and different manufacturing
processes. Mossbauer Spectroscopy has been used to determine the optimal components
and the better manufacturing process for spinel structure formation. The results may prove
useful for producing the industrial dehydrogenation catalyst with better catalytic property.

Key words Mossbauer spectroscopy ' iron oxide catalyst · dehydrogenation

1 Introduction

Styrene, which is widely used as a starting material of synthetic rubber and resins, is an
important product in petrochemical industry. At present, most commercial styrene in the
world is produced by ethylbenzene dehydrogenation using potassium-promoted iron oxide
catalysts [1-3]. The GS series of potassium-promoted iron oxide catalyst produced by
Shanghai Research Institute of Petrochemical Technology exhibit higher selectivity and
higher catalytic activity. The maximum selectivity is about 95% and the maximum
conversion is about 77%. We have found that when the catalysts are prepared, different
components, their content, especially the content of K [4], and different manufacturing
process will effect to the properties of catalysts. In this work, the content of the components
(various oxides and cohesive agent) of catalyst or manufacturing process were changed to
prepare seven new catalysts.
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Figure 1 Mossbauer spectrum of
sample CO.
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Table 1 Mossbauerparameters (the magnetichyperfine field H is in Tesla and the area of sub-spectra S is in
percent)

Sample number Fe203 KFcI IOI7(1) KFeI IOI7(2) KFcI IOI7(3)

H(T) S(%) H(T) S(%) H(T) S(%) H(T) S(%)

CO 48.5(2) 55(2) 43.6(5) 42(2) 36.7(12) 3(1)

C190 51.5(2) 85(2) 44.8(25) 15(2)

C280 51.7(2) 47(1) 47.1(3) 26(3) 42.1(20) 27(2)

C290 51.8(2) 30(1) 47.7(6) 38(2) 42.7(9) 32(2)
C380 51.7(2) 36(1) 47.2(11) 30(2) 42.0(18) 34(2)
C390 51.7(4) 17(1) 47.8(7) 46(3) 42.7(9) 33(2)
C478 51.7( 1) 68(1) 44.2(15) 32(2)
C482 51.9(5) 12(1) 48.0(6) 44(2) 43.9(7) 22(2) 39.8(15) 22(2)

C486 48.1(6) 62(3) 43.5(10) 21(2) 40.3(19) 17(2)
C490 48.0(5) 60(2) 43.5(7) 22(2) 40.3(13) 18(2)

C578 51.7(3) 15(1) 47.5(2) 47(2) 43.1(1) 19(1) 39.1(12) 19(1)

C580 51.6(5) 9(1) 47.6(5) 47(2) 43.3(7) 22(2) 39.6(14) 22(2)

C582 47.9(7) 63(3) 43.2(8) 20(2) 39.5(15) 17(2)

C586 47.7(6) 62(2) 43.1(7) 20(2) 39.6(12) 20(2)

C590 47.9(4) 56(2) 43.4(6) 22(2) 40.1(13) 22(2)

C680 51.7(4) 9(1) 47.7(5) 50(2) 43.3(6) 20(2) 39.5(12) 21(2)

C682 47.8(5) 57(2) 43.2(7) 22(2) 39.6(13) 21(2)

C690 47.9(4) 55(2) 43.4(6) 23(2) 40.1(12) 22(2)

C778 47.9(8) 62(2) 43.2(12) 22(3) 39.2(19) 16(2)

C780 47.9(6) 58(2) 43.3(9) 21(2) 39.7(18) 21(2)

C790 47.8(8) 53(2) 43.6(12) 30(3) 39.8(17) 17(2)

In our previous investigation using Mossbauer Spectroscopy, it was determined that the
fresh catalysts of potassium-promoted iron oxide contain a certain amount of potassium
ferrite KFe l l O I7 [5] with the spinel structure, which can be considered as the predecessor of
the catalytic active phase. It is also mentioned in patents [6, 7]. In this work, Mossbauer
spectroscopy was used to study the components of the products, especially to study the
dependence between the formation of the Fe-K spinel structure and the new components or
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Figure 2 Mossbauer spectra of
samples C190, C290, C390,
C490.
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the new manufacturing process. Combining the Mossbauer spectroscopic results and a
catalytic property of samples, the optimal components and the better manufacturing process
could be determined.

The main composition of the industrial catalyst is ferric oxide (a-Fe203) and an
important promoter, potassium carbonate (K2C03). Other oxides, such as magnesium oxide
[5], cerium oxide [8], molybdenum oxide and some trace elements are also contained in the
catalyst [9]. The cohesive agent (such as cement) is added for shaping catalyst. All raw
materials are mixed together and shaped up, then calcined under a certain temperature.

In our first stage of research work, the catalyst with only two components, a-Fe203 and
K2C0 3 (without any other oxides), were studied and a sample COwith lower content ofK
was selected [4]. Now the real industrial catalysts Cl-C7 were investigated.

2 Experimental

All other components of industrial catalyst (except a -Fe20 3 and K2C03) were added into
CO becoming samples Cl -C7, in which the content of one of different components was
changed in CI-C5, respectively (the detail does not mentioned for commercial secret). And
C5 plus a part of another cohesive agent becomes C6. Another manufacturing process was
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used in C5 for producing sample C7. Each sample was calcined for 4 h at seven
temperatures from 780 to 900°C with increment of 20°C. Therefore, seven single samples
became seven series of samples, respectively. Combining the sample number C I-C7 and
the first two figures of its calcining temperature, the new sample numbers were named. For
example, sample C280 means sample C2 calcined at 800°C and so on.

57Fe Mossbauer spectra were recorded at room temperature using a constant acceleration
spectrometer with a 9.2 X 108 Bq 57Co(Pd) source in transmission geometry. Spectral
parameters were obtained from computer fitting and the isomer shift was calculated with
respect to a o-Fe foil of 25 11m thick.

An isothermal stainless steel reactor with 2.5 em inner diameter was used for measuring
the catalytic selectivity in laboratory. Amount 100 ml of catalyst was placed in the reactor.
Catalyst reacted under the following conditions: temperature 620°C, atmosphere pressure,
liquid hourly space velocity (LHSV) 1.0 h- 1 and steam to ethylbenzene ratio by weight 2:1.
The reactive products were analyzed by gas spectrograph.

3 Results and discussion

Figure I shows the Mossbauer spectrum of sample CO, which consists with three sub­
spectra of KFel1017. In the lattice of the stoichiometric KFe I I017, there are four
crystallographially identifiable Fe sites, namely, two octahedral sites (12k and 2a) and
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Half-width of spinel peaks (mm/s)
Table II half-width of Moss­
bauer spectra and catalytic selec­
tivity of three samples

Sample

Sub­

spectrum I

Sub­

spectrum 2

Sub­

spectrum 3

Selectivity

(%)

C5
C6

C7

0.30
0.32

0.35

0.22

0.21

0.22

0.33
0.33

0.35

91.27
92.68

94.78
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Figure 4 Mossbauer spectra of 1 00 lIo:=~_
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two tetrahedral sites [10-12]. Our Mossbauer spectrum of this potassium ferrite was
analyzed with three sub-spectra: H] =47.1-48.5 T for the contribution of Fe3+ on both
tetrahedral sites and Hz=42.0-44.8 T for that from the octahedral sites 12 k. There exists
the third sub-spectra H3=36.7-40.3 T in spectra of most samples. It is considered as the
contribution of Fe3

+ on those octahedral sites with imperfect crystal lattice [4].
The Mossbauer parameters of all samples are shown in Table I. The Mossbauer spectra

of CI-C4 calcined at the same temperature of 900°C are shown in Figure 2. The results
show that the formation of KFe]]0 17 can be changed due to different content of
components. For CI series, the main spectrum is one sextet with H ;::;52 T, which is
characteristic of a-FeZ03 with its area percentage 85%. For C2 and C3 series, a-FeZ03
remains 30 and 17%, respectively. It means that a-FeZ03does not completely change to the
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predecessor of the catalytic active phase KFell017,. For C4 series, iron compound is only
KFel1017 at 900°C. In fact, the formation of KFel\OI7 will be effected by different
calcining temperature, too. The lowest calcining temperature for C4 is 860°C, at which all
a-FeZ03 already react to KZC03 and become KFell017'

Figure 3 shows five sets of spectra for samples C5 series calcined at different
temperature, respectively. From the view of saving energy we want to find the lowest
(critical) calcining temperature. The spectra of both C578 and C580 consist of three sub­
spectra ofKFe11017and one sextet of a-FeZ03' The content ofKFel1017 increases with the
raising of the calcining temperature. Iron compound is only KFe l lOI7 when the calcining
temperature is equal and above 820°C. So the lowest calcining temperature of 820°C was
selected as its critical calcining temperature, which is lower about 40°C than that of C4.

A part of new cohesive agent was used in sample C6. We want know whether agent can
also effect to the formation ofKFel10 17 except oxides components. Its magnetic hyperfine
field H of KFell017 are very similar to C5 series, there only is KFe11017 at equal and
above 820°C. It means that changing the agent has little effect to H of KFell01 7, but we
will compare their half-width of KFe11017 and catalytic selectivity later.

The formation ofKFe l lOI7 will also be effected by different manufacturing process. The
traditional manufacturing process was superseded by a new manufacturing process, which
was expected to improve the catalytic properties in sample C7. The Mossbauer spectra for
samples of C7 series calcined at different temperature are shown in Figure 4, respectively.
All spectra consist with three sub-spectra of KFe11017 and there is no a-FeZ03 at any
choice calcining temperatures. It means that the catalyst can be calcined at lower
temperature (780°e) relative to the catalysts C5 and C6.

Now three relative better samples of C5, C6 and C7 have been selected preliminary from
the view of formation of KFe110I7'

Generally, the line width of Mossbauer spectrum of KFel10 17 in catalyst will be
noticeably broadened due to Fe ions are substituted by the nearby randomly distributed
potassium or other non-magnetic ions. It is found that the broader the width of peaks is, the
more disperse the active phase of catalyst, which enhances the selectivity of the catalyst [5].
For samples of C5, C6, C7, their half-width of Mossbauer spectrum and the selectivity are
listed in Table II. We can see that the selectivity increases with the increasing of average
half-width of the sub-spectra.

In conclusion, above results prove that selecting suitable content of the components
(C5), adding a part of another cohesive agent (C6) and using new manufacturing process
(C7) are effective to improve catalyst properties and Mossbauer Spectroscopy is a quite
useful approach for studying industrial dehydrogenation catalyst with spinel structure.
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Abstract A method to generate long-lived isomeric states effectively for Mossbauer
applications is reported. We demonstrate that this method is better and easier to provide
highly sensitive Mossbauer effect ofiong-lived isomers (>1 ms) such as 103Rh. Excitation
of (-y;y) process by synchrotron radiation is painful due mainly to their limited linewidth .
Instead, (-y;y') process of bremsstrahlung excitation is applied to create these long-lived
isomers . Isomers of 45SC, 107Ag, 109Ag, and 103Rh have been generated from this method.
Among them, 103Rh is the only one that we have obtained the gravitational effect at room
temperature.

Key words long-lived Mossbauer effect -bremsstrahlung excitation

1 Introduction

We report the experimental observation of effective generation of Mossbauer emission by
bremsstrahlung excitation and its particular Mossbauer effect. Since Mossbauer discovered
the recoilless photon emitted from nuclei in 1958 [1], over a hundred isotopes have been
investigated mainly using radioactive decay. Among them, 67Zn has been considered to be
one of the most sensitive isotopes producing the Mossbauer effect [2]. The natural
linewidth ro is defined by the lifetime TO according to the principle of uncertainty as:

1'1ro = -
1'0

y. Cheng (~) . B. Xia . C. Tang' Y. Liu . Q. Jin
Department of Engineering Physics, Tsinghua University, Beijing, China
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(1)
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Table I The features of the isomeric states of four isotopes

Isotope E1 (keV) To(eV) 11/2(S) a(%) Estimatedj (%) recoilless factor ex

300 K 77K OK

45SC 12.4 1.43 x 10- 15 0.318 100 77 90 93 400
I07Ag 93.1 1.03 x 10- 17 44.3 51.4 I x 10- 5 0.1 4 20
I09Ag 88.0 1.15 x 10- 17 39.6 48.6 8 x 10- 5 0.4 6 20
I03Rh 39.8 1.35 x 10- 19 3,366 100 45 70 74 1,350

E1 Mossbauertransitionenergy, To energy linewidthof the Mossbauer level, 11/2half life of the Mossbauer
level, a nature abundance,jthe Lamb-Mossbauer factor, ex internal conversioncoefficient

We describe total linewidth T including broadening r h of the natural linewidth as

(2)

which is assumed due to various impacts affecting the nuclear state . T of 67Zn approached
an ultra-fine level of75 peV corresponding to a Q-value of 1015 to these 93 keY Mossbauer
quanta [2]. Here the Q-value is

Q=£Y
r (3)

with corresponding gamma energy of £'(. We arrange the stable Mossbauer isotopes in a
sequence according to their ro as resolution from low to high, i.e., 730e, 181Ta, 67Zn, 45SC,
109Ag, 107Ag, and 103Rh. The sequence remains the same by arranging them in terms of

Q-value as sensitivity. The last four isotopes have isomeric lifetimes of the first excited states
longer than millisecond. 103Rh studied in this report has ro of 0.1 aeVand E'( of 39.8 keY
that correspond to a Q-value in the order of 1024.

2 Mossbauer spectroscopy with higher resolution

Higher sensitivity of Mossbauer effect beyond 67Zn is to be achieved by exploring the
isomeric transition listed above, but almost no Mossbauer experiment applying these
transitions have been carried out successfully. The dilemma predicament is twofold, i.e.,
poor sample features and poor experimental methodology. No reliable Mossbauer source is
available to extend the experimental methodology from present limitations to further
possibilities.

The low-lying isomeric state of 45SC was discovered in 1964 [3]. It aroused interest
worldwide because of its potential high Lamb-Mossbauer factor and high sensitivity.
Although 45SC is superior to 67Zn in many aspects, it was never successfully applied due to
many problems, i.e., poor efficiency of generating Mossbauer photon from R> decay, inner
bremsstrahlung induced from I'> decay, and high internal conversion coefficient [3]. By
choosing isotopes for experiments, the measurement sensitivity and the ease of measuring
process are two issues of particular concern. In this work, we report a method that
successfully addresses these two issues . As considered at the beginning of this study, the
sensitivity increase is meaningless, if new methodologies have not been developed. 45SC
shall be the first choice for us. However, our 45SC excitation was successful several times
but not repeatable. In the course of this study, we have recently found out the highly
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Figure 1 Measured spectrum of
the emissions from I03Rh isomers
excited by bremsstrahlung irradi­
ation from a 6 MeV linac for
120 min. The pile-up rejection
system is off.
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speed-up decay of 45SC is probably due to the entangled Mossbauer emission. This report
concentrates on the excitation of I03Rh.

The characteristics of interested long-lived isomers used in this work are listed in the
Table 1. They have smaller ro than feY. We first noticed that the experimental condition was
extremely tough for such a narrow linewidth. For example, it is difficult to perform the
measurement with the corresponding Doppler-scan. The gravitational redshift significantly
comes into play. Consequently, new measurement concepts are to be developed for this
ultimate sensitivity. It seems that many extreme conditions such as vibration, homogeneity,
and temperature etc. are necessary to preserve the natural linewidth. However, our
observation on gravitational effect of I03Rh at room temperature leads us to think that many
of these obstacles are not insuperable, which open s up new paths for Mossbauer
spectroscopy. Generating such Mossbauer photon emission is just the beginning of the

story. A good and easy-to-operate source becomes the major step for our future study.

3 Excitation by bremsstrahlung

A direct excitation with synchrotron radiation (SR) to generate Mossbauer photons with
("1;'1) process was suggested by Ruby in 1974 [4]. Ten years later, the excitation of 57Fe
was carried out at the DORIS ring [5] and later became the well-known nuclear resonant
scattering. Leupold et al. summarized the experimental result s for many isotopes other than
iron studied at the third generation synchrotrons such as ESRF, APS, and Spring 8 [6]. The
most sensitive sample of their studies was 181Ta which was reported with less T comparing
to the radioacti ve samples prepared by ion bombardment. This observation is extremely
important for the long-lived isomers ; otherwise their natural linewidth s would no longer
contribute to the sensitivity. In any case , to increase the number of the photons in the
excitation band is the baseline of an accurate measurement, but this flux increase is limited
by ro.

Ruby consid ered isotopes with ro ranging from 10-7 to 1O-
g
eV [4]. The long-lived

isomers ment ioned in the last paragraph have much smaller rooIs there any other effective
method to achieve isomeric excitation? Coulomb excitation [7], ("I, "I' ) of the bremsstrah­
lung excitation [8-11], ("1, "1') of the photo-activation [12], and (n, -y) of the neutron
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Figure 2 a Vertical measuring setup. b Horizontal measuring setup. Configuration s of rhodium sample and
detector in the experiment of time-resolved spectroscopy. Setup b was directed in the E- W direction .

excitation [13] are possible methods. Neutron excitation has the complication of generating
radioactive isotope [13]. Two methods of ("'I ,"'I') are considered to be more suitable for our
application, since coulomb excitation generates more heat in samples. It is noted that 107Ag
[8-10 , 12], 109Ag [8, 10, 12], 103Rh [I1-1 3] created by ("'I, "'I ') and (n,"'I) have been reported,
but not within the realm of the Mossbauer effect. 4S SC has been observed only by nuclear
decay. An issue of whether these four isotopes might exhibit Mossbauer effect was next
raised . A recent observation of gravitational redshift using 109Ag prepared from radioactive
deca y of 109Cd [14] provides positive encouragement. Alpatov et al. applied an
experimental arrangement developed from the experience of decades of research.
Surprisingly, their reported r was only with the factor of 1-3 larger than ro [14]. We
have understood the reason to obtain such a small broadening during the progress of this
study, recently.

4 Experiment and results

We have carried out the isomeric excitation of4SSc, 107Ag, 109Ag, and 103Rh using a 6 MeV
standing-wave linac as the bremsstrahlung source [IS]. The silver sample is a 999-purity <1>­
5 em coin of 3 mm in thickness and its natural abundance data are shown in Table 1. The
scandium and rhodium samples (99 .9% purity) purchased from Goodfellow are 0.1 mrn­
thick (1 mm-thick) and have a 2.5 x 2.5 crrr' area. The irradiation time on 103Rh was
120 min for the particular excitation illustrated in Figure 1. Three main emissions, i.e. 39.8,
20, and 23 keV are identified to be the E3 isomeric transition and its associated internal
conversions. Figure I shows all of the possible pile-ups with the pile-up rejection system
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Figure 3 K-shelland Mossbauer
emissions measuredin periods of
2 min. The detector was rotated
from Figure 2b to a at time zero.
Mossbauerphoton presentsa
speed-up decay.
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purposefully turned off. Two unknown peaks around 66 keVare systematic [18]. The other
two escape peaks of 10 and 13 keVare the features of our CANBERRA HPGe detector.
Energy, pile-up time, dead time and the other system parameters are calibrated against
I09Cd source.

5 Gravitational impact

I03Rh is chosen for our experiment of gravitational redshift due to its reasonable Lamb­
Mossbauer factor at room temperature [IS]. Here, we want to point out that the reported
second order Doppler effect shall inhibit the resonant absorption [16]. Nevertheless, the
Lamb-Mossbauer factor of rhodium at room temperature still exists from this extraordinary
observation. The HPGe detector of CANBERRA BE3830 mounted on an in situ object
counting system is selected for our purpose, since it performs the freedom of setting any
measurement angle corresponding to gravity (Figure 2).

Figure 3 illustrates the measured K-shell X-rays and Mossbauer photons [15]. Data were
accumulated every 2 min. The measured K X-rays in Figure 3 behave as a nice exponential
curve without significant dynamics. The fitted lifetime is 4,856 s (Canberra DSP MCA,
Inspector-2000, trapezoid shaping with 5.6/0.8J!s as rise/flat-top time), almost the same as
the tabled one [17]. However, Mossbauer photons decay faster (4712 ± 22 s). Speed-up
decay of Mossbauer photons was found in series of experiment [15], by promptly rotating
the detector from Figure 2b to Figure 2a. This enhanced decay is a function of excitation
density as well as configuration corresponding to gravitation [15]. The anisotropic internal
conversion rate demonstrates the anisotropic emission in two positions as shown in
Figure 2. Through detail examination of the pile-up peaks in Figure 1, we found that the
triple pile-up does not obey the statistic rule of photons [18]. Most of the observations
including gravitational effect in the previous report [15] are related to this particular
mechanism. The in-depth report on this new phenomenon is detailed in [18].
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Abstract Mossbauer transmission recorded at fixed photon energies as a function of a
given physical parameter such as temperature, external field, etc. (Mossbauer scan), is being
developed as a useful quantitative tool, complementary of Mossbauer spectroscopy. Scans
are performed at selected energies, suitable for the observation of a given physical property
or process. It is shown that one of main advantages of this approach is the higher speed at
which the external physical parameter can be swept, which allows the recording of quasi­
continuous experimental response functions as well as the study of processes which occur
too fast to be followed by Mossbauer spectroscopy. The applications presented here are the
determination of the temperature dependence of the s7Fe hyperfine field in FeSn2' the
thermal evolution and nanocrystallization kinetics of amorphous Fe73.sSil3.sCuINb3B9 and
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Figure 1 Gamma-ray transmission surfaceTr(E, x) for x = T (a) and x = H (b). Intersects with planesEc =

const, correspond to scans (c, d, e). In the two simulated examples, Tr(Ec, x) reflects the hyperfine field­
temperature dependence, and the evolutionof the averagehyperfinefield orientationwith the intensity of the
applied field, respectively.

the measurement of the dynamic response of Fe magnetic moments in nanocrystalline
Fe90Zr7B3 to an external ac field.

Key words Mossbauer effect· scans phase transitions· magnetic response

1 Introduction

Soon after the discovery of the Mossbauer effect, thermal scans performed at a fixed
Doppler energy (usually zero energy) were explored in order to rapidly obtain information on
magnetic ordering and other characteristic temperatures [1-4]. Nonetheless, to our knowl­
edge, no attempts to formalize this methodology as a fully quantitative analytical tool were
carried out until recently [5]. Here, we present experiments which were chosen to
demonstrate the usefulness ofMossbauer scans, when they are performed at especially selected
photon energies and appropriately combined with Mossbauer spectroscopy. They include the
studies of the temperature dependence ofthe Fe hyperfine magnetic fields in FeSn2 and Fe3Si,
of the thermal evolution and the kinetics of nano-crystallization in an amorphous Finemer"­
precursor alloy, and of the magnetic dynamics in FC9oZr7B3 nanocrystalline alloys. In all
cases 57Fe 14.4 keY gamma-rays from a 57CoRh source were used.

A common problem in Mossbauer research is the study ofresonant gamma ray transmission
spectra as a function oftemperature T, intensity of an applied field H, time t elapsed since the
start of a phase transition or chemical reaction, etc. The information from such experiments
can be represented by a gamma-ray transmission surface Tr(E, x), where E is the photon
energy relative to the sample, and x = T, H, t, etc., (see Figure Ia, b). Intersects of this surface
with planes Xc= const. are the spectra, while intersects with planes Ec= const. correspond to
scans (Figure lc, d). In the two simulated examples , Tr(Ec, x) reflects the hyperfine field­
temperature dependence , and the evolution of the average hyperfine field orientation with the
intensity of the applied field, respectively. The last effect follows from the well known
dependence of 57Fe nuclear transition probabilities on the angle between hyperfine field and
gamma-ray directions. Scans allow a quasi-continuous study of material properties
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Figure 2 (a) Four scans carried out to determine the quasi-continuous temperature dependence of the Fe
hyperfine field B(Tj in the antiferromagnet FeSn2. (b) The solid line is the B(T) evolution obtained from the
simultaneo us fit of the results of part (a); circles are discrete B(Tj values obtained from spectra recorded at
fixed temperatures.

dependence upon x and, when time is a limiting factor, may become the only possible
Mossbauer approach to study rapidly developing processes.

Saturation effects, even in absorbers nominally thin, influence noticeably the quantitative
analysis of scans [5], therefore, the usual thin absorber approximation is not appropriate.
For this reason, in order to retrieve information in a reliable quantitative way, the scans
were analytically described with the integral expression of the Mossbauer absorption [6].

2 Experiments

As a first experimental example, a set of four scans carried out to determine the quasi­
continuous temperature dependence of the Fe hyperfine field B(1) in the antiferromagnet
FeSn2 are shown in Figure 2a, [5]. They were recorded at energies which correspond to
positions near the spectrum center, and between the room temperature (RT) location of the
fourth and fifth spectral lines, using a temperature ramp of 0.125 Klmin. The first scan is
especially suitable to determine accurately the Neel temperature TN, but with the whole set
enough information is obtained to deduce the hyperfine field evolution for T~:TN ' In this
example , the importance of analyzing the data with the integral expression of the
Mossbauer absorption becomes especially clear: saturation effects show a noticeable
dependence on temperature, varying very rapidly in the neighbourhood of the Neel point,
where the FeSnz six lines pattern collapses into a singlet (see Figure 4 of [5]). For their
analysis, physical models for the temperature dependence of isomer shift, effective absorber
thickness, and the hyperfine field itself were explicitly introduced into the fitting analytic
expression [4]. The B(1) evolution obtained from the simultaneous fit of the results of
Figure 2a are shown in Figure 2b along with discrete values measured from spectra
recorded at fixed temperatures; a remarkable agreement between the two sets of results is
observed . A similar approach was used to determine B(1) at each of the two Fe sites of the
D03 structure of ferromagnetic Fe3Si [7].

Our second example is the thermal evolution of the amorphous ferromagnet Fe73.5Sil3.5
CU lNb38 9 (Finemet® precursor) and of its nanocrystallisation kinetics [8]. Figure 3a, b show
spectra taken at different temperatures and scans recorded between RT and 8 73 K at an
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Figure 3 (a) Spectra from amorphousFe73.5Sil3.5Cu,Nb3B9 measuredat temperatures (from top to bottom)
of 302, 508, 589, 637, 787, and 803 K. (b) Scans recorded between RT and 873 K at the energy near the
spectrumcenter indicatedin (a) by a solid verticalline. (c) Mossbauertransmission vs. time measuredduring
nanocrystallisation at 823 K recorded at a constant energy coincident with one of the principal crystalline
absorption lines. (d) Time evolutionof the relativeamounts of Fe in amorphousphase, crystal embryosand
grown up nanocrystals, during nanocrystallisation at 823 K.

energy near the spectrum center (see vertical line in Figure 3a). Scans reflect the different
physical processes the material undergoes as temperature increases: ferromagnetic­
paramagnetic evolution of the original amorphous phase, nanocrystallisation, and
ferromagnetic-paramagnetic evolution of the crystalline Fe-Si nanopartic1es. The successive
scans performed by heating and cooling back and forth the sample at constant rates of 2 KJ
min reveal changes in the relative fractions of Fe in amorphous and crystalline environments
and a consequent modification of the amorphous phase composition and Curie temperature.
The kinetics of nanocrystallisation was observed at 823 K recording the Mossbauer
transmission as a function of time at a constant energy coincident with one of the most
prominent crystalline absorption lines (Figure 3)_The time evolution of the relative amounts
of Fe in amorphous phase, crystal embryos and grown up nanocrystals was obtained
(Figure 3c) using the hyperfine parameters of each component, obtained from a few
Mossbauer spectra. It is worth mentioning that a real time determination of such evolution by
Mossbauer spectroscopy is not possible at 823 K (though it can be done at lower
temperatures, see Fig. 6 of [8]) because crystallization occurs too rapidly to allow recording
of a good quality spectrum representative of a given intermediate state of transformation.

As a final example we present, for the first time, an on going experiment designed to study
the dynamic response to an applied ac field, of Fe magnetic moments at different phases of
Fe9oZr7B3 ribbons in the nanocrystalline state. In this state, 15-20 nm Fe(Zr) crystals
(nanocrystalline phase), which occupy 80-85% of the materials volume, are embedded in an
amorphous Fe-Zr-B phase. A sketch of the experimental setup is shown in Figure 4. A
triangular waveform was used to drive the current through the Helmohltz coils and to address
the recording of the Mossbauer transmission to successive channels of a multi scaler. The
Helmholtz coils provide an oscillating magnetic field parallel to the ribbon surface with a
maximum intensity of about 75 Oe. For the preliminary experiments presented here the field
was driven at 10-3 Hz. This low frequency enables a direct comparison between scans and
spectra, which is important to test this new experimental approach. An investigation of the
magnetic scan-frequency dependence in this material is currently on the way. To obtain
information on the responses ofthe nanocrystalline and amorphous phases, data was recorded
at two fixed photon energies where the relative absorption from both phases is different. The
arrows in Figure 5a indicate these fixed energies E; (i=5 and 6) and Figure 5b, c, show the
results Tr;=Tr(E;,H), which exhibit quite different H-dependences for i=5 and 6. Tr6, where
almost only the nanocrystalline contributions (both from crystals interior and surface) should

~ Springer



Magnetic and thermal Mossbauer effect scans: a new approach 843

I(t)tAA!Y

Gat~ signal (TTL)

Amplification
and pulse
selction

Helmholtz lJ~
Coils "rJ' ~

, , Sample

Rj
'Re~e rence Signal,

I

Gate :: ,fF~ ffi ~ ~
, Q) u"'C
\ .5 ~ 55:.- .::.01___ -' > til

Reference Servo t=
Amplifier

Veloc ity Reference
Generator

Multiescaler
'~_L~

Nucleus
MCS II

Figure 4 Sketch of the experimental setup for magnetic scans.
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Figure 5 (a) Mossbauer spectrum of amorphous Fe9oZr7B9 recorded for H=O, showing the contributions
from nanocrystals interior (sextet with larger and sharper absorption lines), nanocrystals surface (intermediate
average hyperfine field sextet) and amorphous phase. (b) and (c) Mossbauer transmission Tr, = Tr(E;,H) as a
function of applied field H recorded at the fixed energies E; (i=5 and 6) indicated by arrows in (a). Full
circles are Tr(E;,lf) obtained from Mossbauer spectra taken at the corresponding fields.

be present [9], has the expected qualitative behaviour, i.e., an increase of transmission with
increasing intensity of the applied field, with a tendency for saturation at high fields (see also
Figure ld), Trs, instead, has a complex behaviour. Opposite contributions from nanocrystals
(fifth lines from crystals interior and surface) and amorphous (sixth line) are expected here,
because transition intensities corresponding to lines five and six have opposite dependences
on the hyperfine field direction. However, taking into account the amorphous relative
amount, its effect would be too small as to justify the observed pattern at that energy. This
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complex behaviour could be related to polarization effects which appear in thick absorbers
[10]. To confirm this behaviour, a few spectra were recorded under extemal fields (H.i=-70.6,
- 15.3 and 0 Oe). In Figure Sb,c, the full circles are the values Tr(E5,Ji.i) and Tr(E6,Ji.i),
respectively obtained from the spectra, and they agree with the behaviour revealed by the
scan. The analysis of the physics beneath these results is left for a forthcoming article, but we
found worthily to remark that its observation was possible by performing only one scan at
energy E5.

3 Conclusion

In conclusion, we have proved here, that the Mossbauer effect thermal and magnetic scans
constitute a powerful tool, complementary of Mossbauer spectroscopy, for studying a
variety of condensed matter phenomena. We are currently carrying out new developments
of scans. Magnetic scans can be readily extended up to frequencies of 103_104 Hz, and
applied ac fields can be substantially increased . Using velocity waveforms especially
designed, and/or feedback mechanisms to vary velocity parameters based of the
instantaneous outcome of an ongoing experiment, the applications of scans can be largely
extended .
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Abstract Beginning in August 2004, raw data acquired by the Mossbauer spectrometers
on the Mars Exploration Rovers (MERs) have been released to the science community as
Experimental Data Records (EDRs) for each Martian day (sol) on which measurements
were made. To provide convenient direct access to the EDR data, to enable independent
assessment and analysis, and to allow confirmation of MER-team scientific conclusions, a
new Windows-based computer program, MERVIew, has been developed . Direct inspection
of the binary structure of an EDR file, conversion of the binary data to decimal column
format for display or export, and full-screen graphical displays are included, allowing, in a
highly transparent and user-friendly manner, immediate and thorough overview of the entire
EDR data set. MERVIew also includes automated procedures for velocity calibration.
Correction for non-linearity is done using the EDR-provided drive error signal, a phase
shift, and the requirement that the two halves of a reference spectrum must overlap exactly
when plotted on a correct velocity scale. Absolute velocity calibration (mm/s) is then
accomplished by comparing each reference spectrum with known peak positions of
standard reference materials.

Key words Mossbauer data -Mars -velocity calibration -methodology' MERVIew
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1 Introduction

D.G. Agresti , M.D. Dyar, et al.

Since January 2004, Mossbauer spectrometers [1] have been making measurements on
Mars as a component of the Athena instrument suite because the technique can "yield
information about early Martian environmental conditions" and can help in "identifying
minerals formed in hot, watery environments that could preserve fossil evidence of Martian
life" (from an early Athena web site; cf. [2]). The spectrometers are mounted on the
instrument deployment arms of two Mars Exploration Rovers, MER-A (Spirit) and MER-B
(Opportunity), where they have access to a wide range of rocks and soils. Initial
measurements at the Spirit site showed that surface samples contained primarily basaltic
minerals with weathering by physical processes [3], while mineralogy inferred from data
acquired at the Opportunity site provided evidence for past aqueous processes [4]. More
recently, Mossbauer spectroscopy has identified goethite at Columbia Hills [5] and
contributed to an understanding of the nature of Martian atmospheric dust and its
implications for the history of water on Mars [6].

It is important that MER-team results be verified and expanded upon. Since August
2004, Mars Mossbauer and related data, with supporting documentation, have been made
available to the science community via the Planetary Data System (PDS) at the MER
Analyst's Notebook download site (http://www.anserverl.eprsl.wustl.edu/) and at the PDS
Geosciences Node (http://www.pds-geosciences.wustl.edu/). New data are released at
regular intervals in the form of Experimental Data Records (EDRs), essentially as received
from Mars, typically one file for each sol (Mars day) on which measurements were made,
with up to 65 Mossbauer spectra and other pertinent data in compressed binary format.
There are also channel-to-velocity conversion tables at the PDS nodes. Another resource is
the web site, http://www.ak-klingelhoefer.chemie.uni-mainz.de/. which presents EDRs in
their geological context and makes available for download the MIMView program, which
extracts data from the EDR and does related graphics.

We have developed the Windows-based computer program MERView to facilitate
analyses of the unprocessed Mars data [7]. It reads an EDR file, converts the binary data to
decimal column format, and provides a graphical overview of the entire data set. Procedures
are fully explained and the user interacts straightforwardly via drop-down and pop-up
menus and dialog and information boxes. Correction for velocity non-linearity is performed
by adjusting the size of the EDR-provided error signal and adding a channel offset (phase
shift) while maximizing overlap of the two halves of a reference spectrum plotted versus
velocity. A calibration factor may then be applied to obtain the velocity scale in millimeters
per second, based on fits to EDR spectra of the reference absorbers (or their components),
which are different for MER-A and MER-B.

In what follows we discuss the capabilities of MERView and how it computes the
velocity, including the use of "pseudo values," which were found to be necessary to correct
for the non-linearity in the MER velocity.

2 The MERView program

To begin program operation, an EDR file, with its associated label file, must be downloaded
from the web and opened by MERView. The principal output modes are:

(1) An indexed display of the EDR contents in binary (hexadecimal) format
(2) Tables of values extracted from the EDR, displayed as decimal columns
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Figure 1 Example of a reference spectrum overlapped at mid channel and plotted versus channel. Second
half is to the left.

(3) Tables of values exported to an external file
(4) Full-screen graphical displays

Displayed, exported , and graphical data include: Mossbauer sample and reference spectra;
detector energy spectra; drive error signal; and temperature variation during measurement
on a particular sol. The exported data are in column format, suitable for input to spreadsheet
or other analysis programs .

For each text or graphical display screen, pressing the right mouse button opens a popup
menu that allows direct selection of an action or defines special keys for manipulating
screen contents , such as: changing what is displayed; moving to another part of the display;
and zooming a graph. More sophisticated interactions are accomplished with use of dialog
boxes, which in tum may open a secondary box for additional input or information display.
Tabular and graphical output of MERView, and its operation through menus and dialog
boxes, are discussed and illustrated in [7].

3 Velocity calibration

During measurement, a 512-channel transrmssion Mossbauer spectrum of the internal
reference absorber (a mixture of 57Fe-enriched cc-iron, hematite, and magnetite
(Klingelhofer and Squyres, 2005, personal communication, received August 9, in response
to an inquiry for information from M.D. Dyar, M.W. Schaefer, and D.G. Agresti) is
acquired at the same time as the backscatter spectrum of a surface target. Because
Mossbauer sources are employed at opposite ends of the drive shaft, velocity scales for the
surface and reference spectra are negatives of each other. For each sol, a drive error signal is
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Figure 2 Data for Figure I plotted versus a velocity scale corrected for non-linearity. The geometric effect
has been removed.

acquired electronically by differencing a pickup signal proportional to the actual velocity
and an ideal "linear" velocity.

For the reference spectrum, the linear velocity waveform is a V-shape defined by
Vlin(c)=+Vmax at c=0.5 to Vlin(256.5)=-Vmax, back to Vlin(5l2.5)=+Vmax, where c=
channel number. In Figure 1 we plot a MER-B reference spectrum as counts versus
channel, with the first halffolded about the mid-channel point, equivalent to plotting versus
linear velocity. Because the two halves do not overlap, and mirrored peaks from the two
halves must be at the same velocity, it is clear that the velocity is highly non-linear. Thus we
employ a simple requirement: When two halves of a spectrum are displayed on the same
graph versus a properly calibrated velocity scale, the halves must overlap perfectly.

MERView corrects for non-linearity by adjusting the magnitude ErrAmp of the drive
error signal E(c) and applying a channel offset CShift until overlap of the two halves is
maximized. First E(c) is scaled to give the function e(c) with average of zero and mean
amplitude around zero velocity of ±1. Then, Vpickup(c) = Vlin(c) +ErrAmp x e(c) and
Vtrue(c) = Vpickup(c - CShift) are defined. Interpolation ofVpickup(c) is required, since
c - CShift is not generally an integer. In this way, a perfect overlap may be achieved, as
shown in Figure 2, where the curved baseline, Geom(c) = GeomAmp x f~·Vtrue(cl)dc', has
been removed before overlapping the two halves. The integral is scaled so that GeomAmp
gives the maximum deviation as percent of a computed baseline, while Vmax is assigned a
value of 100%.

Adjustment of the three parameters is controlled by a dialog box that allows: (1) Direct
entry of parameter values; (2) Stepwise adjustment according to selectable increments; or
(3) Automatic stepwise adjustment until maximum overlap is achieved. Automation
requires a numerical criterion, for MERView minimization of Q2 = sum of weighted squared
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Figure 3 Relationship between
pseudo data (diamonds) and true
data (circles). The diamonds line
up vertically and are always
centered on a line connecting
a pair of circles.

MERB-SoI67@10 :22 p#04 (x10"3)

Velocity (% V Max) (Second Half. below)

differences of the two halves, which also allows definition of X2 and other statistical
quantities. However, because of the non-linearity, the channels do not line up when plotted
in velocity space and (f cannot be computed directly from the MER raw data. Therefore,
MERView works with "pseudo values." First, a set of equally spaced velocities is defined,
typically with increments of 0.8% Vmax, resulting in -250 pseudo velocity values. Then
pseudo data values are defined by interpolation (Figure 3) of the EDR raw data, whose
velocities are Vtrue(c). Finally, X2 is minimized with respect to the pseudo data.

Experience in correcting velocity with MERView has shown the calibration to vary for
MER-A and MER-B as function of temperature and from sol to sol. For the example of
Figures 1 and 2, (ErrAmp, CShift)=(7 .359, - 0.054), while for MER-B, sol 48, window #4,
(ErrAmp, CShift)=(7 .696, 1.340), where a significant channel shift is required for perfect
overlap. For MER-A, sol 58, window #5, (ErrAmp, CShift)=(0.926 , - 0.180). The velocity
scale provided at the Geosciences Node does not allow for possible sol-to-sol variation.
Therefore, for highest precision, the user should correct the drive velocity for each distinct
reference spectrum.

Converting the velocity scale in percent Vmax to millimeter per second is less
straightforward since "Measurements as function of temperature for the flight reference
targets have not been done on Earth, only measurements at room temperature"
(Klingelhofer and Squyres, 2005, personal communication, received August 9, in response
to an inquiry for information from M.D. Dyar, M.W. Schaefer, and D.G. Agresti). Work is
underway to automate MERView determination of the velocity scale with reference to
standard values for the ex-iron and hematite line positions.

4 Conclusion

A new Windows-based program for MER Mossbauer data, MERView, provides an
immediate overview of the entire EDR data set and writes output files in a format suitable
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for further analysis. It is flexible, transparent, and easy to use. Rapid automated correction
for drive non-linearity (seconds per sol) allows velocity calibration to be carried out
independently of MER-team analysis. Data processed using this program are posted at
www.mtholyoke.edu/go/mars. A copy of the MERView program may be obtained by
request from author DGA at agresti@uab.edu.
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Abstract The general problem of finding a distribution in hyperfine interaction parameters
from experimental Mossbauer spectra is outlined . Existing methods may lack flexibil ity to
be easily applicable to simple problems. A line shape for hyperfine parameter distribution s
is given, which is based on linear segments in the probability function. This method is
applied in the analysis of samples containing iron in a silicate glass.

Key words hyperfine parameter distribution

1 Introduction

Numerous effects can lead to a line broadening in Mossbauer spectroscopy. To obtain a
meaningful analysis of the spectral data, one is often forced to use line shapes, which are
based on distributions in hyperfine interaction parameters. Two main concepts are usually
applied: ( I) Calculation of hyperfine parameter distributions directly from the experimental
data, e.g., the Window method [I] or the Hesse-Rtibartsch method [2]. (2) Making
assumption s about the distribution, possibly based on knowledge of the system, and
applying line shapes based on the convolution of the natural Lorentzian shape with a
hyperfine parameter distribution [3-5].

In the former case, it may be difficult to estimate whether features observed in the
obtained distribution are significant or not. Methods for error estimates exist [6, 7], but may
require additional calculations based on the obtained solution that are beyond the scope of
the problem . In the latter case, obviously, if the assumptions on the physics are incorrect ,
the results may also be incorrect.

In this paper, a different approach is applied which is somewhat in-between the two
concepts described above. The general philosophies behind this method are: ( I) To analyse
the data with as few free parameters as possible, still allowing for the shape of the obtained

H. P. Gunnlaugsson ([8])
Institute of Physics and Astronomy, Aarhus University,
Ny Munkegade, 8000 Arhus C, Denmark
e-mail: hpg@phys.au.dk

~ Springer



852 H.P. Gunnlaugsson

(I)

hyperfine parameter distribution not to be predefined to too large extent. The number of
free parameters that ean be applied to describe the distribution will depend on the statistics
of the experimental spectrum (2) Use a simple and crude description of the distribution
function, that can still take into consideration the statistical accuracy of the spectrum and
(3) to maintain simple error analysis based on the X2 value (see e.g. [8]).

The method described here is based on linear segments in the hyperfine parameter
distributions . Though unphysical, it is still powerful enough to describe the experimental
data with sufficient accuracy. The statistics of the spectrum will determine how many
segments can be applied to describe the distribution function . Furthermore, the obtained
line shape can be calculated analytically thus allowing for a fast analysis of spectra.

2 The model

A Lorentzian line centred around a Doppler velocity v=vo can be written in normalised
form as

2 I
L(v, Vo ,r) = nr I + (v-vo)2

t t:

where T is the line width (FWHM). In the case of a singlet, the centre position vo has the
meaning of an isomer shift, /j. Distributions based on linear segments, can generally be
written as probability functions P(x)=ax+b, where x denotes a hyperfine interaction
parameter. The line position will depend on x, generally as vo=co+CtX where Co and c, are
constants depending on the hyperfine interactions parameters. The line shape will be an
integral over the probability distribution and the Lorentzialline shape, and for convenience
we define

Xi+ 1

f(v, r, COC" a,b,Xi,XHd = JL(v,Co + crx, r)(ax + b)dx

X;

= _1_
2

[(aco - bCI _ av) (tan-I (2(CO - v + c,xi))
47rc1 r (2)

_ tan-I C(CO - v; c,xH ' ) ) ) ]

~ I ((Co - v + C,XHI)2 + (r/ 2)2)
+ 2 n 2 2

47rC, (Co - V + C,Xi) + (T/ 2)

Note that the case of c, =0 has to be dealt with separately. Integration over velocity yields

1 = a(xf+, - xf) / 2 + b(Xi+' - Xi) , which can be used for normalisation .
A quadrupole splitting distribution P(Q), can be simulated with NQ linear segments each

from Qi to Qi+" 1 :::; i < NQ + 1., where Q is a shorthand notation for the quadrupole
splitting tlEQ. Assuming a coupling between the isomer shift and the quadrupole splitting
of the form /j=/jo+/j\Q, the distribution for the ith segment is then written using the function
defined above as
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Figure 1 Mossbauer spectrumof Black tektite from Beloc obtained at 80 K analysedwith Voight profiles
(left) or linear segmentdistributions (middle, right).

The left component has the obvious meaning of the left component of the quadrupole
distribution.

The problem of distributions in magnetic hyperfine fields in 57Fe Mossbauer
spectroscopy is analogous to that of quadrupole interaction distributions and couplings
between hyperfine parameters can easily be constructed, and the final line shape written in
terms of the f function defined above.

3 Examples of results

One class of samples, where the Mossbauer spectra may be analysed in terms of quadrupole
interaction distributions, is that of iron in natural silicate glasses . Tektite from the
Cretaceous/Tertiary boundary has been shown to contain unusualIy high amounts of ferric
iron [9]. It has been disputed whether this is due to a real high ferric/ferrous ratio of the
glass, or whether there are in-homogeneities in the samples [10]. Spectra of this kind are
often analysed in terms of symmetric Voight profiles , i.e., Gaussian-broadened Lorentzian
lines, however, this may lead to an incorrect determination of the hyperfine parameters.

As an example, Figure I shows the spectrum of black Beloc tektite (Haiti) recorded at
80 K.

In the distribution analysis we have assumed symmetric components (i.e., b t =0), and
that the qudrupole distribution consist of two linear segments. This gave X2 value that did
not alIow increasing the number of fitting variables (in this case 13). In the Voight profile
analysis (11 fitting variables), the spectra were analysed with two symmetric profiles
assigned to ferric and ferrous iron.

Visual inspection of the spectra in Figure I does not alIow to state that one analysis is
better than the other. However, the X2 value is significantly higher in the case of the Voigt
profile analysis , and this alone should cause caution. On the other hand , the results obtained
are significantly different in terms of the two quadrupole-split components as can be see in
the arrangement of the left-hand quadrupole components in Figure I.

From the data given here, it is difficult to determine which analysis is more reliable .
However, at lower temperatures, the Fe(III) component shows magnetic interactions, i.e., a
sextet splitting, and the remaining centre part of the spectra becomes dominated by the Fe
(II) component, thus the two spectral components are much better resolved. In the Voight
profile analysis, the isomershift of the Fe(II) component shows an unphysical jump at the
temperatures where the Fe(III) component becomes magneticalIy ordered, while the
isomerhift obtained from the distribution analysis follows the second order Doppler shift .
We therefore favour the distribution analysis.
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4 Discussion and conclusions

H.P. Gunnlaugsson

Some precautions have to be applied when using the model proposed here. In order to
interpret the results correctly, one should start out with applying as few parameters as
possible to describe the distribution and increase the number of segments one by one until
the X2 value does not show appreciable decrease. Features such as drifting of segment
points towards each other and obviously non-physical distributions are clear indications that
the number of segments is too high. When this is taken properly into account, the method is
powerful in extracting the information that is held within the spectral data.

Often, rather large values of the Lorentzian line width, rE, are obtained, significantly
larger than the natural line width, r N' This is due to the sharp edges in the hyperfine
parameter distributions . The distribution profile that simulated the spectrum is therefore a
convolution between the obtained profile and a Lorentzian profile of width T.~rN . Such a
convolution smoothens to some degree the sharp edges from the obtained distribution and
can easily be evaluated.

The method presented here does not replace the direct methods, such as the Hesse­
Riibartsch method, but these methods can supplement each other. The Hesse-Rubartsch
method can give hints of how to build up the first guess of the hyperfine parameter
distribution before fitting.

The method applied for obtaining hyperfine parameter distribution has to reflect the
problem at hand, and which questions are sought answers to. The analytical form of the
hyperfine distribution presented here gives a fast evaluation of hyperfine parameters and
statistical errors, and is suitable for evaluating extended datasets, e.g., temperature series.
Detailed analysis of a single measurement may need refinement in terms of different
methods that describe the physics in a not too crude way.
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Dynamical beats of forward-scattered resonant
synchrotron radiation as a nuclear polariton effect
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Abstract The decay of the nuclear exciton (immobile collective excitation), created by a
pulse of synchrotron radiation, is analyzed. It is shown that in the later phases of the decay,
the exciton becomes localized at the sample's frontal surface. Inside the sample, the
secondary gamma-quanta, emitted by the contracting exciton, are converted into polaritons
(mobile nuclear excitations) characterized by different frequencies and equal group
velocities. On the sample's back surface, the polariton interference causes a beating
structure of the transmitted radiation, observed in experiments.

Key words polariton -synchrotron radiation -nuclear resonant forward scattering

Abbreviations
NP nuclear polariton
NE nuclear exciton
SR synchrotron radiation

1 Introduction

In a resonant medium, a stationary flux of the electromagnetic radiation creates polaritons ­
coherently coupled pairs of a photon and a delocalized material excitation. The Mossbauer
nuclei - almost ideal two-level systems, are potential sources of pronounced polariton
effects in gamma-spectroscopy (nuclear polaritons - NP) . The properties of new
quasiparticles and primary photons may differ significantly when the polariton frequency
approaches the resonance (w---+wr) . About 99.999% of the polariton energy is concentrated
in the exciton component of NP (an ensemble of nuclear multipoles, performing forced
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oscillations) and a drastic decrease of the polariton group velocity takes place (vg ~ 102
­

103 ern/sec), A series of polariton effects are known in optics where the strong delay of the
light propagation has recently become an actual field of research [1, 2]. One such effect­
the delay of prolonged pulses, emitted by a radioact ive Mossbauer source - has also been
experimentally observed [3]. Recently, the polariton origin of the cooperative effects,
arising at the propagation of the synchrotron radiation (SR) in the perturbed two-target
resonant systems, has been pointed out in [4]. In this paper, some polariton aspects of SR
propagation will be discussed . The case of a conventional one-target system and a single
Mossbauer transition will be considered .

2 Contracting nuclear exciton

A photon-polariton conversion takes place during the finite time interval tp rv 1m - m,I-1
(at SR propagation in thick resonant targets tp> 10- 9 s). The pulses of the primary SR are
too short (~1O- 1 2 s) for an immediate photon-polariton conversion; thus, a "pure" nuclear
exciton (NE, an immobile ensemble of freely oscillating multipoles) arises in the sample .
The evolution ofNE has been discussed in [5-8]. The authors have pointed out the decisive
role of the strong coherent radiation field, generated by the nuclear ensemble . The evolution
itself is considered to consist in a fast (in the scale of the nuclear life-time) damping of
multipole oscillations . Such a simple model explains the fast attenuation of the secondary
radiation emitted by NE in the first phase of its decay, but it fails to interpret the later
deceleration of the process accompanied by beating phenomena (dynamical beats) . A more
detailed analysis shows the NE evolution to be a more complicated process, whereby
important factors (field inhomogeneity inside the sample and the transfer of energy between
nuclei) have been neglected in [5-8]. A more complicated character of the NE decay has
also been pointed out in [9].

Indeed, in the coherent radiative channel, the evolution of NE is defined via basic
equations :

(1)

(b=TMy/4, d and TM are the thickness and the dimensionless Mossbauer thickness of the
sample, y is the natural width of the excited level). The functions e - yt/ 2Ue(z, t) and
e-yt/ 2Uph (z, t) are the normalized amplitudes of the nuclear polarization and the coherent
field in the sample (the factor e- yt/ 2 describes the decay in incoherent channels and will be
omitted in the further discussions) . Inside the sample, the amplitudes vary along the z-axis
(beam direction), whereby O:Sz:sd. As the solutions of the Eq. 1

(2)

(~= 2J(z/d)bt , JO.1, are the Bessel functions) [9].
In the first phase of the evolution (t< lib) , Eq. 1 describe the decay of a nuclear

ensemble due to the reaction of the coherent radiation emitted by the nuclei . According to
Eq. 1, such reaction represents an external braking (non-damping) force [~Uph (z,t)] ,
strongly varied over the sample from the very beginning of the process (Figure 1, curve 1).
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line) amplitude distribution in the
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Thereby,

Ue(z, t) ~ I - btzld + ...,Uph(Z, t) = - (zl d )(l - btzl2d + ..). (3)

According to Eqs. 2 and 3, each layer of the sample is characterized by its own nuclear
de-excitation rate. In a concrete lay.er, the nuclear de-excitation proceeds almost twice as
fast as the field attenuation (ue7Uph ~ 2) . At the same time, the internuclear phase
relations (phase memory) remain unaltered.

At t-Ub qualitative changes take place at the back surface of the sample (z-d). Here the
strong reaction forces stop the nuclear multipole oscillators at the moments ter (z) (non­
exponential decay, Ue(z, ter) = Jo(2 Jbzter/d) = 0, Uph (z, ter) =I 0, on the back surface
ter(d) = 1.4461b). A further evolution of the stopped oscillators consists in their re­
excitation by the coherent field (energy transfer and NP formation). Due to the changed
phases, the re-excited nuclei fall out of the initial ensemble (NE contraction).

In the second phase of the decay, at t>ten NE contraction continues. The exciton is
localized at the frontal surface ( °< z < zo(t),zo(t) ~ 1.446dl bt; Figure I, curve 3). As
before, the evolution is defined by approximate formulae (3). Due to the weak field in the
region, NE decay decelerates (decay rate is -lit). The effective spectral width of the photon
packet, emitted by the contracting NE, decreases also as Iw- wrl ::; Llaet(t) ~ bze]d = IIt.

3 Dynamical beats as a polariton effect

In order to leave the sample, the coherent secondary radiation, emitted by a contracting NE,
must penetrate a layer of the resonant matter (zo<z~d, polariton region) by creating nuclear
polaritons (narrow NP packets) in it. Originally the polaritons, created at the time moment
to:::ten are localized on the boundary of the contracting exciton at Zo (to)« d. They belong
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to two different polariton branches and have different frequencies ((Or + Lln(to)) and wave
numbers (wr lc +kn(Lln(to))), but an equal group velocity vg(to) = cLl~ct(to)(dlcb) (Lln
(t) = (-1rLlact(t), knd = b]Lln , n=1,2, c - velocity oflight in the vacuum). Further such
polaritons travel slowly through the sample and reach the back surface at t = dI
vg (to) >> to (to = (tIb)1/2) . Thereby, interference effects and a smearing of the initial
packets take place. Note that NP characteristics change in accordance with the changes of
the spectral characteristics of the secondaryphotons, emitted by the contracting NE.

Indeed, in the spectral representation the field amplitude Uph(d, t) = -J1 (2..[btl ..[bt =

(27fb) -I .J~oodLlexp[-i(Llt+b/Ll)] . At t»b-\ the Fourier integral can be calculated in the
stationary phase approximation [3]. As a result

(4)
n

(uiPh) ~ J1I47f(bt)3/2 exp (( -Ir+IinI4) ) . Eq. 4 represents the field amplitude as a
superposition of two polariton packets, centered on the back surface at t=d/vg. A similar
expression can be derived for the polarization amplitude( Ue(d, t) ~ U~pol ) , the amplitudes
uie) = i(-1 t(bt) 1/2uiph). After summation

(5)
U Jpol) = 1/7f(bt)I /2 sin (2Jbt +7f/4)

According to the asymptotic expansions of the Bessel functions [10], IUe.ph - U~:r~) I<
3I16/bi << 1 if t>»JIb, i.e., the model of interfering NP fits the results of the multiple
scattering theory (Eqs. I and 2). At the same time, this model reveals the origin of the
quasiharmonic oscillations of the field and the polarization amplitudes (Eq. 5) and explains
the reason of the beating structure of the transmitted SR (intensity of the transmitted SR
Itr(t) -IUph(d,t)j\ The described model of interfering polaritons also explains more
complicated beating phenomena in the media, characterized by a remarkable splitting of
nuclear levels. Thereby, the increase of the number of interfering polaritons and the more
complicated dispersion relations of polariton wave vectors and group velocities must also
be taken into account. The corresponding SR time-domain spectra, including the valuable
information about the electron structure of resonant atoms, exhibit simultaneously strong
dependences on the sample thickness [11].
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Abstract The multipurpose spectrometer for nondestructive, depth selective investigation
of physical and chemical properties of a surface and bulk is described. It realizes
opportunities of Mossbauer and X-ray Fluorescence Spectroscopy in normal and TER­
conditions, Mossbauer and X-ray diffractometry and also Mossbauer and X-ray
Reflectometry. Some analytical characteristics and capabilities of a spectrometer are
illustrated as an example of research with a model sample.

Key words total external reflection surface hyperfine field -TXREF . GIMS

1 Introduction

Nowadays different industrial technologies require the knowledge of physical and chemical
properties of the surface, thin films and multilayer artificial structures. That is why the
study is directed to the creation of new techniques and improvement of the existing ones.
Special attention is given to the nondestructive methods, which allow carrying out the depth
selective element, phase and structural analysis of the ultrathin surface layers in nanometer
range.

The use of the total external reflection (TER) phenomenon in various spectrometric
methods based on the interaction of the electromagnetic radiation with matter produced a
true revolution and sharply increased sensitivity of these methods.

The process of total external reflection (TER) of electromagnetic radiation is inherently
surface sensitive [1-4] .

It is known that the variation of the angle of the incidence radiation in the range near
TER leads to the change of penetration depths in the investigated surface. This allows us to
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Figure I Optical scheme of the spectrometer. 1 - X-ray tube, 2. - Doppler modulator, 3 - Mossbauer
source, 4 - slit collimators, 5 - monochromator, 6 - two-circle goniometer, 7 - automated two-circle
goniometer, 8 - sample, 9 - detector of speculary reflected radiation, 10 - detector of secondary radiation,
11 - slit collimator.

receive information about physics and chemistry of surface at different depths. A modem
approach in carrying investigation includes simultaneous application of several methods,
which would allow us to receive fuller information about the analyzed object.

The X-ray and Mossbauer Reflectometry allow us to determine the depth profile of
electron and nuclear susceptibility and also the thickness of film and surface roughness.
X-ray fluorescence spectroscopy in TER condition (TXREF) gave us a chance to extract
information about the depth profile of elements. Grazing incidence Mossbauer
spectroscopy (GIMS) allows to establish the phase, and electronic and magnetic states.
The methods of X-ray and Mossbauer diffraction are valuable for the determination of
the crystal and magnetic structure of the surface.

The multipurpose spectrometer TERLAB realizes in its scheme the above-mentioned
techniques. The choice of these methods is caused by the fact that they all are based on the
use of electromagnetic radiation with wavelengths lying in the same range. Due to the
similarity of TER angles (from 0.071 to 0.154 nm), various information about element,
phase and structure is extracted from the same depths of surface layers. Moreover, the
similarity of schemes is supplemented by identical registration, control equipments and
processing systems.

2 Block-diagram of spectrometer

The optical scheme of the spectrometer, based on the Bragg-Brentano focusing system is
shown in Figure I.

Monochromatization of radiation, which is necessary for the selection of this or that
spectral line from the complex X-ray tube or radioactive source energy spectra, is
maintained by monochromator 5, where pyrolitic graphite is used. The narrow plane­
parallel radiation necessary for carrying out the experiments is formed by the slit
collimators 4, which restrict the divergence of the beam within the limits ±0.2 rnrad. The
exact setting of the angles of incidence and reflection are provided by the automated two­
circle goniometer 7, where the investigated sample and detector are installed.
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The Si-PIN diode is used as a detector 10 for the measurement of X-ray-fluorescence
spectra, its active area is 13 mm" and its energy resolution - 200 keY. In the Mossbauer
mode the sample under investigation is placed inside the electron chamber of the detector
so that the surface of interest faces the working volume of the chamber where a gas mixture
of He+8 % C~ fed through a nipple, flows at a rate of 2 cm3/min. The anode of this
chamber consists of three tungsten wires (20 urn in diameter) attached to the insulating
base. The working gas used for detection of gamma- and X-rays is a mixture of Ar+8%
CH4 fed through the nipple at a rate of 2 cm3/min. The detector is provided with an
additional beryllium window so that the detector can also be used in the conventional
backscattering geometry [5]. The specularly reflected radiation is detected by the Xe gas
proportional counter 9.

The 50 W air-cooled tubes with copper and molybdenum anodes are used as a source of
X-ray radiation . The ribbon type radioactive isotope 57CO(Rh) is used as a source 3 of
Mossbauer radiation.

The analytical bench of the spectrometer ensures the easy and reliable establishment
of the grazing angles, the convenience of regulation of the incidence radiation, the
possibility to change the type of the sample without the change of the experimental
geometry.

The electronic system of the spectrometer consists of a power amplifier, control systems
for step motors , two channel high voltage power supply, Doppler modulation and
processing system of Mossbauer channel, control system of semiconductor detector,
processing system of X-ray fluorescence channel, laser source power supply and operation
module and power supply for the X-ray tube.

The operation of the two-circle goniometer step motors is controlled by the PC via
LPT port. Two modes of operation are available : independent and dependent operation
of step motors. Independent operation is necessary for adjustment of the zero positions
of the optical scheme . The dependent mode ensure work in the geometry, which is
necessary for registration of the specular reflection curves as well as for the accumulation of
X-ray fluorescence and Mossbauer spectra in grazing incidence geometry .

The electronics are installed in PC via ISA ports.
The software was developed for the spectrometer operation.

3 Investigation procedure

The investigation procedure comprises several stages.
The first stage is the alignment of the optical scheme. For the alignment of the

scheme and for determination of zero positions of the sample under investigation and
the registration devices the optical method with a laser source of radiation is used .

In the second stage the X-ray fluorescence and Mossbauer spectra are measured at
the normal (90°) angle of radiation at the specimen. That allows us to extract the
preliminary determination of elements in sample and its Mossbauer parameters (isomer
shift, quadrupole splitting, hyperfine fields) .

The third stage consists of the reconstruction of the depth profile of real and
imaginary parts of the electron susceptibility of the investigated surface . The profile
could be determined as a result of mathematical processing of specularly reflected
curves , using the data about elemental and phase content, received at the second stage.
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The fourth stage determines the range and the step value of angle variation. These
parameters can be determined by the penetration depth of excited radiation, which is
extracted from the profile of electronic susceptibility.

At the final step, we measure a series of X-ray fluorescence and Mossbauer spectra
at grazing incidence determined at the previous stage. Execution of these four stages
allows us to determine the depth profile of elements and phase distribution.

4 Numerical simulation of analytical signals

In order to extract analytical information we used a model of interaction of radiation
with a medium carried out in [6, 7]. On the base of this model fitting algorithms of
experimental data were developed. We used a model of anisotropic multilayer medium. In
that case, the surface is divided into several layers. Within the range of each layer the value
of electronic and nuclear susceptibility are considered constant. It should be taken into
account that the radiation field at the surface includes not only the incident wave but also
the specularly reflected wave.

For the modeling of secondary radiation emission which is an analytical signal in X­
ray fluorescence and Mossbauer spectroscopy it is necessary to determine the total
intensity of radiation in every layer depending on the angle of incidence of primary
radiation. Besides, it was necessary to take into consideration the absorption of
secondary radiation during transmission through the above lying layers. As a result of
solving these tasks, the algorithm of formation of analytical signal for X-ray
fluorescence and Mossbauer spectroscopy with registration of the secondary electrons
was developed.

5 Fitting of experimental data

The fitting package consists of four programs.
The first two programs are intended for treatment of X-ray fluorescence and

Mossbauer spectra. In the case of X-ray fluorescence, one can determine the energy of
spectral line and its intensity, which allows to carry out the multi-element analysis.

For Mossbauer spectra the values of isomer shifts, quadrupole splittings and hyperfine
magnetic fields are determined.

The third program is intended for determination of the hyperfine interaction
parameter in Mossbauer spectra. The necessity of creation of such a program is caused
by the fact that spectral lines in Mossbauer spectra of thin films produce poor resolution.

The treatment of specularly reflected curves and intensity of secondary radiation
versus the angle of incidence are carried out by fitting of the theoretical model to
experimental data with the help of variation of the parameters we are looking for. In
order to solve this task the fourth program was developed. The majority of parameters
used for fitting of experimental data are fundamental parameters. These parameters are
e.g.,: electronic susceptibility, mass absorption coefficient for definite wavelength,
energy, etc.

All the programs are mutually coordinated. Information received from one program is
used in all other programs.
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The capabilities of the spectrometer are demonstrated by the investigation of artificial
multilayer structure Zr9.S nm/[Cr0.49 nmlFeO.91 nm]x26/Crso nm/glass.

During the first stage, the specularly reflected curve was measured (Figure 2). According
to the results of the processing of this curve the distribution of depth profile of electron
density was determined. The Bragg maximum in the reflection curves shows that the period
of separate layer is 3.3 nm.

At the next stage, the measurements of X-ray fluorescence spectra in the range of TER
angles were carried out (Figure 3).

The results of processing of these spectra allowed us to determine the change of intensity
ofcharacteristicradiationversus the angle of incidence for al1 structural elements (Figure 5).

The fitting of theoretical1y calculated dependencies of fluorescence line intensity versus
grazing incidence to experimental data allowed to restore the deviation of element
concentration with depth (Figure 4).

Measurements of Mossbauer spectra in the range of total external reflection angles let us
to define the portion of Fe atoms and evaluate the most probable neighbors of these atoms
in the interface region.

Figure 5a present a Mossbauer spectrum measured in the backscatter mode. Processing
of this spectrum (Figure 5b) gives the distribution function of the hyperfine interactions,
which shows that the most of Fe atoms (about 60%) forms the iron layer, while the rest
(40%) are located at the boundaries between the iron and chromium layers. The Mossbauer
spectrum measured at the Bragg angle (Figure 5c) allowed an increase the contribution of
the interface atoms to Mossbauer spectrum due to forming in the multilayer the standing
waves. The processing of this spectrum (Figure 5d) allowed us to restore the most probable
neighbors of Fe atoms in the interface region.
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Abstract A special experimental setup for in-field applications was developed at Mainz. It
incorporates hardware for automated positioning of the Mossbauer sensor head, a Plexiglas
tube, and a modified version of the space proven Miniaturized Mossbauer Spectrometer
MIMOS II (Klingelhofer et al., Science, 306:1740-1745, 2004; Klingelhofer et al., J.
Geophys. Res., 108(E12):8067, 2003; Klingelhofer et al., Hyperjine Interact. 144/145:371­
379, 2002; Genin et al., Solid State Sci., 7:545-572, 2005). MIMOS operates in
backscattering geometry, thus no sample preparation is required. Also dedicated software
for running measurement sequences (e.g., different depth positions at different times etc.)
was developed. The setup can work autonomously up to several weeks in the field.
Preliminary results confirm that fougerite mineral found in hydromorphic soils is FeII

-
lIl

hydroxycarbonate green rust.
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1 Introduction

D. Rodionov, G. Klingelhofer, et al.

Current applications for in situ soil monitoring in the field as well as the investigation of
bore holes and extracted drill cores (up to a few meters long) will be discussed.

In particular in the case of soil monitoring both soil solutions and solid phases can be
simultaneously analysed by in situ Moessbauer spectroscopy, thus enabling direct
identification of iron-bearing phases and quantitative measurement of the distribution of
iron oxidation states. Fast mineralogical transformations were observed at well defined
points in soil, as evidenced by FeU/Felli ratio variations when Mossbauer spectra were
acquired at different times at the same depth. Variations of the watertable level, of pE and
pH of the soil solution were simultaneously observed explaining these mineralogical
transformations.

2 The instrument and experimental setup

2.1 The instrument MIMOS II

The Mossbauer spectrometer MIMOS II, which is designed and fabricated at the University
Mainz [1, 2], was originally developed for the exploration of the surface of the planet Mars
and other planetary surfaces. It is intrinsically simple, rugged, and has sufficient radiation
shielding to protect personnel and other instruments.

The instrument MIMOS II (Figure 1) is operating in backscattering geometry measuring
the scattered 14.41 keV Mossbauer radiation and the 6.4 keV Fe X-rays. In backscattering
geometry no sample preparation is needed. Measurements will be done by placing the
detector head against the rock or soil to be analyzed, or by positioning it in front of the
sample having physical contact via support structures like the Plexiglas tube described in
this paper. The field of view of the instrument is circular (diameter -1 to 2 cm). The
average information depth for Mossbauer data is of the order of 150-300 11m, assuming
basaltic rock composition.

The main parts of the instrument are the gamma- and X-ray detector system, the 57CO
Mossbauer source, which is embedded in a solid rhodium metal matrix attached to a
titanium holder, the radiation collimator, the Mossbauer drive and its control unit, and the
data acquisition and spectrometer control unit. The detector system consists of Si PIN­
diodes, charge sensitive pre- and filter amplifiers, and single channel analyzers. The
miniaturized Mossbauer drive is of the double loudspeaker type and has weight of about
50 g (Figure 1).

The spectrometer control and data acquisition system generates the velocity reference
signal and collects the data. The data are stored in its own on-board memory, but can be
transferred at any time via a standard serial interface to a computer. The instrument can be
configured in different ways. For the field tests with the Rocky-7 rover [3] the whole
instrument, with two detectors, including all the electronics, was assembled in a single
housing with dimensions of about 90 x65 x45 mm and a total mass of less than 500 g.

2.2 Experimental setup for in-field applications

The instrument developed for terrestrial applications, e.g., in soils, is split into two parts: (a)
the sensor head and (b) the printed circuit board carrying the digital electronics for
instrument control, communication, data acquisition and storage. The sensor head has
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Figure 1 MIMOS II sensor head
(two-detector version for terres­
trial applications). Dimensions
are about 80 mm in length, and
45 x30 mm width.

Figure 2 Plexiglas tube with the
electronics box on top. The
length of the tube is about 2 m,
with a diameter of about 20 ern,

incorporated two detector systems for the backscattering mode, and no reference channel.
Therefore only one Mossbauer source is installed, with typically an initial activity of 100­
150 mCi. The weight of the sensor head is about 300 g. The power consumption of the
instrument is in the order of 2 W, so it can be operated easily over an extended period by
battery. The MIMOS II instrument is mounted into a Plexiglas tube (Figure 2) which is
installed in an hydromorphic soil in the field permitting investigations down to about 1.6 m
depth. The mobile platform runs down with a distance of 1.75 mm per tum. A motor driller
is used to bore a hole with a diameter a little smaller as the tube to achieve good contact
between the outer wall of the tube and the soil. In this way the structure of the soil itself is
not disturbed.
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The sensor head on the movable platform consists of the miniaturized Mossbauer drive
and two PIN diode detector channels (up to four detectors can be used with the actual
electronics). All digital electronics and motor arrangement is mounted in a waterproof box
on top of the tube. Data can be downloaded from the instruments electronics at an RS-232
interface without opening the box. Also provided are diagnostic modes like pulseheight
analysis of the detectors and acquisition of the Mossbauer drive velocity error signal
(typically 1-3%0 non-linearity) in digital format. Two temperature sensors acquire a
temperature log file of the ambient temperature in the box and at the sensor head parallel to
the Mossbauer spectra.

Positioning of the sensor head to different depths is done by a stepping motor
arrangement. The reproducibility of the measured spot is better than 0.1 mm. The position
is calibrated using an end switch at the top hard stop.

A portable PC can be connected via COM port to the board. Special software has been
developed to control and program measurements. It includes built-in firm-ware (which
receives commands from the external PC and performs all operations with MIMOS and the
movement unit) and external control program. Using this software it is possible to perform
calibration (using a special calibration "switch," which is located at the top part of tube), to
position the MIMOS sensor head at the desired depth (precision is better than 0.1 mm), to
collect Mossbauer spectra, and to run automatic sequences in the so-called "scan" mode.
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In the "scan" mode, the instrument acquires up to 13 Mossbauer spectra at different
depths. Acquisition times and depths are programmable parameters which are sent to the
instrument before starting a new session. From then on all operations run autonomously
without any connection to PC. No additional human interference is required after
programming - the setup will work autonomously up to several weeks (or longer, if a
solar battery setup is used). The setup has a power failure protection. Backups of the main
memory (including all instrument parameters and science data) to a non-volatile EEPROM
memory is done on a regular basis (every 10 min). In case of power failure all data can be
safely restored.

3 First results

With a total iron concentration at about 4% in the bulk soil, spectra are obtained after 1­
2 days of count accumulation. An in situ Mossbauer spectrum measured at field
temperature is displayed in Figure 3. Also, calibrations were done in the lab. One example
is present at Figure 4. It demonstrates that the instrument can acquire Mossbauer spectra
with reasonable statistics even with low intensity sources. The spectrum (Figure 3), which
displays three quadrupole doublets D], D2 and D3, is that of the fougerite mineral [4]
encountered in gley soils and responsible for its bluish-green colour where D I and D2 with
a large quadrupole splitting are attributed to Fe" state and D3 to Felli. Intensities of the
peaks that are found to be 50, 10 and 40% from computer fitting are consistent with the
Fe"-I" hydroxycarbonate green rust where at stoichiometry intensity ratios are 1/2:1/6:1/3.
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Abstract We report about a new in-beam Mossbauer station which is intended to utilize
the cold neutron source and guide system installed on the 10th beam line of the Budapest
Research Reactor. This new in-beam facility enables us to broaden the number of nuclides
accessible for Mossbauer studies in various materials . In this article we describe our new
system and summarize the possibilities of its application to Mossbauer spectroscopy.

Key words In-beam Mossbauer spectroscopy -Mossbauer effect· neutron beam excitation

1 Introduction

Mossbauer spectroscopy provides information about chemical bonds, oxidation states,
geometrical location and magnetic state of the Mossbauer isotope as influenced by its
surrounding atoms.

The Mossbauer effect was observed on 82 isotopes of 44 elements, but only a few of
them are used in practice . The 57Fe and 57CO pair is used in 80% of the cases, while 119Sn
and all the others share the remaining 20% equally. The rare usage of the other Mossbauer
nuclei is due to difficulty in their production or the short half-life of the exciting radioactive
nuclei or their small abundance .

A way to increase the number ofusable Mossbauer nuclei is to produce them in-beam. In
1965, Hafemeister and Brooks Shera [I] demonstrated the Mossbauer effect of the 29.4-keV
neutron capture gamma ray of 4oK in a neutron beam of2.4 x 106 cm- 2s- l

• They concluded
that the recoilless fraction is not greatly impaired by the displacement of the 4°K atom due
to neutron capture. The Mossbauer effect was also observed in neutron capture reaction on
56Fe by Berger [2] and more recently a new in-beam facility was installed in Japan at the
JRR-3M reactor with a neutron flux of 5 xlO7 n-cmf-s". This instrument has been
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demonstrated to be useful in studying neutron capture induced chemical changes in solid
iron disulfide (FeSz) [3].

2 The new in-beam Mdssbauer facility

After the installation of the cold neutron source in the year of 2001 [4], it became possible
to widen our experimental possibilities at the Budapest Neutron Center (BNC). From a
number of possibilities the in-beam Mossbauer spectroscopy has been selected and the
realization is in progress.

It has been under construction at the Budapest Research Reactor. The station is operated
by researchers of the Institute of Isotopes, HAS in the framework of the BNC. After the
commissioning the equipment will be part of the EU FP6 MN13 [5] program, which makes
it easily accessible for EU users. The instrument can be used on line, but during reactor
shutdown, activated short lived Mossbauer sources will also be utilized. During the on line
operation a beam of guided cold neutrons produce the Mossbauer transitions continuously.

The cold neutron flux, transmitted by a focused supermirror guide is measured to be
about 109 n em- z s- [ at the target position. The beam shutter is installed at the beginning of
the 7 m long guide section to avoid the high radiation caused by the closed beam shutter.
The experimental area is shielded by concrete walls from the rest of the guide system on
both at the entering and at the leaving sides. Near the guide end a collimator system made
of lead and Li-6 enriched polyethylene is placed in the hole of the shielding concrete walls
to minimize the unwanted radiations. The diameter of the beam, passing through this
collimator system, at the target position is about 1x 1 cmz. The neutron beam enters through
a thin vertical window (made of Mylar and beryllium) into the cryostat and leaves on its
opposite side. The cryostat can be operated in the 3-360 K temperature range with liquid
helium or nitrogen cooling. The maximum areas of the Mossbauer source and absorber are
about 1 crrr' thus the available maximum source strength is about 1 GBq. The sample
holder is fixed to the end of a steel tube, which holds the moving rod mechanics as well as
the absorber at its bottom. The Mossbauer transducer (Wissel MVT 1,000) is fitted to the
top of the specifically modified cryostat (Konti-I'I'-Cryostat-Spektro-He product of
CryoVac) and an aluminum moving rod connected to the transducer moves the Mossbauer
source up and down in the beam.

For the acquisition of the Mossbauer spectra two detectors, a Na(Tl) and a HPGe, can be
used in absorption geometry. The HPGe detector enables us to study the low energy prompt
gamma spectrum in high resolution in order to be able to select the energy window for the
Na(TI) detector. The detectors can be mounted below the cryostat and perpendicular with
their axis to the impinging neutron beam. The data acquisition system is equipped with an
8 K channel Wissel CMCA-550 USB pulse height and Mossbauer analyzer, which can be
connected to a personal computer with USB port. Transducer driving electronics, a function
generator and high voltage power supplies, all placed in a NIM Bin, complete the system. A
schematic drawing of the equipment is given in Figure 1.

3 Expected performance of the system and fields of applications

Prospective prompt-gamma nuclei for in-beam excitation are identified in cooperation with
Rick B. Firestone (LBL). The best candidates are (40K, 56Fe, 66Zn, Gd, Er, Dy, Yb, Hf, W).
Below we present the most characteristic data for these nuclei in Table I. We have estimated
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Figure 1 Schematic drawing of
the in-beam Mossbauer
equipment.

I Sample& absorber

Side view

Table I Expected rates for experiment length of 105 s

Target nuclide s, (keV) (jy (b) Rate a (S-I) Rate b (S-I) Percent C

157Gd 79.00 4,010 28757 717 180 0.009
155Gd 88.97 1,380 9896 203390 0.014
lo7Er 79.80 18.2 131 3512 0.14
IOI Oy 80.66 13.3 95 9576 0.32
177Hf 93.18 13.3 95 9576 0.32
1630 y 73.39 1.37 10 986 1.01
179Hf 93.33 0.8 5.7 576 1.32
171Yb 78.74 0.67 4.8 482 1.45
154Gd 86.54 0.57 4.1 410 1.6
173Yb 76.47 0.4 2.9 288 1.9
1600y 25.65 0.27 1.9 194 2.3
IX2W 46.48 0.192 1.4 138 2.7
IX2W 99.08 0.155 1.1 112 3.0
1600 y 74.57 0.086 0.62 62 4.0
56Fe 14.41 0.149 0.8 107 4.26
66Zn 93.31 0.0344 0.23 25 7.0
39K 29.83 1.38 0.069 994 144

a Rate of Mossbauer effect

b Rate of Mossbauer gamma ray

C Uncertainty of the rate ratios in percentage

the expected event rates with the parameters of our Mossbauer system. For the mass of
Mossbauer nuclei in the source and absorber we used 0.001 mol, while for the recoilless
fractions we assumed 0.1 for both of them. The Mossbauer absorption cross-section was set
to 10- 19 crrr' in all cases. For both the source and absorber nuclei the natural abundance
were taken into account. The natural elemental gamma ray production cross-sections (jy

were taken from our experimental results [6]. It can be clearly seen that the rare earth
elements give the smallest uncertainty for the same length of measurements. Some of the
light elements can also be studied, however in the case of potassium enriched absorber
would be needed to achieve better statistics.
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Beside the prompt gamma sources we can make use of the short-lived continuously
activated sources. The corresponding Mossbauer nuclei are 153Er, I66Er, 175Lu, I860S,
19I, I921r, 195pt and 197Au. They can also be used in-beam similarly to the prompt gamma
rays. Their characterization, however, is more complicated and is outside the scope of this
short paper.

Longer half-life nuclei can be activated in the reactor and used during the reactor
shutdown periods C4lpr, 1271, 1291, 181 Ta, 182W).

Fields of applications include: biological systems (4°K prompt excitation), catalysts
C93Ir, I96pt, 197Au short-lived continuous activation), HTC superconductors C41Pr reactor
shutdown, Dy prompt activation), geological samples and magnetic layers (Gd, Er, Dy, Yb
prompt and short-lived activation), the chemical behavior of the nuclear waste of 1291 (1271
reactor shutdown), corrosion in nuclear and traditional power plants e7Co reactor
shutdown) or in-beam produced 57Fe to study chemical changes induced by radiation in
solid states as described by Kubo et al. for all of the in-beam reactions.

Acknowledgements One of the authors (TB) would like to thank the support of the Bolyai Scholarship of
the Hungarian Academy of Sciences. The contributions of R.B. Firestone and A. Vertes, E. Kuzmann and
Z. Klencsarare greatlyacknowledged. Wealso salute to late Gabor Molnar for his great effort and enthusiasm
in starting up this project.

Appendix

The following formulas were used to estimate the rate for the Mossbauer effect in the
absorption geometry:

The first part (ending with is) describes the Mossbauer source rate for the specified
gamma energy in thin sample approximation, while the second part describes the effect of
the Mossbauer absorber and the geometry. We used the following values in the estimation:

Table II

Table II Values used in Mossbauer effect estimation.

Variable

(Jr elem

fs,fa
Aa

0"0

ea

£lna

£lndct

['del

~ Springer

Value

0.001 M,

6 1023

109 n cm- 2 S-I

Variable
0.1

I cnr'
10- 19 cm

Variable
0.994
0.0012
I

Description

Mol weight used in the estimation
Mol weight of element (s and a indices for source and absorber
Avogadro number
neutron flux hitting the target (source)
Gamma ray production cross section
Recoilless fraction
Surface of the absorber
Mossbauer absorption cross section
Isotopic ratio of the absorber nucleus
Absorber geometrical efficiency
Detector geometrical efficiency
Detector intrinsic efficiency
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Abstract To explain line broadening in emission Mossbauer spectra as compared to the
corresponding absorber measurements, the model of trapped electrons has been proposed.
Auger electrons (emitted, e.g. after electron capture by 57CO or after the converted isomeric
transition of 119mSn), as well as secondary electrons, may be trapped in the proximity to the
nucleogenic ion. Electrons captured by lattice traps at different distances from the daughter
ion induce an asymmetric distribution of quadrupole splitting in the resulting emission
spectra, as shown in a few examples. This model is supported by estimates of quadrupole
splitting values which may be caused by such trapped electrons located at specified
distances from the nucleogenic atom.

Key words trapped electrons - line broadening ' emission Mossbauer spectroscopy '
quadrupole splitting distribution function

1 Introduction

Resonant lines in emission Mossbauer spectra can be significantly broadened as compared
to those in transmission spectra. Line broadening in emission spectra is observed for many

Y. D. Perfiliev ([8]) • 1. A. Kulikov
Department of Radiochemistry, Facultyof Chemistry, M.V. Lomonosov MoscowState University,
119992 Moscow, Russia
e-mail: perf@radio.chem.msu.ru

v. S. Rusakov
Department of GeneralPhysics, Facultyof Physics, M.V. Lomonosov MoscowState University, 119992
Moscow, Russia

A. A. Kamnev
Laboratory of Biochemistry of Plant-Bacterial Symbioses, Institute of Biochemistry and Physiology of
Plants and Microorganisms, RussianAcademy of Sciences, 410049 Saratov, Russia

K. Alkhatib
Laboratory of Inorganic Chemistry, Department of Chemistry, Albaath University, Horns, Syria

~ Springer



882 YD. Perfiliev, V.S. Rusakov, et al.

isotopes, but more often and with more evidence in experiments with 57CO [I , 2] and
119mSn [3] in solids . Note that in both the two types of nuclear decay for 57CO and 1l9mSn
(via electron capture and converted isomeric transition, respectively), an electron vacancy
in an internal shell of the daughter atom is formed. Filling in this vacancy results in the
emission of X-ray radiation or electrons owing to the Auger effect. For electron emission,
while an electron hole moves to the outer levels, the more Auger transitions take place, the
higher the degree of ionization of the atom. The emitted electrons induce numerous
physical and chemical processes within the environment of the daughter atom [4, 5],
leading to the broadening of resonant lines, especially in molecular and non-crystalline
compounds.

Line broadening is often ascribed to the states of the nucleogenic atoms featured by
various slightly different microenvironments. A possible reason for their appearance was
proposed for 57CO in CoO [2] as a consequence of electron capture by Fe4+, formed owing
to the Auger ionisation , from a neighbouring C02+, producing C03+. Thus, a wide range of
local environments could be produced resulting in small differences in the field at the Fe
nuclei. However, line broadening was later shown [6] to be caused by the presence of
defects in the initial CoO. This mechanism cannot account for line broadening in more
complex molecular compounds. Attempts were also made [7] to explain line broadening by
the formation of various chemical forms of the nucleogenic ion.

In our earlier work [8], the disappearance of the hyperfine magnetic structure in emission
Mossbauer spectra was observed, which was interpreted as a consequence of the formation
of trapped electrons participating in spin exchange with the daughter ion. In this work, a
deeper analysis of emission Mossbauer spectra has been performed in order to find the
evidence for such trapped electrons .

2 Materials and methods

The 57Co-containing systems under study were : sample I, a dry complex of anthranilic (0­
aminobenzoic) acid with 57C02+ (carrier-free; 3.7x 107 Bq); sample 2, a dry complex of
indole-3-acetic acid with 57C02+ (also carrier-free; samples I and 2 were obtained by drying
1.0 ml of I mCi 57C02+-containing aqueous solution of a corresponding acid, taken in a
large excess with regard to 57C02+, in air); sample 3, a solution of 57CoCl2 in ethanol
(containing also 4 M carbon tetrachloride) rapidly frozen in liquid nitrogen . The 119mSn_
containing system (sample 4) was represented by ethanolic solutions of 119mSnCl2 with
different concentrations of CrCl2 (added as an electron scavenger) rapidly frozen in liquid
nitrogen . Other details of emission Mossbauer measurements and statistical treatment of the
experimental data were described elsewhere [8-11].

3 Results and discussion

Emission e7Co) Mossbauer spectra measured at T=293 K (sample I) and at the
temperature of liquid nitrogen (samples 2 and 3), are presented in Figure la--e. Each of
the three spectra shows a superposition of two doublets related to 57Fe2+ and 57Fe3+ ions
forming from the parent 57C02+ ions owing to competitive reactions of non- or weakly
bound electrons in the medium [9]. The components of the spectra are essentially broad­
ened and are typical for locally non-uniform systems [12, 13]. Processing and analysis of
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Figure 1 EmissionMossbauerspectra of 57Coz+_containing complexesof a anthranilicacid and b indole­
3-acetic acid in the dry state, as well as c 57CoCIz solution in ethanol with 4 M CClt and d 11 9mSnClz_
containing ethanol solution with CrClz added as an electron scavenger (see text) rapidly frozen in liquid
nitrogen. N Transmission (%), v velocity (mm/s); measuredat T=293 K for a and at T=80 K for b-d.

the spectra were carried out by extracting two independent distribution functions p(Ll) of
quadrupole splitting Ll for excited nuclear levels of the 57Fe nucleus with the spin 3/2 [13]
using the program DISTRI from the program complex MSTools [12].

The results of extraction of the distribution functions p(Ll) corresponding to 57Fe2+ and
57Fe3+ ions are presented in Figure 2. All the distribution functions are featured by
asymmetric dome-shaped curves with a somewhat less steep slope at larger Ll values,
which is more expressed for 57Fe3+ ions (see the left-side upper plot in Figure 2). Such a
shape of the p(Ll) function can be induced by charged particles located in the vicinity of Fe
atoms at various distances from them. Considering the processes of post-decay relaxation of
the system, electrons can be the most probable charged particles capable of creating a large
electric field gradient.

The above model is supported by estimations of Ll values that could be created by a
single electron located at distances 2, 1.5 or I A from Fe ions (see the numbers at the
vertical dashed lines in Figure 2). Calculation of the electric field gradient was carried out
on the assumption of point localization of charges using the program LATTICE [12]. The
quadrupole moment value of a 57Fe nucleus in the excited state, Q=O.146 b [14], and the
Sternheimer antishielding factors for Fe3+ (y00 = -9.14) and for Fe2+ (y00 = -11.5) [15]
were used. According to these estimations, such a trapped electron can induce alterations in
the electric field gradient. Thus, trapped electrons located at different distances from the
nucleogenic atom can induce an asymmetric distribution of Ll. As an alternative to such
trapped electrons, one may consider the formation of radicals near Fe atoms, or ion-radicals
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Figure 2 Distribution functionsp(Ll ) of quadrupole splitting (.1) calculated for the componentsof emissione7Co) Mossbauer spectra a-<: presented in Figure I (see text) for the nucleogenic 57Fe2+(left-side lower plot)
and 57Fe3+ (left- side upper plot), as well as for the components of emission (' 19m8n) Mossbauer spectrum d
presented in Figure I (see text) for 8n2+ (right-side lower plot) and 8n4+ (right-side upper plot). For the
vertical dashed lines, see text.

more strong ly influencing the electric field gradient. However, this seems less probable as,
first, such radicals can form not in all systems and, second, electrons therein are valent with
more delocalised wave functions and would therefore induce smaller electric field
gradients. Note also that in the transmi ssion Mossbauer spectra of the similar complexes
containing Fe2

+ and/or Fe3
+ ions [16, 17], the line width values can be considered as normal

considering the thickness of the samples, and the distribution of quadrupole splittings was
symmetric.

A similar asymmetric distribution of L1 was also observed in emission spectra invo lving
the isotope 119mSn. In Figure I (plot d), a spectrum is given of frozen ethano l solution
containi ng I 19m5nC12' For improving the statistics, the spectrum was obtained by summing
up several spectra of the same type [10] in the presence of different concentrations of CrCI2
which had been added as an electron scavenger. The large line width values observed for
both Sn2

+ and Sn4
+ are indicative of non-uniformity of the system . In this case, the

distributions of L1 are also asymmetric (Figure 2; right-side plots) and less steep at larger L1
values. In Figure 2 (right-side plots), dashed lines also represent the results of calculation of
L1 according to the model used in the 57CO emission experiments (see above and Figure 2,
left-side plots). The quadrupole moment of the 119Sn nucleus in the excited state, Q=
-0.109 b [I 8], and the Stemheimer antishielding factor for Sn2

+, roo = -21 [15], were
taken for calculations (the same value of roo was used for Sn4+ owing to the lack of relevant
data in the literature for Sn4+).
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4 Conclusions

885

Line broadening in emission Mossbauer spectra can be caused by the formation of trapped
(solvated, hydrated) electrons. Electrons trapped at various distances from the daughter ion
induce distortions of the line shape which is described by an asymmetric distribution
function for quadrupole splitting. Thus, the line shape may serve as a basis for estimating
the distribution of trapped electrons in the vicinity of the daughter ion. Broadening is more
strongly expressed for disordered systems which contain many traps for electrons.
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Abstract At present there are two main rival fitting approaches to mossbauer spectra:
restoration of hyperfine parameter distribution and discrete deconvolution one. Use of the
parallel circuit of processing in which computing procedure the exchange of the calculated
values between continuous and discrete algorithms is used for the first time is offered.

Key words mossbauer spectroscopy ' fitting algorithm

1 Introduction

Now the scientific and practical interest is aimed at application mossbauer spectroscopy for
research of systems with local nuclear heterogeneity. Such objects are amorphous matter,
spin glasses, invar alloys, many minerals and meteorites. Prominent feature of such systems
is presence of nonequivalent environments of resonant nucleus. In this connection
mossbauer spectra of systems with local nuclear heterogeneity represent superposition of
the great number subspectra and contain a minimum of the aprioristic information.
Mathematical processing and physical interpretation of parameters of such spectra demand
long computing procedures. At the present moment a plenty of methods and algorithms for
processing and interpretations spectra has been developed.

The diagram of the basic existing methods and algorithms of processing shows their
variety, both in mathematical approaches, and in ways of realization of algorithms
(Figure 1). However, as is evident from the experience of application of the various
approaches, resulting reliability of processing of experimental spectra of systems with local
nuclear heterogeneity does not allow to receive an unequivocal model of physical
interpretation of parameters.

The purpose of the present work is creation of a uniform universal technique of the
analysis mossbauer spectra for various systems with nuclear local heterogeneity. Synthesis
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Mathematical methods of
processing of mossbauer spectra

Figure 1 Classificationof methods of spectra processing.

A.I. Pikulev, et al.

Method of
reduction

Methods with use
oftheorem Bayes

(I)

of discrete and continuous ways of the description of the form of a spectrum which bases
on modem algorithms of optimization and search of decisions of incorrect problems is put
in a basis of a method.

The discrete way of the description of a resonant line represents the form of mossbauer
spectrum Iinc as superposition of discrete component [1]:

[

k A ]I(v) =/(00) 1- LL p 2 '

P iJ (1 +1;, (v - BpHi - 8-CpMOj ) )

where i , j - number of mossbauer subspectra line; p - number of nonequivalent
components in spectrum; Ap - ratio of intensity lines of spectrum; Bp - the factors which
are taking into account hyperfine magnetic structure of power levels of 57Fe nucleus; Cp ­

the factors which are taking into account hyperfine electric structure of 57Fe power levels;
!:1EQj - quadrupole splitting; Hi - hyperfine magnetic field; 8j - isomer shift; r - half­
width of mossbauer subspectra lines; I(v) - intensity of resonant line; 1(00) - intensity in
absence of resonance,

The problem of interpretation of a spectrum in this case consists in finding of a vector of
discrete parameters x={x J, X2, •••, xn } . As x; parameter acts isomer shift 8, hyperfine
magnetic field on nucleus Heff, quadrupole splitting !lEo and amplitude of lines Ap .

At the continuous description a resonant line is represented as function p(x) of density of
hyperfine parameters distribution [2]:

(2)
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889

First
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The aprioristic
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Second
point

Consecutive
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Definition of informative
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changes
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Preeedure of an u.banl' In
th. calculated paramet,"

Mathematical model a mossbauer spectrum of
researched object

Figure 2 The block diagram of the developed method of processing.

where v - speed; [Vmin,vmax] - the speed change interval; lev) - intensity of resonant
absorption ; p(x) - function of density of hyperfine parameter x probability; [Xmin, xmax] ­

interval on which the hyperfine parameter is determined .
In that case spectrum interpretation is reduced to the decision of the integrated Eq. 2

concerning unknown p(x) function. The received functions of distribution for each
parameter allow to receive estimations of their most probable values of hyperfine
parameters.

2 New method of the analysis mossbauer spectra

Let's consider the developed procedure of decoding a spectrum (Figure 2). At the first point
the analysis of the aprioristic information on a structure of researched object will be carried
out: presence of phases, their crystal structure, type of nuclear and magnetic ordering , a
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Figure 3 Results of application a
of parallel algorithm for process-
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dynamic condition etc. The apnonstic information allows to construct preliminary
analytical models to formulate criteria of selection of more exact model from set
approached. As a source of the similar information are considered theoretical calculations
(g-factors of the basic and excited condition resonant nuclear, nuclear volume, parameters
of a crysta l lattice) and previous experimental researches in which some elements and
parameters of the future model (the X-ray analysis, the neutron diffraction analysis, the
electron diffraction investigation) were already estimated. Thus the estimation of quantity
of phases is made, informative hyperfine parameters are allocated , probable ranges of
change of hyperfine parameters are determined ,

At the second point construction of initial mathematical models is made. By results of
the analysis of the aprioristic information of models we offer two algorithms of processing a
spectrum: parallel and consecutive (Figure 2).

At the minimum of the aprioristic information it is offered to use widespread consecutive
algorithm of processing. It consists in consecutive construction of continuous and discrete
models of an experimental spectrum. In a case when aprioristic representations about object
are sufficient, we offer to use the parallel algorithm consisting in simultaneous construction
of continuous and discrete models of a resonant spectrum and having high speed of
convergence. Thus in a new method procedure of an exchange by the calculated values
between continuous and discrete algorithms for the first time is used . Such procedure
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Table I Values of hyperfine parameters of an mossbauerspectrum of a sample of archeological ceramics

Component J (mm/s) M Q (mm/s)

Discrete processing Continuousprocessing Discrete processing Continuous processing

I - Fe2+ 0.378±0.001 0.375±0.001 0.795±0.002 0.807±0.002
2 - Fe3+ 1.1 66±0.002 1.1 67±0.00I 1.944±0.002 1.871 ±O.OO1
3 - Fe3+ 1.132±0.001 1.1 22±0.00I 2.820±0.002 2.767±0.002
4 - Fe2+ 0.500±0.001 0.481±O.OO1 1.565±0.002 1.568±0.002

allows the decoding problem converges faster. One more advantage of the developed
algorithm is the opportunity of conducting correlations between hyperfine parameters. The
parameters of correlation determined for discrete model, are taken into account at
construction of continuous model. Function of required parameter distribution can be
represented as several functions, each of which describes the appropriate component a
spectrum and is determined on the interval of hyperfine parameter.

Computing procedures of discrete algorithm are realized with the help of a Levenberg­
Marquard optimization method [3, 4]. For the decision of a return problem at restoration of
hyperfine parameters distribution functions it is used modified Tikhonov regularization
method [2]. Feature of used numerical algorithms for the decision of a return problem
mossbauer spectroscopy has allowed to increase speed of convergence of fitting process in
some times.

At the third point the analysis of the received results will be carried out. Thus
specification of parameters is made by correction of initial parameters, change of intervals
of existence of required parameters, construction of distribution of other functions of
hyperfine parameter distribution. Result of application of the analysis is reception of
analytical model of spectrum hyperfine structure.

3 Application of the developed method

The developed method was applied to processing mossbauer spectra of various objects.
Mossbauer spectra have been measured on SM220 I Mossbauer spectrometer which is
purposely meant for solving precision problems. The experiments were carried out
according to the gamma-optical scheme with the constant acceleration moving absorber, at
room temperature using the cobalt-57 in chromium matrix source.

As an example of application of parallel algorithm results of the analysis mossbauer
spectra of a series of ceramic samples of archeologic monuments of Western Siberia are
submitted. Mossbauer spectra of samples had the similar kind given on Figure 3. Numerous
researches of similar objects allow to speak about sufficient volume of the aprioristic
information [5, 6]. Discrete processing of spectra is carried out by superposition several
quadrupole the doublets appropriate Fe2

+ and Fe3
+. As a result of approximation the four­

componental model a mossbauer spectrum (Figure 3) is received.
The continuous description of spectra is carried out with the help of two functions of

quadrupole splittings distribution, accordingly for two and trivalent iron (Figure 3). Values
of position of maxima (the most probable values quadrupole splittings) were compared to
results of discrete approximation (Table I).
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4 Conclusion

A.I. Pikulev, et al.

The method of processing the mossbauer spectra, based on new algorithm of a combination
of discrete and continuous ways of the resonant line description is developed. Use of the
parallel circuit of processing in which computing procedure the exchange of the calculated
values between continuous and discrete algorithms is used for the first time is offered.
Correlation dependences are entered into computing procedures between hyperfine
parameters. Examples ofuse ofa new method for interpretation mossbauer spectra are given.
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Abstract The role of quantum interference (QI) in spectra of the resonant Mossbauer
scattering is investigated. As a mechanism ensuring the QI conditions, the radio-frequency
(RF) mixing of the spin sublevels of the excited nuclear state is considered. It is shown that
QI leads to a significant intensity redistribution of the elastic and Raman scattering.

Key words Mossbauer gamma optics

1 Introduction

Mossbauer spectroscopy is a very effective but not the unique application of the Mossbauer
effect. Mossbauer gamma optics represents another interesting field. The basic purpose of
research in that case is to change the properties of gamma (Mossbauer) radiation due to its
interaction with the nuclear system, but not to study the material structure. It should be
noted, that since the early 1960s [I] the Mossbauer effect has been used as a tool to solve
the gamma optics problems (in particular, the gamma laser problem). The latest discoveries
in the field of optical quantum interference (QI) have also stimulated progress in this area
and it has especially been shown that the quantum interference (QI) mechanism makes it
possible to control the intensity of Mossbauer transitions [2]. The idea of QI and its
experimental confirmation have always been essential [3-6]. In this work we study the
effects of QI in spectra of Mossbauer resonant scattering under coherent nuclear spin
dynamics conditions caused by the resonant RF field. As shown below, the QI, in this case,
leads to the enhancement of Raman scattering intensity.
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Figure 1 a Three-level model system; b Equivalent scheme using dressed states; c Expected spectra of
resonant scattering (flr= 1.5, r=I , EHJ=e2 are used).

2 Resonant fluorescence of Mdssbauer radiation in the regime of RF
resonance in excited nuclear state

Let us consider a three-level model system (Figure la) . Level I represents the ground
nuclear state; 2 and 3 represent the excited nuclear spin substates. A strong RF field of
frequency wo(wo = W32 = e3 - e2) is set up in exact resonance to transition 2-3. In these
conditions two excited states form the pair of dressed states (Figure lb) [6]:

I
e7(t) = exp (- iE7t - inwot) J2 (-12,n) +exp (icp)13 ,n - I)) , (1)

I
e~(t) = exp (-iE~t - inwot) V2 (exp (-icp)12 ,n) + 13, n - 1)), (2)

where Ii,n) = Ij )In), Ij) - jth spin sublevel, In) - n-photon state of RF field, EI 2 =
=t=Dr +e2 - quasienergy, Dr = IDolv'n - Rabi frequency, Do = IDol exp (icp), Do - ' the
constant of the nucleus-RF mode interaction, Furthermore, we suppose n ~ h ; where n is
the mean number of photons in the classical RF mode.

We used the scattering amplitudes in the dressed state representation (second order
perturbation of the nuclear interaction with the gamma field ily(k)) [7]:

00

Ai,f '" L Jdtexp (-Tt 12)If(t) lily(12) le~(t)) (e~(O) lily(1,) li(O) ) , (3)
q 0

where T - the natural width of the Mossbauer level, li(O) ) = li(t = 0)) = 1I )ln)lk, ) and
If(t) ) = exp (-iEft) II )In') Ik2 ) - initial and final states of the system, with total energies
Ei = e, + nwo + Ek' and Ef = E, + n'wo + Ek 2 , k, and k2 are the wave vectors of the
incident and scattered gamma quantum.

The probability of Mossbauer scattering is described by the expression [7]:

(4)
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Figure 2 a Ratio of line intensities; b total scattering intensity; c expected spectrumof resonant scattering
on isotopeFe57 in the condition of the RF resonance on excitednuclearstate;Eo- the Mossbauerlevel.The
probing line is tuned to thesixth line of the Zeemansextet,S el - the lineof elasticscattering, (SI ,Sf), (Si ,sil
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In this expression the averaging over the gamma photon energies from the Mossbauer
source Ekl is carried out using the line form function (usually of Lorentz type)fdEk,-EkO) .

According to the expressions (3) and (4) two possible scattering channels (elastic 8 1 and
Raman 82) indicated in Figure lb may be written (EkO= £ 2) :

(5)

p = -i(Ek2 - £2) + T / 2.

In Figure lc the expected spectrum 81(k2)+82(k2) is presented according to the
assumption that the matrix elements of transitions (1-2) and (1-3) are equal. It is easy to
see that in expressions (5) and (6) the interference has both a constructive and destructive
character at small values of flr . In particular, 82 tends to zero as flr tends to zero. However
with the growth of flr (fly > r /2), the character of the interference in (5) and (6) (at the
same condition EkO= £ 2) will be reversed. Now at large enough values of Dr the intensity of
the Raman line h (h is the area under the spectral form 82) is more than that of the elastic
scattering line II (Figure lc) . In other words the nucleus excited to sublevel 2 in these
conditions prefers to emit a gamma photon from level 3. Such preference in the scattering
channel has been named by us as the "valve" effect.

The ratio h lI, (the measure of the "valve" effect) monotonously depends on the value of
flr (Figure 2a). However the total scattering intensity (I, +h) decreases with increasing Dr
(Figure 2b). Compromise condition for the experiment to be realized looks as flr;::;;r. This is
a condition of excitation by one photon in a phase correlated way of two dressed states
interference in which the phenomenon under discussion occurs.
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In Figure 2c the expected scattering spectrum for the isotope Fe57 is presented [8]. The
"valve" effect will take place again if the nuclear excited sublevels are mixed by the RF
field. The intensity of the elastic scattering will be reduced due to destructive interference.
The intensity of the Raman lines increases, if the line is formed when an odd number of RF
photons (n) participates in the process and decreases at an even number of photons. The
possibility of observing the effect in Fe57 in magnetic materials is confirmed by RF
Mossbauer absorption experiments [9, 10]. From the experimental spectra [9] it is easy to
estimate the amplitude of the RF hyperfine field induced on a nucleus as hI=88 kOe, which
corresponds to a Rabi frequency fl,= 1.5 leading to the expected spectrum in Figure 2c.
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Abstract The theory of formation of the RF Mossbauer spectra for the "easy"-plane type
magnetics (FeB03) and for various types of RF field polarization is presented. Experiments
using both linearly and circularly polarized external RF fields were carried out at different
temperatures. At room temperature the experimental spectra for both cases are well
described by switching hyperfine (hi) field model. At temperatures close to the Neel
temperature (335 K), the spectra in the oscillating and rotating RF field were obtained and
their forms are described by models of switching and rotating hf field, respectively.

Key words Mossbauer spectroscopy ' magnetic materials gamma-optics

1 Introduction

Mossbauer radio frequency (RF) experiments on magnetic materials have long been of
great interest. Two effects are usually observed in Mossbauer spectra in this case: the
collapse ofthe hyperjine structure [I] and the sideband effect [2]. The sideband effect has a
magnetostriction as well as a magnetization dynamics origin. The collapse effect occurs if
fast magnetization reversal regime is achieved under the RF field. Spectra of a more
complicated structure are expected iffrequency of the RF field is equal to, or less than, the
nuclear Larmor frequency, or (and) the fields of magnetic anisotropy (or external fields)
inhibit the full magnetization reversal process. In this work, the results of RF Mossbauer
measurements under these conditions for the "easy"-plane type FeB03 and for various
types of polarization of the RF field are presented. The theoretical model includes possible
relaxation jumps of magnetization, formation of ultrasonic sidebands due to magnetostric­
tion and the self-absorption effect for thick (or isotope-enriched) samples [3-5].
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2 Physical model

The theoretical model used [3-5] is based on two assumptions:

1. The magnetization lies in the "easy" plane and its direction (angle tJt) may be
determined by minimizing (1) a free energy Ef of the system, consisting of the
magnetic anisotropy (2) and the external RF field (3) terms, with respect to the angle tJt
(Figure 1).

dEc = O.
dIJ.I '

(1)

EH = -MH(t) = -Hocos(wt)Mcos'P - H~cos (wt - 4>o)M sin'P (2)

EA = -K) cos23(\l' - 4>1) - K2 cos2(\l' - 4>2) (3)

(Above) M-the magnetization of the sample, H(t)-the external RF field, K1 and K2­

characteristic parameters of the magnetic anisotropy, tJt-the angle in plane between the x
axis and M (Figure 1).

The anisotropy energy (EA ) takes into account: (a) the crystalline anisotropy resulting
from the hexagonal structure of FeB03 (in this case we have three "easy" axes in the plane
with characteristic parameter K)) and (b) the additional uniaxial anisotropy in the sample
plane (with parameter K2) which most likely has a technological origin. Three modes of
magnetization time behavior are expected (Figure 2):

The "weak field" mode is expected at amplitudes of the RF field which are lower
than those of the anisotropy fields. In this case, magnetization oscillates near the
minimum energy and its direction is slightly modified.

~ Springer



RF Mossbauer spectra of the "casy"-plane type magnetic system 899

Figu re 3 Theoretical spectra for
"switching" hf field dynamics for
various values of the hf field but
at the same value of the ratio R:
(a) HhF330 kOe,f=20 MHz;
(b) Hhf= 170 kOe,f= 10 MHz.
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The "stepwise motion" mode takes place when the RF amplitude is comparable to
the anisotropy fields. The stepwise motion of the magnetization is proper to this
mode. It means that minimum, in which the magnetic moment resides, at some
point vanishes and the magnetization moves to a nearby minimum.
The "strong field" mode is achieved when the RF field amplitude is much greater
than that of the anisotropy field. In this case there is usually only one minimum
driven by the external RF field.
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Figure 5 Temperatureof sample close to Neel point (T =335 K) (a) oscillating and (b) rotating RF field;f=
20 MHz, Hhf =170 kDe, (a)HRF=lO De, (b)HRF=7 De.

2. Then, we assume that the hf field on the nucleus is strongly correlated with
magnetization. This means that we ascribe the time dependence of the magnetization
direction to the direction of the hf field. The magnitude of the hf field Ho is supposed to
be constant. Behavior of the hf field in the oscillating and rotating RF fields is reduced
to switching and rotating hifield dynamics in the "strong field" limit, respectively. The
spectra have been calculated numerically using super-operator formalism.

3 Features of theoretical spectra

We have studied the 10-30 MHz frequency range, which is interesting because, in this case,
the RF field significantly modifies the spectrum, but its frequency is not high enough to
achieve the collapse of the hf structure. Besides, the shape of the spectrum depends on the
type (rotating or switch ing) of the hf field dynamics.

So, for a given type of hf field dynamics, the structure of spectrum is the same if the
ratio R = Whf /WRF of the hf splitting (Whf) to the RF frequency (WRF) is maintained constant.
In this case, the scale of the spectrum is modified but its structure remains the same
(Figure 3).
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4 Experimental results
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The external RF field of arbitrary polarization (at frequencies 7-30 MHz) is created by two
coils. The sample is located where the axes cross, so the field always lies in the easy plane.
The thickness of the sample (FeBO) was 60 urn. The RF amplitude was chosen to be large
enough (-10 Oe) to overcome the magnetic anisotropy fields (at least those of
crystallographic origin) in the easy plane. Experiments were carried out using both
oscillating RF field and rotating RF field. Without RF field, the spectrum was a Zeeman
sextet. We expected the observation of Mossbauer spectra corresponding to two types
(switching and rotating) of magnetization dynamics. At room temperature, however, the
experimental spectra for both cases display the switching hf field dynamics (Figure 4a, b),
i.e., the rotating external RF field (Figure 4a) does not lead to a rotating hf field.

The key point of our investigation was a measurement of samples near the Neel
temperature (347 K). So at 335 K, the spectra in an oscillating and a rotating RF field were
obtained. The shapes of these spectra (Figure 5) are described by switching (a) and rotating
(b) hf field dynamics, respectively.

In our model, it was implied that a magnetic sample had a single domain structure, and
interactions in the multi-domain structure have not been taken into account. In our opinion,
this might be a cause of discrepancy between theory and the experiment at room
temperature. At high temperatures, it is possible to assume applicability of the single­
domain behavior of magnetization under the RF field [6, 7].

5 Conclusion

RF Mossbauer investigations are stimulated from a gamma optics point of view. RF
controllable Mossbauer susceptibility of materials can be used for a purposeful change in
the gamma-radiation properties.
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Due to an unfortunate tum of events this article was published online October 27th 2006
with an erroneous version of Figure 3. That same version is published on the preceding
pages. The following printed Figure 3 however is the correct version and should be
regarded by the reader as the final version.

The online version of the original article can be found at: http://dx.doi.org/IO.1007/sI0751-006-9376-4.
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Figure 3 Theoretical spectra for
"switching" hf field dynamics for
various values of the hf field but
at the same value of the ratio R:
(a) Hhf = 330 kOe,f= 20 MHz;
(b) Hhf = 170 kOe,f= 10 MHz.
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Left (theoretical) and right (experimental) spectra of the top (a) of this figure are
qualitatively similar, but at the same time they differ from each other in details. The same
spectra of Figure 3 in the paper DOl: 10.1007/s 10751-006-9376-4 are wrongly represented
by the same (solid line) spectrum.
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Abstract A prototype of a programmable constant-velocity scaler is presented. This
instrument allows the acquisition of partial Mossbauer spectra in selected energy regions
using standard drivers and transducers. It can be fully operated by a remote application,
thus data acquisition can be automated. The instrument consists of a programmable counter
and a constant-velocity reference. The reference waveform generator is amplitude
modulated with 13-bit resolution, and is programmable in a wide range of frequencies
and waveforms in order to optimize the performance of the transducer. The counter is
compatible with most standard SCA, and is configured as a rate-meter that provides counts
per selectable time slice at the programmed velocity. As a demonstration of the instrument
applications, a partial Mossbauer spectrum of a natural iron foil was taken. Only positive
energies were studied in 512 channels, accumulating 20 s per channel. A line width of
0.20 mmls was achieved, performing with an efficiency of 80%.

Key words Mossbauer instrumentation spectrometer constant-velocity· MCS

1 Introduction

Electromechanical devices of the double loudspeaker type for Mossbauer experiments were
first described 40 years ago [I], and since then have experienced only few modifications.
These transducers are usually controlled with servo amplifiers optimized for operation with
a triangular velocity reference, with a fundamental component around the self resonant
frequency of the transducer. This constant-acceleration technique is widely used, but in
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particular cases has some disadvantages and limitations. Data obtained with this method is
always centered in null velocity, which is unnecessarily time consuming when only a
reduced range of the spectrum, far from the center, is under study. Its main limitation arises
when the effect of a fast varying parameter must be measured, as in the case of the spectrum
dependence with the frequency of an applied magnetic field.

Constant-velocity spectrometers for standard electromechanical devices use a square
velocity reference [2, 3] to obtain data for a single energy. These instruments are difficult to
automate because they require some re-tuning when the velocity changes, mainly due to the
high frequency content of the square reference. That makes them difficult to use when
several velocities of the spectrum must be recorded simultaneously.

An alternate method to generate the required velocity reference is using end-of-run
sensors to change the sign of the velocity [4]. In this method the harmonic content of the
reference depends on the velocity, incorporating lower frequencies as lower velocities are
set. This necessarily implies a redesign of the servo amplifier, considering that standard
devices are usually AC coupled to avoid erratic displacements due to not null mean value of
the velocity reference and offset drifts.

A low cost constant-velocity programmable scaler is presented that partially overcomes
these difficulties by limiting the harmonic content of the velocity reference. Using standard
SCA, transducers and servo amplifiers , a high-quality constant-velocity Mossbauer
spectrometer can be built.

2 Constant-velocity strategy

In order to allow automation, the frequency response of the system must remain nearly
constant all over the required velocity range. A simple way to do this is to limit the
harmonic content of the reference. The proposed design works with a fixed waveform
strategy, initially assuring the same harmonic content for all the range. Changes in the
velocity are obtained by a change in the amplitude of the reference waveform. A
programmable generator is provided in order to optimize the tuning of different transducers
by selecting an appropriate waveform for each particular case. Figure Ia shows some of the
available options, assuming a limit in the faster velocity that can be used for returning, that
in this particular example is three times the maximum velocity of the spectrum. Reduced
frequency components using the sinusoidal returns are evidenced, in expense of a shorter
constant-velocity time. Defining the duty-cycle d of the generator as the relation between
the flat time F and the period T, this parameter will increase when hard returns are selected,
as shown in the figure.

The overall efficiency of the instrument not only depends on the duty-cycle of the
reference, but also on the settling time of the velocity error imposed by the high frequency
response of the system. The event counting must be disabled, not only for the return, but
also during a programmable time at the start of the velocity period, where the transient
response occurs. Figure Ib shows the effective counting time F' that results from selecting
only the flat region of the signal provided by the pickup coil. In this context, the efficiency
e of the instrument may be calculated as F' IT. The settling time effect will be more
important for velocity references with higher harmonic content, like the square waveform of
Figure la, reducing its efficiency. Softer waveforms, like the sinusoidal, will require a
longer time for the return but might present shorter, or even null, transient responses. In this
way a better efficiency could be reached.
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Figure 1 (a) Displacement s(t), velocity v(t) and acceleration a(t) for four different velocity waveforms,
evidencingthe descendingharmonic content in expense of the duty-cycle d. (b) Gate calibrationin the case
of a transducerand servo amplifier that present an overshoot transient response (full line) in presence of a
square velocity reference (dotted line).

The selection of the best waveform, duty-cycle and efficiency for a particular case is
hardly dependent on the performance of the transducer and the servo amplifier, but the
following rules should be applicable to all cases. The harmonic content of the reference will
be reduced if F/(T-F) is an integer. In addition, the velocity control will perform better if
the fundamental frequency of the return waveform of the reference I/(T-F) is close to the
natural oscillating frequency of the double loudspeaker system. The duty-cycle is limited by
the velocity limits of the transducer. Finally, reference V4(t), as shown in Figure la, is an
option that provides a continuous variation of the acceleration during all the period, so it
will not require abrupt variations in the applied force; the use of this waveform is advisable
if problems arise with the transient response of the driving coil.

3 General design considerations and operation

A single board prototype for the scaler, with standard RS-232 interface to PC is presented.
A dual microcontroller architecture with internal bus serves mainly as rate meter and
programmable waveform generator. Figure 2 presents an schematic diagram of the scaler.
The two main blocks will be briefly described.

The main CPU consists of an analog devices ADuC841 microcontroller, operating with
a 50 ns instruction period. This device is an 8051 compatible core with several analog and
digital peripherals included, like two 12-bit digital to analog converters (DAC), real time
clock, flash memory and watchdog timer. This device operates with a 16-bit counter and a
16-bit timer configured as programmable rate meter, which is enabled in each cycle by the
waveform generator by the Gate signal, only when the required constant-velocity is
stabilized. This main CPU provides also the RS-232 interface of the scaler. Dead time for
the counter is 100 ns and is optimized to operate with fast negative NIM pulses from an
standard SCA. The time slice is measured with 50 ns resolution. The two embedded 12-bit
DAC are used to select the positive or negative amplitude of the velocity waveform,
through a precision instrumentation amplifier, resulting in 8,192 different channels.

An auxiliary microcontroller is used to implement the velocity waveform and gate
generator. In this case any 8051 compatible core can perform properly. Atmel AT89C51 is
used for this implementation. This CPU handles an analog devices AD7547 high precision
12 bit multiplying DAC. The reference input of this DAC is driven by the two embedded
DAC of the main CPU, providing channel selection. The auxiliary CPU generates the Gate
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Figure 2 Schematic diagram of the constant-velocity scaler.

signal associated with each waveform, required to inhibit the main CPU rate meter during
the return and settling time. Different waveforms, stored in memory tables, can be selected
by the main CPU through an 8-bit internal control bus, as well as other waveform
parameters like frequency, duty-cycle and efficiency. All these parameters are stored in the
main CPU flash memory. The auxiliary CPU is configured at boot time with the stored
parameters.

The scaler was implemented as a NIM module, which is the standard in our laboratories.
It can be manually operated through the standard RS-232 interface or automatically using a
PC application. All of the experiment parameters can be set, including shape, frequency,
duty cycle and gate for the velocity reference, and counting time and channel for the
counter. The gate adjustment must be performed using a scope. For optimum resolution, a
manual control of the last channel velocity is provided through the gain of the output
amplifier. Since there are no real time restrictions in the communication with the PC, any
high level language that handles RS-232 links can be used for building the application
program. Matlab is preferred in our case, because of its post-processing capabilities.

4 Experimental results and further work

An available CMTE transducer, model MA250, together with its servo amplifier and an
Ortec 551 SCA were used to test this equipment. It was found to perform better with
sinusoidal return waveforms. As this transducer accepts high return velocities, a duty-cycle
of 90% could be used, resulting in an efficiency better than 80% for all the range from -10
to 10 mm/s. As a direct estimation of the performance, a partial Mossbauer spectrum of a
natural iron foil was repeatedly taken. Positive energies were recorded in 512 channels
ranging from 0 to 10 mm/s, accumulating 20 s per channel. A line width of 0.20 mm/s was
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achieved in all cases, what is equivalent to the line width of the spectrum taken with the
same transducer, servo amplifier and SCA, using a constant-acceleration technique with a
nucleus MCS-II multi channel scaler. Long term stability proved to be satisfactory. This
equipment has been also used to determine magnetic hyperfine field temperature
dependences [5, 6], crystallization kinetics [7] and Fe magnetic moments dynamics [8].

Some limitations arise when attempting to produce a large and sudden change of the
velocity, because of the previously mentioned DC rejection implemented in standard servo
amplifiers. Direct coupling is under study, implying that some kind of displacement
feedback must be implemented.
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Abstract A technique of the resonant filtering is used in the Mossbauer spectroscopy for
receiving polarized radiation. Two main contributions suppress the filter quality: unwanted
small absorption line located at the resonance energy and large unwanted absorption line
located far from the resonance energy. Both contributions can be parametrized by a single
small parameter r. The optimal effective thickness is proportional to 1/?, while the
departure of the maximum polarization degree from the unity is proportional to r.

Key words Mossbauer spectroscopy ' polarization -absorption line

Polarisation by the filter technique has been known since the papers of [1-4]. Recently,
monochromatic sources of polarized radiation have been constructed from commercially
available radioactive sources [5, 6]. The filter acts as a thick absorber, which is permanently
in resonance with the emission line of the source and absorbs photons selectively with one
polarization only. Although the theory of transmission of gamma-rays through resonantly
absorbing medium was formulated [7], a sophisticated description allows for numerical
simulations rather than for a discussion of the optimal conditions for the filter construction.
On the other hand, the simplest model of the resonant filter consisting of only one
absorption line results in unphysical behaviour of the predicted polarization degree P on the
thickness t: P~1 when t~oo. Below, we propose a more reliable, simple model of the
resonant filter.

I . The source of unpolarized radiation is characterised by the Lamb-Mossbauer factor fs
and emits an intensity No, composed of the fraction f.JIo/2 of resonant photons with the
polarization ~=+1 and the f.JIol2 with the polarization ~=-I ; the (l-fs)No photons

K. Szymanski(C8J)
Institute of Experimental Physics, University of Bialystok, 15-424 Bialystok, Poland
e-mail: kszym@alpha.uwb.edu.pl

L. Dobrzynski
The Soitan Institute for Nuclear Studies, 05-400 Otwock-Swierk, Poland

~ Springer



912 K. Szymanski, 1. Dobrzynski

belong to the nonresonant radiation. The polarization e=±1 denotes one of two
orthogonal photon polarizations and in this report two circular or two linear
polarizations will be considered. The resonant radiation has the normalized energy
distribution :

T I
p(E) = - ----.------:­

271: (E - Ey)2+ (T /2)2 '
(I)

2. The main absorption line of the filter (with the polarization e=+I and a relative weight
A~ defined later in Eq. 3 is centered at the emission line of the source.

3. Because of not perfect alignment of the hyperfine field in the filter, there is a nonzero
probability of the absorption of photon with the polarization e=-I at the energy
E = Ey• We assume that the relative weight A- I « Al (in a case of the ideal filter A_I=
0, AI=I).

4. There is an unwanted absorption line for the photon polarization e=-I. Its relative
weight is B- 1• Only a tail of this line causes unwanted absorption because the transition
energy EB » T (in the case of an ideal filter EB-(f) or B_I-O). There may be some
additional absorption lines with the polarization e, located far away from the region
between EA and EB• The absorption of these lines is neglected for simplicity.

The energy distribution, p~ (E), of the fraction of photons with the polarization ewhich
passes the polarizer is:

(2)

where t is the effective thickness [8] and (J~(E) is the resonant cross-section for the
polarization e:

(3)

The weights of the resonant transitions are normalized, e.g., the sum of all weights with
the polarization eis equal one. The integrated intensity of the resonant radiation with the
polarization epassing through the filter is proportional to [8]:

I 1+00

N~ = "2fsNo - 00 p~(E)dE.

The polarization degree of the resonant radiation P is defined as usual:

(4)

(5)

The parameters A~ , B~ , EB are the intrinsic properties of the material and can be
controlled to some extent by a selection of the material used for filter, thermo-chemical
processing and an external magnetic field. In contrast , the effective thickness t can be tuned
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Figure 1 The dependence of the
coefficients Xi and P i of the series
expansionon the parameter tp.
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easily during the filter preparation, so the polarization degree P can be optimised. It is
convenient to introduce parameters:

(6)

In the following, we shall set B 1 to zero, because the tail of the absorption line separated
by a large Doppler velocity disturbs negligibly the absorption of the main line with the
amplitude AI . Using the identity [9]:

(7)

where In is the Bessel function of the imaginary argument, we get the expression for the
polarization degree:

-2ux + - 2.\"x
1 J+oo ,.L.,. e)2+1 ll'-h)' + 1d!y - e-xJ, (x)

P(x) = .:.:.-tr-=------.:- oo::.::.....cy_~ +:...:I_o_____,,.__----o-+ - 2 UI + - 2.\.\: •

1 J 00 ,.L.,. e)2+1 l"- h)' + 1d!y + e-xIo(x)
tr - 00 y +!

(8)

The optimum thickness xopt> at which P(x) attains its maximum, is obtained from the
condition 8P/8x=O. To the best of our knowledge, there are no explicit results for the
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Figure 2 Contours showing constant values of a) the optimal thickness Xopt and b) the maximum
polarization degree P max• The thick lines - exact result (8) for s=1.3 satisfying condition 8P/8x=0. The
dotted lines approximate results including terms with the Xo, Po coefficients , thin lines approximate results
including terms with the xO+x2,PO+P2 coefficients in Eq. 10.

integrals present in Eq. 8. We have shown [10] that Eq. 8 can be expanded in small
parameter r:

~
r = yu+ b2, (9)

(10)

yielding a series for the optimal value of x (abbreviated here by xopt) and the maximal
polarization degree (Pmax=P(xopt» :

_ Xo + +x, +
Xopt - 7I XI S . . .

Pmax = 1 - por + -! 'P6? + (PI +~) r3 + ...

The coefficients Xi and P i in Eq. 10 are slowly varying functions of the only one parameter,
namely an angle sp, defined as

[2;
qJ = arctgy-;;;;i' (11 )

see Figure 1. The explicit form of Xi and P i is given in [10].
The quality of the approximations Eq. 10 can be checked by a numerical integration of

Eq. 8 and finding xopt for which P(x) has a maximum, see Figure 2. Our approximation
works well when the intrinsic parameters, u and b, permit to achieve a high polarization of
the beam.

Using initial parameters, for which the model of the filter was introduced and neglecting
higher order terms in Eq. 10, the explicit results are:

r = (12)
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As discussed in the model assumptions , two main mechanisms influence the filter
quality. The first one is connected with a non-ideal orientation of the hyperfine fields (the h.
m.f or the electric field gradient), resulting in the appearance of the weak absorption line
active for the ~=-l polarization state. The second mechanism comes from the presence of a
strong absorption line, which although is separated by a quite large Doppler velocity, has a
tail which causes unwanted absorption of photons with the ~=-l polarization. The role of
both mechanisms is reflected in the fonn of and the value of a single small parameter r. The
optimal thickness of the filter is proportional to r- 2

• Thus, when intrinsic quality of the
material increases (r tends to zero), the filter may be thicker while giving polarization
degree smaller than one by a factor proportional to r . The proportionality constants Xo and
Po in Eq. 12 depend weakly on the angle qJ, whose value indicates which of the two
mechanisms is dominating in tuning of the filter quality.

To illustrate practical use of the presented approach , let us estimate properties of the
system used in [5], where one of the two inequivalent iron sites (D-site) has the hyperfine
field of 20 T and a property of the accidental coincidence of its third absorption line with
the emission line of 57Fe in Cr matrix. The unwanted absorption line with the opposite
polarization (4rd line of the Zemann sextet) is located at a distance of 1.02 mm/s . Thus, the
value of b=21. The best alignment, which was achieved, is monitored by a suppression of
the intensities of the lines 2 and 5 to the level smaller than 1%. This implies that the
unwanted absorption line intensity at zero Doppler velocity corresponds to u=O.01.

The contribution from the tail of the unwanted line, entering into (3) is much smaller
than the contribution from the nonperfect alignment. Both contributions lead to parameter
r=0.12 and we may estimate that the optimal xo pt=42. If we assume that all atoms from
D-site (fraction of 2/3) were active in resonant filtering, we estimate that A J= 114'2/3 and
topt= 504. This value corresponds to approximately 31 mg/cm/ (assuming 90% enrichment).
The polarization degree related to this value is 0.81. The polarizer used in [5] contains
34 mg/crrr' and the polarization degree was reported to be 80%.
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Abstract We report the first observation of a laser-produced vibration with the aid of
Mossbauer techniques. Thin platelets of MgO single crystals were doped by diffusion of
57Fe atoms. The illumination of the MgO:57Fe sample with a pulsed Nd:YAG laser
produced a significant broadening of the Mossbauer spectrum. In order to find out what
caused these changes, we performed a series of time-domain experiments, in which the
Mossbauer spectra were collected only during a 2.5 IlSgate interval. This gate interval was
swept from 5 IlS to 190 IlS over the time interval between the two laser pulses. After laser
irradiation, the position of the Mossbauer line was found to be changing in time as a
decaying oscillations of well-defined frequency, which can be due to the vibration of the
sample induced by the laser pulse.

Key words MgO:57Fe· Mossbauer spectroscopy' pulsed laserbeam

1 Mdssbauer spectroscopy, laser-induced effects

The Mossbauer spectroscopy is a powerful method for the investigation of atomic motion.
Many other methods are available, including optical methods, but when we intend to study
the motions taking place inside a sample, they are not effective because they depend on the
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scattering from the surface of the sample, whereas the Mossbauer spectrum gives
information about the atoms in the volume of the sample. Laser-produced vibrations have
been observed in the past with conventional ultrasound techniques [I]. Moreover,
vibrations produced in thin ferromagnetic foils by magnetostriction have been extensively
studied by Mossbauer spectroscopy [2].

In this paper we report the first observation of a laser-produced vibration with the aid of
Mossbauer techniques . Previously we have observed that the illumination of samples with a
pulsed laser produced a significant broadening of the Mossbauer spectrum [3, 4].

Thin platelets of MgO single crystals (obtained from MTI Corporation), with the axis
orientation <100>, were doped by diffusion of 57Fe atoms. The transverse dimensions of
samples were l O« 10 mnr'. Absorbers were prepared by rubbing 57Fe20 3 powder (95%
enriched in 57Fe, Cambridge Isotope Lab) into the surface of 0.5 mm thick platelets ofMgO
substrate until the surface had a slightly reddish appearance . Subsequently, the iron was
diffused at 750°C in air for a week. This process was repeated several times and tested by
Mossbauer spectroscopy. As a result, iron diffused into the MgO plate in di- and trivalent
state. The next step in sample preparation was annealing in hydrogen atmosphere at I, 100°C
for 20 h. The resulting sample contained only divalent iron, all trivalent iron impurities
were reduced to a divalent state. The 57Fe concentration was estimated to be roughly
equivalent to 0.08 wt% Fe20 3 (or about 0.04 at.% Fe). The appearance of the sample was
dark green-blue.

Conventional electromechanical Mossbauer drive systems operating in constant acceler­
ation mode have been used for measurements . The source was 50 mCi 57Co in a Rh matrix.
The isomer shift values and velocity were calibrated to metallic iron at room temperature .
We have developed a special technique to measure the position of the Mossbauer line as a
function of time. This technique allows us to get a Mossbauer spectrum at successive
intervals of2.5 !J.S after the laser pulse shot. A Nd:YAG laser (ESI3570, Electro Scientific
Industries) was used to illuminate the absorber. The 1064 nm wavelengths laser beam with
energy per pulse of the order of 2 mJ and a repetition rate of 2.5 kHz was focused onto the
sample down to a spot about 4 mm in diameter. It corresponds to the Mossbauer aperture
used in the experiment. The duration of the pulses was about 70-100 ns.

A Mossbauer spectrum of MgO:57Fe sample without laser radiation consisted of a
broadened single line, as shown in Figure I. Its width at room temperature was 0.46 mm/s
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Figure 2 MgO:57Fe Mossbauer spectra collected at different time gate.

and its isomer shift was 1.04 mm/s relative to cc-Fe, The temperature Mossbauer
measurements have revealed that the dependence of the center of gravity of the Fe2+ line
and the reduction of Mossbauer absorption profile area, A(1)/A (295 K), follow the Debye
model, with eD=420 K for the isomer shift dependenceand eD=428 K for the area reduction.

The illumination of the sample by pulsed laser radiation leads to major changes in the
Mossbauer spectrum. In Figure I, MgO:57Fe Mossbauer spectra without and with laser
radiation are shown. It can readily be seen that the last one is sufficiently broader and has
broad wings at the both tails of Mossbauer line.

Our sample showed a strong dependence of the isomer shift and line width on its
temperature. The isomer shift reduces as the temperature becomes higher while the line
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Figure 3 Spectral center-of-mass
oscillations after the pulse action.
Both the experimental data and
the fitting curve are shown.
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width decreases. Thus, the laser heating of the sample would affect the Mossbauer
spectrum. In order to diminish the laser heating effect we have used a pulse laser radiation.
A pulsed Nd:YAG laser operated at 1,064 nm wavelength. This wavelength corresponds to
the phonon wing of Fe2

+ electronic absorption into 5Eg state. The pulse repetition rate was
-6.9 kHz (T=145 us), and the laser average power was about 9 W. The time interval
between the two subsequent pulses, T, was split into two parts - just after the pulse, T), and
before the pulse, h The Mossbauer data collection system was synchronized with the laser
pulse arrival, and the spectra were collected by two acquisition cards (CMCA-550)
alternately. The Mossbauer spectrum formed by gamma-ray quanta collected during the
time interval T) was called "laser on" while the spectrum collected during the time T2 was
called "laser off". The described procedure allowed us to avoid heating effect since the
estimated temperature difference between the "laser on" and "laser off' spectra was less
than I K and could not lead to any measurable changes in the Mossbauer spectrum. The
center shift of "laser on" and "laser off" Mossbauer spectra was almost same within the
limits of experimental error, i.e., 0.95±0.03 mmls and 0.97±0.02 mm/s for "laser on" and
"laser off" Mossbauer spectra, respectively. Furthermore, Mossbauer spectral area of the
spectra was essentially conserved. Therefore, we could conclude that "laser on" and "laser
off' Mossbauer spectra are collected at almost the same temperature,

The wings of "laser on" spectrum are spread out at broad band of -2 mm/s near the
position of Mossbauer line center. In order to find out what caused these changes; we
performed a series of time-domain experiments. The Mossbauer spectra were collected only
during the 2.5 IlS gate interval. The latter was swept from 5 us to 190 IlS over the time
interval between the two laser pulses. In other words, we collected the Mossbauer spectrum
only during the time gate whose position was varied within the pulse period. This was done
in order to study the temporal behavior of the Mossbauer spectrum after the laser pulse hits
the sample. After laser irradiation the position of the Mossbauer line was found to be
changing in time, as one can see in Figure 2. The shape of the Mossbauer spectrum is
complex. We can obtain a wholly satisfactory spectrum fit using the expression
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where v is the velocity, Vo the position of Mossbauer line before laser pulse, and r is the
width of the line at half height.

In particular, we have studied the spectral center-of-mass position as a function of time
after the laser pulse. The result is shown in Figure 3. One can see decaying oscillations of
rather well-defined frequency. The analysis of the experimental data allowed us to
determine the amplitude A, the frequency and the relaxation time toof this oscillatory curve
as vo=0.8 mm/s, f=68 kHz and to=48 J1.S.

According to the sample preparation procedure, iron ions should be located near one of
the bigger surfaces of the sample, the one they were diffused from. This fact was confirmed
by means of electron-conversion Mossbauer spectroscopy. In the first experiment the iron­
containing surface of the sample was faced towards the Mossbauer source and the laser
beam was coming to the sample roughly from the side of the Mossbauer source. In the
second experiment the laser beam was coming from the opposite side of the sample.
Finally, in the third experiment we flipped the sample so that the iron-containing surface
faced outwards the Mossbauer source, but the laser illumination was arranged as in the first
experiment. For the first two experiments the results were qualitatively the same, but in the
third case the initial phase of the center-of-mass oscillations flipped. That was clear
indication that we are dealing with mechanical effects, but not the electronic ones.
Furthermore, it becomes clear that the membrane-like oscillations of the sample were
excited due to the rapid laser heating from inside, not from the surface of the sample.
Finally, the estimated amplitude of the sample surface oscillations was -1 -2 nm.

The oscillation after the laser irradiation of the position of the Mossbauer line can be
attributed to the vibration of the sample induced by the laser pulse. The frequency of the
vibrations of a thin rectangular plate are of the order off=const x (d/L)fO, where L is the side
length and d the thickness of the plate, and 10= v/2L is the frequency of the longitudinal
vibrations, for a velocity v of the longitudinal oscillations. [5] The constant depends on the
boundary conditions. For d=0.5 mm and L=I em, and for v=9.1x 103 m/s, we have 10=
4.5 x 105 Hz, and f=const x22.5 kHz, which gives the right order of magnitude of the
vibration frequency.

This is the first observation of a laser-produced vibration with the aid of Mossbauer
techniques. As with the ultrasound and magnetostrictive techniques, the Mossbauer
detection of laser-produced vibrations may find applications for the study and diagnosis
of the mechanical properties in the bulk of samples.
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Abstract Chalcopyrite concentrate (83% CuFeS2' 3% FeS2 and 14% ZnS) which is a
typical feed to the matte smelting process for copper extraction via pyro metallurgical route
has been roasted with microwaves. Comparison of mineralogical phases obtained was made
with the case of conventional roasting. Resulting calcines were characterised with
Mossbauer spectroscopy and XRD. It was observed that complete oxidation (dead
roasting) of the chalcopyrite was achieved after 10 min with microwaves while 20 min
were required in the conventional route. The mineralogical phases found in the dead­
roasted calcines produced from microwave roasting of this chalcopyrite concentrate were
the hematite (Fe203), franklinite (ZnFe204), copper-rich ferrite (Cul - xZnxFe204, x:S0.5),
and copper ferrite (CuFe204)' The findings of this work indicated that it was
technologically feasible to oxidize the chalcopyrite with microwaves using a 2.45 GHz
multimode applicator.

Key words microwave and conventional roasting chalcopyrite concentrate ­
ferrites formation

1 Introduction

Chalcopyrite (CuFeS2) is the most abundant copper mineral on the earth. It is often found
in association with sphalerite (ZnS). A typical sphalerite concentrate may contain up to
10%Fe either in chalcopyritic form or as pyrite (FeS2)' Chalcopyrite concentrate is used as
feed to the matte smelting process for copper production via pyrometallurgical route. The
matte smelting is convenient as the roast-leach--electrowin sequence usually used for

A. F. Mulaba-Bafubiandi ([>2])
Extraction Metallurgy Department, Faculty of Engineering and the Built Environment,
University of Johannesburg, P.O. Box 526, Wits 2050 Johannesburg, South Africa
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Figure 3 Room temperature Mossbauer spectrum of the calcines obtained at 800°C.

metal extraction from sulfides has been complicated by the formation of metal ferrites
difficult to leach in commonly used leaching reagents (H2S04, HN03, aqua regia, Hel)
[I , 2] thus locking up residual metal leading to a metal loss in the leaching process,
Moreover to obtain leachable products one may need to roast for a relatively longer time
and at an adequate temperature [3]. As different minerals have different dielectric properties
and they respond differently to microwaves, and as microwaves heating starts from the
inner of the bulk of the material, it was suggested to investigate the possibility of roasting
chalcopyrite concentrate with microwaves, characterise the calcines produced and ascertain
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Table I Experimental hyperfine interaction parameters of the spectral components in the spectrum of
calcines produced after I, 5 and 10 min at 2.45 GHz - I KW

Microwave roasting Spectral r, line width "lFe QS Bhf "Abundance
duration (min) Componen t (mm/s) (mm/s) (mm/s) (T) (%)

Chalcopyrite (CuFeSz) 0.30 (2) 0.24 (2) 0.20 35.00 88(3)

Pyrite 0.71 0.34 (2) 0.73 (2) 12

5 Chalcopyrite (CuFeSz) 0.50 (2) 0.29(2) 0.21 34.81 38

Hematite : FeZ03 0.31 0.36(2) -0.20 (2) 51.40 (2) 26

Cu-rich ferrite 0.43-60 0.43(2) 0.30-0.46 45.4 ( I) 10

(Cul -xZnxFez04, x<0.5)
Franklinite (ZnFeZ04) 0.35 (fixed) 037(2) 0.43 12

Cu-ferrite (CuFeZ04) 0.42-0.60 0.33(2) 0.02 (2) 48-49.5 14

10 Hematite : FeZ03 0.25-0.38 0.38(1) - 0.20 (2) 51.8 (2) 23
Cu-rich ferrite 0.60--1.95 0.32(2) -0.20-0.59 45.4 (I) 61

(Cul-xZnxFez04, x<0.5)
Franklinite (ZnFeZ04) 0.35 (fixed) 0.37(2) 0.43 9
Cu-ferrite (CuFeZ04) 0.30-0.45 0.42(1) 0(2) 49.00 7

Statistical error indicated in parenthesis

a From the integrated area under the sub-spectrum

the viability of the process. The present paper a reports mainly on the characterisation of
products formed during both roasting processes .

2 Experimental

2.1 Materia ls and roasting process

20 g of chalcopyrite concentrate containing 83% CuFeSz, 3% FeSz and 14% ZnS (i.e. a
total of 48% S) was roasted in both i.e. an electrical muffle furnace (700-1,000°C) for
different durations and in a multimode microwave applicator (2.45 GHz, 1,000 W) for
varying roasting durations (1, 2, 3, 4, 5, 10, 15, 20, 20 and 40 min). Although the sample
surface temperature was not measured during the microwave assisted roasting, resulting
calcines were characterised using, X-ray Diffraction (XRD) and Mossbauer Spectroscopy
(MS) techniques in conjunction with the determination of the residual sulphur. In the
sulphur test the gravimetric method determination of sulphur was used.

2.2 Characterisatio n techniques

XRD patterns were collected using a Phillips PW 1,830 diffract meter with a CuKlX
cathode. The diffractometer was operated at a generator voltage of 40 KVand a current of
20 rnA while the goniometer was scanning 2() values from 10 to 70° at a scan rate of 1.0 sf
step (step size=0.020° 2()). Mossbauer spectra were recorded in the nonnal transmission
geometry. A constant acceleration motor was used to scan the velocity range of interest,
with a 57Co(Rh) source (-10 mCi) at room temperature. Each spectrum was measured for
about 30-60 h duration and was recorded in 1,024 channels . Each spectrum comprising 512
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Table II Experimental hyperfine interaction parameters of the spectral components in the spectrum of the
calcines conventionally produced at different temperatures and times

Calcines Spectral component T, line width olFe QS s, (T) "Abundance
(nun/s) (mmI) (nun/s) (%)

600°C - 30 min Chalcopyrite 0.30 0.24 0.0005 35.3(5) 8(3)
Hematite 0.34 0.36 -0.2 51.2(2) 22(2)
Franklinite, Zn-rich ferrites

.
0.40 0.33 0.45 18(2)

700°C - 30 min Ferrites· 0.32' 0.36 0.14 10-50' 52(2)
Hematite 0.30 0.38 -0.2 51.8(1) 51(2)
Franklinite, Zn-rich ferrites 0.68 0.29 0.46 - FS 9(2)
Ferrites" (Cu-Zn ferrites) 0.29' 0.30 - 0.03 10-50' 40(2)

800°C - 10 min Hematite 0.36 0.36 - 0.2 51.7(2) 44(2)
Franklinite, Zn-rich ferrites 0.72 0.34 0.42 11(2)
Ferrites· 0.30' 0.31 -0.03 10--50' 45(3)

800°C - 20 min Hematite 0.34 0.37 -0.2 51.8(2) 33(2)
Franklinite, Zn-rich ferrites 0.73 0.32 0.39 16(2)
Ferrites· 0.30' 0.31 - 0.02 10--50' 51(3)

800°C - 30 min Hematite 0.34 0.37 - 0.19 51.7(1) 31(2)
Franklinite, Zn-rich ferrites 0.66 0.34 0.44 18(2)
Ferrites· 0.30' 0.33 -0.01 10--50' 51(2)

800°C - 60 min Hematite 0.34 0.37 -0.19 51.7(2) 31(2)
Franklinite, Zn-rich ferrites 0.65 0.32 0.44 19(2)
Ferrites· 0.30' 0.30 - 0.01 10--50' 50(3)

800°C - Hematite 0.34 0.36 - 0.18 51.6(2) 29(2)
120 min Franklinite, Zn-rich ferrites 0.68 0.33 0.43 18(2)

Ferrites· 0.30' 0.30 -0.02 10--50' 53(3)
800°C - Hematite 0.34 0.26 - 0.19 51.6(2) 30(2)
180 min Franklinite, Zn-rich ferrites 0.64 0.30 0.46 18(2)

Ferrites· 0.30' 0.30 -0.01 10--50' 52(3)

Statistical error indicated in parenthesis

a From the integrated area under the sub-spectrum

• Fitted with a distribution of magnetic hyperfine fields with a fixed line width

channels was analyzed using the non-linear least squares fitting program NORMOS-90, an d

mineral attributions were made using the Mossbauer minerals handbook [4].

3 Results and discussion

The chalcopyrite concentrate subjected to microwave roasting co nverted from greenish to

da rk-grey/black (charcoal) co lor. The residual sulphur determinat ion test, showed a 65%
su lphur reduction after only 5 mi n of m icrow ave roasting. It was observed that roasting

chalcopyrite for m ore than 10 min, the amount of residual sulp hur was su bstantially

reduced to zero. While for the muffleproducts similar values were observed at 800oe, after

30 min. As depicted in Figure 1, heating at 600 and 7000 e for 30 min still left, respectively,

32 and 21% residual sulfur.

When characterised with X ray diffraction technique, Figures 2 and 3, it is observed that

copper mixed oxides started to form from 5 min roasting. The formation of hem at ite is

noticed. It could be formed either from the pyrite Figure 2:
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The broad sextet in the spectra ofthe calcines produced after 5 and 10min, Tables I and II,
is attributed to copper-rich ferrite CUI -xZnxFez04 (x<0.5) and/or Zn-ferrite (ZnxFe3-x04,
x<0.8), whereas the central doublet is supposed to be zinc-rich ferrite CUI -xZnxFez04 (x>
0.5) and/or Franklinite ZnFeZ04'

4 Conclusions

In the case of roasting chalcopyrite concentrate with microwaves for 5 min the minerals
detected using Mossbauer spectroscopy are hematite, copper-ferrite CuZFe04' copper-rich
ferrite and zinc-rich-ferrite with respective abundances (23±2) and (7±2)%, (61±6) and
(9±2)%. This is in agreement with results obtained with XRD. In the MS spectra, typically a
sextet with broad line widths has been used to model possible cases of Zn or Cu-depleted
ferrites ZnxFe3-x04, CUxFe3-x04 and/or CUI -xZn,Fez04 with x<0.5. Whereas a central
doublet has been used to represent Zn-rich ferrites, Franklinite, Zn,Fe3-x04 (x-I) and/or
ZU,Cul -xFez04 (x>0.5) which, are paramagnetic at room temperature. Mossbauer
spectroscopy alone cannot easily distinguish between these ferrites, i.e., ZnxFe3-x04,
CU,Fe3-x04 and/or CUI-xZu,Fez04, because they may have overlapping Mossbauer
parameters for a range of compositions (x values). MS of conventionally produced calcines
from chalcopyrite concentrate showed mainly zinc rich ferrites. It seemed that selected Zn­
Cu ferrites could be preferentially produced if an appropriate mix of microwave energy
levels and exposure time was used.
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Abstract The saturation magnetization and the hyperfine magnetic field of different f.c.c.
Fe-Ni based alloys containing nearby 29 at .% Ni were studied as a function of temperature
and for different Carbon and Manganese contents. We have observed abnormal behaviors
that are explained in terms of mixed exchange interactions between atomic spins : JNiNi(r;) <
0, J FeFe(r;) > 0, JNiFc(r;) < O.

Key words Mossbauer spectroscopy ' magnetic susceptibility · saturation magnetization ­
exchange interaction

1 Introduction

The Invar f.c.c. Fe-36at % Ni alloys show anomalously low thermal expansion in the
temperature range of 4.2-300 K [1]. Alloying with carbon is considered as undesirable due
to the loss of Invar properties [2]. But as shown in [3], the positive or negative effect of C
on the Invar behavior of the f.c.c. Fe-Ni-C alloys depends on Ni concentration. In the Fe­
Ni-C alloys containing lower Ni concentration (30 at.% Ni) than in standard Invar (Fe-36 at.%
Ni) carbon reduces thermal expansion at 110-300 K by approximately one order. The physical
reason of such an effect of C is still opened. As assumed, the interstitial carbon changes the
magnetic state ofalloys resulting from the increase of interatomic distances and variations of
the short-range atomic order. As previously shown , carbon in f.c.c. Fe-Ni alloys increases the
hyperfine magnetic fields [4], the Curie temperature [4-6] and the intensity of the small­
angle neutron scattering [7]. The study of the temperature-dependent saturation magneti­
zation and hyperfine magnetic fields in the f.c.c. Fe-Ni, Fe-Ni-C and Fe-Ni-Mn-C alloys
is the aim of this work.

Y. M. Nadutov ([8'])• YeoO. Svystunov- S. G. Kosintsev . Y. A. Tatarenko
G. Y. Kurdyumov Institute for Metal Physics of the National Academy of Sciences of Ukraine,
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Table I Chemical composition and Curie point" of alloys

Ni (at %) Mn (at %) C (at %) Fe TC<Xac)K TC<M) K

28.18 Balance 335 402b

27.63 5.85 Balance 454 496
28.77 0.63 Balance 322 398b

28.80 0.43 5.51 Balance 438 489

29.93 1.06 6.62 Balance 422

33.55 Balance 512 546

33.99 2.82 Balance 546 594

a TC<Xac) and TC<M) were determined from variations of the magnetic susceptibility and saturation
magnet ization, respectively;

b Tc was obtained at cooling .

2 Experimental

The chemical compositions of the f.c.c. Fe-Ni, Fe-Ni-C, Fe-Ni-Mn-C alloys are listed in
Table 1. The C concentration was determined by chemical analysis and the concentration of
substitution elements by X-ray fluorescence. Samples were annealed in vacuum at 1,373 K
during 30 min and subsequently quenched in oil. The X-ray diffraction data show that
alloys were in austenitic state.

Mossbauer measurements have been carried out on the MS110IE spectrometer in the
constant acceleration mode at temperatures in the range 163-413 K. 57CO(Cr) of 1.8 MBq
was the source of v-radiations. The magnetization was measured within the temperature
range of 77-780 K by means of ballistic magnetometer with the magnetic field H =

800 kA'm-I, which is sufficient for saturation of a Fe-Ni sample [5, 6, 8]. The low field
alternating current (ac) magnetic susceptibility was measured at temperatures between 77
and 560 K. The magnitude of the magnetic field and the frequency were 400 Arn- 1 and
I kHz, respectively.

3 Results and discussion

The martensitic transformation is observed for carbon-free alloys. The values of the
martensitic point (Ms) obtained from the magnetic susceptibility (Figure la ,c) and from the
saturation magnetization (Figure 2a) are different. The applied external magnetic field,
which is greater in the case of magnetization measurements, increases Ms [9, 10]. This is
interpreted theoretically in [II]. The martensitic transition is suppressed by addition of
carbon (decreasing of Ms), which results in the reversibility of the magnetization and
magnetic susceptibility curves at cooling and heating (Figures 1b, d, and 2b).

The values of the magnetic transition temperatures , Tc, evaluated from the temperature­
dependent magnetic susceptibility, TC<Xac), (Figure 1) and from the saturation magnetiza­
tion, TC<M), (Figure 2) are listed in Table 1. TC<M) is 10-20% greater than TC<Xac) (Table I).
This is due to the effect of the rather large external magnetic field (800 kA·m- 1

) . The
increase of Tc in f.c.c. Fe-Ni-Co-Cu-Ti alloys under applied magnetic field was
previously observed and interpreted in terms of the iJ.Tc ~ H2

/
3 law in [9].

However, the observed main trend is the increase of the magnetic transition temperature
(T>C<Xac) or TC<M)) with Ni concentration and this does not depend on the experimental
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Figure 1 Temperature-dependent magnetic susceptibility of Fe-28.18% Ni (a), Fe-27.63% Ni-5.85% C (b) ,
Fe-28.77% Ni-O.63% Mn (c), Fe-28.80% Ni-O.43% Mn-5.51% C (d). M., is the martensitic point, Tc is the
Curie temperature.

technique . The ac susceptibility data show that Tc increases by 177 K with increasing Ni
content from 28.18 up to 33.55 at.% in the binary Fe-Ni alloys (Table I). Alloying with
5.85at % C (~ I wt.%) of the alloy containing -29at % Ni results in the increase of Tc by
119 K, which is consistent with the data of[4-6]. The value of Tc for the Fe-33.99at %
Ni-2.82at % C alloy containing carbon is greater than that of the Fe-33.55at % Ni alloy
(Table I), however this increase is smaller than in the case of lower Ni content and does not
confirm the data obtained in [5]. Thus, the Curie point strongly depends on the presence of
carbon in fc.c. Fe-Ni alloys and this effect is related to the Ni concentration. The addition
of O.63at % Mn has an opposite effect on Tc which decreases by 13 K with respect to the
binary Fe-Ni alloy (Table I). Simultaneous alloying with 0.43at % Mn and 5.51at % C
reduces Tc at a value lower than the Curie point of the Fe-27.63at % Ni-5.85at % C alloy.
Increasing Mn content in the Fe-29.93at % Ni-l.06at % Mn-6.62at % C alloy decreases Tc
by about 32 K. The decrease of Tc with addition of Mn for Fe-Ni and Fe- Ni-C alloys was
previously observed in [4]. This effect does not depend on the experimental technique of
measurements and shows that Mn reduces the influence of C and Ni. This can be attributed
to the decrease of the thermodynamical activity of C by Mn in austenite resulting in atomic
clustering [12]. Moreover, Mn is the source of antiferromagnetic ordering.

The magnetization curves, M(TITc)lMo, were plotted using the values of TcCXac)' Mo
was obtained from the extrapolation of the experimental data to zero temperature (Figure 2).
The behavior of M(TITc)IMo curves (Figure 3a, b) depends on the Ni content and the
presence of C. Both the increase of 5.37at % Ni concentration from 28.18 to 33.55at % in
binary Fe-Ni alloys and the increase of 5.85at % C in the Fe-27.63at % Ni-5.85at % C
alloy lead to the increase of the magnetizat ion (Figures 2b, and 3a). Similar changes are
observed for the Fe-Ni-Mn-C alloys (Figures 2b, 3b). The largest magnetization is
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Figure 2 Temperature-dependent saturationmagnetization for Fe-28.18 at % Ni, Fe-28.77at% Ni-O.63at %
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Fe-33.99at % Ni-2.82at % C, Fe-28.80at % Ni-0.43at % Mn-5.5Iat % C (b, heating curves). M, is the
martensitic point, Tc is the Curie temperature.

observed for the alloy with 33.99at % Ni and 2.82at % C, which however remains lower
than M(T/Tc)/Mo relating to pure Ni.

In order to explain the influence of C the exchange interaction parameters were
estimated from the variations of the Curie point with the concentration by using the Td..CN ;,

Cd values of Table I and [4-6], and from the references listed in [13]. This approach is
based on statistical-thermodynamic self-consistent field approximation [14]. The expression
of Tc for a disordered fc.c . Fel - c"NicNi alloy was considered in [13, 14]. The exchange
interaction energies for the nearest interatomic distances r, were estimated using the
::Iationship: Jaa,(rt = a/J2) ~J;,AO) /12 , where a is the fc.c . unit cell parameter,
Jaa,(k) are the Fourier-components of the exchange interaction energies for wave vector
k = O.

The different signs of the exchange integrals, JNiNi(r;) < 0, JFeFe(ri) > 0, JNiFc(ri) < 0
(Table II), indicate the existence of mixed exchange interactions in the f.c.c. Fe-Ni alloys:
the ferromagnetic (FM) Fe-Ni and Ni-Ni and the antiferromagnetic (AF) Fe-Fe interspin
interactions. This is qualitatively consistent with the data of [15, 16]. The addition of C
saves the mixed character of interspin interactions by weakening the Ni-Ni FM and
increasing the Fe-Ni FM and Fe-Fe AF interspin interactions (Table II).

Using theJ;,a,(k) values (Table II) and the most realistic spin values SFc = 3/2 and SNi =

1/2 [1] we have simulated the temperature dependence of the reduced magnetization for the
Fe-28at % Ni and Fe-28at % Ni-C systems:

M a Fe" FecFe + a N/ N;"Ni

M« a;;OsF/Fe +a~j'0sN;"Ni'

where O"Fe and O"Ni are the partial (per atom) magnetizations of Fe and Ni in the f.c.c. Fe-Ni
alloy, which are given by the Brillouin's functions [14]:

<TNi = BSN, ( - CNi~BT {jNiNi(O)c~is~;O"Ni + j FeNi(O)CNi(1 - CNi)SFeSNi<TFe } )
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Figure 3 Reduced saturation magnetization and hyperfine magnetic field vs. reduced temperature for Fe­
33.35 at % Ni, Fe-27.63 at % Ni-5.85 at % C, Fe-33.99 at % Ni-2.82 at % C (a) and Fe-28.80 at % Ni-0.43 at
% Mn-5.51 at % C (b) (heatingcurves) and for Fe-28.18 at % Ni (a) and Fc-28.77 at % Ni-0.63 at % Mn (b)
(cooling curves). CalculatedM(TITcJlMo curves vs. reduced temperature(c). ... denotes MIMo for pure Ni
[2].

Table II Fourier-components of exchange interactionenergiesJaa,(k) (eV) and relevant exchange integrals
for nearest spins interaction J",,,,.(r,) (meV) for two low-spin states of Ni and Fe atoms in disordered f.c.c.
Fe-Ni and Fe-Ni-C alloys

Cc

0.00071
1/2
1/2

3/2
3/2

- 0.211
-0.186

- 17
-15.5

0.074
0.262

6
21.8

-0.240
- 0.314

-20
- 26

Signs of JNi Ni(r;) < 0, JFcFe(r;)> 0, JNiFe(r;) < 0 are opposite to those obtained in [15, 16] that is associated
with the initialdefmitionof the exchange interactionenergyand remains the correctdeterminationofFM and
AF ordering.

One can notice the deviation of the calculated M(T/Tc)/Mo function for the Fe-Ni system
from the curve ofNi metal (Figure 3c). Addition of carbon raises the magnetization curve,
which however remains lower than that for pure Ni. The Mossbauer spectra of the
Fe-27.63at % Ni-5.85at % C and Fe-28.80at % Ni-0.43at % Mn-5.5Iat % C alloys has a
smeared shape with broadened components (Figure 4). The hyperfine magnetic field lies
within the interval of 3-40 T at 293 K and the distribution of values p(H) differs from the
rather narrow function for C-free Fe-Ni alloys [4]. The broadened distribution of fields is
attributed to fluctuations of spin density at Fe nuclei in different atomic configurations of Fe
with C and Ni (Mn). The asymmetric shape of the spectra is due to the wide distribution of
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Figure 4 Temperature-depen­
dent Mossbauer spectra of the
Fe-28.80 at % Ni-0.43 at %
Mn-5.51 at % C alloy at
different temperatures: 413 K (1),
403 K (2), 373 K (3), 333 K (4),
293 K (5), 253 K (6), 193 K (7),
163 K (8) and distribution of
hyperfine magnetic fields p (H).

isomer shifts, p(b) [13]. Increasing the temperature in the range of 163--413 K narrowed the
Mossbauer spectra and the magnetic splitting collapsed as the temperature achieved Te
(Figure 4). The observed doublets in the spectra are due to quadruple interactions and are
usually observed for y-Fe-C solid solution [12]. The temperature-dependent Mossbauer
spectra of the Fe-27.63at % Ni-5.85at % C alloy are given in [13].

The H1min values were evaluated from the minimum of the first derivative on the right
slope of the p (H) function and the Hpmax values from the maximum. Howas obtained from
the extrapolation of the experimental H(T/Td points to zero temperature. For this procedure
we have considered H(T/Td/Ho = 0.91-0.96 for the Fe-Ni-C and Fe-Ni-Mn-C alloys at
TITe = 0.35-0.40 (the lowest temperatures in our experiments) by assuming that values are
close to those ofInvar Fe-Ni alloys: 0.89-0.95 [17, 18].

One can notice the drastic decrease of H1mit/Ho and HpmaxlHo at temperatures lower
than Tc;(Xac) (Figure 3a,b). The estimated temperatures Te (H) = 407 ± 15 K and Te (H) =

402 ± 15 K for the Fe-27.63at % Ni-5.85at % C and Fe-28.80at % Ni-0.43at % Mn-5.51at
% C alloys, respectively, are lower than those determined from ac susceptibility and
magnetization measurements (Table I) because they were obtained without external
magnetic field. It is also worth noticing that the relationship H = A <M> + BJ.l.Fe (where
A and B are constants) [19] cannot be used for C-containing Invar alloys. For example, BIA
= 1.24 kOe/J.l.B at low temperature and BIA = 0.19 kOe/J.l.B nearby Te for the Fe-27.63 at.%
Ni-5.85at % C alloy. We think that deviation ofH«M» from the linear relationship can be
related to the activation by the C atoms of different contributions to H at the Fe nuclei (H,p
< 0, Hsp > 0, H; < 0, [20]) and at different temperatures.

~ Springer



Mossbauer analysis and magnetic properties of Invar Fe-Ni-C and Fe-Ni-Mn-C alloys

4 Conclusions

935

The values of the hyperfine magnetic fields in f.c.c. Fe-Ni-C and Fe-Ni-Mn-C alloys are
distributed in a broad range which depends on the temperature. This shows a considerable
inhomogeneity in the magnetic order. The values of the magnetization and hyperfine
magnetic field in the f.c.c. Fe-Ni-C and Fe-Ni-Mn-C alloys containing -29 at.% Ni
strongly decrease with increasing temperature compared to magnetization of pure Ni.
Increase of Ni content by 5.37at % Ni or addition of 5.85at % C into -29at % Ni alloys
leads to the increase of the magnetization. We have also shown that Curie temperature
depends on the method of measurements in the following order: TdH) < TdXac) < TdM).
The mixed exchange interactions between the atomic spins: JNiNi(r/) < 0, JFeFe(rr) > 0,
JNiFe(r/) < °in Fe-Ni and Fe-Ni-C alloys are of great importance for both the magnetic
order and the anomalous behaviour of the temperature-dependent saturation magnetization.

Acknowledgments This work was financially supported by STCU (the no. 2412 project) . Authors thank to
T.Y. Efimova and O. Babij for magnetic measurements .
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Abstract Iron-manganese alloys with Mn concentration of 6-30 at.% were prepared by
mechanical alloying. Structure and phase composition of the samples were investigated by
X-ray diffraction and Mossbauer spectroscopy. Mechanical alloying results in the formation
of b.c.c. and f.c.c. solid solutions with high concentration of structure defects and refined
grains. A single b.c.c. phase was observed in Fe-Mn alloys a Mn concentration less than
::;8 at.% and, for higher Mn contents, a mixture of b.c.c. and f.c.c. phases was observed.
The main features of phase composition of as-prepared alloys consisted in significant
widening of single phase concentration range.

Key words mechanical alloying ' phase composition X-ray diffraction ­
Mossbauerspectroscopy

1 Introduction

Iron-rich alloys of Fe-Mn systems belong to the martensitic class. b.c.c. and/or h.c.p.
phases appear through non-diffusional martensitic mechanism by cooling from the tem­
perature range of f.c.c. phase stability [I]. Temperature starting and end points of martensite
transformation are sensitive to the parameters of the alloy structure determined by the
method of preparation and treatment - including deformation. These questions have been
always discussed in review papers as ref. [2]. However, a particularly strong influence on the
martensitic points can be achieved using methods of alloy preparation far from equilibrium.
For example, a significant decrease in the martensitic points of Fe-Ni alloys was obtained

Y. Y. Tcherdyntsev ([8]) . 1. Yu. Pustov . S. D. Kaloshkin . E. Y. Shelekhov
Moscow State Institute of Steel and Alloy, Leninsky prosp ., 4, Moscow 119049, Russia
e-mail : vvch@misis.ru

G. Principi
Settore Materiali and INFM, Dipartimento di Ingegneria Meccanica, Universita di Padova,
via Marzolo 9, 35131 Padova, Italy
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by rapid quenching from the melt [3, 4]. Mechanical alloying, which is one application of
the most general high energy ball milling technique, is one of the most severe mechanical
treatments of materials at relatively low temperature. Due to the very high degree of
induced material deformation, this method allows to obtain non-equilibrium and very
defective structures. For instance, the Fe-Ni alloys preparation by ball-milling also results
in a significant lowering of the martensitic points [5, 6].

We recently studied the phase compositions of mechanically alloyed Fe-Mn [7, 8] and
Fe-Ni [9, 10] systems in wide composition ranges. We also reported about a significant
retardation, compared to the equilibrium alloys, of martensitic transformation in Fe-Ni
alloys obtained by ball milling of elemental powder mixtures [11, 12]. In this work we
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investigate the influence of mechanical alloying on the phase composition of the Fe-Mn
system,

2 Experimental

Ball milling of powder mixtures of carbonyl iron (99.95%) and electrolytic manganese
(99.5%) was carried out in the planetary ball mill AGO-2U for the preparation of binary
alloys FelOO-xMnx (x=6, 8, 10, 14, 16, 18,20,22,30 at.% Mn). Fifteen grams of material
and ISO g of 7.8 mm-diameter steel balls were loaded into hermetic 160-cm3 steel vials.
The milling process was conducted in argon atmosphere. X-ray diffraction analysis was
performed with a DRON-3 diffractometer using the CuK", radiation. Room temperature
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Figure 3 Mossbauer spectra
of Fe-Mn powders after ball
milling.
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Mossbauer measurements were carried out by means of a constant acceleration spectrom­
eter with a 57Co:Rh source. The isomer shifts were calculated with respect to the centroid of
the n-Fe spectrum. Conventional minimization routines were used to obtain the best fit of
the spectra.

3 Results and discussion

X-ray patterns of as-milled samples in Figure 1 show that mechanical alloying leads to the
formation ofb.c.c. (ec-Fe) and f.c.c. (y-Fe) solid solutions. A single b.c.c. phase is observed
in similar alloys with manganese concentration x:S 8 at.%, while both b.c.c. and f.c.c.
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phases are present for 10:s x :s 30 at. 57 %. Figure 2 shows the results of X-ray diffraction
data analysis . Comparison of the phase composition of as-milled alloys (Figure 2b) with
literature data for metastable cast alloys (Figure 2a) [13] evidences that mechanical alloying
results in significant expansion of the concentration range of the single-phase b.c.c. solid
solution. No h.c.p. phases were observed in any studied alloys . Figures 2c and 2d report the
values of lattice parameter for our as-milled alloys compared with literature data of Fe-Mn
b.c.c. and f.c.c. alloys [14] represented as linear behaviours and extrapolated to the two­
phases area of the phase diagram.

The chemical composition of coexisting phases in mechanically alloyed samples
(Figure 2e and f), calculated from our X-ray data, show that the Mn solubility in (X-Fe based b.
c.c. phase increases threefold compared to the equilibrium phase diagram, while in the f.c.c,
phase increases by about 10%.

Figure 3 shows Mossbauer spectra of as-milled samples . The spectra may be fitted with a
number of sextets, each one corresponding to a lattice site with a number ofMn atoms in the
b.c.c. phase with a central component, which consist of collapsed sextet related to
antiferromagnetic f.c.c. phase and with a singlet which, as it was proposed in [15], may be
associated with Fe atoms in stacking faults of f.c.c. structure. Indeed, our previous investi­
gations show that stacking faults concentration in the f.c.c. phase of mechanically alloyed Fe­
Mn alloys is about 4-9%, depending on the chemical composition of the sample [8]. By using
the Mossbauer data, we have calculated the content of Mn in b.c.c. phase (for the procedure
see [8, 15]). The results are presented in Figure 2e and are in rough agreement with the values
obtained from X-ray data.

For single-phase alloys (total Mn concentration :s 8 at.%), the calculated Mn content in
b.c.c. phase was well in line with the nominal one . For the two-phase samples (total Mn
concentration 10 :s x :s 30 at.%), the b.c.c. phase was enriched with Fe and f.c.c. phase was
enriched with Mn in relation to the total sample composition. This difference is appropriate
for cast alloys , but for the mechanically alloyed ones, special attention is necessary. It was
reported [16-18] that for mechanically alloyed binary systems, the chemical composition of
the two coexisting phases is the same and is equal to the total chemical composition of
powder. However, in our case, the chemical composition of the coexisting phases in ball­
milled alloys follows not so closely the values predefined by classical thermodynamics of
binary systems. The behaviour of the chemical composition of coexisting phases in
mechanically alloyed powders will be a topic for future research.
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Abstract Double iron and aluminum carbides were prepared by mechanical alloying from
elemental powders, with a ball-to-powder weight ratio 20:I. The samples were milled for 1,
3,5, 10, 15,20 and 25 h. The alloy progress for each milling time was evaluated by X-ray
diffraction (XRD) and s7Fe Mossbauer spectroscopy. Once the alloy was consolidated
two sorts of paramagnetic sites and a magnetic distribution were detected according to the
Mossbauer fit. The majority doublet could correspond to Fe3AICo.s carbide as X-ray dif­
fraction suggest, and the other could be Fe3AICo.69; the magnetic distribution corresponding
to Fe3Al phase, Fe7C3 and FeSC2 single carbides. The hyperfine parameters are reported.

Key words double carbide mechanical alloying ' Mossbauer spectroscopy

1 Introduction

The structure of metallic carbides is generally governed by the ratio of the atomic radius
between the metal and the carbon atoms (Hiigg's rule). Starting with the close-packed lattice
of the metallic elements, the successive incorporation of the smaller C atoms into octahedral
sites results in the development of structures with various sequences of occupied carbon
layers, such as: MC, M2C, M3C2, M3C, M6C, M7C3 and M23C6 [I] .

Carbon forms double carbides too, requiring the integration of two metals to be stable. It
is favored when one of the two metals is a stronger carbide former than the other one. Two
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Figure 1 X-ray diffraction
patterns showing the formation
of the FC3AICo.5 double carbide
by mechanical alloying
from elemental powders of Fe,
AI and C. Symbols show the
different obtained phases.

1h

z 3h
0
CI)
CI)

:::2: ~
~ Fe3AICO.5

CI)

Z ~
o Fe7C3

« <8lJ Fe2C 5ha:
I-

<fifJ

40 60

2 Theta
80

closely related structural sub-types exist, denoted by 'f)1 and 'f)2' These differ in the relative
proportions of smaller and larger atoms: 'f)1 =A 282C or A383C and 'f)2=A284C, where A can
be Ni, Co, Fe, Mn, Cr and even V, and possible Ti and B can be Mo, W, Nb, Zr, Ta and
possible Hf. The lattice dimensions of tt: are thus always larger than those of 'f)1 . There are
double carbide types 'f)=AxByC, where A is a transition metal and B is other metal such as:
AI, Mg, Sn or Zn. These double carbides have their distinctive crystal structures and
properties . One of the most interesting types is that of the cubic perovskite structure such
as: Fe3AICo.5, which has been reported previously [2, 3, 4].

Double carbides are very hard compounds conferring improved abrasion, wear resistance
and superior high temperature properties to the materials in which they are embedded. Y.
Minamino et al. [3] have carried out an investigation of the microstructure and mechanical
properties of bulk nanocrystalline Fe Al C alloys made by mechanical alloying with sub­
sequent spark plasma sintering. They have reported that the castings with fine precipitates
of Fe3AICo.5 exhibit superior mechanical properties (strength , rupture strain and Vickers
hardness) than those of ordinary Fe3Al. 1. Yang et al. [2] reported that Fe3AI composites
materials with 40,60 and 80 wt.% Fe3AICo.5 have good wear resistance , high hardness and
bending strength, especially with 60 and 80 wt.% Fe3AICo.5.

Mechanical alloying (MA) is a solid-state powder processing technique involving
repeated welding, fracturing, and rewelding of powder particles in a high-energy ball mill
[5]. MA has been used to synthesize equilibrium and non-equilibrium phases using ele­
mentary or prealloyed powders . Carbides prepared by MA have been reported in several
previous works [6, 7, 8].
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Figure 2 Fe3AIC05 grain size
vs. milling time, determined from
the (Ill) reflection of the XRD
patterns.
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A process control agent (PCA) is generally added to powder mixture during milling
when the powder mix involves a substantial fraction of a ductile component. The PCAs are
absorb on the surface of the powder particles and minimize cold welding between powder
particles and lower the surface tension of the solid material. PCAs are mostly organic
compounds, such as: stearic acid, hexane, oxalic acid, methanol, etc. [5]. For this alloy the
carbon powder that is one constituent acts as PCA . This work reports the synthesis and
characterization of Fe3AICo.5 from elemental powders by mechanical alloying.

2 Experimental procedure

Pure Fe, AI, and graphite powders were weighted in a 3:1:1 atomic ratio; these powders
were mixed in a flask, then they were transferred into the anvils made of hardened Cr steel
with balls of the same composition and treatment; the ball-to-powder weight ratio was 20:1.
The powder mixtures were milled under an argon atmosphere in a planetary ball mill type
Fritsch Pulverisette 5. The planetary mill was worked at 280 rpm. So the jars run at about
730 rpm. The milling was interrupted for I h every hour in order to dissipate the thermal
energy.

It was used 10 balls of 20 mm diameter and 10 of 11 mm diameter. The samples were
milled for 1, 3, 5, 10, 15, 20 and 25 h. The alloy progress for each milling time was
evaluated by X-ray diffraction (XRD) and 57Fe Mossbauer spectroscopy. The XRD patterns
were performed with a D8 Broker AXS diffractomer, using the CU-KlX radiation (>.=
1.54056 A). Mossbauer procedure was carried out by the transmission geometry with a
20 mCi (57 Co/Rh) source using a ranger MS 1200 Spectrometer in the constant accel­
eration mode at room temperature. The spectra were fitted by using MOSFIT program [9].

3 Results and discussions

In order to discuss the powder structural changes undergone when milled for 1,3,5,20 and
25 h, the XRD patterns are presented in Figure I. As seen from the pattern up to the first
milling hour the powders are not well alloyed yet. The Fe3Al peak is present. The 3 h
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Figure 3 Lattice parameter vs.
milling time of the Fe3AICo.5
double carbide.
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Figure 4 Mossbauer spectra and their corresponding hyperfine field distributions for the milled samples
during the different times.

pattern shows that the Fe3AlCo.5 double carbide begins to appears, while that of the Fe3Al
is diminished. The Fe3AI phase and the single carbides Fe2C and Fe3C7, which although
are difficult to observe, could be present in minor quantities. At 5 h the consolidation of
the Fe3AICo,5 double carbide is almost complete, while the Fe3Al peak has practically
disappeared.
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Table I Hyperfine parameters for the milled samples at different times

Milling time (h) Sites 8 (mm/s) r (mm/s) b.EQ (mm/s) 811F (T) R.A. (%)

S -0.064 0.15 -0.016 32.867 88.27
DI 0.169 0.15 1.259 4.07
D2 0.065 0.20 - 0.390 7.66

3 S 0.073 0.17 0.039 32.189 28.90
DI -0.152 0.25 1.120 23.26
D2 -0.018 0.20 -0.339 11.67
MD -0.017 0.231 17.028 36.17

5 DI - 0.182 0.18 1.272 55.42
D2 -0.188 0.20 - 0.468 10.67
MD 0.119 0.921 9.544 33.91

10 DI -0.195 0.15 1.290 60.99
D2 - 0.224 0,20 - 0.501 16.21
MD - 0.154 0.716 3.722 22.80

15 D1 -0.182 0.18 1.282 65.58
D2 - 0.150 0.20 - 0.342 10.79
MD - 0.134 0.805 3.936 23.63

20 DI -0.176 0.17 1.286 63.89
D2 - 0.171 0.20 -0.323 11.50
MD -0.131 0.784 4.011 24.61

25 D I -0.100 0.20 1.319 56.79
D2 - 0.025 0.25 - 0.220 8.50
MD - 0.025 0.993 5.902 34.71

8 data are given relative to co-Fe

S Sextet; Dl doublet I; D2 doublet 2 and MD Magnetic Distribution

Single iron carbides , Fe3C, FeSC2, Fe3C7 and Fe2C whose lines are overlapped because
of broaden of the diffractograms [10], must be present.

The 20 and 25 h patterns show that the double carbides are totally consolidated. The
single iron carbides, Fe7C3 and FeSC2 might be still present, althoug h the peaks are
narrower.

Figure 2 presents the Fe3AICo.s grain size vs. milling time, as calculated from the
Scherer's formula [I I ] along (111) direction, as the carbide Fe3AICo.s is synthesized. Up to
10 h the milling process might be similar to that of ductile materials, due to the welding and
fracturing of he particles, the grains could increase or diminish. After the comp lete conso­
lidation of the Fe3AICo.s carbide, the grain tendency is to diminish according with its brittle
character.

Figure 3 summarizes the behavior of the lattice parameter vs. milling time, once the
Fe3AICo.s carbide is formed. The peaks were fitted with Lorentzian curves to determine 2()

angles, and using the Bragg 's law, the lattice parameter was calculated.
Figure 3 shows that within the experimental error, this parameter remains practically

constant, and correspo nds to the fact that they are very hard materials difficu lt to deform
plastically. Its value, 3.77 AO, is very similar to that reported by the chart 29-0044 [12].

Figure 4 shows the s7Fe Mossbauer spectra and the corresponding hyperfine field dis­
tributions (HFD) for the milled samples during the times consider above , the hyperfine
parameters are listed in Table I. The isomer shift data are given relative to oe-Fe.

The spectrum corresponding to one milling hour was fitted with a sextet and two
doub lets. The sextet was associated with Fe3AI phase which is formed at the beginning of
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Figure 5 Milling time depen­
dence of the average hyperfine
field <13 )magn.
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the milling operation and seems to act as a precursor of the other species, and that's why it
disappears as the milling time proceeds. The doublets were associated with the para­
magnetic phases corresponding to Fe3AICo.5 and Fe3AICo.69 double carbides. These phases
aren't defined in the corresponding XRO spectra.

The 3 h spectrum was fitted using a sextet, corresponding to the Fe3AI site, two doublets
associated with Fe3AICo.5 and Fe3AICo69 double carbides and a HFO, This HFO which
must represent single iron magnetic carbides; these phases are difficult to observe in the
XRO diffractograms. The quadrupole splitting of the sextets for I and 3 h spectra fluctuates
because of the disturbance of the crystal lattice by carbon atoms [13]. The 5 h milling
spectrum maintains the impure Fe3AI component by carbon atoms, which was considered
in the HFO, and characterized by hyperfine fields from 25.8 to 33.9 T, besides the single
iron carbides. From 10 to 25 h the fit of the spectra require two doublets and one HFO; each
doublet is associated with each of the double carbides Fe3AICo.5 and Fe3AICo.69' The HFO,
as former discussed, are due the single iron carbides, whose magnetic hyperfine field ranges
from 8.0 to 22.6 T, as shown in Figure 4. These values are in agree with literature, taking
into consideration that these carbides must be unpurified by aluminum atoms [10, 13].

Figure 5 shows the variation of the mean hyperfine field of the magnetic distribution.
The behavior is in accordance with the milling process, indicat ing that as the milling time
goes on, the mean hyperfine field diminishes.

4 Conclusions

With the present milling conditions the Fe3AICo.5 double carbide was obtained after a
milling time of 10 h. As a product, the Fe3AICo.69 double carbide was also obtained, as
Mossbauer spectroscopy reveals . These carbides are characterized by two doublets, Oland
02, with the following hyperfine parameters: r5 for 01 from - 0.100 to 0.169 mm/s; r5 for 02
from - 0.025 to 0.065 mm/s ; and quadrupole splitting ~Q for 01 from 1.120 to 1.319 mm/s
and ~Q for 02 from -0.501 to - 0.220 mm/s .
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Abstract Microstructured (atomized) and nanostructured (milled) Fe6oAl4o powders
together with their corresponding coatings synthesized by High Velocity Oxy-fuel (HVOF)
or Atmospheric Plasma Spray (APS) thermal spraying techniques have been characterized
by Mossbauer Spectroscopy (MS) and X-ray Diffraction (XRD). The evolution of the
microstructure and the atomic ordering degree in the powders and coatings are discussed at
the light of the various processing conditions. The operational correlation between the
parameters of the duplex morphology of coatings and the processing parameters is
discussed.

Key words iron alloys- coatings -High Velocity Oxy-fuel (HVOF) . Atmospheric Plasma
Spray (APS) thermal spraying nanostructure . order-disorder· Mossbauer spectroscopy

1 Introduction

The good chemical and physical properties of iron aluminides make them attractive for
high temperature industrial applications in spite of the bulk Fe6oAI4o material is too brittle
to be machined without Zr additions [I, 2]. Ultra fine grain materials have improved
mechanical and physical properties and an important issue is now to fabricate massive
components ready to be used. Mechanical milling of FeAI powder leads to the disordering
of the initial B2 ordered phase into a metastable and nanostructured bee phase [3-5]. Using

C. Cordier-Robert (18l) . J. Foct
LMPGM, UMR CNRS 8517, USTL, 59655 Villeneuve d'Ascq Cedex, France
e-mail: catherine.cordier@univ-lillel .fr

T. Grosdidier : G. Ji
LETAM, UMR CNRS 7078, Universite de Metz, lie de Saulcy, 57045 Metz Cedex 01, France

G. Ji
LERMPS, Universite de Technologie de Belfort-Montbeliard, Site de Sevenans, 90000 Belfort, France

~ Springer



952 C. Cordier-Robert, T. Grosdidier, et al.

this type of milled powder, nanostructured Fe-40AI based coating having improved
corrosion resistancelhardness balance were recently synthesized by HVOF thermal spraying
[6, 7].

The purpose of the present paper is to shed more light on our understanding of the
microstructure of the Fe-40AI coatings obtained by HVOF or APS spraying from milled
and atomized powders. In HVOF and APS, which are thermo-mechanical processes, the
initial state of the Fe-40AI powder is supposed to affect the nature of the nanostructure
retained in the coating. It is the reason why the first part of this paper is devoted to the
thermal stability of the disordered nanostructured powder. In the second part, the complex
microstructure of the treated surfaces obtained by HVOF and APS from as-atomized or
milled Fe-40AI powders and the atomic ordering state in Fe-AI phases which constitute the
coatings are characterized and compared. Long range order (LRO) and short range order
(SRO) parameters are quantified and discussed.

2 Experimental method

The material, of nominal composition Fe-40AI-0.05Zr (at.%) with 50 ppm B, was
atomized under argon atmosphere. These atomized powders were milled with yttrium
additions as described in [6] to produce a non-equilibrium microstructure in the powder
particles and to create about 1 wt.% of finely dispersed Y Z03 reinforcing particles [8, 9].
The HVOF and APS thermal spraying conditions used to build up the coatings were already
given elsewhere [6, 10]. Several passes of the torch were made to produce coatings having
an average thickness of about 300 11m. The coating microstructure depends on the nature of
the starting feedstock powder particles, on their interaction with the flame in transit and,
finally, on the interaction of each particle with the substrate to form the individual splats
that are the building blocks of the coatings. Under controlled HVOF processing conditions,
which lead to the presence in the coating of unmelted powder particles, the microstructure
of the milled nanostructured powder particles can be sufficiently preserved to form
nanostructured coatings [11]. It is the reason why this study is devoted to the
characterization of atomized microstructured and milled nanostructured powders and of
corresponding "microstructured" and "nanostructured" coatings produced by thermal
spraying.

Phase identification by XRD was carried out with the Co K, radiation. X-ray line
broadening analysis was used to obtain the size of the coherently diffracting domains (Deff) .

Details of the XRD analysis can be found elsewhere [6, 12]. The relative LRO parameter
was estimated from the X-ray diffraction peaks by comparing the intensities of the
superlattice S(IOO) and fundamental F(200) lines [6, 12]. MS measurements were carried
out at room temperature in the conventional constant-acceleration mode with a 57COsource.
The spectra were fitted to Lorentzian lines, in using Le Caer's Program [13], and Mossbauer
hyperfine parameters of each Fe environment obtained. The fraction of paramagnetic
material (fr,) was determined by comparing double and single (paramagnetic) peaks with
sextuplet magnetic sites, as detailed elsewhere [4]. According to Gialanella's model [4], the
LRO parameters, S<H> and Sf;" can be evaluated from MS spectra thanks to the mean
hyperfine magnetic field <H> and the paramagnetic ordered fraction Crr), respectively. The
average LRO parameter noted SM is defined as being the average value between S<H > and
Sf" . Fitting the Mossbauer spectra gives rise to quantification of SRO parameter which
corresponds to the fr, fraction in FeAl phases according to Le Caer [4].
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Figure 1 Room temperature

~
106

transmission Mossbauer spectra (c)
of as-atomized (0) and milled (b) '-'

103U
FewAI40 powders. X-reflection ~
Mossbauer spectrum (CXMS) of ......

100II)

coatings resulting from APS of
atomized powders (c). Calculated

~ 97 (b)
subspectra are shown in compar-

'-'
ison with experimental spectra. s:: 94.9e. (a)

0 91
til

.rJ

'" 88

-8 -6 -4 -2 a 2 4 6 8
velocity (mm/s)

3 Results and discussion

XRD and MS spectra obtained for the as-atomized and milled powders show that the
microstructural states of these powders are very different. Mossbauer spectra of atomized
and milled powder look rather similar to the room temperature Mossbauer spectra recorded
by Gialanella et al. [4]. As depicted by Mossbauer spectroscopy (Figure I) and XRD
analyses, the main result of the milling process is the transformation of the Fe6oAI4o
atomized powder initially under the paramagnetic B2 ordered state (LRO parameter=0 .8)
into a disordered bee ferromagnetic state (LRO parameter=O.I ). At the same time, the
Mossbauer peak are broadened (the peak widths are 0.91 and 0.84 mm/s, respectively,
compared to 0.23 mm/s for co-iron standard). This is consistent with the loss of order in the
B2-FeAI structure induced by the milling process observed in several studies [4].
Successive breaks and agglomerations during the milling process do reduce the size of
coherently diffracting domains from above 100 nm in the atomized powder down to 9 nm
in the final milled Fe6oAI4o powder (Table 1). An idea of the atomic order state in milled
powders can be obtained by using the assumption of a quasi-regular solid solution. The
mean hyperfine magnetic field, <H>, was determined to be about 180 kG, which
corresponds to a fully disordered state [4, 13]. The comparison of the SRO parameter
values of the atomized and milled powders, given in Table I, nicely depicts the effect of the
milling process.

The milled powder microstructure is thermodynamically unstable. The main reason is
the high strain level and high specific surface of grain boundaries that are the driving forces
for recrystallization and reordering. As revealed by the combination of XRD, Differential
Scanning Calorimetry (DSC), Transmission Electron Microscopy (TEM) and MS analyses,
the reordering phenomena in the milled powder starts at 175°C and is completed at 700°C
while recrystallization is not completely achieved after 15 min at 850°C [14]. During the
reordering phenomena, the short range reordering first occurs prior to be extended to long
range distances. As confirmed by MS and XRD investigations, after the various heat­
treatments, the SRO parameters are always smaller than the LRO ones. The B2 ordered
fraction in the annealed powders increases with increasing annealing temperature and the
SM values cover the range from 0 to 0.77, for the disordered milled powder and the
atomized Fe6oAI4o powder. TEM experiments revealed that the grain size in the deformed
matrix remains nanometric « 100 nm) over the range annealing temperature. In XRD

~ Springer



954 C. Cordier-Robert, T. Grosdidier, et al.

Tab le I Summary of XRD and Miissbauer parameters for both Fe6oAI4o powders and sprayed coatings

XRD results Miissbauer results

Derr LRO (or Sd) /p S.r" <H> S<H> SM=(S.r" + S<H» / 2
(nrn) parameter (kG)

Atomized powder >100 0.8 0.80 - 0.77
(as-prepared)

Milled powder (as-prepared) 9 0.1 0.05± 0.05 180 -0 - 0

0.05
Milled powder (175°C) 0.27± 0.23 151±6 0.06 0.14±0.05

0.05

Milled powder (275°C) 0.37± 0.30 79±5 0.42 0.36±0 .06

0.07
Milled powder (390°C) 0.67± 0.54 36±2 0.64 0.59±0.05

0.05
Milled powder (700°C) 0.85± 0.68 10±2 0.78 0.73±0.05

0.05

HVOF coating from atomized 28 0.6 0.77± 0.62 66.5± 2 0.48 0.55±0.03
powder 0.04

HVOF coating from milled 23 0.4 0.67± 0.54 88.7± 2 0.37 0.46±0.03

powder 0.04

APS coating from atomized 51 0.6 0.87± 0.69 26±2 0.69 0.69±0.03

powder 0.04

Derr is the coherently diffracting domain size, LRO the long range order parameter, f p the fraction of
paramagnetic material, <H> the mean hyperfine magnetic field. S<H> and S.r" are long range order parameters
evaluated from Miissbauer spectra thanks to <H> and/p, respectively. The average long range order (LRO)
parameter noted S~I is defined as being the average value between S<H> and S.r"

patterns, only broad peaks of the bee structure were detected at 175 and 275°C, as in the
milled powder. From 390°C, the width of these peaks decreased and the superlattice
reflection peaks showed up [14]. As shown in Table I, the Mi:issbauer spectra features a
mixture of B2 ordered and bee disordered FeAI phases whatever the annealing temperature
in the range 175-700°C. The ordered fraction (fr,) increased with increasing temperature
(Table I).

In the HVOF coatings obtained from milled powder, three different zones were
identified by Scanning Electron microscopy (SEM), TEM and Energy Dispersive
Spectroscopy (EDX) analyses: (I) disordered bee FeAI retained in unmelted milled
particles, (2) ordered (or partly ordered with antiphase boundaries) B2 zones in the melted
splats and (3) Fe3AI and oxide regions essentially present at the splat periphery. The
presence of these various phases was confirmed by XRD and SM investigations [14], along
with some oxides identified by TEM experiments being as amorphous [7] or of the FeAb04
spinel type [14]. As shown in Table I, compared to the original powder of the feedstock, the
thermal cycle imparted to the powder during the spraying process reduces the atomic order
in the coating consolidated from the atomized powder and promotes atomic reordering for
the milled powder. For HVOF coatings, the Deff values of the coatings obtained from
atomized and milled powders are very similar (-25 om). They are intermediate between the
Deff values obtained from atomized and milled starting powders. For the APS coating, the
Deff value is found to be higher (-52 nm).
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Despite the strong differences in the initial structure of the feedstock powders, the fr
values being I in atomized powders and 0 in milled powders, the "microstructured"
(atomized powder) and "nanostructured" (milled powder) coatings present very similar
aspect through Mossbauer spectra [14]. After the HVOF spraying, the relative amount of
ordered FeAI phase, fr, was 0.77 and 0.67 in the "microstructured" and "nanostructured"
coatings, respectively. For the APS coating, the microstructure also consisted ofB2 ordered
and disordered FeAI phases, but the fraction of ordered phase was the highest (87.5%). In
the case of the APS coating, the much higher heating source temperature (l2,000°C) and
lower powder velocity (300 mls) associated with the plasma spraying process resulted in a
complete melting of the powder particles [10]. For the HVOF process, the lower
temperature (3,000°C) and higher velocity values (1,400 mls) could result in powder
particles that kept an unmelted core and were melted only at the periphery. Indeed, even if
the variation in temperature is high in these processes, the time of interaction between
powder particles and the flame is very short, i.e. of the order of a few microseconds. In fact,
because of the stochastic nature of the process, SEM and TEM analyses revealed that the
microstructure of the HVOF coatings was the result of the deposition from fully melted,
semi-melted or almost completely unmelted powders. Therefore the aspect of the coating
microstructure was a mixture of fully flatten splats corresponding to zones that melted
completely in the flame and unmelted parts of powder particles that were retained as
compact blocks. Therefore, the HVOF coating obtained from milled powder can be
described as consisting of a fraction of unmelted powder particles, retained in a disordered
state and trapped in zones that melted properly. Comparatively, the HVOF coating obtained
from the atomized powder consists of the same type of melted zones within, which are
unglued ordered powder particles. Unmelted fraction value of particles and the order
parameter in it superficial melted zone can be estimated from order parameters. By
definition, we consider thatfs is unmelted particle fraction then (I -fs) is the melted fraction.
Since the processing conditions and size fraction of the starting sieved feedstock-powders
were the same for both coatings, it seems reasonable to assume that the amount of retained
unmelted powder particles (is) is the same for both coatings. D parameter is the small range
ordering (SRO) parameter in melted region. The SRO parameter values in the milled and
atomized powders being known (0.05 and 1 respectively) and the size of coherently
diffracting domains (Deff) being similar for both coatings (Table I). The composite nature of
coatings can be depicted by the following equations and the [1 and fs parameters are
determined as beingfs=1O.5% and [1=0.74.

For the coating obtained from atomized powder: 1fs + D(1 - fs) = 0.77
For the coating obtained from milled powder: 0.05fs+ D(l - fs) = 0.67

For an easier understanding of the SRO variations in each coating, a schematic
description of the microstructure showing not fully melted particles and the corresponding
SRO evolution are drawn in Figure 2, assuming that all particles have the same size and
sustained the same thermal cycle. It is interesting to note that the estimation of the amount
of unmelted powder particle fraction is consistent with the fraction determined by analysis
of SEM images from the same coating (12.3±3 .1%) [7]. The SRO parameter of the melted
regions for the HVOF processing is lower than that obtained for the APS coating (fully
melted with SRO=0.87, as seen in Table I). This is also consistent with the fact that the
HVOF technique leads to higher solidification rates and improved cooling efficiency during
the solidification of the melted splats. In addition, as suggested recently [16], it is possible
that the peening imparted by the unmelted powder particles hitting the already deposited
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layers at several hundreds of meter per second generates structural defects. This would also
contribute to a lower SRO value in melted areas of the HVOF coatings compared to the
APS one.

The ideal structure of a perfectly ordered, defect free, equiatomic FeAI alloy is of B2­
type with an iron sublattice (comer positions of bee unit cell) and an aluminum sublattice
(center position), named (X and 13, respectively. The unit cell of the DOrFe3AI alloy
involves eight centered cubes in which four types of equivalent sites are defined [IS]. In
ideal DOrFe3AI structure, 13 site is subdivided into two different 13 sites noted 131 and 132
and (X site is splitted into (Xl and (X 2 equivalent subsites. In stoichiometric perfectly ordered
Fe3AI alloys, only iron atoms occupy (X (a = al + a2) and 13 2 positions and aluminum
atoms are in 13, centered positions. Each iron atoms is surrounded by four Fe and four Al
atoms. Eight nearest (n.n.) and six next nearest (n.n.n.) Fe neighbors are located around
each aluminum atom. From LRO parameter determined by X-ray diffraction analyses
(denoted LRO or Sd in Table I), the type of atomic order (B2 or D03) is determined in
Fel-xAlx (with x=OA) atomized and milled powders. The assumption that the number of
Fe-AI bonds is maximized; Al atoms only occupy 13 site and Fe atoms (X+f3 sites; in
ordered B2-FeAI structure Sd = I; the probabilities of"i" site occupation (i=(X or 13) by "i'
atoms (j =Fe or AI) is noted Pj. In Fel-xAlt alloy, where O.25<x <O.5, all (X sites are
occupied by Fe atoms PFe= I, 13 sites by (1-2x) Fe atoms and (2x) Al atoms which can be
written as FefFe0_2x)AI12t)' The LRO parameter (noted SB2 in ordered B2 structure

assumption), pfJ and p fe probabilities are expressed as a function of FS(l ooy F F(200)' From
XRD diffractog%ms, F S(l ooyFF(200) and SB2 values were extracted and SB2 are compared to
Sd (or LRO) parameters in Table I. These SB2 and Sd values are in good agreement which
confirms the B2 order rather than D03 order in powder particles'
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4 Conclusion

957

This study was devoted to Fe-AI coatings elaborated by HVOF and APS thermal spraying
of Fe--40AI powders on metallic substrates. LRO and SRO parameters were quantified in
both powders and coatings. In particular, the composite nature of the HVOF coatings,
which consists of a mixture of fully flattened splats and retained unmelted blocks could be
depicted. The non-homogeneous atomic order state in coatings depends on the initial
powder microstructure in the feedstock. Core is more ordered than surface in the case of the
atomized Fe6oAI4o powder and vice versa for the milled Fe6oAI4o powder. The same HVOF
and APS thermal spraying conditions are leading to identical results. It is estimated that
coatings consist of 10.5% unmelted zones, while the short range order (SRO) parameter in
the melted zones of the HVOF coatings is estimated as 0.74. Finally, the calculation of
SLRO and SS2 order parameters confinn the B2 ordered structure in atomized and milled
powders.
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Abstract Using X-ray diffraction (XRD) and Mossbauer spectroscopy, we have studied the
sequence of phase formations in the solid Mn-doped iron silicide series Fel-xMnxSiz, with
0.00 :s x :s 0.12, in samples prepared by mechanical alloying from the pure elements. The
milling was carried out at room temperature in Ar atmosphere in a horizontal mill for 15 h.
The XRD patterns display broad lines, which can be ascribed to stable and metastable iron
silicides like 13-FeSi2, £-FeSi, lX-FeSiz, MnSi, and Si. The set of hyperfine parameters
obtained support the coexistence of 13-FeSiz, lX-FeSiz and s-Fesi, in agreement with the
XRD results. No replacement of Fe by Mn atoms in the regular sites of 13-FeSiz has been
observed.

Key words iron silicides . mechanical alloying phase doping

1 Introduction

The Fe-Si system is complex because several stable and metastable phases can be produced
depending on the synthesis conditions. Non-equilibrium preparation methods, like
mechanical alloying, allow the formation of compounds and metastable phases which are
not accessible by conventional techniques. In particular, among the nine types of iron
silicides, semiconducting 13-FeSi2 disilicide has attracted the attention in the last years due
to its technological potential in the field of optoelectronics and as a material for
thermoelectric conversion [1].

For device applications, the control of the electrical conductivity regime of the system
is critical. Additives like V, Cr, Mn and Al tum the material into an n-type semi­
conductor. In particular, the doping with Mn poses intriguing fundamental issues related to
the occurrence of metastable phases due to the structural difference between iron and

1. Desimoni (r2J) • S. M. Cotes' M. A. Taylor' R. C. Mercader
Departamento de Fisica, Facultad de CienciasExactas, IFLP, CONICET,
Universidad Nacionalde La Plata, C. C. no. 67, 1900La Plata, Argentina
e-mail: desimoni@fisica.unlp.edu.ar
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Fig. 2 Mossbauer spectra of
FCI-xMnxSi2 samples. The solid
line results from the fitting pro­
cess described in the text

manganese silicides and also related to the occupancy of the two non-equivalent Fe sites in
the f3-FeSi2 structure [2].

In this frame, we have carried out a study of the sequence of phase formations of
stoichiometric Fel-xMnxSi2 (0.00 :s x :s 0.12) mixtures prepared by mechanical alloying
from small pieces of the pure elements. In this work we report the preliminary results
obtained by Mossbauer Spectroscopy and X-ray diffraction.

2 Experimental

We have mechanically alloyed mixtures (0.700 g) of stoichiometric amounts of elemental
Fe (99.999% purity) and Si (99.99%) for pure silicides and Fe, Si and Mn (99.95%) for
Fel-xMnxSi2' We have used a Retsch MM2 horizontal mill which operated at 33 Hz, at
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Table 1 Hyperfine parameters of the three quadrupole interactions I), h, h that fit the spectra

I, h t,

x ~ s r f ~ s r f ~ s r f

0.00 0.52 1 0.25, 0.43 1 572 0.51, 0.061 0.37 1 38 1 0.69 1 0.30 1 0.263 5,

0.03 0.523 0.222 0.472 528 0.53, 0.05, 0.36, 376 0.692 0.292 0.296 105
0.06 0.532 0.25, 0.44, 514 0.53, 0.06, 0.38, 423 0.722 0.29, 0.295 84

0.09 0.52, 0.26, 0.42, 54, 0.52, 0.07] 0.37, 421 0.74, 0.30, 0.22, 3,

0.12 0.52, 0.27, 0.43, 562 0.53, 0.07, 0.39 1 422 0.79, 0.311 0.293 2,

Isomer shifts t5 (mmls), referred to ec-Fe at room temperature, quadrupole splittings ~ (mm/s), line widths
r (mm/s) and relative fractions f (%) obtained from the Mossbauer spectra. The fitting errors are quoted as
sub-index

room temperature and under Ar atmosphere. The ball-to-powder ratio was 10:1 and the
milling time was 15 h.

Samples were characterised by X-ray diffraction (XRD) in a Philips PW1710
diffractometer using graphite monochromatised Cu Ka radiation. Data were recorded in
the range 10° :s 28 :s 110° in steps of 0.02° with a counting time of 2 s per step. The
identification of phases was performed using the Powder diffraction files [3].

Mossbauer spectra were taken in transmission geometry using a 57CoRh source of
approximately 5 mCi activity and recorded in a standard 512 channels conventional
constant acceleration spectrometer in the velocity ranges -2 to +2 mm/s and - 8 to +8 mm/s.
Velocity calibration was performed against a 12 11m thick (X-Fe foil. All spectra were fitted
to Lorentzian line shapes with a non-linear least-squares program with constraints. Isomer
shifts were referred to (X-Fe at 298K.

3 Results and discussion

Figure 1 shows the diffractograms corresponding to the as-milled samples with different
Mn concentrations. The patterns show broad lines probably due to the grain crumbling and
lattice internal strain. An admixture of stable and metastable iron silicides like I3-FeSi2,

(X-FeSh and £-FeSi, MnSi [3] was identified. The presence of Si lines [3] was also detected.
The formation of Si clusters could be related with the formation of Fe and Mn silicides
having a Si/metallic atoms ratio lower than two. Segregation of Fe and Mn was not
observed.

The high velocity range Mossbauer spectra (not shown here) do not show any signal that
might be assigned to the presence ofremnant Fe. The Mossbauer spectra plotted in Fig. 2,
recorded in the -2 to +2 velocity range, are characterised by two broad lines which had to
be necessarily fitted using three quadrupole interactions, 11, hand h, as reported in Table 1.
Due to the large line width, it was not possible to perform an unambiguous association of
the hyperfine interactions with known phases [4]. However, if we consider the average
values of the reported hyperfine parameters [4], and compare them with those reported in
Table I, it is possible to conclude that the fitted set of hyperfine parameters is in
correspondence with the presence of £-FeSi, I3-FeSh and (X-FeSi2. This conclusion is also
in agreement with the present X-ray results.

~ Springer



Formation of Mn-doped iron silicides by ball milling 963

In agreement with previous results obtained on Pt doped j3-FeSiz milled under the same
conditions [5], the main contribution to the spectra comes from the £-FeSi phase (/1> see
Table 1). The isomer shift of the second interaction (Iz) is close to the average value of the
isomer shift of both Fe sites of the j3-FeSiz phase [4]. We assume that the main contribution
to this interaction (/z) comes from the 13 phase. However, the quadrupole splitting reported
in Table 1 (:::::0.5 mm/s) is larger than the average values corresponding to the j3-FeSiz phase
(:::::0.4 mm/s). Since this quantity is strongly sensitive to small local distortions from crystal
symmetry, we conclude that it is very likely that this interaction arises from disordered
j3-FeSiz. In a similar way, the last interaction (h) can be associated to disordered LX-FeSiz.
Since the relative area of the ls subspectra decreases smoothly with the Mn concentration , it
is possible that the formation of Mn silicides takes place at the expense of LX-FeSiz.

Taken into account the fact that XRD patterns have broad lines and Mossbauer signals
are overlapped, the formation during the milling process of a certain amount of amorphous
material cannot be discarded, as has been previously suggested by Gaffet et al. [6].

It is well known that mechanical alloying leads to the formation of Fe/Si interfaces and
to the decrease in the crystallite size, then favouring the welding of the elemental powders .
Hence, as in the case of MBE [7] and ion implantation [8], the highly negative heat of
formation of the silicides favours the formation of compounds . The formation of a high
amount of t -Fexi may be due to its more negative enthalpy of formation (M=-26 kJ/mol
[9]) than that of FeSiz (M=-12 kJ/mol [9]). Once the FeSiz local atomic concentration is
achieved, the formation of j3-FeSiz disilicide is more favourable than LX-FeSiz. However,
deviations from the ideal stoichiometry and/or the defects created by the mechanical
alloying could be responsible for the presence of the metastable LX-FeSiz phase.

Finally, the segregation of Mn silicides under the present experimental conditions could
be associated with their highly negative heat of formation (-40 kJ/mol < M < -27 kJ/mol
[9]) if compared with those of Fe silicides [9], indicating the preponderance of chemical
forces over diffusional and energy transfer processes .

4 Conclusions

On Mn doping of j3-FeSiz, the replacement of the Fe atoms in the regular j3-FeSiz sites by
the Mn atoms, was not clearly observed, even for the lowest Mn samples. The formation of
Mn silicides, due to its more negative heat of formation compared with those of iron
silicides, hampered the formation of Mn-doped j3-FeSiz.

The present results indicate that the chemical driving forces outweigh the mechanically
induced non-equilibrium mechanisms in the present experimental conditions, as it happened
when doping with Pt atoms. Further experiments are in progress in order to overcome the
problem.

Acknowledgement Author s thank F. Sives for helping during Mossbauer measurements.
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Abstr act In order to find the absolute concentrations and the probability of resonant
absorption, the theoretical dependence of effective thickness from Mossbauer absorption
line area has been obtained. Calculations of absolute concentrations of secondary phase
precipitate in zirconium alloys with natural iron and with iron enriched with Mossbauer
isotopes were carried out.

Key words Mossbauer spectroscopy ' iron-niobium doped zirconium alloys
absolute concentrations

1 Introduction

It is known that corrosion stability of zirconium alloys depends on a physical and chemical
state of iron and tin atoms in alloys and their oxide films [1, 2]. Formed iron phases and
precipitates in oxide films have small concentration: from 0.02 up to 0.4 mass%. The
absolute concentration calculation of iron-bearing precipitates represents the important
scientific and practical interest, as there is an interrelation between concentration of alloying
elements precipitates and corrosion stability of zirconium alloys [1, 2].

Today, Mossbauer spectroscopy is a unique method which allows us to define the
physical and chemical state of iron and tin atoms in compounds with small concentration of
phases and precipitates (-0.02%). The analysis processing and the interpretation of
experimental Mossbauer spectra of precipitates with low iron concentrations are difficult
tasks. Carrying out the quantitative phase analysis is one of the difficulties and this is due to
the absence of adequate theoretical dependence of the resonant absorption line area from
effective thickness of the sample. Bearing this fact in mind, it is possible to define the
absolute concentration of a phase or probability of resonant absorption. The existing
dependences described in works [3] and [4] are coordinated among them, and theoretical

Y. P. Filippov (~) . Y. 1. Petrov . D. E. Lauer ' Y. A. Shikanova
Moscow Engineering Physics Institute (State University), 31, Kashirskoe shosse
Moscow, Russia 115409
e-mail: vpfilippov@mephi.ru
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deductions of such dependencies contain plenty of discrepancies. Therefore the aim of the
given work is to deduce the theoretical dependence of the resonant absorption line area
from effective thickness of the sample and use it to calculate values of absolute con­
centration of the phases contained in zirconium alIoys.

2 Theoretical dependence

In order to find the absolute concentrations or the probability of resonant absorption the
theoretical dependence of the resonant absorption line area from effective thickness of the
sample has been obtained. To deduce that equation, the resonant absorption line area S is
obtained from the effect of resonant absorption E(V) in velocity region as:

+ 00

S = JE(v)dv
- 00

(1)

The effect of resonant absorption depends on the source emission W(E) and resonant
absorption, characterized by cross-section a(E), of photons with energy E and calculated as
[3-5] :

+ 00

E(V) = JW(E,v)(I - e - nf '(J(E) )dE

- 00

(2)

with n being the number of resonant atoms in the surface unit and f' the probability of
resonant absorption.

It was assumed that at greater speeds of a source movement the cross-section of resonant
absorption a becomes equal to zero and the lines of emission and absorption have the
Lorenz form:

W(E ) =f ' To . I . (E) = ao(To/2)2
, v 2 2,a 2 2

27r [E - Eo (1 - vic)] + (To/ 2) (E - Eo) + (To/ 2)
(3)

In those equations f - the probability of resonant emission, To - the natural line width,
Eo - the energy of resonant emission, 0'0 - the maximum cross-section of resonant
absorption, E, - the energy of resonant absorption, c - the speed of light.

The folIowing theoretical dependence of the resonant absorption line area from effective
thickness of the sample has been obtained substituting Eqs. 2 and 3 in Eq. I and integrated:

1r ' To f .C - A ( (A.) ( A. ))S(A.) = .A. . eTB . 10 - +II -
2'£0 2B 2B

where A. = aof'n , 10 (A.), I, (A.) - the modified Bessel functions of the first kind of zero and
first orders, respectively, from real argument:

K K

t. (~) =~Je*COS()d(}' I (~) =~Jcos(}.e*COS()d(}'
°2B 1r " 2B n '

o 0

B - the broadening coefficient, calculated as: B = rr[s, where T - experimental line
width at half maximum, T, - width of source line.
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This equation can be used to calculate the absolute concentration of phases or proba­
bility of resonant absorption.

Thus, calculations are based on the following algorithm:

1. The Mossbauer absorption line area is calculated from experimental spectrum as
S, = "·f·.~t, where e - the effect magnitude, T - the experimental line width, ref - the
probabilitY of resonant emission of photon by source, KJ - the background coefficient.

2. The broadening coefficient B is calculated.
3. The effective thickness A is determined by graph of the theoretical dependence of

Mossbauer absorption line area S from effective thickne ss A (Figure 1).
4. The absolute concentration of atoms of respective Mossbauer elements is determined

from equation n = ,1/(/' . 0"0)'
5. Knowing the effective thickness A and absolute concentration of a corresponding

Mossbauer element, it is possible to also find the probability of resonant absorption
f' = A/(n ' 0"0 ).

It was established that experim ental calculation error is mainly connected with exactness
of obtain ing of experimental area value and exactness of determin ing of sample thickne ss.

The obtained dependence was checked on a test sample of metallic iron foil (cc-Fe) at
room temperature, which revealed that the received from experiment probability of resonant
absorption for cc-Fe is f ' = (0.79 ± 0.05) . Within the limits of an experimental error, this
value coincides with that obtained by other experiments if' = 0.72 ± 0.07) [6] and
theoretically calculated if'=0.79) using equation deduced in paper [7], such as:

-In!, =A~V2/3
Tm

Where A - constant (for 57Fe A=0.38), T - temperature of calculation, Tm - temperature
of melting , V - volume of gram-atom V = Amfp, Am - mass of atom, p - density of
material.

Using the obtained results, calculation of the absolute concentration of iron secondary
phase precipitates in zirconium alloys has been carried out.
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Figure 2 Spectra of samples of NSF alloy a rolled, without isotopes, T=300 K, b annealed, without
isotopes, T=300 K, c rolled, with isotopes, T=298 K, d annealed, with isotopes, T=298 K, e rolled, with
isotopes, T=78 K, f annealed, with isotopes, T=78 K.

3 Results of investigations

Investigations of alloy samples with chemical composition as E635 (Zr-O.39o/o-l .1%Sn­
1.0%Nb) and NSF (Zr-O.34%-1.2%Sn-1.0%Nb) type after rolling and annealing, con­
taining natural iron and iron enriched with Mossbauer isotopes are carried out.

The spectra of samples with isotopes were obtained at both room and liquid nitrogen
temperatures. The fitting of spectra was carried out with the UNIVEM and DISCVERW
programs [5]. The form of spectra and their computer fitting are plotted in Figures 2 and 3.

To describe the spectra, the model including three system lines of quadrupole splitting
has been chosen. This model was constructed due to the following reasons.

Spectra of all alloy samples of NSF type with Mossbauer isotopes have strong
asymmetry in the central part, hence, they should be described by the system including, at
least, two lines of quadrupole splitting. (As zirconium has a hcp lattice, the existence of
single lines is excluded). There is also an asymmetry expressed in the left part - the more
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Figure 3 Spectra of samples of E635 alloy a rolled, without isotopes, T=300 K, b annealed, without
isotopes, T=300 K, c rolled, with isotopes, T=298 K d rolled, with isotopes, T=78 K.

"flat" part - of a spectrum. This asymmetry can be better observed on the spectrum, which
was obtained at liquid nitrogen temperature. In the central part of the spectrum, increase or
reduction in asymmetry is not observed.

It is important to note that if both above-mentioned asymmetries are ascribed to lines of
the same phases, the parameters of this phase (5--0.56 mm/s, .6.£-0.62 mm/s) are not
interpreted with any of the phases, found by TEM ore other researchers, basically because
of big isomer shift. Therefore, the spectrum should be described by, at least, three systems
lines of quadrupole splitting.

In the chosen model, the asymmetry of the left part of a spectrum is ascribed to Zr3Fe
precipitates with big isomer shift (5--0.4 mm/s) and quadruple splitting (.6.£-1.04 mm/s).
The asymmetry of the central part of a spectrum is described by two states of precipitates
(ZrxNb' -x)Fe2 with Mossbauer parameters 51--0.17 mm/s, .6.£1-0.20 mm/s and 52­
- 0.15 mm/s, .6.£2-0.36 mm/s.

The given model was applied for spectra fitting for all investigated samples.
It is necessary to note that relative areas of precipitates (ZrxNb'-x)Fe2, determined from

the spectra obtained at two temperatures, hardly differ. The relative areas of precipitates
Zr3Fe determined from spectrum at liquid nitrogen temperature are almost three times more
than the relative areas of these precipitates determined from spectrum at room temperature.
This can be explained by the difference in probability of resonant absorption for the found
phases at different temperatures.

The spectra of alloy samples with natural iron are described by a model including two
quadrupoles corresponding to two states of precipitate (ZrxNb' -x)Fe2' The lines corre­
sponding to Zr3Fe precipitates of these alloys were not revealed on these spectra. It can be
caused by small concentration of iron in the precipitates.
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T=298 KT=78 K
Table I Probabi lities of resonant
absorption of iron phases finding Temperatu re Phase

in NSF and E635 alloys -----------------------
Zr3Fe

(ZrxNb I - x)Fe2

(Zr,Nb I - x)Fe2

0.8 I±0.05

0.78±0 .13

0.78±0 .06

0.54 ±0 .05

0.70±0 .19

0.70±0 .14

Ta ble II Absolute concentrations of phase (mg/srrr')

Alloy Phase Alloy with isotopes Alloy without isotopes

spectra obtained spectra obtained spectra obtained

at T=78 K at T=298 K at T=300 K

NSF, rolled ZrJFe 0.0042 ±0.001O 0.004 ±0.00 1

(Zr,Nb l-x)Fe2 0.047±0.008 0.0460±0.0I0 0.0062±0.0008

(ZrxNb I - x)Fe2 0.028±0.006 0.0274±0.007 0.00 18±0.0006

Total concentration of iron 0.080±0.015 0.077±0.018 0.0082 ±0.0014

Chemical analysis 0.087±0.002 0.087±0.002 0.008±0.002
NSF, annealed Zr, Fe 0.004±0.009 0.002±0.00 1

(Zr,Nb I - x)Fe2 0.047±0.007 0.058 ±0 .009 0.00768±0.0009

(ZrxNb I - x)Fe2 0.028±0.006 0.021 ±0.007 0.00 14±0.0007

Total concentration of iron 0.084±0.014 0.0813±0.026 0.0082±0.00 16

Chemical analysis 0.087±0.002 0.087 ±0 .002 0.008±0.002

E635 , rolled ZrJFe 0.0024±0.0090 0.0021 ±O.OOI0

(ZrxNb I- x)Fe2 0.085 ±0 .014 0.090 ±0 .012 0.0055 ±0 .0009

(Zr,Nb I - x)Fe2 0.017 ±0.005 0.0 19±0 .0 I0 0.0009±0.0004
Total concentrat ion of iron 0.105 ±0 .028 0.110 ±0.023 0.0064±0.0013
Chemical analysis 0.123±0.003 0.123 ±0.003 0.006±0.002

On the basis of the received areas of experimental lines, the probabilities of resonant
absorption niobium-containing phases and absolute concentration of all the phases of iron
found were determined. The obtained values of resonant probabilities are listed in Table I.

4 Discussion of results

The analysis of the received data has shown that the probability of resonant absorption of
iron atoms in cc-Fe, received using deduced theoretical dependence, within the limits of an
error of measurement, coincides with the value obtained by other researchers and
theoretical accounts. The probabilities of resonant absorption for identical iron-bearing
phases in various samples of alloys within the limits of an error of measurements are equal.
The probabilities of resonant absorption received at liquid nitrogen temperature are much
higher than those received at room temperature, which corresponds to theoretical
representations about Mossbauer effect. Besides, the sum of absolute concentration of all
iron-containing phases coincides with absolute concentration of iron determined by the
chemical analysis within the limits of experimental error for all researched alloys (Table II).
The phase absolute concentrations hardly change when the measuring temperatures vary.
This is due to the temperature stability of the phase structure.
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On the basis of the above-mentioned results, it was concluded that the obtained data are
in good agreement with the theoretical assumptions. Consequently, it is possible to use
them for further analysis of alloy behavior. The deduced ratio can also be used to determine
the probability of resonant absorption and absolute concentration of Mossbauer elements
from experimental spectra.

5 Conclusions

1. The theoretical dependence of Mossbauer absorption line area from effective thickness
of sample has been obtained.

2. The experimental check of the deduced dependence on a standard absorber (X-Fe is
carried out.

3. The probabilities of resonant absorption in iron-niobium containing phases formed in
zirconium alloys are determined.
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of the Fe3-xTixAI ternary alloys

Krzysztof Brzakallk • Janusz E. Frackowiak

Published online : 16 November 2006
© Springer Science + Business Media B.Y. 2006

Abstract Mossbauer spectroscopy and X-ray diffraction have been applied to study the
structural and magnetic properties of Fe3-xTixAI alloy system. The distribution of nearest
neighborhood of iron atoms as a function of the Ti concentration and formation of the
Heusler phase with L2) type of structure were investigated.

Key words Fe- Ti-AI alloys- Heusler phase -Mossbauer spectroscopy

1 Introduction

The Fe3-xM,AI ternary alloys based on Fe3AI iron aluminides doped with 3d-M elements
are considered to be potential high-temperature structural materials because of their high
strength combined with excellent oxidation and corrosion resistance [1]. The Ti addition
improves the high temperature strength of Fe3AI by stabilization of the D03 ordered
structure and leads to some extreme change in physical properties, than others elements.
The substitution of Fe atoms by Ti atoms yields the Fe2TiAI Heusler phase with L2)
structure and increases the critical temperature Te for DOiL2) ......82 transition [2--4] .
According to the established isothermal sections of the Fe-AI-Ti phase diagram at 1073 K
the two phase equilibrium (L2j -Fe2TiA1+hexagonal Laves phase with CI4 structure) is
expected in the iron rich alloys [5]. Mossbauer investigations on quenched Fe3-xTixAI
alloys indicate that in the wide range of Ti concentration the «-Fe, Fe2Ti and Fe2TiAI
phases are in coexistence [6]. In this paper, the Mossbauer spectroscopy and X-ray
diffraction were applied to explain the structural and magnetic properties of annealed
Fe3-xTixAI alloys in the range of titanium concentration x from 0.2 to 1.0.

K. Brzekalik . J. E. Frackowiak (r0)
Institute of Materials Science , University of Silesia, 12 Bankowa Street , 40-007 Katowice, Poland
e-mail : jfrack@us.edu.pl
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Figure 1 The X-ray diffraction patterns for Fe3~xTixAI alloys.
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Figure 2 Dependence of lattice
parameter (a) on the Ti concen­
tration (x) for investigated
Fe3~xTixAI alloys.
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2 Experimental

The investigated compounds F3- xTixAI (x=0.2, 0.45, 0.55, 0.65, 0.75, 1) were prepared by
arc melting in high purity argon atmosphere. After melting the samples were mechanically
crashed and annealed at 1173 K for 1 h and next at 673 K for 4 h followed by fumace
cooling. The 57Fe Mossbauer spectra were recorded at room temperature using a constant
acceleration spectrometer with 57Co(Rh) source with an activity of 50 mCi. All of
investigated alloys were measured in two ranges of velocity: (±3) mm/sec and (±8) mm/sec.
The spectra were analyzed by MOSMOD computer program which is a direct
implementation of Voigt-based fitting method of Rancourt and Ping [8]. A least-squares
method program using the Gauss-Legendre technique for evaluation of the transmission
integral was used for fitting the non-magnetic component of Mossbauer spectra. The X-ray
measurements were made at room temperature on powder samples using a high-resolution
Simens D-5000 diffractometer with a graphite monochromator.
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Figure 3 The Mossbauer spectra of Fe3-xTixAI alloys.

Figure 4 The hyperfine field distributions P(Bhf) of the magnetic component.

3 Results and discussion

The X-ray diffraction patterns (Figure I) reveal the predominant reflection of the DO)/L2 1

structure, although a small amount of Fe-Ti phase with CI4 structure was found for the
nominal Heusler concentration FezTiAI.

The lattice parameter (a), as is presented in Figure 2, increases with increasing x but for
x>O.55 the significant change in the slope is observed . It is a result of the distinctive
stabilization of the DO) phase for x<O.55 and formation of L21 phase for x~O.55 .

The Mossbauer spectra (Figure 3) show both magnetic and non-magnetic components .
The contribution of non-magnetic component in the form of a broadened line increases

with Ti concentration and for x~0.45 dominates in the spectra. The magnetic component of
the Mossbauer spectra can be resolved on the four magnetic Zeeman's sextets (M-I to M-4)
with different values of hyperfine field. (see Figure 4).

The M-2 subspectrum arises from the iron atoms surrounded by the four Fe atoms and
the four Al atoms (the DO) intermediate phase). The M-3 subspectrum with the average
value of magnetic field (150-;-250) kGs is connected with the disordered phases contained
mainly iron and titanium atoms localized at the antiphase boundaries . The M-4 subspectrum
with the average value of hyperfine magnetic field equal about of 300 kGs is a natural
consequence of site occupation of Fe atoms in the fine grain boundaries , while the M-I
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Figure 5 Isomer shift (IS) and quadruple splitting (QS) of the L-subspectra as the function of the Ti
concentration.

subspectrum is attributed to Fe-Ti Laves phase formed in the range ofTi concentration from
x=0.55 to x=1.0.

The detailed analyze based on the Monte Carlo simulation [7] shows that as a result of the
strong preference of Ti atoms to Fe sites, the non-magnetic component of the Mossbauer
spectra attributed to L2] structure is a superposition of a single line (L-l ) and a three quad­
rupole dublets (L-2(a), L-2(b) and L-2(c» which represent Fe atoms having the nearest
neighbor configurations: (4AI,4Ti), (4AI,3Ti+ IFe) , (4AI,2Ti+2Fe) and (4AI,lTi+ 3Fe),
respectively. The dependence of the isomer shift (IS) and quadrupole splitting (QS) on the
Ti concentration for the L-subspectra is shown in the Figure 5.

The L-l single line with IS=O.07 mm/s represents the ordered Heusler phase with L2]
structure, while the partial disorder within ordered domains is reflected by L-2 quadrupole
dublets. The observed dependence in IS and QS values with Ti concentration indicates that
for x:::0.65 the long range atomic ordering within the Heusler phase is established. It can be
point out that due to stable number of 4AI atoms in the neighborhood of a central Fe atoms
the value of IS linearly depends on the number of Ti atoms in the first coordination sphere.
The change in value of isomer shift per the one Ti atom was estimated as .6.IS=(-0.015±
0.003) mm/sec, what is in the good relation to value reported in [9].

4 Conclusions

Analysis of X-ray and Mossbauer results shows that in the Fe3-xTixAI system the Heusler
phase with L2] structure is formed for Ti concentration x>0.45, however the long range
atomic order is established for x>0.65. The Mossbauer spectra include both magnetic and
non-magnetic component s. The presented model applied for Mossbauer spectra decompo­
sition based on the results of the Monte Carlo computer simulation well describes the
evolution of L21 ordering in investigated alloys.
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Due to an unfortunate turn of events this article was published online November 16th 2006
with an erroneous version of Figure I . That same version is published on the preceding
pages. The below printed Figure I however is the correct version and should be regarded by
the reader as the final version.
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Figure I The X-ray diffraction patterns for Fe3-xTixAI alloys,

The online version of the original article can be found at: http ://dx.doi.org/lO.1007/sI0751 -006-9384-4.
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Complexes based on ethylene- and propylene-bridged­
pentadentate-Fe(lII)-units allow interplay between magnetic
centers and multistability investigated
by Mdssbauer spectroscopy
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Abstract The propylene-based 53,3-L= [N,N'-Bis(l-hydroxy-2-benzylidene)-1,7-diamino­
4-azaheptane] and ethylene-based pentadentate ligand 52,2-L= [N,N'-Bis(l-hydroxy-2­
benzylidene)-1,5-diamino-3-azapentane] has been prepared. Complexation with Fe(I1I)
yields high-spin (S=5/2) complexes of [FellIe2,2-L)CI] and [Fe1Ile3,3-L)CI]. Such
precursors were combined with [M(CN)X- (M=W(IV), Mo(IV), Ru(II), Co(III» and
heptanuclear and nonanuclear clusters of [M{(CN-Fe llle2,2-L) l.r]CII' and [M{(CN­
Fe"1e3,3-L)}x]Cly resulted. Such starshaped hepta- and nonanuclear compounds are
high-spin systems at room temperature. On cooling to 20 K in all presented ethylene
compounds the iron(I1I) centers switch to a second high-spin state as proven by Mossbauer
spectra with a yield of about 30%, i.e., multiple electronic transitions. The propylene
compounds , however, perform a high-spin to low-spin transition. Mossbauer spectra taken
during green light irradiation indicate changes in the population of the different electronic
states, i.e. concerted inorganic reaction.

Key words heptanuclear -nonanuclear high-spin molecule- Fe(III)-W(IV) . Fe(I1I)-Mo
(IV) . Fe(I1I)-Ru(II) . Fe(I1I)-Co(I1I) · multiple electronic transition

1 Introduction

The heptanuclear Fe~"-Fell system exhibits an S=6 ground state [I], while the Fe~"-CollI

reveals multistability, a thermally induced multiple spin transition [2]. This is the first
example for a heptanuclear compound with spin transition. Extending this approach to
nonanuclear systems was fruitful. The Fe~lI_MoIV compound is the first nonanuclear
compound showing spin transition [3]. Recently, we have presented the first tetranuclear
compound (Fe~"-CrllI) that shows spin transition [4]. The topology of the compound
enables magnetic interactions between the iron centers and the chromium.

F. Renz (rBJ)• P. Kerep . D. Hill • M. Klein
Institut fiir Anorgan ische Chemie und Analytische Chernie, Johannes Gutenberg-Universitat,
Duesbergweg 10-14, 55099 Mainz, Germany
e-mail: Franz.Renz@uni-mainz.de
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n = 0 : ethylene; 2,2-L
n =1 : propylene; 3,3-L

M' = Co(III), Ru(lI)
M" = Mo(IV) , W(IV)

Figure I Topology of the star-shapedhepta- and nonanuclear compounds based on the iron(lII) precursors
[FeC2,2-L)Cl] and [FeC3,3-L)Cl].

In the present work, our approach is extended to compare the effect of chain length in
the back-bone of the ligand. A new series of propylene and ethylene chains forming the
pentadentate ligands will be compared and their electronic effect for the hepta- and
nonanuclear compounds investigated (see Figure I).

2 Experimental

The main strategy for the synthesis was performed in analogy to the literature [2, 3]. The
pentadentate ligand 53,3-L (N,N -bis(1-hydroxy-2-benzylidene) 1,7 diamino 4-azaheptane),
the resulting iron-precursor and the Mo- and Co-complexes were prepared as described in
the literature [2, 3].

2.1 Ligand: 52,2-L

52,2-L (N,N -bis(I-hydroxy-2-benzy1idene)-1 ,5-diamino-3-azapentane) was prepared by
Schiff base condensation of salicylaldehyde (50 mmol) with bis(2-aminoethyl)amine
(25 mmol) both dissolved in methanol (20 crrr'). The mixture was heated under reflux for
lO min. The resulting solution was used for the preparation of the precursor.

2.2 Precursor [Fellle2,2-L)Cl]

A solution of anhydrous iron(lll) chloride (25 mmol) in methanol (50 crrr') was added to
the freshly prepared solution of 52,2-L. The mixture was boiled and then triethylamine
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(50 mmol) was added. The resulting solution was then heated under reflux for I h. After
cooling, crystals precipitated. They were collected and recrystallized in methanol and dried
in vacuum.

Yield: 88% rel. to Fe (M=401 g/mol). Analysis calculated for ClsHlSCIFeN30Z(%): C
(53.96), N(IOA9), H(4.78); with 0.7 CH30H C(53.21) N(9.96) H(4.97); found: C(52.74),
N(IOA5), H(5.00). IR (KBr): v(cm- 1)=3,256 cm- I (N-H, val.), 2,920 cm"' (CHz, val.),
1,627 cm- I (C=N, val.), 1,500-1,600 cm- I (aromat. C=C, val.), 750-760 cm- I (C-H, o. o.
p.); FD MS mlz=365.1 (96.01%, 52,2-LFet

2.3 Multinuclear complexes [e2,2-LFeIlINC)
sMo,v]CI4, [e2,2-LFelllNC)sW1v]CI

4,
[e2,2-LFeIlINC)6CoIlI]CI3' [e2,2-LFeIlINC)6Ru"]Clz

The complexes were each prepared following a universal recipe. One millimole of the
precursor is dissolved in methanol (I50 crrr') and an aqueous methanol (I :I) solution
(I5 crrr') of the appropriate cyanide (1 /8 mmol for the octacyanides Kt[Mo(CNh)] .2HzO
and Kt[W(CNh].2HzO; l/6 mmol for the hexacyanides Kt[Ru(CN)6] and K3[Co(CN)6])
were added dropwise. After I h of stining at room temperature the solution was reduced
under pressure to 50 crrr' (below 35°C). Addition of 150 crrr' distilled water precipitates the
product, which was slowly filtered off on the frita funnel. The product was washed with
distilled water and diethylether and dried under vacuum for 24 h.

[e2,2-LFeIlINChMo,v]CI
4 Yield: 28% rel. to Mo (M=3,362.5 g/mol). Analysis

calculated for CI52HI 5ZCI4FesMoN32016(%): C(54.21), N(l3.3I), H(4.55); with 2.9
CH30H 4.7 KCI C(48.82) N(l1.76) H(4.33); found: C(48AO), N(l3.09), H(5.64). IR
(KBr): vCcm- 1)=3,421 cm" (N-H, val.), 2,925 cm- 1 (CHz, val.), 2,129 cm" (C=N, val.),
1,628 cm'" (C=N, val.), 1,600-1,500cm- 1(aromat. C=C, val.), 760-750 cm- 1 (C-H, o. o. p.)

[e2,2-LFeIlINChW,v]CI
4 Yield: 24% rel. to W (M=3,450A g/mo!). Analysis calculated

for CI52HI52CI4FegWN32016(%): C(52.83), N(12.97), H(4A3); found: C(47.18), N(I2.87),
H(5.14). IR (KBr): v(cm-1)=3,418 cm- 1 (N-H, val.), 2,928 cm'" (CHz, val.), 2,107 cm'"
(C=N, val.), 1,625 cm- 1 (C=N, val.), 1,600-1,500 cm- 1 (aromat. C=C, val.), 760­
750 cm" (C-H, o. o. p.)

[e2,2-LFeIllNC)6CoIII]CI3 Yield: 27% rel. to Co (M=2,512.7 g/mol). Analysis
calculated for CI14H1I4CI3Fe6CoNz401Z(%): C(54A9), N(13.38), H(4.57); with 0.1
CH30H 5.1 KCI C(47.59) N(l1.68) H(4.00); with 11.8 KCI C(40.36) N(9.91) H(3.39);
found: C(38.98), N(I5 .29), H(4A7). IR (KBr): v(cm- 1)=3,422 cm- 1 (N-H, val.),
2,925 cm- 1 (CHz, val.), 2,129 cm- 1 (C=N, val.), 1,628 cm- 1 (C=N, val.), 1,600­
1,500 cm" (aromat. C=C, val.), 760-750 cm" (C-H, o. o. p.)

[e2,2-LFeIlINC)6Ru"]Clz Yield: 32% rel. to Ru (M=20,590.3 g/mol). Analysis
calculated for CI14H1I4ClzFe6RuNz40!2C%): C(52.86), N(l2.98), H(4A4); with 604 KCI
504 CH30H C(45.25) N(I0.61) H(4.31); found: C(44.89), N(l1.76), H(5A6). IR (KBr):
v(cm- 1)=3,421 cm" (N-H, val.), 2,927 cm" (CHz, val.), 2,062 cm" (C=N, val.),
1,623 cm'" (C=N, val.), 1,600-1,500cm"' (aromat. C=C, val.), 760-750 cm'" (C-H, o. o. p.)

204 Mossbauer spectroscopy

A conventional spectrometer has been used for measuring the Mossbauer spectra between
liquid helium and room temperature e7Co/Rh source, calibration at cc-Fe at room
temperature; isomer shifts are relative to the source).
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Figure 2 Mossbauer spectra of
the precursor[FeIIlCZ,Z-L)CI)] at
300 and ZO K.
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Table I Mossbauer parameters of the precursorswith ethylene [FeIIlCZ,Z-L)CI)] and propylene [FelllC3 ,3­
L)CI)] at 300 and ZO K

Iron precursor
Mossbauer parameters
300 K

5Z,2-LFeCI
53,3-LFeCI
Mossbauer parameters 20 K
5Z,Z-LFeCI
53,3-LFeCI

3 Results and discussion

8 (mmls)

State I

0.26
0.256
State I
0.355
0.364

.Cl (mm/s)

0.593
0.716

0.628
0.701

mol%

100
100

100
100

Figure 2 and Table I show the temperature-dependent Mossbauer data and spectra of the
[FeIIICS2,2-L)CI)] and the [FeIlICS3,3-L)Cl)] precursor compounds. At 300 and 20 K the
Mossbauer spectra exhibit a quadrupole doublet indicative for Fe(III) in the HS state (8=
512) [2, 3]. The Mossbauer parameters follow the thermal progression down to 20 K.

The prepared hepta- and nonanuclear complexes are characterized by IR spectrum and
M+ peaks in ESI mass spectroscopy. No evidence for a splitting of the characteristic C-N
stretching vibration band indicates a highly symmetric coordination sphere around the
central Co(III), Ru(Il), W(IV), and Mo(IV) atom (see Figure 1), i.e. either all eight or none
of the cyanides are bridged. The shift of the CN-band for all product compounds indicates a
bridged coordination.

Figure 3 and Table II show temperature dependence of the Mossbauer spectra of the
hepta- and nonanuclear compounds for ethylene and propylene. At 300 K a quadrupole
doublet is detected, which is indicative for Fe(III) in the HS state (8=512) [2, 3]. In opposite
to the precursor compound the product spectra are symmetric.

In comparison to the precursor the isomer shifts (IS) of the ethylene compounds are
moved downwards by 0.001-0.042 mm/s, except the IS ofCo(III), which shifts upwards by
0.022 mrn/s. The IS of propylene compounds shift by -0.048 and 0.022 mm/s for Mo(IV)
and Co(III), respectively. Hence, the IS of the ethylene systems overshoot the IS of the
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Figure 3 Mossbauer spectra of the multinuclear complexes Mo(IV), W(IV), Co(III), Ru(II) based on
[Fellle2,2-L)CI)] units at 300, 20, and at 20 K during light irradiation (25 mW/cm2 at 514.5 nm; Ar-ion
laser).

propylene, which is not the case for the quadrupole splitting. The quadrupole splittings for
the ethylene compounds are moved by about 0.279, 0.092, 0.092, and -0.051 mmls for Co
(III), W(IV), Ru(II), and Mo(IV), respectively, while they change for the propylene
compounds by about -0.136 and 0.059 mmls for Mo and Co, respectively.

At 20 K the Mossbauer spectrum shows, in addition to the Fe(III) in the HS state, a
second doublet appearing which is characteristic of Fe(III) in the low-spin state [2, 3] for
the propylene compounds. The second doublet for the ethylene compounds shows a
significant wider quadrupole splitting in comparison to the HS state, but the IS does not
change significantly as expected for different electronic states, as in case of a transition
between HS and LS states [2, 3].
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Table II Mossbauer parameters of the multinuclear complexes at 300 and 20 K

Complex s (nun/s) ,1 (nun/s) mol% s (nun/s) ,1 (nun/s) mol%
Mossbauer parameters State I State 2
300 K

[(2,2-LFeNC)xMolCI4 0.218 0.538 100

[(3,3-LFeNC)xMolCI4 0.208 0.580 100

[( 2,2-LFeNC)xW]C4 0.251 0.685 100

[(2,2-LFeNC)6ColCI3 0.282 0.872 100
[(3,3-LFeNC)6ColCI3 0.278 0.775 100
[( 2,2-LFeNC)6RulCI4 0.259 0.619 100

Mossbauer parameters 20 K State 1 State 2

[(2,2- LFeNC)8MolC4 0.286 0.539 82.7 0.297 1.425 17.3

[(3,3-LFeN C)8MolC4 0.337 0.695 68.1 0.161 2.283 31.9
[(2,2- LFeNC)xW1CI4 0.376 0.689 77.3 0.403 1.685 22.7

[( 2,2-LFeNC) 6ColCh 0.375 0.804 78.7 0.375 2.100 21.3

[(3,3-LFeNC)6ColCI3 0.356 0.700 65.7 0.267 2.470 34.3

[(2,2-LFeNC)6RulCI4 0.376 0.746 83.8 0.383 2.029 16.2

Tab le III Mossbauer parameters of the multinucle ar complexes at 20 K during light irradiation (25 mW /cm2

at 514.5 nm; Ar-ion laser)

Mossbauer parameters State I State 2

20 K

Complex s (nun/s ) ,1 (nun/s ) mol% s(nun/s ) ,1 (mmls) mol%

[(2,2- LFeNC)xMolC4 0.293 0.551 78.8 0.290 1.496 21.2

[(53,3-LFeNC )sMolC4 0.324 0.763 69.8 0.189 2.387 30.2
[( 2,2- LFeNC)8W1C4 0.359 0.715 82.3 0.392 1.700 17.7

[( 2,2-LFeNC)6ColCI3 0.348 0.780 78.8 0.352 1.800 2 1.2

[(3,3-LFeNC)6ColCI3 0.360 0.722 100.0

[( 2,2-LFeNC)6RulC4 0.350 0.750 88.9 0.396 2.000 11.1

The temperature dependence of the area fraction of the respective doublets A(Felll-SI):A
(Felll-S2) indicates that all the Fe(III) centers in the ethylene hepta- and nonanuclear
complexes perform a thermally induced electronic switching between HS and HS states,
e.g. multistability. The ethylene W, Mo, Co, and Ru switch about 22, 21, 17, and 16%
between the HS states. For the propylene compounds, the Co and Mo switch between HS
to LS state by about 34 and 32%, respectively. Therefore, we attribute a HS to LS spin
transition for the propylene compounds and a HS to HS transition for the ethylene
compounds.

Table III shows the Mossbauer parameters of the multinuclear complexes taken at 20 K
during light irradiation (25 mW/cm2 at 514.5 nm; Ar-ion laser). The population between the
two electronic states can be altered by about 5% for the ethylene systems. This indicates a
light induced HS to HS transition. The propylene system, however, is not affected by light.

In conclusion, the ethylene-based ligand is less flexible arranged around the Fe(III)
centers. Nevertheless it allows a HS to HS transition as well as a reversible light induced
switching effect. The propylene compound however appears to be more flexible in the
arrangement and allows sterical alterations such as a thermal induced HS to LS transition in
the Fe(III) units.
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Abstract Mechanical alloying method was used to prepare nanocrystalline CoSOFe40NilO'
COszFez6Ni22 and C06sFez3Nilz alloys. X-ray diffractionproved that during milling Co-Fe­
based solid solution with b.c.c. lattice was formed in the case of CoSOFe40NilO' while for
COszFez6Ni22 and C06sFe23Nilz compositions Co-Ni-based solid solutions with fc.c.
lattice were obtained. Mossbauer spectroscopy revealed similar values of the average
hyperfine magnetic fields for all alloys, e.g. 32.17, 32.24 and 31.21 T for CosoFe4oNi10,

COszFez6Ni22 and C06sFe23Nilz alloys, respectively. Magnetization measurements allowed
to determine the effective magnetic moment, Curie temperature, saturation magnetization
and coercive field for the obtained alloys.

Key words nanocrystalline Co-Fe-Ni alloys -mechanical alloying'
Mossbauers pectroscopy

1 Introduction

Co-Fe-Ni ternary alloys are materials exhibiting good soft magnetic properties. Alloys
prepared by electrodeposition as thin films have extremely high saturation magnetizationof
about 2.1 T and low coercivity around I Oe. [1, 2]. In this work we propose the mechanical
alloying (MA) method as the potential technology of production of bulk Co-Fe-Ni alloys
with good soft magnetic properties. The composit ions of alloys: CosoFe4oNilO,
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COs2Fe26Ni22 and C06sFe23Ni12 were chosen on the basis of the data reported in [1, 2]. The
structure and some magnetic properties of these alloys were determined using X-ray
diffraction (XRD), Mossbauer spectroscopy (MS) and magnetization measurements.

2 Experimental details

Co, Fe and Ni elemental powders (purity of99.9%, initial dimensions ofparticles 3-10 urn)
were subjected to the mechanical alloying process in a Fritsch P5 planetary ball mill with
stainless-steel vial and balls. MA processes were performed under an argon atmosphere.

XRD measurements were carried out using a Philips PW 1830 diffractometer working in
a continuous scanning mode with CuKa or CoKa radiation. The Williamson-Hall approach
was used for determination of the average grain sizes, D, and the mean level of internal
strains, E:, [3]. The volume fraction of the grain boundaries, Cgb, was estimated on the basis
of the coherent polycrystal model and assuming that the average grain boundary thickness
is 1 nm ([4] and references therein).

MS studies were performed at room temperature in standard transmission geometry
using a source of S7CO in a rhodium matrix.

Temperature dependencies of magnetization were measured on a Faraday balance in
magnetic fields up to 1.5 T. The hysteresis loops measurements were performed using a
vibrating sample magnetometer PAR Model 155 at room temperature in fields up to ±1.6 T.

3 Results and discussion

XRD studies proved that alloys started to form after 20 h of milling. Figure la shows
patterns obtained for the final products of milling. Detailed analysis ofXRD results allowed
to state that during MA process of COsoFe4oNilO system the solid solution with b.c.c. (body
centred cubic) lattice was formed, while for COs2Fe26Ni22 and C06sFe23Nil2 compositions
solid solutions withfc.c. (face centred cubic) lattice were obtained. These results agree well
with the phase-diagram for the bulk Co-rich Co-Fe-Ni alloys obtained by melting [5].
Moreover, the obtained alloys are disordered, e.g. Co, Fe and Ni atoms occupy the lattice
sites randomly. Table I summarizes structural data for the final products of MA processes.
The lattice parameters of the obtained alloys are similar to those reported for electro­
deposited binary Co-Fe and Co-Ni alloys [6, 7]. It may be supposed that in the
mechanically synthesized COsoFe4oNilO solid solution the Co-Fe alloy is the matrix, in
which Ni atoms dissolve, while in the case of COs2Fe26Nin and C06sFe23Ni12 solid
solutions, the matrix is Co-Ni alloy, in which Fe atoms dissolve.

Mossbauer spectra of all the mixtures for various milling periods were the six-line
patterns. Figure 1b presents results of MS measurements for the final products of milling.
The spectra of the samples milled up to 10 h were characteristic for «-iron what confirmed
XRD results that the process of alloys formation did not start yet. The spectral lines of the
samples milled between 20 and 100 h (or 80 h) were systematically broadened testifying the
alloy formation. Moreover, in the case of COsoFe4oNi 10 and C06sFe23Ni12 milled for 20 and
50 h besides the six-line component, the paramagnetic doublet was revealed. This doublet
was attributed to a partially oxidized iron phase formed during the manipulation of the
samples. The hyperfine interaction parameters of this doublet (the isomer shift, IS, of about
0.35 mm S-I and the quadrupole splitting, QS, of about 0.65 mm S-I) were very similar to
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Figure 1 a XRD patterns of the
mechanosynthesized Co-Fe-Ni
alloys measuredwith CuKa

(CoSOFe40NilO and C06sFe23Ni12)
and cex, (Cos2Fe26Ni22)
radiation; b room-temperature
Mossbauer spectra of the
Co-Fe-Ni alloys; vertical lines
denote the positions of the
spectral lines of a -iron; c hyper­
fine magnetic field distributions,
P(Bhf) - probability in arbitrary
units.

:i
!Ii

~
'iii
c:
2
c:

(a)

80 h

10~ --::.:..-=-.:=..

20 40 60 80 100 120 140

~o

c:
o
'iii
rJl

'E
rJl
c:
~
I-

2 theta angle [deg 1

(b)

-15 -10 -5 0 5

Velocity [mm S· l 1

(c)

10 15

C050Fe40Ni10
:E

CD

0.. COSl e26Ni22

COSle23Ni12

20 25 30 35 40

B
hf [ T 1

~ Springer



992

Table I Structural data for the mechanically synthesized Co-Fe-Ni alloys

E. Jartych, 1.K. Zurawicz, et al.

Composition Lattice D (om) C (%) Cgb (%) a (om)

COsoFe4oNiIO b.e.e. 15(1) 1.30(5) 19(1) 0.2843(4)

COs2Fe26Ni22 fe.e. 24(1) 0.72(5) 12(1) 0.3575(1)

C06sFe23Nil2 fe.e. 10(1) 0.58(5) 27(1) 0.3581(10)

D - average grain sizes, C - mean level of internal strains, Cgb - volume fraction of the grain boundaries, a ­
lattice parameter

Table II Magnetic data for the mechanically synthesized Co-Fe- Ni alloys

Composition <Bhf> (n Bma, (T) (Co, Fe, Ni) configuration J1.eff ( ~B) Tc (K) s, (emu g-I) He (Oe)

CosoFe4oNilll 32.17 33.13 (4, 3, 1) 1.65 798 159.9 67

COs2Fe26Ni22 32.24 32.34 (7, 3, 2) 1.63 1000 158.3 15

C06sFe23Ni12 31.21 32.37 (9,2, 1) 1.62 749 144.3 54

<Bhf> - average hyperfine magnetic field, Bma, - most probable value, J1.eff - effective magnetic momentper
formula unit, Tc - Curie temperature, B, - saturation magnetization, He - coercive field

the data for the iron oxide reported in [8]. The prolonged milling up to 100 h caused
disappearing of the iron oxide in the case of C065Fe23Ni1 2 alloy, while the spectrum of
C050Fe4oNi10 alloy revealed two additional sextets (see Figure Ib) with high values of the
hyperfine magnetic fields, Bhf, (e.g. 47.5 and 46.4 T). These sextets were attributed to the
magnet ite Fe304 (the hyperfine interaction parameters were similar to the data reported in
[9]). However, the relative contribution of the magnetite to the whole spectrum, which was
estimated from the area of the spectral lines, was rather small (about 8%).

The Mossbauer spectra for the final products of MA processes were fitted using the
hyperfine magneti c field distribution, P(Bhf) , as suggested by the relatively high values of
the width of the spectral lines and disordered structure of the alloys. The linear correlation
between Bhf and IS as well as between Bhf and QS was assumed in the fitting procedure.
The Bhf values ranged from about 22 to 37 T (see Figure Ic). The average values of the Bhf

obtained from the distributions are listed in Table II. The possible atomic configuration
around 57Fe isotopes was analysed under the assumption that only the first nearest
neighbours (NN) contribute to the hyperfine field at 57Fe site. The probabi lities of the
various (Co, Fe, Ni) configurations in the NN shell were calculated using the extended
binomial distribution [10]. The maximum values of these probabilities obtained for the
suitable (Co, Fe, Ni) configurations were attributed to the most probable field values, Bmax,

which are listed in Table II.
Figure 2 shows the dependencies of magnetization on the temperature and the applied

magnet ic field for the final products of MA processes. The values characterizing magnetic
properties of the Co-Fe-Ni alloys are summari zed in Table II. The Curie temperatures, Tc ,
are significantly lower than those for pure cobalt as well as for bulk Co-Fe and Co-Ni
alloys. The reduced Curie temperature of the investigated Co-Fe-Ni alloys may be caused
by the relatively high value of the lattice strains as well as by the large amount of atoms
located in strongly disordered grain boundaries. The B, and He values obtained from the
hysteresis loops are of the same order of magnitude as those observed for Co-Fe-Ni thin
films [5].
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Figure 2 Magnetization of the
mechano synthesized Co-Fe-Ni
alloys as a function of a temper­
ature and b magnetic field.

150

' 0)

:::J
E 100
Q)

c
.Q
iii 50
N

~
C
0)
(tl 0
~

200

o

o

(a)

CoSOFe40Ni10

COSle2SNi22

COSle23Ni12

400 600 800 1000 1200

Temperature [K 1
(b)

150

'0)

:::J

E 100Q)

c
o
~ 50
.!::!
Qi
c
0)
(tl

~ 0 o

o

o

CoSOFe40Ni10
CO

S
le2SNi22

COSle23Ni12

4 Conclusions

o 5 10

Magnetic field [ kOe 1
15

XRD, MS and magnetization studies proved that during MA process the nanocrystalline
COsoFe4oNilQ, COs2Fe26Nin and C06sFe23Nil2 alloys were formed. In the case of
COsoFe4oNiIQ and C06sFe23Ni12 alloys, Mossbauer and magnetic measurements revealed
a small contamination of the powders with a second phase, possibly an iron oxide, which
can have occurred during the powder handling. The obtained alloys were characterized by
the hyperfine magnetic field distributions. The most probable configurations, (Co, Fe, Ni),
of atoms in the nearest neighbourhood of s7Fe isotopes was deducted on the basis of the
binomialdistributions. They are as follows: (4 Co, 3 Fe, I Ni), (7 Co, 3 Fe, 2 Ni) and (9 Co,
2 Fe, I Ni) for COsoFe4oNi lQ, COs2Fe26Ni22 and C06sFe23Ni12 alloys, respectively.

The alloys have the saturation magnetization of the order of 1.6-1.7 T and relatively
small coercive fields that allows to consider that mechanically synthesized Co-Fe-Ni alloys
are good soft magnetic materials.
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Abstract The behaviour of small amounts of Fe in brass is investigated using
Mossbauer spectroscopy. Different samples, made from the same ingot material, but
run through different annealing temperatures and duration times and then
quenched to room temperature, have different amount of ,-Fe. The present work
shows that a suitable heat treatment can increase the amount of these precipitations
and , that a heat treatment at 650°C is the optimal one for having the highest amount
of this phase .

Key words brass -Mossbauer spectroscopy' precipitates -heat treatment

1 Introduction

In some industrial applications of brass, the precipitation of Fe, either in form of
-y-Fe or o-Fe, is desired or unwanted as the mechanical but also other properties are
strongly altered. The precipitation of Fe atoms , as an example, not only attract the
other impurities but also vacancies and as a result the electric conductivity will
increase [1]. The aim of this study is to determine the structure of Fe in thin brass
foils containing 86% copper and 13% zinc. Although the Fe content is only 0.8% , it
is expected to precipitate and build up -y-Fe with the same crystal structure as the
brass matrix itself, or even ferromagnetic o -Fe having the bee structure.

2 Experimental

All the samples are made from the same ingot material, but run through different
annealing processes. First, every sample was annealed at 1,000°C for 10 min. Then
they were quenched to an intermediate temperature between 750 and 600°C, held at

S. Kamali-M ([8]) . L. Haggstrom ' T. Ericsson' R. Wappling
Department of Physics, Uppsala University, Box 530, SE-751 21 Uppsala, Sweden
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this temperature for 10, 30 or 100 s and afterwards quenched to room temperature.
The samples are denoted as S(T,t), where the first parameter is the intermediate
temperature and the second parameter is the time during which the sample was heat
treated at the intermediate temperature. For comparison one of the samples was
quenched directly from 1,000°C to room temperature which will be denoted
quenched . The amount of precipitated and dissolved Fe in the samples were then
determined using transmission Mossbauer spectroscopy. For 57Fe Mossbauer
spectroscopic measurements, radioactive 57CO in a Rh matrix was used at room
temperature as source. The spectra were calibrated by using the six lines of o-Fe,
the center of which was taken as zero center shift (CS). The Mossbauer spectra were
fitted using Lorentzian lines. The question to be answered is, if precipitation of -y-Fe
or o-Fe takes place as a result of the annealing process. The samples studied are 50
flm thick brass-foils of 1.5x1.5 crrr' area. The samples were prepared at Outokumpu
Fabrication Technology using standard methods followed by chemical analysis
(Jorgen .Eriksson@outokumpu.com). Brass is a copper-zinc alloy having a wide solid
solution range. The phase diagram [2] shows a brass a-phase with fcc structure,
thermodynamically stable up to about 900°C for Zn:::; 40 at.%. For the composition
studied here the melting point is about 1,030°C.There is no phase transition in brass
during the sample-preparation process. Pure Fe has different crystallographic
structures depending on temperature e.g. an a-phase (bee structure and stable
below 910°C) and , -phase (fcc-structure and stable between 910 and 1,390°C). The
iron a- phase is ferromagnetic, and the -y-Fe is weakly antiferromagnetic. The
solubility of Fe in copper is very low; even 0.2 wt.% of Fe can give precipitations of
-y-Fe [3] having the same structure as the Cu matrix. However , these precipitates
may undergo a transition to o-Fe under plastic deformation or aging, when the size
of grains is large enough. The same behaviour may also be expected for Fe in brass.
Experimental results for brass alloys with 5% Zn and 0.1 or 1.0% Fe [4] show no
differences in the Mossbauer spectra. The aging process is simulated with the
annealing process for the present samples, thus one could expect some o-Fe to show
up in the Mossbauer spectra , and the amount is to be determined by fitting the
spectrum and comparing the related spectral intensities . The samples are quite thick
(50 flm) for transmission Mossbauer measurements. The linear atomic absorbtion
for 14.4 keVin brass is 72 mm- 1 thus only about 2.7% of 14.4 keV photons will
transmit, when no Mossbauer effect is taken into consideration. (The alternative
backscattering CEMS method was not applied since the Fe content was low.)

3 Result and discussion

Mossbauer spectra for nine samples (Figure 1) were recorded in the velocity range
of ±1.5 mm/s and also, in order to search for any o-Fe, in a wider range of ±7 .0 mm/
s. The fitting results are given in Table I. The Fe atoms, depending on the heat
treatment, can have two extreme surroundings . The first extreme case is when the
Fe atoms are simply dissolved in brass i.e. there are essentially only Cu and Zn
atoms in the near neighbourhood. The subspectrum is then a single line with a CS of
about 0.25 mm/s [5]. If an Fe atom has another Fe atom as nearest neighbour, then
the symmetry is broken and a quadrupole splitting (OS) appears. The Fe atom
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Figure 1 All the Mossbauer spectra for different annealing temperatures and different times; 10 s
(left) and 100 s (right) except for 5(600,30) sample. The numbers 1 and 3 refer to the singlets and 2
refers to the doublet discussed in the text. The same components in the subspectra are indicated by
lines.

under study can have more than one Fe atom as nearest neighbour which might
increase or decrea se the QS depending on the actual atomic configuration . In the
other extreme case, an Fe atom is surrounded only by other Fe atoms forming
clusters. These clusters probably adopt the fcc structure of brass and, thus, locally
forming ,-Fe which is known to have a single absorption line with CS >::::-0.09 mm/s .
These clusters might also form o-Fe, known to be ferromagnetic if they are big
enough. No traces of magnetically splitted Mossbauer patterns could however be
observed in the present samples. For small clusters of o-Fe superparamagnetism
may occur, leading to a Mossbauer pattern with a single line at 0 mm/s . Here, this
seems to us not very reasonable, as the particles sizes large enough to change the
iron lattice structure to bee, should be able to show hyperfine field close to 33 T.
Thus one may fit the spectra with two single lines and one doublet. The line width of
the absorbtion lines is however larger than the natural line width as a result of the
variation of the surroundings.

The singlet which is due to the precipitation of -y-Fe increases in intensity as the
intermediate temperature is decreased reaching a maximum at 650°C.
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Table I The peak positions in the nine low-range samples

Components 1 2 3

Samples CS QS CS QS CS QS

Quenched 0.23 0.00 38 0.19 0.49 43 -0.09 0.00 19
5(600,10) 0.23 0.00 23 0.19 0.49 22 -0.09 0.00 55
5(600,30) 0.23 0.00 30 0.19 0.49 26 -0.09 0.00 44
5(650,10) 0.23 0.00 19 0.19 0.49 13 -0.09 0.00 68
5(650,100) 0.23 0.00 24 0.19 0.49 17 -0.09 0.00 59
5(700,10) 0.23 0.00 33 0.19 0.49 32 -0.09 0.00 35
5(700,100) 0.23 0.00 25 0.19 0.49 26 -0.09 0.00 49
5(750,10) 0.23 0.00 42 0.19 0.49 36 -0.09 0.00 22
5(750,100) 0.23 0.00 43 0.19 0.49 38 - 0.09 0.00 19

The CS is given versus o-Fe. The FWHM of all peaks was fixed to be around 0.31 mmls and the
same for all lines. The errors in CS and QS is ±0.02 mmls and in I is ±3%.

100 100

Component1 Time = lOS Time = 100 S
Component1

eo Dissolve d-Fe eo Dissolved·Fe

Component 2

~60 - 60
~

~ Cluster-Fe l:' Cluster-Fe.. Component 3
'iiic ! 40 Component 3

$'"
.5 .5

20 20

, -Fe ,..Fe

0 0

Quenched 600 650 700 750 Quenched 600 650 700 750

Anne aling temperature rei Annealin g temperature rCJ
Figure 2 The amount of the different Fe phases as function of temperature for different annealing
times; 10 s (left) and 100 s (right) except for 5(600,30) where the time is 30 s and is indicated by open
circles in the figure.

Component 1 has an average isomer shift of 0.23 mm/s, in between the values for
iron in zinc and iron in copper and closer to the latter [6]. It represents Fe atoms
dissolved in the brass matrix. Component 2 originates from Fe atoms with one or
more Fe atoms as nearest neighbour (NN) and component 3 represents Fe atoms
surrounded by almost only Fe atoms as NN. There are a number of zinc-rich phases
in the Fe-Zn phase diagram. However the values of the hyperfine parameters rule
out FeZn, for all reported values x=13, 10, 4 and 3.33 [7]. As can be seen in Figure 2
the amount of "Y-Fe is largest for an annealing temperature of 650°C. The annealing
times of 10-100 s are obviously enough to influence the amount of Fe precipitations.
Under the same conditions the amount of Fe dissolved in brass has its lowest value.
Thus it seems quite clear that clustering of Fe atoms most easily take place under
these conditions.
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4 Conclusion

999

The tiny amount of Fe shows different character in brass samples made from the
same ingot , but run through different annealing processes . The amount of Fe atoms
which precipitate to -y-Fe has the highest value when the intermediate temperature
is about 650°C. No o-Fe has been observed.
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Abstract The pentadentate ligands 3-0H-5L=[N,N-Bis(I,3-dihydroxy-2-benzylidene)-I ,
7-diamino-4-azaheptane] and 4-0H-5L=[N,N'-Bis(l,4-dihydroxy-2-benzylidene)-1,7­
diamino-4-azaheptane] has been prepared by a Schiff base condensation between 1,7­
diamino-4-azaheptane and the dihydroxybenzaldehyde. Complexation with Fe(III) yields
high-spin (S=5/2) complexes of [FellI(3-0H-5L)CI] and [FellI(4-0H-5L)CI]. These
precursors were combined with [M(CN)xI (M=W(IV), Mo(IV), Ru(II), Co(III)) and
heptanuclear and nonanuclear clusters of [M{(CN-FeIII(3-0H-5L)UCly and [M{(CN­
FellI(4-0H-5L)}x]Cly resulted. Such starshaped hepta- and nonanuclear compounds are
high-spin systems at room temperature. On cooling to 10K some of the iron(III) centers
switch to a second high-spin state as proven by Mossbauer spectra, i.e. multiple electronic
transitions. Parts of the compounds perform a high-spin to high-spin transition.

Key words heptanuclear -nonanuclear -high-spin molecule . Fe(III)-W(IV) ·
Fe(III)-Mo(IV) . Fe(III)-Ru(lI) . Fe(III)--Co(III) . multiple electronic transition

1 Introduction

Recently, molecular switchability has been observed in star shaped compounds. Such
compounds exhibits multistability, e.g. multiple spin transition: (I) the heptanuclear Fe1lI6­
COllI [I] , (2) the nonanuclear FellIg_Mo1V [I , 2], and (3) the tetranuclear FellIrCrllI [3].

In the present work, our approach is to study the effect of OH-substitution in both the
[N-H-5LFeIlICI] precursors and its hepta- and nonanuclear analogous compounds. The
question is whether the effect of the hydroxy group results in a sterical or electronic
contribution to the magnetic and electronic behaviour of the multistability.

M. Klein ' F. Renz ([81)
Institut fur Anorganische Chemie und Analytische Chemie, Johannes Gutenberg-Universi tiit,
Duesbergweg 10-14,55099 Mainz, Germany
e-mail: Franz.Renz@uni-mainz.de
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R1=H

R2=3-0H. 4-0H

Figure 1 Synthesis and structure of the iron precursors [Fe(3-0H-5L)Clj, [Fe(4-0H-5L)CI].

2 Experimental

The main strategy for the synthesis was performed in analogy to the literature [I, 2]_

2.1 Ligands: 3-0H-5L, 4-0H-5L

The pentadentate ligands 3-0H-5L=N,N'=-Bis(l ,3-hydroxy-2-benzylidene)-1,7-diamino-4­
azaheptane, 4-0H-5L=N,N'-Bis(l ,4-hydroxy-2-benzylidene)-1,7-diamino-5-azaheptane
were each formed in a Schiff base condensation. The 1,7-diamino-4-azaheptane
(0.025 mol) and the appropriate dihydroxybenzaldehyde (0.05 mol) are dissolved in
methanol (25 crrr') and slowly mixed, refluxed for 10 min, and the yellow mixture was used
without any purification for the preparation of the precursor.

2.2 Precursors [Fe(3-0H-5L)CI], [Fe(4-0H-5L)CI]

A solution of anhydrous iron(III) chloride (0.025 mol) in methanol (50 cm') was added to
the freshly prepared solution of the pentadentate ligand. The mixture was boiled and then
triethylamine (50 mmol) was added (see Figure I). The resulting solution was then heated
under reflux for I h. After cooling, crystals precipitated. These were collected dried 24 h in
vacuum.

[Fe(3-0H-5L)CI] : Yield: 71% reI. to Fe (M=462 g/mo1). Analysis calculated: for
C2oH25CIFeN304 (%): C (51.91), N (7.66), H (5.45) ; with 6.2 mol CH30H:
C:47.58 N:6.35 H:7.59 found: C (45.82), N (7.68), H(5.64). IR (KBr): v(cm - 1)=

1,647 cm- 1 (-C=N-), 787 cm" (aromat. H) MALDI-ToF MS m/z=425.0 ([Fe(3-0H-5L)

CIt)
[Fe(4-0H.5L)CI]: Yield: 66% reI. to Fe (M=462 g/mol). Analysis calculated: for

C2oH25CIFeN304 (%): C (51.91), N (9.08), H (5.45); with 3.80 CH30H 0.1 (C2H5)3NC1
1.10 FeCl3 C(37.74) N(5.59) H(5.41); found: C (37.95), N (5.39), H(5.26). IR (KBr):
v(cm- I)=1 ,648 cm- I (-C=N-), 853 cm'" (aromat. H), 760-770 cm'" (C-H, out ofplane=
o.o.p.). FD MS m/z=425 ([Fe(4-0H-5L)Crt).

2.3 Multinuclear complexes [WIV{(eN) Felll(3-0H.5L)}g]C4, [WIV{(CN) Felll(4-0H-5L)}x]C4,
[MoIV{(CN) FeJII(3-0H.5L)}g]C4, [MoIV{(eN) FeJII(4-0H-5L)}s]C4, [Rull{(eN) FeJII(3­

OH-5L)}6]C12, [Rull{(CN) Felll(4-0H-5L)}6]Ch, [Colll{(CN) Felll(3-0H-5L)}6]CI3,
[CoJII{(eN) Felll(4-0H-5L)}6]C1

3

The complexes were each prepared following a universal precept. 0.001 mol of the
precursor were dissolved in methanol (100 crrr'] and an aqueous methanol (1:I) solution
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Figure 2 Mossbauer spectra of the precursors [Felll(X-5L)CI] at 300 and 20 K.

(10 crrr') of the appropriate cyanide (~[Mo(CN)s)].2H20, ~[W(CNhl2H20, ~[Ru

(CN)6], K3[Co(CN)6]) 0.125 mmol for octacyanids (and 0.17 mmol for hexacyanids) was
added dropwise. After 30 min of stirring at room temperature the solution was reduced to
50 cnr' (below 35°C in vacuum). Addition of 150 cnr' distilled water precipitated the
product, which was slowly filtered off on the frita funnel. The product was washed with
distilled water and diethylether and dried under vacuum for 24 h. Note that too low carbon
content is commonly observed and based on incomplete decomposition to CO2 due to
formation of stable metal carbides.

[MoIV {(CN) FeItl(3-0H-5L)}s]C4: Yield: 29% reI. to Mo (3,754.42 g/mol), Analysis
calculated for CI60HIS4 C4FesMoN32032 (%): C(52.44), N(11.65), H(4.82); with KCI C
(43.47) N(lO.l4) H(4.20); found: C(45.22), N(3.70), H(1.40). IR (KBr): 'V(cm- I)=2,103

(-e=N-); 1,650 (-e=N-); 1,500-1,600 em-I (ammat C=C, vaL), 750-760 em-I (C-H, o. o. p.)
[MoIV{(CN) Felll(4-0H-5L)}g]CI

4: Yield: 77% reI. to Mo (3,754.42 glmol). Analysis
calculated for C16oHls4C14FesMoN32032 (%): C(52.44), N(l1.65), H(4.82); with 1.87 KCI
0.51 CH30H C(37.35) N(8.44) H(3.88); found: C(33.72), N(8.83), H(4.26). IR (KBr):
'V(cm- I)=2,109 (-C=N-); 1,643 (-C=N-); 1,500-1,600 cm" (aromat. C=C, val.), 750­
760 cm- I (C-H, o. o. p.)

[W'V{(CN) Felll(3-0H-5L)}g]CI
4: Yield: 86% reI. to W (3,942.33 g/mol). Analysis

calculated for CI6oHI s4CI4FesWN32032 (%): C(51.27), N(l1.39), H(4.71); with 5.5 KCI C
(45.22) NO H5.90; found: C(45.07), NO, H(5.92). IR (KBr): 'V(cm- I)=2,099 (-e=N-);
1,649 (-C=N-); 1,500-1,600 cm'" (aromat. C=C, val.), 750-760 cm- I (C-H, o. o. p.)

[WIV {(CN) FeItl(4-0H-5L)}g]CI
4: Yield: 45% reI. to W (3,942.33 glmol). Analysis

calculated for CI60HIS4C4FesWN32032 (%): C(51.27), N(l1.39), H(4.71); with II xKCI C
(41,17) N(9,6) H(3.97); found: C(33.54), N(IO.21), H(4.l5). IR (KBr): 'V(cm- I)=2,105

(-e=N-); 1,642 (-e=N-); 1,500-1,600em-I (ammat. C=C, val.), 750-760 cm' (C-H, o. o. p.)
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Table I Mossbauer parameters of the iron precursors

M. Klein, F. Renz

Iron precursors 8 (mm/s) L1 (mm/s) mol%

Mossbauer parameters 300 K State I
3-0H-5LFeCI 0.311 0.785 100

4-0H-5LFeCI 0.258 0.645 100
Mossbauer parameters 20 K State I
3-0H-5LFeCI 0.389 0.833 100
4-0H-5LFeCI 0.363 0.669 100

[Rull {(CN) FeIlI(3-0H.5L)} 6]Clz: Yield: 82% reI. to Ru (2,808.48 g/moi) . Analysis
calculated for ClzoClzRuH138Fe6Nz40z4 (%): C(52.55) , N(11.67), H(4.83); with 14
CH30H 5.4 KCI C (43.99) N (9,19) H (5.34); found: C(43.70), N(10.07), H(6.21). IR
(KBr): 'V(cm- I)=2,054 (-C=N-), 1,648 (-C=N-), 1,500-1,600 cm'" (aromat. C=C, val.),
750-760 cm" (C-H, o. o. p.)

[Rull{(CN) Felll(4-0H-5L)}6]Cl
z: Yield: 41% reI. to Ru (2,808.48 gimol). Analysis

calculated for ClzoClzRuH138Fe6Nz40z4 (%): C(52.55), N(l1.67), H(4.83); with 7.3 KCI C
(39.65) N(9.25) H(3.83); found: C(31.99), N(7.37), H(4.45). IR (KBr): 'V(cm- 1)=2,046 (­
C=N-), 1,646 (-C=N-), 1,500--1,600em-I (aromat C=C, val.), 750--760 ern" (C-H, o. o. p.)

[Colll{(CN) Felll(3-0H.5L)}6]CI
3: Yield: 26% reI. to Co (2,802.79 g1mol). Analysis

calculated for CI2OChCoH138Fe6Nz40Z4 (%): C(52.68), N(l1.70) , H(4.84); with 7.70 KCI C
(42.71) N(9.96) H(4.l2) ; found: C(39.19), N(7.24), H(5.40). IR (KBr): 'V(cm- I)=2,124

(-C=N-), 1,648 (-C=N-), 1,500--1,600 em-I (aromat C=C, val.), 750--760 em-I (C-H, o. o. p.)
[Colll{(CN) FeIlI(4-0H-5L)}6]CI3: Yield: 39% reI. to Co (2,802.79 gimol). Analysis

calculated for C12oChCoHl3sFe6N24024 (%): C(52.68), N(11.70), H(4.84); with 10.8 KCl C
(38.97) N(9.32) H(3,86); found: C(32.26), N(8.82), H(4.95). IR (KBr): 'V(cm- I)=2,126

(-C=N-), 1647 (-C=N-), 1,500--1,600 cm" (aromat C=C, val.), 750--760 cm" (C-H, o.o.p.)

2.4 Mossbauer spectroscopy

A conventional spectrometer has been used for measuring the Mossbauer spectra between
liquid helium and room temperature CS 7ColRh source, calibration at cc-Fe at room
temperature; isomer shifts are relative to the source).

3 Results and discussion

Figure 2 and Table I show the temperature-dependent Mossbauer data and spectra of the [Fe
(3-0H-5L)CI] and the [Fe(4-0H-5L)CI] precursor compounds . At 300 K the Mossbauer
spectra exhibit a quadrupole doublet which is common for Fe(III) in the HS state (S=512)
[1,2]. In opposite to 3-0H the 4-0H compound is symmetric. At 20 K the same quadrupole
doublet as at room temperature is observed.

The prepared hepta- and nonanuclear complexes has been characterized by IR spectrum
and M+ peaks in ESI mass spectroscopy. No evidence for a splitting of the characteristic C­
N stretching vibration band indicates a highly symmetric coordination sphere around the
central Co(III), Ru(ll) , W(lV), and Mo(IV) atom, i.e. either all eight or none of the cyanides
are bridged. The shift of the CN-band for all compounds indicates a bridged coordination.
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Figure 3 Mossbauer spectra of the star-shaped heptanuclear compounds [Ru"{(CN) Felll(4-0H-5L)}6f +
and [Colll{(CN) Felll(4-0H.5L)}6]3+ at 300 and 20 K.
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Figure 4 Mossbauer spectra of the star-shaped heptanuclear compounds [Ru"{(CN) Felll(3-0H-5L)}6f +
and [Colll{(CN) Felll(3-0H-5L)}6]3+ at 300 and 20 K.
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Table II Mossbauerparameters of the hepta- and nonanuclearcompounds at 300 K

Moflbauer parameters300 K State I State 2

Complex 8 (nun/s) L1 (nun/s) mol% 8 (nun/s) L1 (nun/s) mol%

[(3-Hydroxy-53,3-LFeNC)gMot+ 0.344 0.804 100
[(3-Hydroxy_53,3-LFeNC)6Co]3+ 0.322 0.837 100
[(3-Hydroxy-53,3-LFeNC)gMo]4+ 0.339 0.816 100
[(3-Hydroxy-53,3-LFeNC)6Ru]2+ 0.381 0.751 100
[(4-Hydroxy-53,3-LFeNC)gWj4+ 0.257 0.620 75.1 0.290 1.100 24.9
[(4-Hydroxy-53,3-LFeNC)6Co]3+ 0.257 0.611 63.3 0.260 0.905 36.7
[(4-Hydroxy-53,3-LFeNC)gMot + 0.261 0.604 100
[(4-Hydroxy-53,3-LFeNC)6Ruf+ 0.256 0.589 54.5 0.266 0.829 45.5

Table III Mossbauerparametersof the hepta-and nonanuclear compoundsat 20 K

Mollbauer parameters 20 K State I State 2

Complex 8 (nun/s) L1 (nun/s) mol% 8 (nun/s) L1 (mm/s) mol%
[(3-Hydroxy-53,3-LFeNC)8W]4+ 0.408 0.840 91,7 0,354 1,950 8,3
[(3-Hydroxy_53,3-LFeNC)6Co]3+ 0.408 0.842 100
[(3-Hydroxy-53,3-LFeNC)gMo]4+ 0.421 0.916 100
[(3-Hydroxy-53,3-LFeNC)6Ruf+ 0.415 0.911 100
[(4-Hydroxy-53,3-LFeNC)8W]4+ 0.364 0.651 74.0 0.399 1.160 26.0
[(4-Hydroxy-53,3-LFeNC)6Co]3+ 0.357 0.613 53.0 0.405 0.910 47.0
[(4-Hydroxy-53,3-LFeNC)gMot+ 0.360 0.624 73.0 0.367 1.100 27.0
[(4-Hydroxy-53,3-LFeNC)6Ru]2+ 0.361 0.588 50.6 0.363 0.868 49.4

Figures 3, and 4 and Tables II, and III show the Mossbauer spectra of the hepta- and
nonanuclear compounds. At 300 K a quadrupole doublet is detected, which is common for
Fe(III) in the HS state (S=5/2) [1, 2].

In comparison to the precursors the isomer shifts are moved upwards by 0.01-D.07 mrn/s
upon coordination to the 3-0H compounds. For the 4-0H compounds there is only a faint
deviation between -0.01 and 0.03 mrn/s. The quadrupole splitting of the 3-0H compounds is
moved upwards by about 0.02-D.05 mrn/s for the Mo(IV), W(IV), and Co(III), respectively,
while the quadrupole splitting of the Ru(II) compound moves downwards. The quadrupole
splittings of the 4-0H compounds are all shifted downwards by 0.02-0.06 mrn/s.

In addition a second doublet occurs for the 4-0H compounds, except for Mo(IV), which
is characteristic for an Fe(III) in the high-spin state.

At 20 K the Mossbauer spectra show in addition to the Fe(III) in the HS state a second
doublet appearing which is characteristic of Fe(III) in high-spin state [1-3], but with
slightly wider quadrupole splitting. Only the W(IV)-3-0H compound deviates with an
exceptional large quadrupole splitting.

This may be attributed to a structural change close to the coordination sphere. The
isomer shifts for the 3-0H compounds little alter from 0.02 to +0.03 mmls, while the 4-0H
compounds remain almost constant with 0.001 to -0.006 mrn/s.

The quadrupole splitting for 3-0H exhibits a jump between 0.007 and 0.009 mmls for W
(IV) and Co(III), to 0.083 mrn/s for Mo(IV) and 0.07 mmls for Ru(II). The same is true for
Ru(II)-4-0H with 0.081 mrn/s, Co(III) with 0.056 mm!s, Mo(IV) with 0.045 mm!s, and W
(IV) with 0.018 mrn/s.
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The temperature dependence of the area fraction of the respective doublets A(Felll_S I):A
(Felll-S2) indicates that several Fe(III) centers in the hepta- and nonanuclear complexes
perform a thermally induced electronic switching between HS and HS states, e.g.,
multistability. For the 3-0H only the WeN) may switch with about 8.3% between 300 and
20 K. The 4-0H, however, show 1.1% for WeN), 3.9% for Ru(II), 10.3% for Co(III) and
27% for Mo(IV).

4 Conclusion

In conclusion, the 3-0H and 4-0H substitutions in the salicylic aldehyde do not favour
thermally induced HS to LS transition in the Fe(III) units. There is however a HS to HS
transition and a significant stronger bonding in the 4-0H octahedron.

Acknowledgements This work was partly funded by the University of Mainz ("Forschungsfond"; MWFZ)
and the "Deutsche Forschungsgemeinschaft" (DFG: Re-1627/1-3).
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Abstract A commercial duplex stainless steel has been aged at 673 K for up to 55,000 h.
The aging results in the phase decomposition of the ferrite in duplex stainless steel. The end
products of the phase decomposition are a Fe-rich and a Cr-rich phase. The chromium
concentration of these phases is determined by measuring the hyperfine magnetic field and
the isomer shift using Mossbauer effect. The experimental results are compared with a
phase diagram calculated for Fe-Cr-Ni ternary system at 673 K.

Key words spinodal decomposition · Fe-rich phase Cr-rich phase- PWR· isomer shift
hyperfine magnetic field

1 Introduction

Duplex stainless steels are important materials used for the primary coolant water piping
systems in the nuclear power plant. The metallurgical structure of the stainless steel is
composed of a paramagnetic austenite and a ferromagnetic ferrite phase. The Cr content in
the ferrite is about 25 mass%. Because of the high Cr content, the ferrite finally decomposes
into an Fe-rich phase and a Cr-rich phase by spinodal decomposition, when aged around
593 K which is the typical operation temperature of the pressurized water reactor (PWR).
Various properties such as anti-corrosion, ductility and toughness are degraded due to the
phase decomposition. It is necessary to know the compositions of the phase decomposition
products for a better understanding of the degradation mechanism. Mossbauer spectroscopy
is one of the useful techniques to determine the Cr concentration. However, as the Cr-rich
phase and the austenite are paramagnetic at room temperature, the detection of the
paramagnetic peak due to the Cr-rich phase becomes difficult by the interference of the
austenite phase, unless the volume fraction of the Cr-rich phase is large enough . Moreover,
in order to determine the Cr content of the Fe-rich phase, a very long term aging is required
to attain the completion of the phase decomposition . For these reasons, the Cr concentration

H. Kuwano (181) . H. Imamasu
Muroran Institute of Technology, 27-1 Mizumoto, Muroran, Hokka ido 050-8585 , Japan
e-mail: kuwano@mmm.muroran-it.ac.jp
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Table I Chemical compositions of CF3M grade duplex stainless steel (mass%)

Cr Ni Mo Mn Si C

Bulk 19.9 9.98 2.42 0.69 1.2 O.oI8

Ferrite 24.0 5.48 3.73 0.47 1.24
Austenite 19.4 9.11 2.47 0.55 1.09
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Figure 1 Average hyperfine
magnetic field of 57Fe as a func­
tion of Cr concentration in
Fe-Cr-Ni-Mo alloys.

of the two phases has been left unknown at the low temperatures . Inthe present experiment,
a duplex stainless steel has been aged for long times to complete the phase decomposition .
The present study aims to determine the Cr concentrations of the Cr-rich phase and the Fe­
rich phase by Mossbauer spectroscopy.

2 Experimental

A duplex stainless steel of CF3M grade, which contains 25% of ferrite in the austenite
matrix, is melted followed by casting. Bulk chemical compositions of the duplex stainless
steel are chemically analyzed as presented in Table I. Chemical compositions of the ferrite
phase analyzed by energy dispersion spectroscopy are also listed in Table I together with
the austenite phase. The ferrite composition is characterized by 24 mass% Cr, 5.5 mass% Ni
and 3.7 mass% Mo. Mossbauer measurements have been carried out on thin foil of 30 urn
in thickness using a 57CO(Rh) source at room temperature . The Doppler velocity is changed
from -10 to 10 mm/s and -1.8 to 2 mm/s for the measurements of the hyperfine magnetic
field and the isomer shift, respectively. Hyperfine magnetic field distributions (hereafter
called P(H) curve) are calculated in the hyperfine magnetic field range from 0 to 40 Tusing
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Figure 2 Room temperature Mossbauer spectrum (a), P(H) curve (b) and paramagnetic peak (c) for the
unaged duplex stainless steel.

a program made by Le Caer and Dubois [I]. Phase diagrams for a Fe-Cr-Ni ternary system
have been calculated by Chung and Chang [2]. The binodal lines for the ferrite phase at
673 K are calculated by us using the program and thermodynamic parameters reported in
the reference [2].

3 Results and discussion

3.1 Cr concentration of the iron-rich phase

(I) Relation between hyperfine magnetic field and chromium concentration in Fe-Cr-Ni­
Mo alloys.
In order to examine a relationship between the average hyperfine magnetic field <H>
of 57Fe and the Cr content x in Fe-Cr-Ni-Mo alloys, x is varied from x=O to 49 mass
% Cr (53 at.% Cr), whereas the Ni and the Mo content are adjusted to 5.4±O.6 mass%
Ni and 3.1± 1.2 mass% Mo, respectively. As shown in Figure I, <H> decreases
linearly with increasing x as expressed by an empirical relationship ,

(H) = 33.1 - 0.38x. (1)

The equation alIows us to estimate the Cr content in the ferrite by the measurement of
<H>.

(2) Phase decomposition in duplex stainless steel.

The Mossbauer spectrum of the unaged duplex stainless steel is characterized by the
superposition of a paramagnetic peak and a ferromagnetic spectrum as shown in Figure 2a.
The former is associated with Fe atoms in the austenite phase (y) which is paramagnetic,
and the latter with Fe atoms in the ferrite (cc) which is ferromagnetic at room temperature.
The corresponding P(N) curve shown in Figure 2b is characterized by the two peaks
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Figure 3 Room temperature Mossbauer spectrum (a), P(H) curve (b) and paramagnetic peak (c) for the
duplex stainless steel aged at 673 K for 55000 h.

10' 102 103

Aging time, t (h)

Figure 4 Variation of the aver­
age hyperfine magnetic field of
ferrite in a duplex stainless steel
as a function of aging time at
673 K.

28

1\ 26
:r:
v

24 i A /-' ·········· ,....... , , .

22 ..........~.u..u,/~~..u.u"-~..........,"'---~~.ul-~~w.L~w...u.wJ

Uanged

existing in H<5 T and 5 T <H<40 T, which are concerned with the austenite and the ferrite
phase, respectively. The P(H) curve for the ferritei«) makes a maximum at H=23.5 T.

The Mossbauer spectrum after the aging at 673 K for 55,000 h is presented in Figure 3a.
The distance between the two outermost peaks of the ferromagnetic spectrum is larger than
that of the unaged steel spectrum, and the peak position of P(H) curve for the ferrite shifts
to H=30 T after the aging. These results indicate that the aging results in the increase in
<H> for the ferrite.

A variation of <H> with aging time is given in Figure 4, showing a gradual increase in
<H> with increasing aging time. The increase in <H> corresponds to the decrease in the Cr
concentration in Eq. I. So, the aging results in the decrease in the Cr content of the ferrite.
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Figure 5 Calculated Fe-Cr-Ni
phase diagram showing binodal
lines for the ferrite phase at
673 K.

The ferrite depleted with Cr atom is usually called as the Fe-rich phase. Since there is very
little change of <H> between 20,000 and 55,000 h of the aging time, it is interpreted that
the phase decomposition has been almost completed at the aging time of 20,000 h. The
maximum value of <H> is 29.3 Tat 55,000 h. Inserting the value into Eq. I, x is obtained
as 10 at.% Cr which is the Cr concentration of the Fe-rich phase.

According to a phase diagram calculation [2], there is a miscibility gap of the ferrite in
the Fe-Cr binary and Fe-Cr-Ni ternary system at low temperatures. We have calculated the
phase diagram using a program and thermodynamic parameters reported in the reference
[2]. One of the examples of the calculated results for the binodallines at 673 K is shown in
Figure 5. One of the binodal lines locate near a 10 at.% Cr line in the iron rich side, and the
other lies along the Fe-Cr basal axis in the chromium rich side. Supposing that very small
change in the Ni concentration is accompanied by the aging, the above measured chromium
concentration is plotted in Figure 5, indicating that the experimental result is consistent with
the calculated result in the iron-rich side.

3.2 Cr concentration of the chromium-rich phase

As for the paramagnetic peak, its peak position shifts to the negative Doppler velocity
accompanied by the broadening of the peak width after the 673 K aging. It was unable to fit
the paramagnetic peak after the aging by two components of y I and y2 appearing in the
spectrum of the unaged steel. There is little possibility that the austenite phase undergoes
the phase transformation at 673 K. So if we assume that there is no change in the
parameters for y I and y2 before and after the aging, there is a high possibility that the third
paramagnetic peak coexists with the two original paramagnetic peaks as shown in
Figure 3c. The isomer shift of the newly appeared paramagnetic peak is - 0.127(±0.007)
mm/s. The isomer shift is ascribed to the Cr-rich phase which is one of the final phases of
the phase decomposition of the ferrite, because the isomer shift is comparable with a value
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Figure 6 Isomer shift of 57Fe as
a function ofCr and Ni content in
Fe-Cr-Ni alloys .

of - 0.122 mm/s for an Fe-80Cr-3Mo-5Ni alloy [3] rather than -0.09 mm/s for the
austenite phases [3].

Empirical relationships between the isomer shift and the Cr content in bee Fe-Cr and
bee Fe-Cr-Ni alloys have been reported elsewhere [4], and reproduced in Figure 6. The
isomer shift of 57Fe decreases linearly with increasing Cr concentration with a slope of
- 0.0016 mm/s/at.% Cr. On the other hand, the addition ofNi to Fe-Cr alloys increases the
isomer shift of Fe by 0.002 mm/s /at.% Ni. The result is nearly equivalent with a value of
0.0023 mm/s measured by Vincze and Campbell [6]. According to Figure 6, the isomer
shift of - 0.127 mm/s corresponds to 87 to 100 at.% Cr depending on the Ni content. In
order to determine the Cr concentration of the Cr-rich phase, it is necessary to estimate the
Ni content.

Ishikawa and Yoshimura [5] have investigated distributions of Cr, Ni, Mo in the ferrite
in the CF3M duplex stainless steel aged at 723 K for 10,000 h by position sensitive atom
probe (POSAP). The Cr-rich phase was detected as the regions where the Cr concentration
is more than 50 at.% Cr, whereas the Fe-rich phase as the regions less than 12 at.% Cr.
Though the Cr content in the Cr-rich phase has not been determined precisely by POSAP,
detailed information has been obtained for the distributions of Ni, Mo and Si. Mossbauer
effect is not effective to measure these elements. Mossbauer effect and POSAP seems to be
complementary each other. According to the POSAP study, Mo and Si are excluded either
from the Cr-rich regions or the Fe-rich regions to be concentrated somewhere. As the result,
the Mo content in the Cr-rich regions is depleted less than I at.%. Though the addition of
Mo to pure iron decreases the isomer shift of 57Fe by - 0.001 mm/s/at.% Mo [6], its
contribution to the isomer shift of the Cr-rich phase is so small that can be negligible in the
present case. The POSAP study has also revealed that Ni atoms have a tendency to be
depleted from the Cr-rich regions. The Ni concentration in the Cr-rich region is about 2 at.
% Ni, or less. If we adopt the result, the isomer shift of -0.127 mm/s corresponds to the Cr
content of 93 (±5) at.% Cr. The present result is roughly consistent with the calculated
result of the binodal line in the chromium-rich side of the ternary phase diagram shown in
Figure 5.
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4 Conclusion

1015

The ferrite in a duplex stainless steel decomposes into a ferromagnetic phase and a
paramagnetic phase by aging at 673 K. The ferromagnetic phase has a mean hyperfine
magnetic field of 29.3 T after 55,000 h aging time. The mean hyperfine magnetic field
corresponds to the Cr concentration of 10 at.% Cr. The isomer shift for the paramagnetic
phase is -0.127 mm/s. The Cr concentration of the paramagnetic phase is estimated about
93 at.% Cr, supposing that its Ni content is 2 at.%.
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Abstract Mossbauer spectroscopy revealed that a central hyperfine interaction doublet and
an additional sextet characterized the appearance of new phases in the mechanically alloyed
Fe20rAI and Fe20rCO systems. In the Fe20rAI system, the intensity of the central
super paramagnetic doublet which represents small particles of iron, increased with
increasing milling time from 5 to 30 h of mechanical alloying . The magnetic sextet
characterizing hematite vanished in the room temperature Mossbauer spectra of samples
produced after 25 h of mechanically alloying the 50% Fe203 and 50% Al system. In general
XRD peak broadening was observed as a result of extensive material structural distortion
and formation of small particles. Fe, Al203 and mixed iron-aluminium oxide phases were
identified in the XRD patterns with a small persistence of the iron oxide up to 20 h of
mechanically alloying the I :I system AI-Fe203' In the 50% Co-50% Fe203 system, a 55%
abundant new phase CoFe204 was observed, from the Mossbauer spectra of the system.
The presence of this new phase was confirmed by the XRD analysis. The high energy ball
milling of WC-Fe203 revealed a more effective grinding compared to hematite alone. The
hematite particles were reduced to nanosized particles.

Key words Mossbauer spectroscopy ' hematite ore cobalt -WC . aluminum­
mechanical alloying

1 Introduction

Mechanical alloying was originally used as a novel manufacturing technique. It was
subsequently tried in minerals processing and extraction of metals [I]. Work relating to
hematite ore or fines discards have been reported in the literature . Several authors [2]
managed to mechano-thermally extract metals from their ores using this technique e.g. iron
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Figure 1 XRD patterns
comparing the effect of milling
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Figure 2 The Mossbauer spectrum showing the effectof milling time on phase transformation of a mixture
of 50 wt% hematite and 50 wt% aluminum mechanically alloyed for 20 h.

was produced from hematite using aluminium as a reducing agent while others [3]
demonstrated that the ball milling of hematite ore and WC-Co lead to the formation of
intermetallics and mixed oxides. The present paper is a follow up on the above mentioned
pieces of work.

2 Materials and methods

A run off mine (ROM) hematite ore crushed in the laboratory was subsequently high energy
ball milled with 50 wt% aluminium and 50 wt% cobalt i.e. in a ratio of 1:1 for up to 30 h. A
subsequent milling of a 20% WC- 80% FeZ03 was conducted. A planetary ball mill
(PM400/2) containing 50 balls of average weight 7 g each i.e. a ball to powder ratio of 10:1
was used without inert atmosphere i.e. argon nor nitrogen. The effect of milling time on the
products formed was monitored. During a total milling time of 30 h, samples were collected
at 5 h intervals. The collected sample was characterized with transmission Mossbauer
spectroscopy (MS) at room temperature and major observations were confirmed with XRD
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(CuKa.). MS experiments were carried out with about 20 mg/crrr' of sample and a Co (Rh)
source. The hyperfine parameters are reported with respect to oc-Fe.

3 Results and discussion

When milling hematite ore with aluminium, a sextet of hematite (Fe203) and a central
paramagnetic doublet of iron (Fe) are observed in the Mossbauer spectrum of a mixture
milled for 5 h. The sextet corresponding to a magnetical1y ordered iron is not observed in
the MS spectra because iron present in the sample is already fine and forms nanoparticles as
the system is being bal1 milled. The value of the measured magnetic field decreases as
particles' size decreases with mil1ing time. The intensity of the central doublets increases
after 10 h and continues to do so up to 30 h as the fraction of the produced nanoparticles of
iron increases in the sample. The sextet corresponding to a magnetical1y ordered iron
continues to decrease in samples mechanical1y alloyed for durations between 10 and 20 h.
This sextet disappears completely after 25 h where al1 the hematite present in the system
has been reduced into iron, while aluminium has been oxidized into aluminium oxide.
Hematite and aluminium systems mechanical1y alloyed for more than 25 h displayed only a
central paramagnetic doublet characteristic of the presence of nanoparticles. This
observation confirms the results obtained from the XRD analysis presented in Figure I
showing that mil1ing, only for 5 h, aluminium and hematite system, where aluminium
content has been increased from 25% to 50%, stil1 leaves un-reacted some of the hematite
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Table I Mossbauer hyperfine interaction parameters of a mixture of 50% Co +50% hematite mechanically
alloyed for various times

Milling time (h) Hyperfine interaction parameters

J/Fe (mm/s) 6 (mm/s) Bhf (T) T(mm/s) RA (%)
5 0.38 -0.17 51.76 0.38 100
10 0.38 -0.18 52.20 0.36 46

0.41 - 0.2 1 49.31 1.18" 27
0.59 1.66 2.50" 27

15 0.38 - 0.19 52.08 0.39 34
0.37 -0.52 47.67 1.68" 38
0.05 - 0.11 33.22 0.43 7
0.41 0.69 0.60" 5

0.74 2.14 1.56" 16

20 0.39 - 0. 19 52.13 Fixed 22

0.49 - 0.17 45.58 1.82a 26

0.06 - 0.13 32.60 1.40a 30

0.40 0.82 0.73" 7
0.97 1.59 1.09" 16

25 0.36 - 0.17 52.02 0.35 8
0.47 -0.30 46.68 2.28" 36
0.37 0.75 1.02" 36
0.89 1.64 1.07" 20

30 -0.05 0.71 51.59 Fixed 7

0.69 -0.23 45.81 1.98a 55

0.41 0.77 0.67" 19

0.91 1.24 0.87a 19

/i/F,' Isomeric shift (with respect to cc-Fe); 6 quadrupole splitting ; Tfull width at half maximum; RA relative
absorbance

" Too wide a doublet

and some of the aluminium although a production of Fe and AI203 would be noticed. It was
noticed that aluminium will completely reduce hematite to iron after 25 h of mechanical
alloying in the 50% Fe201 and 50 % AI composition. Figure 2 shows that a milling of the
above system for a period of 20 h still leaves about 15% of residual hematite and produces
about 85% of super paramagnetic doublet attributed to nano particles of iron.

All hematite contained in the stoichiometric composition has been reduced to iron in the
first 5 h of mechanical alloying. In the I: I ratios, an excess of hematite was observed still
present in the products after 5 h (and even after 20 h) of mechanical alloying. It was
observed that the relative abundance of Fe and Fe20 3 phases in the mechanically alloyed
mixture of 50% Fe203 and 50% AI203 went from 87% hematite and 13% doublet, after 5 h
milling to 0% hematite sextet to 100% superparamagnetic doublet after 25 h milling.

MS spectra of mechanically alloyed 50% Co+50% hematite are presented in Figure 3.
The corresponding hyperfine interaction parameters are summarized in Table 1. When
milling 80 wt% hematite + 20 wt% Co systems, a new phase was observed in samples
produced after milling for 5 h. The new phase was characterized by a doublet with
hyperfine interaction parameters of ~=1.850 mm/s and 8=0.710 mm/s [3] while in the
50 wt% hematite and 50 wt% Co sample the new phase, also a doublet, (8=0 .592 mm/s,
~ = 1.667 mm/s ) started to appear after 10 h. This indicated the occurrence of a possible
phase transformation in the material. A second sextet appeared after 10 h of milling in both
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samples (Figure 3). This sextet would be attributed to the presence of an additional iron
bearing new phase. This phase has approximately the same hyperfine magnetic field in both
samples ranging between 45 and 49 T. It is lower than that of hematite (51 T) and higher
than that of a-Iron (33 T). The observed slightly higher value (-52 T) of the hyperfine
magnetic field (Bhf) of hematite would be caused by the contamination of hematite with
cobalt and new-formed phases . Possible new phases would include the following : CoFe20 4,
C02Fe04 and CO2.sFeO.S04. The CO2.sFeO.S04 was reported to be nonmagnetic while
CoFe204 and C02Fe04 were magnetic [3]. Although no hyperfine interaction parameter
values were reported for these compounds, their MS spectra resemble those observed in this
study.

When milling WC and hematite systems, the MS spectra of samples produced could be
fitted with a distribution of magnetic fields and paramagnetic doublets (Figure 4). The
sextet component is considered to be bulk crystalline hematite largely unaffected by the
milling. The component modelled as a distribution of magnet ic fields, taken in conjunction
with the XRD results, is considered to be hematite with a distribution of particle sizes down
to the -10 nm range. The central doublet is then considered to represent the smaller
(superparamagnetic) particles each bigger than -10 nm. The observed distribution of
magnetic fields and/or doublet could also be attributed to amorphous iron-oxide phases
which are not visible in the XRD patterns. Such amorphous phases will also tend to exhibit
collapsed internal magnetic fields. At milling times of 15 h and more, the Mossbauer
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spectra of the WC-hematite mixtures tend to show more resonance intensity in the central
region than the hematite-only spectra. This suggests that more effective milling occurs in
the WC-hematite mixtures , the WC likely acting as an effective abrading or grinding agent.
There is evidence of bulk crystalline hematite (largely unaffected by milling) up to 15 h of
milling, but at 30 h such a crystalline component cannot be superimposed on the spectrum.
This suggests that all of the hematite has been reduced in size from original bulk
dimensions, and that an appreciable volume fraction is in the 10-30 nm and near to super
paramagnetic size range.

4 Conclusions

Mechanical alloying of a mixture of hematite and aluminium resulted in the formation of
new phases . It is possible to reduce iron oxide to iron by aluminium using mechanical
alloying . It is advised to adhere to the stoichiometric ratio when reducing hematite by
aluminum using mechanical alloying as the aimed results are obtained in a short time
compared to the 50:50 ratios. Iron peaks dominated the spectra in the last 25 and 30 h. The
peaks for other phases were very small, almost invisible in the last 25 and 30 h of milling.
The presence of iron-bearing phases was confirmed by Mossbauer spectroscopy. Emerging
new phases are characterized by a central hyperfine interaction doublet and an additional
sextet. The Mossbauer results confirms that hematite is completely reduced to iron after
25 h of mechanical alloying in the 50% Fe203 and 50% Al composition. The doublet which
represent small particles of iron increases from 5 to 30 h of mechanical alloying . Hematite
sextet decreases from 5 h and diminishes after 25 h. In the milling of individual powders
WC, Co and hematite no phase transformation occurred due to mechanical alloying as
revealed by both XRD and MS. High energy ball milling ofWC-hematite mixture resulted
in reduction of particle size to less than 10 nm for the same duration of time as the
individual powders . No new phases were observed due to mechanical alloying . Mechanical
alloying of a mixture of <x-Fe203 and Co was found to yield CoFe204 with a crystallite
sizeof less than 4 nm. High energy ball milling of <x-Fe203 alone also resulted only in the
formation of nanosize crystallites of hematite . The formation of CoFe204 means that the
cobalt, which holds the WC grains together, will be depleted from the matrix leaving the drill
bit susceptible to mass loss and brittle fracture. As the binder material is lost to the cobalt
ferrite phase the drill bit loses its toughness and strength .
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Abstract F.C.C. Fe-30.3%Ni and Fe-30.5%Ni-1.5%C (wt.%) alloys were studied by
means of Mossbauer spectroscopy in external magnetic field Bext=2.5, 5, 7 T parallel to the
gamma-beam. It is shown that distribution of effective magnetic field in the alloys is broad
and that carbon expands the range of Beff. The external magnetic field increases Beff in the
Fe-Ni alloy and decreases it more evidently in the Fe-Ni-C alloy. Antiferromagnetic spin
coupling along the ferromagnetic component is proposed to explain data.

Key words Mossbauer spectroscopy- Fe-Ni and Fe-Ni-C alloys -hyperfine magnetic field ­
external magnetic field

1 Introduction

One of the models describing the Invar behavior of the classical f.c.c.-Fe-36%Ni alloy is
based on the existence of large volume high moment (HM) and low volume low moment
phases (LM) [I] . In order to support or exclude this idea, recent papers focused on
Mossbauer measurements of Fe-Ni alloys in external magnetic field . Mossbauer
spectroscopy measurements in longitudinal external magnetic fields up to 7 T have been
reported on ball milled y-FeIOO-xNit (x=21 , 24, 27 at.%Ni) alloys after annealing at 923 K
showing two LM paramagnetic Fe-rich phases and Ni-rich clusters of a ferromagnetically
ordered HM phase [2]. Other authors [3] using Mossbauer spectroscopy in a magnetic field
of 1.1 T and a polarized y-beam came to the conclusion that there are two kinds (large and
small) of iron magnetic moments in the f.c.c.-FelOo-xNix (x=35, 30, 25) alloys (bulk
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Figure 1 Mossbauer spectra of the Fe-30.3%Ni alloy after homogenization at 1,373 K measured in
magnetic fields: without field (a), at B=2.5 T (b) and at 7 T (c). The distributions of the HMF,p(B), and IS,
p(Oj, are also shown (the (j values are given with respect to cc-Fe).

material). The applied magnetic field causes reorientation of magnetic moments only and
the hyperfine magnetic fields (HMF) distribution remains unchanged.

The f.c.c.-Fe-Ni alloy containing about 30%Ni does not usually show Invar behavior
since the martensitic transformation inhibits it. However, an addition of C considerably
reduces the martensitic point, which results in low thermal expansion approaching the value
for standard Invar (Fe-36%Ni) [4]. As established in [5, 6], carbon impurity in a solid
solution leads to the decrease in elastic moduli and lowers the Debye temperature in the
f.c.c.-Fe-Ni-C alloys due to strong negative magnetic contribution into the ultrasonic
velocity. As shown by Mossbauer spectroscopy [4, 7], the HMF distribution resembles a
typical Invar pCB) function showing the complex inhomogeneous magnetic order in the
Fe-Ni-C alloys. Intensive small-angle neutron scattering (SANS) has been observed in the
Fe-Ni-C alloy as a result of inhomogeneous magnetic order [8]. The SANS intensity was
considerably reduced by means of an applied magnetic field of 2.5 T [9].

In this work, in order to support the idea that ferromagnetic and antiferromagnetic
interactions coexist in Fe-Ni-C-Invar alloys, the f.c.c. Fe-30.3%Ni and Fe-30.5%Ni-1.5 %
C (wt.%) alloys were studied by means of Mossbauer spectroscopy in external magnetic
field Bext=2 .5, 5, 7 T parallel to the gamma-beam.

2 Experimental details

The Fe-30.3%Ni, Fe-30.5%Ni-1.5 %C (wt.%) alloys were melted in vacuum induction
furnace in protective argon atmosphere. The ingots were aged at 1,273 K in vacuum during
3 h. The samples were 20-25 11m thick foils obtained by chemical etching of metal plates
with 80-90 11m thickness. The foils were annealed at 1,373 K during 30 min and
subsequently quenched in oil. After quenching, the alloys were austenitic as obtained by
X-ray analysis. The carbon concentration was determined by chemical analysis and the
content of nickel was obtained by means of X-ray fluorescence analysis.

Mossbauer spectra in different magnetic fields were measured on a constant acceleration
spectrometer at Uppsala University. A Cryogenic Ltd. closed cycle refrigerator super­
conducting magnet with a central field homogeneity of 99% was used for in field
Mossbauer spectroscopy measurements. The applied magnetic fields of 2.5, 5 and 7 T were
parallel to the gamma beam. 57CO in Rh matrix was used as gamma quantum source. The
spectra were stored in a multichannel scaler with 512 channels. All spectra (of 256
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Table I The hyperfine magnetic fields in the Fe-30.3%Ni and Fe-30.5%Ni-1.5 %C alloys obtained by
fitting of the Mossbauer spectra

Alloy BeX! (T) BL , (T) BM , (T) BH, (T) BelT' (T)
(wt.%)

Bmax a Bmax a Bmax aInterval of BL L Interval of BM M Interval of BII H

Fe-30.3%Ni 0 Q-{).3 2.5 6.3-11.9 11.9- 23.4 21.5
2.5 0-4.9 4.9-10.6 7.6 10.6--32.6 18.3 25.4
7 0-3 .0 3.0-9.2 5.6 9.2-33.8 16.0 26.7

Fe- 30.5% 0 0-3 .1 3.1-8.2 6.9 8.2- 33.4 22.7 29.4
Ni-1.5%C 2.5 0-3 .0 3.0-8.4 6.2 8.4-32.8 25.8 30.4

0, 0-3.4 3.4-12.4 9.3 12.4-32.6 23.9 30.2

1>= 54.7°
7 0-4.1 4.1-10.2 6.8 10.2-27.2 19.0 24.6

BL is the low-field component of hyperfine magnetic field (HMF); BM is the middle-field component of
HMF; BII is the high-field component of HMF; BelT is the effective value of HMF; 1> is the magic angle
between the normal to a sample plane and the y-beam direction
a The field at maximum in a selected section of the p(H) function

channels) were fitted using the Window method [7] and the distributions of the hyperfine
magnetic fields (HMF) and isomer shifts (IS) were deduced. The IS are given with respect
to (X-Fe.

3 Results and discussions

The Mossbauer spectrum of the Fe-30.3%Ni alloy obtained at Bext=O T as a broad singlet
(Figure I) can be fitted with a distribution of HMF from 23.4 T to lower values, with the
BcrF21.5 T (Table I) determined on the minimum of the first derivative of the p(B)
function. Under an applied external magnetic field of2.5 T the spectrum of the alloy is split
and there is a broad distribution of the HMF from 32.6 T to smaller values. The maxima of
p(B) are nearly 7.6 and 18.3 T (Table I). The s,« increases to 25.4 T. For Bext=7 T, the p(B)
function shows a higher value of BerF26. 7 T and lower values for maxima: BM

rnax=5.6 T
and BII max = 16.0 T. This indicates that the effective internal fields are parallel and anti­
parallel to the external field.

The shape of the Mossbauer spectrum of the Fe-30.5%Ni-1.5%C alloy after annealing
at 1,373 K obtained at Bext=O T considerably differs from that of the Fe-30.3%Ni alloy
(Figure la and Figure 2a). The Fe-30.5%Ni-1.5%C sample gives a very broad magnetic
spectrum. The distribution of BelT extends from 33.4 T to smaller values and shows two
peaks at BM

rnax=6.9 T and BH
rnax =22 .7 T (Table I).

The effective field components in the spectrum of the carbon-containing alloy were not
considerably changed under the Bext=2.5 T: BefT increases from 29.4 to 30.4 T. However, at
higher applied external magnetic field Bext=7 T, the marked reduction of BefT (24.6 T) and
high-field component (Bu

rnax= 19.0 T) is observed (Table I). The BM
rnax is changed slightly

and a low-field component still exists at Bext=7 T (Figure 2, Table I). The obtained data
indicate the existence of antiparallel coupling of spins in the alloy and the coexistence of
spins in paramagnetic and ferromagnetic states. Thus, this experiment confirms the mixed
exchange interaction in the Fe-Ni and Fe-Ni-C alloys and shows that carbon enhances this
"magnetic decomposition" that was predicted in calculations [10]. The mixed exchange
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Figure 2 Mossbauer spectra of the Fe- 30.5%Ni-l.5%C alloy after homogenization at 1,373 K measured in
magnetic fields: without field (a), 2.5 T (b), angle 54.7° (c), 7 T (d). The calculated HMF, pCB), and IS, p(5),
distributions are also shown (the 8 values are given with respect to cc-Fe).

interaction in the alloys results in inhomogeneous magnetic order as seen in SANS studies
[9].

The measurements at a 54.7° angle from the normal to the sample with respect to the
gamma beam direction did not change the shape of the spectrum, This indicates the absence
of texture in the alloy.

It is to be noticed, that the isomer shift for the Fe-Ni-C alloy slightly increases under
applied external magnetic field (Figure 2), and this does not occur for the Fe-Ni alloy
(Figure I) . This means that the s-electron density decreases under the applied field being
the result of a redistribution of electronic charge and an enhancement of screening effect by
magnetic d-electrons.

4 Conclusions

When Bext=O the distribution of the effective magnetic field is broad in the Fe-Ni and
Fe-Ni-C alloys containing :::::30%Ni. Alloying with carbon increases the effective field up
to 33.4 T, whereas in carbonless alloy it is extended only to 23.4 T.

The applied external magnetic fields of 2.5 and 7 T result in a small decrease of BM
max

and BH
max with the simultaneous increase of effective field Betr in the Fe-30.3%Ni alloy.

The interstitial carbon enhances the effect of external magnetic fields. More marked
changes in HMF are observed for the Fe-30.5%Ni-I .5%C alloy in Bext=7 T. The decrease
of Beff and BH

max and weak changes of the low-field and middle-field components under
Bext occur, indicating the presence of ferromagnetic and antiferromagnetic alignment of
spins.

The data confirm the existence of mixed exchange interaction in the Fe-Ni and Fe-Ni-C
alloys.

Acknowledgment The Science and Technology Center in Ukraine (project #2412, 2001-2004) and the
Fundamental Research Program of the National Academy of Sciences of Ukraine "Nanosysterns,
nanomaterials and nanotechnologies" (2005) supported this work.

~ Springer



Mossbauer study of the invar Fe-Ni and Fe-Ni-C alloys

References

1027

1. Rancourt , D.G.: Phase Transit. 75, 201 (2002)
2. Abdu, Y.A., Annersten, H., Ericsson, T , Norblad, P.: 1. Magn. Magn. Mater. 280,243 (2004)
3. Satula, D., Szymanski, K., Dobrzynski, 1., et al.: Nukleonika 48, S71 (2003)
4. Nadutov, Y.M., Svystunov, Ye.O.: Metallofiz. Novejs . Tehnol. 24, 1639 (2002) (in Ukrainian)
5. Nadutov, Y.M., Zaporozhec, 0.1., Dordienko, M.A., Svystunov, Ye.O.: Metallofiz. Novejs . Tehnol. 25,

533 (2003) (in Ukrainian)
6. Nadutov, Y.M., Golub, TY. , Hymenyuk , O.Y.: Funct. Mater. 11, 496 (2004)
7. Nadutov, Y.M., Svystunov, Ye.O., Efimova, TV., Gorbatov, A.Y.: Hyperfine magnetic structure and

magnetic properties ofinvar Fe-Ni-C alloys. In: Mashlan , M., Miglierini, M., Schaaf, P. (eds.) Material
Research in Atomic Scale by Mossbauer Spectroscopy, pp. 105-116. Kluwer , Dordrecht, The
Netherlands (2003)

8. Nadutov, Y.M., Garamus, Y.M., Willumeit, R., Svystunov, Ye.O.: Metallofiz . Novejs . Tehnol. 24, 717
(2002) (in English)

9. Nadutov, Y.M., Willumeit, R., Garamus, Y.M., Semenov, D.Y.: Funct. Mater. 11, SOl (2004)
10. Tatarenko, Y.A., Radchenko, TM., Nadutov, Y.M.: Metallofiz . Novejs. Tehnol. 25, 1303 (2003) (in

Ukrainian)

~ Springer



Hyperfine Interact (2006) 168:1029-1035
DOl lO.l007 /sI0751 -006-9389-z

Mossbauer study of Mg-Ni(Fe) alloys processed
as materials for solid state hydrogen storage

P. Palade • G. Principi • S. Sartori· A. Maddalena­
S. Lo Russo· G. Schinteie • V. Kuncser • G. Filoti

Published online: 8 November 2006
© Springer Science + Business Media B.V. 2006

Abstract Mg-Ni-Fe magnesium-rich intermetallic compounds were prepared following
two distinct routes. A MgsgNillFe] sample (A) was prepared by melt spinning Mg-Ni-Fe
pellets and then by high-energy ball milling for 6 h the obtained ribbons. A
(MgH2)ggNi]IFe] sample (B) was obtained by high-energy ball milling for 20 h a mixture
ofNi, Fe and MgH2 powders in the due proportions. A SPEX8000 shaker mill with a 10:1
ball to powder ratio was used for milling in argon atmosphere . The samples were submitted
to repeated hydrogen absorption/desorption cycles in a Sievert type gas-solid reaction
controller at temperatures in the range 520-;.-590 K and a maximum pressure of 2.5 MPa
during absorption . The samples were analysed before and after the hydrogen absorption/
desorption cycles by X-ray diffraction and Mossbauer spectroscopy. The results concerning
the hydrogen storage properties of the studied compounds are discussed in connection with
the micro-structural characteristics found by means of the used analytical techniques. The
improved kinetics of hydrogen desorption for sample A, in comparison to sample B, has
been ascribed to the different behaviour of iron atoms in the two cases, as proved by
Mossbauer spectroscopy. In fact, iron results homogeneously distributed in sample A, partly
at the Mg2Ni grain boundaries, with catalytic effect on the gas-solid reaction ; in sample B,
instead, iron is dispersed inside the hydride powder as metallic iron or superparamagnetic
iron.
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1 Introduction

P. Palade, G. Principi, et al.

Very promising materials for hydrogen storage in the solid state, as an alternative to the
storage in high pressure vessels or in cryostats, are based on light metal hydrides as MgH2

having theoretically a hydrogen storage capacity of7.6 wt.%. Unfortunately, MgH2 shows
slow kinetics of hydrogen absorption/desorption (aid) and a too low plateau pressure (as
displayed in pressure-composition-temperature diagrams) at ambient temperature. This
means that to release H2 gas with a pressure higher than 0.1 MPa (I atm) it is necessary to
raise the temperature above 550 K. Several authors have tried to improve the hydrogen aid
kinetics by ball milling mixtures of MgH2 with transition metals [I] or transition metal
oxides [2]. Other many attempts have been done in order to improve the thermodynamics
introducing particular elements into the MgH2 lattice. Again, ball-milling results a useful
preparation method [3], but also melt spinning can help to this purpose [4].

These two preparation methods have been applied in the present work to the Mg-Ni-Fe
system, which results interesting on the basis of previous studies [5]. Samples obtained by
short time ball milling Mg-Ni-Fe melt spun ribbons have been compared to samples
obtained by long time ball milling a Mgll-, Ni and Fe powder mixture. Hydrogen aid
kinetics and thermodynamics of hydride dissociation have been also studied and discussed
on the basis of 57Fe Mossbauer spectroscopy measurements aimed to determine the changes
of iron local structure during the different stages of sample processing.

2 Experimental

MgggNi 11Fe] ribbons were prepared by melt-spinning. Sample A was obtained by milling
the ribbons using a SPEX8000 shaker mill with a ball to powder weight ratio of 10/1 and a
milling time of 6 h. Sample B, having similar composition, was obtained by ball milling
for 20 h in the same conditions commercial powders of MgH2, Ni, Fe in the proportion
(MgH2hgNi llFe] . The preparation details of samples studied in the present work are de­
scribed elsewhere [6]. Due to the different preparation routes, it is expected that sample A
would present a more homogeneous distribution of the alloyed elements than sample B.
This is expected to affect the hydrogen aid kinetics, too.

Hydrogen aid kinetics, were measured using a AMC (pittsburgh) volumetric Sievert ap­
paratus. Room temperature Mossbauer spectra were measured using a 57Co:Rh source and a
constant acceleration drive. Some measurements were performed also to 80 K. All milling
operations and samples handling were performed in a protective argon atmosphere.

3 Results and discussions

As described elsewhere [6], the starting ribbons appear mainly amorphous with overlapped
sharp peaks of Mg and metastable Mg6Ni phase, while milled ribbons as sample A are
crystalline exhibiting Mg and Mg2Ni phases. No evidence of metallic iron or iron phases
can be seen in the XRD patterns of as spun and milled ribbons. As milled sample B is
crystalline with broad peaks indicating a grain size of about 10 nm and the detected phases
are mainly f3-MgH2 and Mg2NiH4 with a small contribution of cc-Fe, The XRD patterns of
A and B hydrogenated samples exhibit mainly the presence of f3-MgH2 and Mg2NiH4, but
small quantities of MgO and cc-Fe are also present.
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Figure 1 Hydrogen desorption
kinetics at 550 and 580 K under
a hydrogen pressure of 0.02 MPa
for samples A and B.
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Sample A displays a better hydrogen desorption kinetics than that sample B (Figure 1):
at 580 K the desorption of all stored hydrogen occurs in less than 120 s, while in sample B
it occurs completely after 150 s. At 550 K the difference is even more evident, since all
stored hydrogen is released in 250 s by sample A, and in 350 s by sample B.

The room temperature Mossbauer spectra of as melt spun, milled and hydrogenated
ribbon are shown in Figure 2a, b, d, respectively. The spectrum of as prepared ribbon is
rather broad and resembles that of an amorphous iron compound, with two maxima around
3 and 20 T in the hyperfine magnetic field distribution. This broad shape was well fitted
only with a distribution of magnetic hyperfine fields, while the spectra of milled and hy­
drogenated ribbons could be well fitted both with discrete components and hyperfine field
distributions. The hyperfine parameters obtained by fitting the experimental data are given
in Table I. The spectrum of milled ribbon ( Figure 2b) exhibits a magnetic sextet of about
20 T (dotted line), a paramagnetic doublet (solid line) with isomer shift, 6, of 0.15 mm/s
and quadrupole splitting, ~, of 0.94 mm/s and two minor components (two sextets of about
27 T (dashed line) and 33 T (solid line)). The hyperfine field distribution corresponding to
the milled ribbon looks almost similar to that obtained for as melt spun ribbon (Figure 2a, b).
This suggests a substantial increase of crystallinity during milling (supported by XRD data
[6]), but preserving the local environment of iron unchanged . Additionally, the hyperfine
field distribution of milled ribbon shows a peak at 33 T due to the presence of metallic iron.

The pattern of hydrogenated milled ribbon shown in Figure 2d exhibits mainly (X-Fe
(solid line sextet of 33 T) and another sextet of about 20 T (dotted line). Two doublets with
~~ 1 mm/s (solid line) and ~~0.5 mm/s (dotted line) appear in the central region of the
spectrum. The origin of these spectral components associated to different iron environments
will be discussed in the following.

Considering that ball milling and melt spinning are non-equilibrium processes which can
overpass the immiscibility between Mg and Fe at the equilibrium [7], none of the following
possibility can be excluded in principle for sample A: Mg dissolved in Fe clusters, Fe in
Mg, Fe in Mg2Ni, some kind of Fe-Ni compound. The interpretation of the main com­
ponents in the Mossbauer spectra can be made with a perusal of literature data for Fe-Mg
compounds obtained by non-equilibrium techniques: mechanical alloying [8], ion implan­
tation [9], or vacuum deposition [10]. It has been shown that, for low iron concentrations,
Mg-Fe compounds exhibit a paramagnetic doublet with 6=0.03+0.18 mm/s and ~=0.45+

0.6 mm/s [9, 10], while at iron concentrations above 80 at.%, the Mossbauer pattern is an
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Tabl e I Mossbauer hyperfine parameters: /j (isomer shift, referred to metallic iron), .6. (quadrupo le splitting),
Bhf (hyperfine magnetic field) for samples A and B before and after hydrogenation

Sample Phase /j (mm/s) .6. (mm/s) Bhf (T) Relative area (%)

A (RT) a -Fe 0.03(2) 0.06(5) 33.2(2) 12(2)
Fe-Ni(Mg) 0.18(\) 0.02( 1) 20.5(1) 47( 1)
FeNi3(Mg) 0.21(3) 0.04(4) 27.0(3) 16(2)
Mg2Ni(Fe) 0.15(1) 0.94(2) 25(\)

A (80 K) a -Fe 0.09(3) 0.09(6) 34.5(4) 11(3)
Fe-Ni(Mg) 0.31(3) 0.03(2) 24.3(2) 50(3)

FeNi3(Mg) 0.33(3) 0.02(5) 30.6(4) 15(3)
Mg2Ni(Fe) 0.26(2) 0.89(3) 24(2)

A hydrogenate d (RT) a-Fe 0.002(2) 0.002(2) 33.03(2) 76(1)

Fe-Ni(Mg) 0.19(3) 0.06(5) 20.3(3) 15(1)

Mg2Ni(Fe) 0.28(3) 1.03(6) 4(1)
Fe3+ oxide 0.13(3) 0.53(5) 5(\)

B (RT) a-Fe 0.005(4) 0.005(5) 32.95(4) 46(2)
Fe superparamagnetic 0.00(1) 0.2(\) 43(3)
Fe3+ oxide 0.20(5) 0.6(2) 11(4)

B hydrogenated (RT) a-Fe 0.002(2) 0.005(3) 33.16(2) 80(1)
Fe superparamagnetic 0.00(4) 0.0(3) 7(3)
Fe3+ oxide 0.20(3) 0.56(4) 13(3)

hyperfine magnetic sextet of about 30 T, indicating the presence of Mg dissolved into the
bee cc-Fe lattice (Mg atoms nn of Fe atoms have the effect of depressing the magnetic field)
[8]. As shown in Figure 2a), the main peak of the hyperfine field distribution of as obtained
ribbon is located at about 20 T, therefore the presence of Mg dissolved inside iron clusters
has to be excluded. The same could be valid for sample A (milled ribbon), which gives a
main magnetic sextet of20 T (dotted line in Figure 2b). In sample A, also dissolution of Fe
into the Mg structure can be excluded, because the doublet has a ~ of about 0.94 mm/s,
higher than that reported for Fe dissolved in Mg [9, 10]. Another possibility to be ruled out
is to assign the main magnetic component of 20 T to Fe dissolved into Mg2Ni, which is
paramagnetic at room temperature [11]. Regarding Fe-Ni compounds, FeNi3, Feo.sNio.5 and
Fet -xNix invar (x=0.35) have hyperfine magnetic fields of 27.9 T [12], 31.4 T [13], and
23724 T [14, 15], respectively, all higher than 20 T. However, considering that, due to the
preparation method and the overall composition of the samples, Mg atoms may be dis­
solved into grains of a Fe-Ni alloy, depressing the internal field, it is reasonable to attribute
the 20 T component to a structure of this kind. The other two minor magnetic components
which appear in the Mossbauer spectrum of sample A (Figure 2b) are attributed to metallic
iron (33 T) and a FeNirlike phase (27 T). They may be due to Fe separation from the
Mg2Ni during ball milling. Concerning the doublet with ~"",0.9 mm/s, it could belong
either to Fe atoms dissolved in Mg2Ni grains or, most probably, to Fe atoms located at
Mg2Ni boundary, where a highly distorted structure may justify the high value of 6..

At 80 K (Figure 2c) the fitted spectral components for MgggNi]]Fet milled ribbon (sam­
ple A) are the same as at 293 K (Figure 2b). By lowering the temperature, the hyperfine
field of Fe-Ni(Mg) and FeNi3(Mg) increases of about 374 T, a too little increment to
explain a relaxation process, while the isomer shifts follow a regular variation of second
order Doppler shift (Table I). As a consequence, according to Mossbauer data, neither phase
nor magnetic transitions occurred in the range 807293 K.
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As seen in Figure 2d, in the hydrogenated milled ribbon the main part of Fe segregates
from Fe-Ni compounds, giving rise to the cc-Fe sextet of33 T (solid line). This segregation
forms oc-Fe particles large enough to be detected by XRD. Small Fe quantities remain
dissolved inside the Fe-Ni alloy (dotted line sextet of 20 T) or located at Mg2NiH4 grain
boundary (solid line doublet of~= 1.0 mm/s) or as a Fe3+ compound (dotted line doublet) .
Moreover, the corresponding hyperfine field distribution, obtained disregarding the central
doublets, shows a small peak around 20 T besides the main sharp peak of metallic iron. Fe
dissolved into Fe-Ni alloy has the same hyperfine parameters after hydrogenation (Table I),
not affected by the presence of hydrogen. The isomer shift of Fe located at Mg2Ni grain
boundary increases very slightly with the hydrogenation (Mg2Ni-+Mg2NiH4) (Table I),
while the quadrupole splitting remains practically unchanged, suggesting the same strength
of local distortion of Fe environment at the Mg2Ni or Mg2NiH4 grain boundaries. Taking
into account the isomer shift and quadrupole splitting values of Table I, the Fe3

+ doublet
can be assigned to Fe dissolved into Mg or to some Fe complex with cationic vacancies in
MgO matrix [16] or still to some Fe3

+ oxide in superparamagnetic relaxation state. The last
two assignments are more probable, because in hydrogenated samples Fe tends to segregate
from Mg-Ni matrix and to form metallic iron. The same assumption is supported also by
the presence of a similar Fe3

+ doublet in the Mossbauer pattern of sample B (Figure 2e, f)
before and after hydrogenation, which was obtained by ball milling of powders .

The Mossbauer spectrum of sample B before hydrogenation shows mainly the presence
of cc-Fe sextet (solid line) and of a singlet (dashed line) with almost equal intensity (Table I).
The sharp hyperfine field distribution, very different from the broad one of sample A, in­
dicates that ball milling alone is not able to produce an amorphous-like Fe-Ni(Mg) structure,
contrary to melt spinning . After hydrogenation the intensity ofthe singlet strongly decreases .
The isomer shift ofthe singlet, 5=0 mm/s, can be assigned to superparamagnetic iron or/and
to iron in Mg2FeH6, both exhibiting similar Mossbauer patterns at room temperature [17].
The superparamagnetic relaxation may be due to the grain size decrease during ball milling,
which leads to loss of the long range atomic order. Moreover, high energy milling of Mgfl­
mixed with Fe may produce Mg2FeH6, according to Huot et al. [18]. Mossbauer spec­
troscopy proves the increase of the amount of cc-Fe after hydrogen aid cycles (Table I). This
may be either due to increase of iron grain size or caused by partial decompos ition of
Mg2FeH6 into cc-Fe and MgH2• Taking into account the relatively small time of milling
(20 h) compared to the 60 h of Huot et al. [18], more probably the singlet can be assigned
to superparamagnetic iron, not to Mg2FeH6 . A small doublet (dotted in Figure 2e, f), pre­
viously assigned to Fe3

+ in some Fe-MgO complex or to superparamagnetic Fe3
+oxide in

relaxation state, is present before and after hydrogenation and is practically unaffected by
hydrogen aid cycles .

What is very important to draw from the Mossbauer measurements is that Fe does not
give rise to a Fe-Ni phase nor gets dissolved at Mg2Ni grain boundary during ball milling if
the starting material is a mixture of commercial powders, contrary to what happens using as
starting material melt spun ribbons .

4 Conclusions

Mg-Ni-Fe compounds obtained by melt spinning and subsequently ball milling show a
better kinetic of hydrogen desorption than similar samples obtained by milling a mixture of
MgH2, Ni and Fe commercial powders . This may be explained, as proved by Mossbauer
spectroscopy, by the presence in former samples of Fe at the Mg2Ni grain boundaries, with
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catalytic effect on the gas-solid reaction. In the last sample, Fe is dispersed inside the hydride
powder as metalIic iron and superparamagnetic iron.

It is clearly shown that during aid hydrogen cycles of melt spun and subsequently ball
milled samples the main part of Fe separates from Mg2Ni~.
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Abstract The processing of high-Si steels remains challenging. The development of
ordered phases is the reason for the deteriorated workability which makes not feasible its
production. The influence of the hot and the cold work on the order degree in high-Si steel
is investigated by TMS (Transmission Mossbauer spectroscopy) and ILEEMS (Integrated
low-energy electron MS). The Si-addition favors the creation of an order gradient in the hot
rolled sheets; this accounts as an extra strengthening mechanism. In order to have a
successful cold rolling the degree of order must be as low as possible; this is difficult to
obtain when the Si-content is too high.

Key words electrical steel -thermomechanicalprocessing ILEEMS . order-disorder

1 Introduction

Si-steel is used to make most of the cores of transformers and electrical motors. The reason
lies in the enhanced magnetic properties which reduce the power losses of the corre­
sponding device. Although a very good compromise between the different magnetic prop­
erties is obtained for a Si-content around 12 at.% Si, mass production by conventional
rolling techniques keeps restricted to Si-Ievels below 7 at.%. Atomic ordering phenomena
are the main reason for the very poor cold ductility which makes the material impossible
to cold roll. However, there is still an opened discussion about the type of order present in
Fe-Si alloys in the 6-12 at.% Si range [1, 2]. Within this context it has been recently
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Figure 1 a: SEM micrograph of 10.3 at.% Si-steel after the hot rolling. b: Fitted ILEEMS spectra of the
surface and the center of the same sample. e D03 long-range order parameters deduced from the ILEEMS
spectra (surface and middle) and transmission spectra (Bulk).

shown that following an adequate thennomechanical route it is possible to reduce the
degree of order and make the cold rolling feasible in steels up to 10.5 at.% Si [3, 4]. In the
present work the existence of an order gradient through the hot rolled plates is analyzed by
ILEEMS (Integrated low-energy electron Mossbauer spectroscopy). In addition a detailed
view of the effect of cold working on the ordering of high Si-steel is presented. A better
knowledge of the ordering phenomena occurring in high Si-steel can be of a great help in
order to improve the processing conditions for its production.

2 Experimental

Five different Si-steels were laboratory cast. The contents of Si in atomic percent were 6.4,
8.1,8.8,9.4 and 10.5. They were reheated at 1,100°C for 1 h and then they were hot rolled
in four to six passes up to a thickness of 1.5 mm. Chemical etching was used to remove the
surface oxide layer and then they were analyzed by ILEEMS. In addition, ILEEMS was
carried out on the center of the sample after mechanical grinding and chemical etching.
Another series of as-cast specimens were uniaxially defonned in a computer-driven servo­
hydraulic machine designed to compute and maintain a constantly reducing velocity profile
that assures a constant rate of deformation during the whole test. Testing was carried out at
a constant rate of strain of 0.5 sec'" . The 8.8 at.% Si-steel was plane strained to different
deformations at a strain rate of I sec'" .
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Figu re 2 a: 003 LROP of as-cast and uniaxially deformed Si-steels by double-hit. Zero and 24 h mean the
delay time between the two. b: Evolution of the 003 LROP with the applied strain in a 8.8 at.% Si-steel.

3 Results and discussion

Figure la shows the microstructure of the 10.5 at.% Si-steel after hot rolling and air
cooling. The center of the sample is characterized by coarse elongated grains in the middle
whereas small elongated grains are found near the surface. A subgrain structure is detected
within the coarse grains what can be a sign of recovery after heavy deformation. On the
right hand Figure lb presents ILEEMS spectra corresponding to the surface and the middle
of the sample. They were fitted with the help ofa special fitting routine based on a modified
binomial distribution depending on the order parameters [5]. First and second neighbors are
taken into account using a quadratic decrement in the hyperfine field with the number of
first neighbors. Steels with 6.4, 8.1 and 9.4 at.% Si-steel present a structure which is a
mixture of FelsSi and D03 types of order whereas 10.3 at.% Si-steel posses a mixture of
D03 and B2 orderings [5]. Figure Ic gives the D03 long-range order parameter (LROP) of
the surface and the middle of every hot rolled steel obtained from the ILEEMS spectra.
They are compared with the ones obtained with standard transmission Mossbauer spec­
troscopy (bulk). It is seen that the degree of order is always higher in the surface and this
effect is more pronounced for higher Si-contents. In addition the ILEEMS values in the
middle coincide with the transmission results, which is an indication for the validity of the
results.

Figure 2a presents the influence of the deformation and the Si-content on the degree of
order of high Si-steel. The alloys were heavily deformed in two passes and with or without
delay time (24 h) between the two hits. This was done to study the observed room tem­
perature aging behavior in these materials [6]. It is seen that cold deformation suppresses a
high amount of order, especially for higher Si-contents. The order parameters must be
reduced to a very low value in order to reach a high cold deformation. In the case of 10.5 at %
Si this is not possible and for this reason the alloy presented a brittle behavior. On the other
hand, Figure 2b presents the D03 order parameter of 8.8 at.% Si-steel after plain
deformation at different strain levels. For higher deformations, lower values of the degree of
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order are obtained, except for the highest deformation where the tendency is reverted. This
can be related to change of deformation mechanism towards twinning mode [3].

4 Conclusions

DO) order is present in Si-steels for Si contents as low as 6.4 at.%. In the hot rolled plates, a
gradient in order degree is found through their thickness. This gradient is more pronounced
when the Si-content is increased. A hot band annealing is then recommended after the hot
rolling in order to homogenize the order. The key in order to perform a successful cold
working is suppressing as much order as possible, which seems complicated for the very
high Si-Ievels. It is advisable to start the cold rolling with already low amounts of order.

References

I. Swann, P.R., Granas, L., Lehtinen, 8. : Met. Sci. 9, 90 (1975)
2. Kilfrich, H., Kolker, w., Petry, w., Scharpf, 0 ., Nembach, E.: Scripta. Met. et Mater. 24, 39 (1990)
3. Ros, T., Houbaert, Y , Fischer, 0 ., Schneider, 1.: IEEE Trans. Magn. 37, 2321 (2001)
4. Ruiz, D., Ros-Yafiez, T., Vandenberghe, R.E., Houbaert, Y.: Steel Res. Int. 76(6), 21 (2005)
5. Ruiz, D., Ros-Yafiez, T., Vandenberghe, R.E., Houbaert, Y : AlP Conf. Proc. 765, 331 (2005)
6. Ruiz, D., Rivera-Tovar, J.L., Segers, D., Vandenberghe, R.E., Houbaert, Y: Mater. Sci. Eng. A (2006)

(in press)

~ Springer



Hyperfine Interact (2006) 168:I041-1045
001 10.1007/s10751-006-9391-5

Effect of hydrogen on interatomic bonds
in austenitic steels

V. Shivanyuk • V. Gavriljuk • J. Foct

Published online: 14 December 2006
© Springer Science + Business Media B.Y. 2006

Abstract Mossbauer spectroscopy was used to investigate the influence of dissolved
hydrogen on the interatomic bonds in austenitic steels. It was carried out to prove the
decohesion mechanism of hydrogen embrittlement (HE). It is shown that hydrogen
increases Debye temperature, i.e., the interatomic bonds in hydrogenated austenitic steel
becomes stronger.

Key words hydrogen- austenitic steel -Mossbauer effect

1 Introduction

Hydrogen-caused decohesion was one of the first mechanisms proposed to explain
hydrogen-induced embrittlement in metals and alloys [1-3]. It has been often referred to
(see e.g. [4-8]) but it has never been really proven. Interstitially solved in the crystal lattice,
hydrogen is assumed to assist the creation and opening of cracks due to decreasing atomic
bonds. An evidence for the hydrogen-caused decohesion can be sought in the effect of
hydrogen on the elastic constants, atomic force constants derived from phonon spectra,
measurements of the surface energy etc. Hydrogen in the bee metals of the V group in the
periodic table is known to increase the phonon frequencies corresponding to the atomic
force constants [9]. This effect is noteworthy because it occurs despite the large increase in
volume when hydrogen is dissolved in the bee lattice. A somewhat different situation is
observed in the fcc metals where hydrogen decreases the elastic constants, which is
attributed to the increase in volume [9].

The purpose of this work is to contribute to this topic through the study of the effect of
hydrogen on Debye temperature. In the Debye approximation vibrational properties give
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Table I Chemical composition (mass %)

V. Shivanyuk, V. Gavriljuk, et al.

Steel C

0.03

N

0.066

Cr

18.48

Ni

16.3

Mn

9.64

Si

0.45

S

0.04

p

0.008

information about atomic bonds. The material used for the service in hydrogen environment
is austenitic stainless steel, therefore understanding the role of H on mechanical resistance
is essential.

2 Experimental

The austenitic stainless steel CrlsNil 6MnlO has been studied. It was melted in the arc
furnace in ingots about 20 kg. The chemical composition is given in Table I.

After hot forging to rods of about 8 mm in diameter and solution treatment at I,100°C
the samples were cold rolled with intermediate anneals to plates of 20-30 urn, Hydrogen
charging was performed at room temperature and at noc in IN H2S04+125 mg-l"
NaAs02 solution using the platinum anode at the current densities 50 mA/cm2 during n
and 6 h. In such conditions of hydrogen charging, the ratio CII/CMe is about 0.6 in this alloy.

Mossbauer spectra were measured using the MS 1101 E spectrometer ("Mosstech" Co.,
Russsia, Rostov-on Don) in the constant acceleration regime. 57CO in the Rh matrix with an
activity 25 mKu used as a source of v -rays.

The MS110IE spectrometer was equipped with flow nitrogen cryostat that makes it
possible to measure the Mossbauer spectra in the 80-300 K temperature range. The spectra
were fitted using the UNIVEM software. This program allows us to fit an experimental
spectrum with any set and number of monolines, doublets and sextets, based on the phys­
ical model.

3 Results and discussion

3.1 Debay temperature

An effect of hydrogen on the Debye temperature was studied using Mossbauer
spectroscopy. An advantage of this experimental technique as compared to X-ray
diffraction is that Mossbauer spectra are affected by the mean square amplitude of the
atomic vibrations only and not by static displacements of atoms from their equilibrium
positions, so that the lattice dynamics can be best studied. The Debye temperature was
determined on the basis of the temperature dependence measurements of the area under the
lines of the Mossbauer spectrum and that of the isomer shift. The first one is proportional to
the recoilless fraction which depends on the mean square amplitude of the atomic vibration
in the direction of y-rays which is related to the Debye temperature [10]. The temperature
dependence of S(T) obtained in the experiment can be approximated by the following
equation:
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Figure 1 Mossbauer spectra of steel Cr IRNiI6MnlO, a-before hydrogen charging (I) and after hydrogen
charging at 20°C, 50 mA/cm2 for n h (2), positions of sextets lines of spectrum for the charged state is
shown as example ; b-before hydrogen charging (I ) and after hydrogen charging at n oc, 50 mA/cm2 for
6 h (2). Measurements at 80 K.

where Rand k are the recoil energy of the iron nuclei and the Boltzman constant,
respectively; (JD - the Debye temperature; S(O) - the area under the experimental spectrum
at T=O K.

The vibrational properties can also be studied via the temperature red shift of the
Mossbauer spectrum due to the fact that the second order Doppler effect is related to the (JD

by following equation [II] :

8E
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o

(2)

The relative change of the spectrum line gravity centre is obtained from the experiment ;
therefore the approximation function for the temperature shift 8(1) acquires the following
form:

9k [1 (}o (T)38(T) = 8(0) - - . - . - + 2 -
4Mc 4 T (}o

8J
OfT Y? dX ]

e< - 1
o

(3)

where 8(0) - spectrum line gravity centre position at 0 K.
Determination of the Debye temperature from the temperature dependence of the isomer

shift, resulting from the influence of the velocity squared in all directions was successfully
used to study the dynamic displacements of iron atoms in different sites of the c Fe-N solid
solutions [12].

Mossbauer spectra of steel Crl 8Nil6MnlO are presented in Figure I. The spectrum of the
specimen charged at room temperature is made up of two components which may result
from a non-homogeneous distribution of hydrogen in the sample (Figure Ia). It is in
agreement with previous X-ray diffraction studies on austenitic steels [13]. Charging at high
temperature has led to a more homogeneous hydrogenation of the sample (Figure 1b).

A feature of Mossbauer lines for both the initial and the charged states is their
broadening, so that no spectrum can be fitted with a single Lorentzian. We believe that this
broadening is mainly is mainly due to magnetic effects because superparamagnetic clusters
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Figure 2 Effect of hydrog en on the temperature dependence of the area under Mossbauer spectra in steel
Cr lsNi l6Mn lO, hydrogen charging at 20°C. Temperature depend ence of the isomer shift is shown in the
insert, charging at n °c.

exist in the studied steel. Single sextets with small hyperfine fields were used for the fitting
of the spectra.

Hydrogen charging has increased the ferromagnetic broadening and caused the gravity
centre to shift toward the positive velocities, which corresponds to the positive isomer shift
of the nuclear levels, i.e. to a decrease in the charge density of s-e1ectrons at the iron nuclei.
Such a change in the isomer shift may be due either to the filling of the d-shell of the iron
atoms with electrons coming from hydrogen, which results in the screening of the external
s-electrons, or to a hydrogen-caused space redistribution of free electrons decreasing their
densities at the nuclei.

Another distinctive feature of the Mossbauer spectrum from the sample charged at 20De
(Figure la) is its clear splitting into two components , which means that the hydrogen profile
is rather sharp and the central area of the sample is not significantly affected by hydrogen .
This spectrum was fitted with two sextets whose isomer shift values are 0.202 and
0.407 mm/s and whose hyperfine fields values are 0.96 and 1.42 T, respectively.

The temperature dependence of the area under the Mossbauer spectrum of the uncharged
sample and that of the sextet belonging to the iron atoms in the hydrogen-saturated surface
layer of the sample charged at room temperature are presented in Figure 2. Isomer shift data
of the sample charged at n De and those of the H-free sample are shown in the insert.

It is seen that hydrogen charging decreases the temperature dependence of the area under
the spectrum and that of isomer shift, which corresponds to higher values of the Debye
temperature. Both methods give the same value of eD' Thus, it is possible to conclude that
hydrogen decreases the mean-square dynamic displacements of atoms in the crystal lattice
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of austenitic steels and, therefore, in the Debye approximation, hydrogen enhances bonds
between atoms. However, some comments about the applicability of the Debye ap­
proximation to interstitial solid solutions can be given based on the results obtained.
Because of extremely high hydrogen concentration in the cathodically charged austenitic
steels, it is possible to imagine that dynamic displacements of the host atoms can be just
mechanically impeded by the hydrogen atoms occupying interstitial positions, which does
not characterize interatomic bonds.

4 Conclusions

It is shown by means of Mossbauer spectroscopy that hydrogen increases the Debye
temperature in the crystal lattice of the austenitic steel, i.e. hydrogen enhances interatomic
bonds in the Debye approximation which are not in agreement with the decohesion
hypothesis of hydrogen embrittlement.
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Abstract 3d-metal antimonides : Fel +xSb, N l+xSb, Co1 +xSb and the (Nil - yFey)Sb solid
solution have been studied by the Mossbauer effect method at 57Fe and 119Sn. It was found
that the quadrupole interactions at the Fe and Sn nucleus in 3d-metal antimonides are very
sensitive to the filling of different crystallographic sites with metal atoms. The metal atoms
in trigonal-bipyramidal sites have a strong effect on the quadrupole splitting of 119Sn. They
are nearest to anions (Sb or Sn) with the typical axial ratio of c/a=1.25. The QS(x)
dependence of 11 9Sn in 3d-metal antimonides in the 0::;x::;0.1 concentration range can be
used to determine x - the concentration of transition metal excess relative to the stoi­
chiometric composition.

Key words 3d-metal antimonide NiAs-type ofcrystal structure octahedral site
trigonal-bipyramidal site stoichiometric composition- concentration excess ­
property-eomposition correlation Mossbauer effect · quadrupole splitting ofMossbauer
spectrum

1 Introduction

The 3d-metal antimonides with NiAs-type of crystal structure have wide ranges of
homogeneity close to a stoichiometric composition [1]. Metal atoms occupy the octahedral
sites of the NiAs structure (so-called Mel) . Being in excess, they may also partly occupy the
trigonal-bipyramidal sites (MeII). Excess or a lack of 3d-metal in the compound, relative to
Sb content, leads to a variety of physical characteristics within the one-phase limits [2]. As
a result, it is difficult to exactly reach the composition-property conformity. Thus, the
purpose of this work is to determine the influence of 3d-metal excess on Mossbauer
parameters (for instance quadrupole splitting value) for the NiAs-type antimonides that
could be helpful for a proper understanding of the composition-property correlation.
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Table I Mossbauer parameters of 57Fe and II~Sn for Fe...Sb system, O:sx :S 0.3

Composition

FeSb
Fel.lSb
Fel.2Sb
Fel3Sb

57Fe II~Sn

Fe I Fe 11

IS (mm/s) QS (mm/s) IS (mm/s) QS (mm/s) IS (mm/s) QS (mm/s)

0.65 0.24 0.69 0.42 2.11 1.50
0.66 0.23 0.70 0.43 2.16 1.47
0.67 0.24 0.67 0.44 2.15 1.50
0.70 0.25 0.72 0.43 2.16 1.51

The Mossbauer investigations have been carried out for the N1 +xSb, Co1 +xSb, Fel +xSb
systems and the (Nil -yFey)Sb solid solution. By alloying I % at. of Sb, the atoms were
replaced by 119Sn stable isotopes. The 57mCo/Rh and Ca119mSn03 sources at 295 K were
used. All the spectra were fitted and both the isomer shift (IS) and the quadrupole splitting
(QS) values were determined within the accuracy of ±0.03 mm1s.

2 Results and discussion

2.1 Fel +xSb system, 0 ::Sx::S0.3

All the spectra of 57Fe and 11 9Sn for this system are quadrupole-split spectra. The
parameters are given in Table I. There are two doublets in each spectrum of 57Fe and only
one doublet of 119Sn. The spectrum parameters do not vary significantly as x changes. In
each spectrum the orthorhombic FeSb2 spectrum is presented. The FeSb2 spectrum has the
following parameters: IS=O.72 mm/s, QS=I.27 mm/s at 57Fe; and IS=3.22 mrn/s, QS=0.50
mm/s at 11 9Sn. Though x = 0 in Fel+xSb (stoichiometric composition) , some of the Men
positions in Fel+xSb are already occupied by metal atoms.

2.2 Nil +xSb and Cc. ..Sb system, -0.05 ::Sx::S 0.10

All the 11 9Sn spectra for these samples are also quadrupole-split spectra . In the
concentration range from Ni-deficiency to stoichiometric state, the QS value for Nil+xSb
remains the same. When x increases, the QS value also increases proportionally to x for
both Co and Ni. More precisely, OS increases from 0.75 to 1.50 mm1s for Nil+xSb, and
from 0.83 to 1.56 mm1s for Co1+xSb.

The metal atoms in Men sites are nearest to the Sn(Sb) atoms and determine the QS of
119Sn, as this parameter is the most sensitive one to the resonance atom environment. It is
supposed, that the metal atoms are randomly distributed on the Men sites. The probability
to find n atoms in the Men positions near the Sb atom, pen) is:

P(n) = G)x"(I-X)5-n ,

where n = 0, 1...5 - is the number of Men sites filled if the concentration of transition metal
excess relative to the stoichiometric composition is x. Obviously, the Sn(Sb) atom local
environment is the most symmetric one if x = 0 and there is no atoms in Men sites. This
atomic configuration results in relatively small Electric Field Gradient (EFG) and QS value
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Figure 1 The Electric Field Gradient of the Sb(Sn) atom q(qo) a - vs. the number of MeII sites occupied ,
b - vs. the transition metal concentration x and c - the experimental Quadrupole Splitting value vs. transition
metal concentration x.

of Sn. The appearance of some additional atoms in the Sn(Sb) local environment leads to
the distortion of the local symmetry and to the increase in the EFG (QS) value. Within the
point charge model it is possible to qualitatively evaluate the EFG value of the Sn(Sb)
atom. One MeII atom with the Z charge produces the following EFG (q;) at the Sn(Sb) atom
site:

->
where R is the radius vector between the Sn(Sb) atom and the metal atom in MeII site. If
there are a few atoms in MeII sites, the EFG is determined by their vector sum q =2: ri.
Taking into account the probabilities of the corresponding configurations , the curves a, b
are obtained. (see Figure I).

It is seen that the experimental QS(x) dependence in the O:sx:S 0.1 concentration range
is stronger than the calculated one [3]. This peculiarity ofNi l+xSb and Co1 +xSb Mossbauer
data in the concentration range of 0 :sx :S 0.1 allows us to solve the inverse problem, in
other words, to find the concentration of metal excess of the unknown Nil +xSb or Co1+xSb
sample using the previously measured QS(x) dependence . There is no dependence of the
same kind for 119Sn spectra in Fel +xSb system as there always are some atoms in MeII
positions.

2.3 (Ni I - yFey)Sb solid solution, 0 <y:s I

X-ray Powder Difraction (XRPD) shows the NiAs-phase formation in this system. The
lattice parameters - a and c - decrease when y increases. FeSb2 is formed in each solid
solution with y > 0, but the amount does not exceed 10 % mol. The spectra of 57Fe and 119Sn
have a quadrupole splitted structure for all the y values. QS values monotonically increase
in the range 0 :Sy:S0.6 of both Fe and Sn. Wheny 2: 0.7, the low intensity doublet arises in the
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57Fe spectra. It is linked to the filling of some trigonal-bipyramidal positions with Fe atoms.
At the same time, the QS value at Sn rises sharply, starting from the composition y = 0.7.
QS = 0.87 nun/s for y = 0.7 and QS = 1.50 nun/s for y = 1. Increase in QS value of Sn is
similar to that of Ni and Co antimonides and has the same nature.

3 Conclusions

1. The quadrupole interactions of Fe and Sn in 3d-metal antimonides are very sensitive to
the filling of different crystallographic sites with metal atoms.

2. Metal atoms in trigonal-bipyramidal sites have the most significant effect on the
quadrupole splitting of 119Sn. They are nearest to the anions (Sb or Sn) at the typical
axial ratio c!a=1.25.

3. The QS(x) dependence of 11 9Sn in 3d-metal antimonides in the 0 :S x:s 0.1 concentration
range can be used to determine x - the concentration of transition metal excess relative
to the stoichiometric composition.
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Abstract A series of pentadentate ligands N-X- 5LH
2 (X=H, Methyl, Benzyl)=N-X­

saldptn (4-X-N,N'-bis(l-hydroxy-2-benzylidene)-1,7-diamino-4-azaheptane) has been pre­
pared by a Schiff base condensation between 1,7-diamino-4-X-azaheptane and salicylalde­
hyde. Complexation with Fe(lII) yields a series of high-spin (S=5/2) complexes of
[Fell l(N-X- 5L)CI]. Such precursors were combined with [Mo(CN)g]4- and a series of blue
nonanuclear cluster compounds [MoIV {(CN)FeIlI(N- X- 5L)}g]CI4 resulted. Such star­
shaped nonanuclear compounds are high-spin systems at room temperature. On cooling
to 10K some of the iron(lII) centers switched to the low-spin state as proven by Mossbauer
spectra, i.e. multiple electronic transitions. Parts of the compounds perform a high-spin to
high-spin transition. Under light irradiation the populations are altered slightly.

Key words nonanuclear complex -high-spin molecule Fe(III)-Mo(IV) ·
multiple spin transition

1 Introduction

High-spin molecules bear a potential for development in the field of information storage.
The class of high-spin molecules containing transition metals has been enriched consid­
erably over the last decades [1-10] .

One molecular building block, the pentadentate iron(lII) precursor, shows a thermal
induced spin crossover in the following topologies: (1) mononuclear [11-14] , (2) binuclear
[14], (3) tetranuclear [7], (4) heptanuclear [8], (5) nonanuclear [8, 9]. 5LH2=saldptn=N,N'­
bis( I-hydroxy-2-benzylidene)-1,7-diamino-4-azaheptane represents one of the candidates to
function as a pentadentate blocking ligand.

In the present work, our approach is extended to study the effect ofN-substitution in both
the [N-X- 5LFeIlICI] precursors and its nonanuclear analogous FellIg_Mo1V compounds . A

F. Renz (181) • D. Hill . P. Kerep . M. Klein ' R. Miiller-Seipel . F. Werner
Institut fur Anorganische Chemie und Analytische Chemie, Johannes Gutenberg-University,
Duesbergweg 10-14,55099 Mainz, Germany
e-mail: Franz.Renz@uni-mainz.de
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+ FeCI,
NEt,

- HNEl:JCl

F. Renz, D. Hill, et al.

Figure I Synthesis and structure of the iron precursors [FeeL)CIJ, [Fe(N-Methyl-5L)Clj and [Fe(N­
Benzyl-5L)Clj (with n=l ; R)=H , methyl, benzyl).

new series of pentadentate ligands N-X- 5LH
2 (X=H, Methyl, Benzyl)=N-X-saldptn (4-X­

N,N'-bis(l -hydroxy-2-benzylidene)-1,7-diamino-4-azaheptane) has been prepared by a
Schiff base condensation reaction between 4-X-I ,7-diamino-4-azaheptane and salicylaldehyde.

The question is weather the effect of N-substitution results in a sterical or electronic
contribution to the magnetic and electronic behaviour of the multistability in both the Fe
(III) units and nonanuclear complex compounds.

2 Experimental

The main strategy for the synthesis was performed in analogy to the literature [8, 9].

2.1 Ligands: 5L, N-Methyl-5L and N-Benzyl-5L

The pentadentate ligands 5L=N,N'-bis( l-hydroxy-2-benzylidene)-1,7-diamino-4-azahep­
tane, N-Methyl-5L=N,N'-bis( l-h ydroxy-2-benzylidene)-I ,7-diamino-4-methylazaheptane
and N-Benzyl- 5L=N,N'-bis( l-hydroxy-2-benzylidene)-1,7-diamino-4-benzylazaheptane
(see Figure I) were each formed in a Schiff base condensation reaction of salicylaldehyde
and the appropriate amine. Both, the salicylaldehyde (0.05 mol) and the amine (0.025 mol),
were dissolved in methanol (20 crrr'), slowly mixed together, and heated under reflux for
10 min. The resulted yellow mixture was used without any purification for the preparation
of the precursor.

2.2 Precursors [FeeL)CI], [Fe(N-Methyl-5L)CI] and [Fe(N-Benzyl-5L)CI]

A solution of anhydrous iron (III) chloride (25 mmol) in methanol (50 crrr') was added to
the freshly prepared solution of the pentadentate ligand. The mixture was boiled and then
triethylamine (50 mmol) was added (see Figure I) . The resulting solution was then heated
under reflux for 1h. After cooling, crystals precipitated. These were collected and
recrystallized in methanol and dried in vacuum.

[FeeL)CI]: Yield: 71% reI. to Fe (M=428 g/mot) . Analysis calculated: for
C2oH23CIFeN302 (%): C(56.03), N(9.80), H(5.41); with 0.2 CH30H C(55.76) N(9.66)
H(5.51); found: C(55.20), N(IO.38), H(5.25). IR (KEr): v(cm- 1)=3,235 cm- 1 (N-H,
valence strech= vaL), 2,927 cm- I (CH2, val.), 1,625 cm- I (C=N, val.), 1,500-1 ,600 cm- 1

(aromat. C=C, val.), 750-760 cm- 1(C-H, out ofplane=o.o.p.). FD MS mlz=428.0 (3.2%,
[FeeL)CIt), 393.1 (100.0%, [FeeL)t).

[Fe(N-Methyl-5L)CI] Yield: 68% reI. to Fe (M=442 g/mol). Analysis calculated: for
C21H25CIFeN302 (%): C(56.97), N(9.49), H(5.69); with 0.5 CH30H C(56.29) N(9.16)
H(5.93); found: C(55.48), N(l0.79), H(5.84). IR (KEr): v(cm- I )= 2,927 cm- 1 (CH2, val.),
1,625 crn'" (C=N, val.), 1,500-1 ,600 cm- 1 (aromat. C=C, val.), 760-770 cm" (C-H, out
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of plane=o.o.p.). FD MS m/z=442.9 (3.2%, [Fe(N-Methyl-5L)Clt), 408.0 (100.0%,
[Fe(N-Methyl-5L)t).

[Fe(N-Benzyl-5L)CI] Yield: 27% rel. to Fe (M=518 g/mol). Analysis calculated: for
CnH29CIFeN302 (%): C(62.49), N(8.1O), H(5.63); with 2.8 CH30H C(58.54) N(6.87)
H(7.09); found: C(57.86), N(7.25), H(5.71). IR (KBr): v{cm- I)=2,923 cm- l (CH2, val.),
1,616 cm- l (C=N, val.), 1,500-1 ,600 cm- l (aromat. C=C, val.), 750-760 cm" (C-H, out
of plane=o.o.p.). FD MS m/z=518.7 (1.6%, [Fe(N-Benzyl-5L)Cln, 483.3 (62.2%, [Fe(N­
Benzyl-5L)t).

2.3 Nonanuc1ear complexes [MOlV{(CN) FeIlICSL)}g]CI
4, [MoIV{(CN) Felli

(N-Methyl-5L)}s]CI4 and [MOlY {(CN) FellI(N-Benzyl-5L)}g]CI
4

The complexes were each prepared following a universal precept. 0.001 mol of the
precursor were dissolved in methanol (100 crrr') and an aqueous methanol (1:1) solution
(10 cnr') of Kt[Mo(CNh)12H20 (0.25 mmol) was added dropwise. After 30 min of stirring
at room temperature the solution was filtered and reduced under pressure to 50 cnr' (below
35°C). Addition of 150 ml distilled water precipitates the product, which was slowly
filtered off on the fiita funnel. The product was washed with distilled water and diethylether
and dried under vacuum for 24 h.

[MoIV{(CN) Fell1(5L)}g]CI
4: Yield: 35% rel. to Mo (M=3,586.5 g/mol). Analysis

calculated for Cl6SHlS4CI4FegMoN320l6 (%): C(56.18), N(12.48), H(5.l6); with 3.8 KCI C
(51.97) N(11.54) H(4.78); found: C(51.43), N(13.37), H(5.73). Note that a too low carbon
content is commonly observed and based on incomplete decomposition to CO2 due to
formation of stable metal carbides. lR (KBr): v{cm- I)=3,420 cm- l (N-H, val.), 2,925 cm- I

(CH2, val.), 2,129 cm" (C=N, val.), 1,628 cm- l (C=N, val.), 1,500-1,600 cm- l (aromat.
C=C, val.), 750-760 cm'" (C-H,o.o.p.).

[MoIV{(CN) FellI(N-Methyl-5L)}g]CI4: Yield: 24% rel. to Mo (M=3,698 .5 g/mol).
Analysis calculated for C176H20oCl4FesMoN320l 6 (%): C(57.07), N(12.l 0), H(5.44);
with 5.4 KCI C(51.47) N(10.91) H(4.91); found: C(50.98), N(12.90), H(5.67). IR (KBr):
v{cm- I)=3,425 cm- l (N-H, val.), 2,924 cm- l (Cl-h, val.), 2,117 cm- l (C=N, val.),
1,625 cm" (C=N, val.), 1,500-1,600 cm" (aromat. C=C, val.), 750-760 cm" (C-H,o.o.p.).

[MolV{(CN) Felll(N-Benzyl-5L)}g]C4: Yield: 21% rel. to Mo (M=4,306.5 g/mol).
Analysis calculated for C224HmC4FesMoN32016 (%): C(62.38), N(1O.39), H(5.42); with
0.1 CH30H 4.6 KCI C (57.77) N (9.62) H (5.03); found: C(57.61), N(1O.38), H(5.54). IR
(KBr): v{cm- I)=3,422 cm- l (N-H , val.), 2,925 cm- l (CHl, val.), 2,114 cm" (C=N, val.),
1,621 cm- l (C=N, val.), 1,500-1,600 cm" (aromat. C=C, val.), 750-760 cm" (C-H, o.o.p.).

2.4 Mossbauer spectroscopy

A conventional spectrometer has been used for measuring the Mossbauer spectra between
liquid helium and room temperature CS7ColRh source, calibration at cc-Fe at room
temperature; isomer shifts are relative to the source).

3 Results and discussion

Table I shows the temperature-dependent Mossbauer spectra of the [Fe(N-X- 5L)Cl]

precursor compounds. At 300 K the Mossbauer spectra exhibit a quadrupole splitted
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Table I Mossbauerparameters of the iron precursors

F. Renz, D. Hill, et al.

Iron precursors State I

8 (mm/s)

State 2

~ (mm/s) mol% 8 (mm/s) ~ (mm/s) mol%

Mossbauerparameters
300 K
53,3-LFeCI 0.256 0.716 100
N-Methyl-53,3-LFeCI 0.255 1.494 100
N-Benzyl-53,3-LFeCL 0.269 0.812 100

Mossbauerparameters20 K
53,3-LFeCI 0.364 0.701 100
N-Methyl-53,3-LFeCI 0.354 1.502 100
N-Benzyl-53,3-LFeCL 0.378 0.806 73 0.352 1.660 27

Figure 2 Schematicstructure
of [MoIV {(CN)FeIIlCL)}sJ4+,
[MoIV {(CN) Felll(N-Methyl­
5L)}g]4+ and [MoIV {(CN)
Felll(N-Benzyl-5L)}S]4+.

4+

doublet which is slightly broadened due to an upcoming appearance of relaxation, common
for Fe(III) in the HS state (S=512) [8, 9]. At 20 K the quadrupole splitted doublet is
broadened due to relaxation and characteristic for Fe(III) in the HS state [8, 9]. For Fe(III)
ions in the high-spin state (6 A1g) the expected electronic contribution to the quadrupole
splitting is expected to be zero. Nevertheless the Fe(III)-N-Methyl compound reveals an
enormous 1.5 mm/s. That is doubled the value for analogous compounds. After
assemblation into the nonanuclear units the 1.5 mmls appear reduced to nonnal values.
This indicates a transition between at least two structural deformations within the octahedral
compound, the so-called high-spin high-spin transition. For the N-Benzyl compound a
similar quadrupole splitted (1.66 mmls) fraction occurs at 20 K.

The prepared nonanuclear complex has been characterized by lR spectrum and M+­
peaks in mass spectroscopy. No evidence for a splitting of the characteristic C-N stretching
vibration band indicates a highly symmetric coordination sphere around the central Mo(IV)
atom (Figure 2), i.e. either all eight or none of the cyanides are bridged. The shift of the
CN-band from 2,200 to 2,129, 2,117, and 2,114 cm- 1 indicates a bridge.

Figure 3 and Table II show the temperature-dependent Mossbauer spectra of the
nonanuclear compounds [MoIV{(CN)FeIll(N-X- 5L)}s]CI4. At 300 K a quadrupole splitted
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Figure 3 Miissbauer spectraof the nonanuclear compounds[MOlY{(CN)Felll (N-Methyl.5L)ls jCI4 (left) and
[MOlY{(CN)Felll (N-Benzyl)L)hjCI4 (right) at 300 K, 20 K and at 20 K under light irradiation (25 mw /cm",
514.5 nm of green argon ion laser).

Table II Miissbauer parameters of the nonanuclear compounds at 300 K and 20 K

Complex State I State 2

s (mm/s) t:. (mm/s) mol% {) (mm/s) t:. (mm/s) mol%

Miissbauer parameters 300 K
[e 3,3-LFeNClsMojC4 0.208 0.580 100
[(N-Methyl.53,3-LFeNClsMojCI4 0.195 0.594 100
[(N-Benzyl.53,3-LFeNClsMojC4 0.263 0.768 100

Miissbauer parameters 20 K
[e 3.3-LFeNC)sMolC4 0.337 0.695 68.1 0.161 2.283 3\.9
[(N-Methyl-53,3-LFeNC)xMojC14 0.282 0.633 78.4 0.246 2.100 2\.6
[(N-Benzyl·53,3-LFeNClsMojCI4 0.302 0.636 80.3 0.310 2.000 19.7

Table III Miissbauer parameters of the nonanuclear compounds at 20 K under light irradiation (25 mW/
em", 514.5 nm green argon ion laser)

Complex State I State 2

Miissbauer parameters 20 K s(mm/s) t:. (mm/s) mol% {) (mm/s) t:. (mm/s) mol%

[e3 ,3-LFeNClsMolCI4 0.324 0.763 69.8 0.189 2.387 30.2
[(N-Methyl-53,3-LFeNC)gMojCI4 0.349 0.773 82.3 0.284 2.200 17.7
[(N-Benzyl.53,3-LFeNC)xMojCI4 0.300 0.643 82.9 0.300 2.000 17.1

doublet is observed which is slightly broadened due to relaxation, common for Fe(III) in the
HS state (S=5/2) [8, 9). In comparison to the precursors the isomer shifts are lowered by
0.05 for N-H and N-Methyl, but remains constant for N-Benzy l. The giant quadrupole
splitting in the N-Methyl precursor compound of 1.494 dropped to 0.594 mm/s in the
nonanuclear compound. For the N-Benzyl this change is faint with less than 0.04 mm/s.

~ Springer



1056 F. Renz, D. Hill, et al.

At 20 K the Mossbauer spectrum shows in addition to the Fe(III) in the HS state a
second doublet which is characteristic for a Fe(IlI) in the LS state [8, 9], for the N-H
compound, in its quadrupole splitting while its isomer shift is quite close to the Fe(IlI)-HS
state, for N-Methyl and N-Benzyl compound . This indicates that in the nonanuclear
complexes [MoIV {(CN)FelIl(N-X-5L)}s]CI

4 a thermally induced transition occurs: a HS to
LS transition and/or a HS to HS transition. The area fractions of the respective doublets A
(Felll-SI)/A(Felll-S2) indicate that several Fe(III) centers switch, i.e. multiple electronic
transitions.

Table III shows the effect of green light irradiation. The light slightly alters the
population of both states reversibly.
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Abstract Fe60MnIOAI2oNbIO, (Fe60MnIOAI30)9sNbs and (Fe60MnIOAI30)90NbIO ball milled
powdered alloys were investigated using X-ray diffraction, Mossbauer spectrometry, ther­
momagnetic (TOM) and magnetization measurements. We studied the influence of Nb
content and of different mill ing times on the structural and magn etic properties. Two main
features can be concluded: (I ) the FeAIMn induces a BCC phase whatever the Nb content
is, and (2) as both increasing Nb content and milling time give rise to an highl y disordered
state in conjunction with a decrease of the ferromagnetic behavior.

Key words s7Fe Mossbauer spectrometry -X-ray diffraction - milled metallic powders ­
Nb alloys

1 Introduction

The FeAIMn system has been studied by several researchers using different techn iques [i ­
S]. Th is system exhibits different magnetic and structural behaviors depending on both the
type and concentration of the elements and on the temperature as well. It was proved that
the Fe60MnlOAI30 and FessMn2sAl2o ternary alloys are ferromagnetic at room temperature
and present a semi-soft magnetic character with coercive fields close to 80 Oe [5].

Otherwise , the effect ofNb in Fe containing alloys remains interesting. Indeed, FeAINb
alloys are studied and developed due to their excellent oxidation and high-temperature
corrosion prop erties [6, 7]. FeNbB based alloys, with crystallite sizes less than 100 nm,
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e-mail: lizamora@univalle.edu.co
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72085, Le Mans, Cedex 9, France

S. Suriiiach
Facultad de Ciencias, UAB 08193, Barcelona, Spain

~ Springer



1058 L.E. Zamora, G.A. Perez Alcazar, et al.

have attracted attention due to their magnetic properties such as effective permeability and
saturation magnetic flux density. These properties indicate that these materials may have
applications in magnetic parts and devices such as inductors , transformers, and motors [8].

It has been established that the presence of Nb atom in magnetic materials improves the
soft magnetic behavior. Kobayashi et al. [9] showed that the total resulting magnetic
moment decreases significantly in FeNb alloys , due to the presence of antiferromagnetic
interaction s induced by the increasing Nb content. When FeS2Nb48 and Fe36Nb64 alloys
were mechan ically alloyed [10], the milled powders exhibit an amorphous state and behave
as a paramagnet at 300 K. Also the FexNblOo_x samples with x < 60 are nonmagnetic at
room temperature [II].

In order to improve the soft magnetic properties of FeMnAI melted alloys, it was
introduced Nb in them, and the preliminary results were presented in [12].

In this work we report the results of the study of the magnetic and hyperfine properties
of Fe60MnIOAl20Nb 10, (Fe60Mn1OA130)9sNbs and (Fe60Mn1OA130)90NblO systems , prepared
by mechanical alloying for different milling times .

2 Experimental

Mechanical alloying was carried out in a planetary high-energy ball mill starting from
elements with more than 99.8% purity and with a powder-to-ball weight ratio of 1:15. Both
vials and balls used are made of hardened chromium steel. Powders with nominal
compositions Fe60MnlOAl2oNblO were milled for 12, 24 and 36 h, and (Fe60MnlO
Al30)9sNbs and (Fe60Mn1OA130)90NbIO for 12 h. The milling was performed in Ar
atmosphere in a pulverisette P7 Fritsch planetary ball mill.

The sample structures were determined by X-ray diffraction (XRD) , the thermomagnetic
measurements were carried out by thermal gravimetric analysis (TGA) in a temperature
range from 300 to 800 K. The magnetic properties of the samples were studied at 300 K
using a vibrating-sample magnetometer (VSM) with a maximum applied field (H) of 10
kOe . The structural and microstructural parameters were refined from the X-ray pattern
using the MAUD procedure which is based on the Rietveld method combined with Fourier
analysis: the grain size and the microstrain were evaluated by means of the Warren­
Averbach procedure [13]. Mossbauer spectra were performed at 300 K using a conventional
spectrometer with a S7CO (Rh) source . The spectra were fitted using the MOSFIT program
(unpublished MOSFIT program) includ ing a hyperfine field distribution (HFD) and, in
most of the cases, additional quadrupolar doublets, all components composed of lorentzian
lines.

3 Results and discussion

3.1 Fe60MnlOAl2oNblO powders milled for 12,24 and 36 h

Figure la shows the XRD patterns obtained on the Fe60MnlOAl30 alloy milled for 12 hand
on the Fe60MnlOAl2oNblO alloys milled for 12, 24 and 36 h. One observes that the ternary
system is BCC at 12 h, while the Nb is not completely consumed, at this time, because of
remaining peaks due to elemental Nb. Then, these peaks disappear as the milling time
increases, while the BCC peaks are broadened. These results show that the Fe60MnlO
Al20NblO system presents a tendency to reach a highly disordered state with the increasing
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Figure 1 XRD patterns (a) and Mossbauer spectra (b) obtained 00 the Fe60MoIOAI30 alloy milled for
12 h and 00 the Fe60MoIOAhoNbIO alloys milled for 12,24 and 36 h.

Table I Mossbauer data obtained for (Fe60MnIOAI30) with 12 h of milling time and for (Fe60MnIOAhoNb IO)
with 12,24 and 36 h milling time

Nb Milling time (h) <Bhf > (T) ±2 Paramagnetic area (%) ±2

0 12 20 2

10 12 18 13

10 24 5 70
10 36 0 100

milling time, either an amorphous state or a dense random packing of nanoc1usters of about
2 urn diameters.

Corresponding Mossbauer spectra which are shown in Figure Ib, were fitted using a
magnetic hyperfine field distribution and a quadrupolar splitting distribution, except the last
one which can be described using only a quadrupolar splitting distribution. The averaged
hyperfine field (resulting from both ferromagnetic and paramagnetic components) and the
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Figure 2 TGM (a) and hysteresis loops (b) obtained on the Fe60Mnl()l\13o alloy milled for 12 h and on the
Fe60MnlOAlzoNblO alloys milled for 12,24 and 36 h.

fraction of paramagnetic phase were derived and reported in Table I. We can note that when
Nb substitutes Al atoms in samples milled during 12 h, the mean hyperfine field decreases
while the paramagnetic area increases. This result shows that the presence of Nb atoms
originates a decrease of the ferromagnetic behavior, maybe as a consequence of its tendency
to produce antiferromagnetic bonds, while the Al atoms decrease this behavior due its
diluting character. Also, we can note that the ferromagnetic behavior is strongly affected in
the system with Nb as the milling time increases.

In Figure 2a TGM heating (dashed line) and cooling (continuous line) curves are
displayed for these samples. For all samples the curves heating show two transitions, at
about 350 and 550°C. The first one, is associated to a ferro-to paramagnetic transition in
agreement with previous reports for FeAI and FeMnAl disordered alloys [3, 14], and the
second one to a chemical and/or structural reordering. The sample milled for 36 h presents
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Figure 3 XRD patterns (a) and Mossbauer spectra (b) obtained on the Fe60Mn IOAI3o (Fe60MnIOAbo)95Nb5
and (Fe60MnIQAI30)90NbIQ alloys milled for 12 h.

only the second transition, in agreement with its paramagnetic character at room tem­
perature. Thus, TOM curves completely confirm the Mossbauer results.

The cooling curves show, a transition F-P at about 300°C for the sample without Nb,
while this transition approximately at the same value (near 560°C) for the samples with Nb
is attributed to a para-ferromagnetic transition. Indeed, the emergence of ferromagnetic
behavior is favored by the structural, which is a priori independent of the alloying con­
ditions. Then, for heat-treated Nb containing samples, the ferromagnetic behavior is rein­
forced, while for the sample without Nb this behavior decreases. Some further experiments
are now in progress in order to explain these results.

From the hysteresis loops at RT, showed in Figure 2b, the saturation magnetization, Ms,
and the coercive field, He, were evaluated. Comparing the first and second graphs of this
figure, it can be noted that the substitution ofNb by Al decreases the Ms value, from 101 to
85 emu/g. It can be also noted that the increase of milling time yields the decrease of the
Ms value. The He value decreases from 123 to 42 Oe when Al atoms are substituted by Nb,
improving in this way the soft magnetic character of the sample. However, it is not possible
to see a clear tendency when the milling time changes.
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3.2 (Fe60MnIOAI30)IOO- xNbx system with x = 0, 5 and 10 milled for 12 h

In Figure 3 are shown the results obtained from (Fe60MnIOAI30)100- xNbx system with x = 0,
5 and 10 and milling time of 12 h. In Figure 3a and b are shown both, the XRD pattern and
Mos sbauer spectra, respectively. It is possible to see that adding Nb to the system induces
the structural disorder of the sample s as in the case of previous powders, and that the
magnet ization disappears for x = 10 at 300 K.

Similar TOM curves were observed for these sample s, suggesting thus that the behavior
is very similar to that showed for the alloys with Nb of the previous system. The current
sampl es were heating up to 800°C and all show a magnetic behavior when the samples

were measured again after cool ing. To prove this, we select the (Fe60MnIOAI40)90Nb IO
alloy. In the original one (before heating) the Mossbauer spectrum shows a paramagnetic
character (Figure 3). After a rapid heating up to 500°C, the 300 K Mossbauer spectrum
(Figure 4) consi sts of a broad line sextet superimposed to a central quadrupolar doublet:
such a feature confirms that a reordering occurs, originating thus a ferromagnet ic behavior,
even at 300 K, in the same way of previous samples.

4 Conclusions

This study clearly demonstrates that (I ) the presence of Nb atoms in the FeMnAl alloy s
induces structural disorder and lowers ferromagnetic behavior, probably due to the
antiferromagnetic nature of interactions, and (2) a subsequent annealing favors structural
reordering of powders, giving rise thus to the reoccurrence of ferromagnetic behavior,
whatever the milling time is and whatever the preparation conditions.
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Abstract 6% 57Fe doped titanium oxide films, prepared by pulsed laser deposition (PLD)
on sapphire substrate at 650°C under various vacuum conditions, were characterized mainly
by conversion electron Mossbauer spectrometry (CEMS). Two magnetic sextets with
hyperfine fields 33 and 29 T, and one doublet were observed in the CEMS spectra of Ti02

films prepared under P0 2 = 10-6 and 10-8 torr, which showed ferromagnetism at room
temperature, whereas only the doublet of paramagnetic Fe3

+ species was observed for the
film prepared under P0 2 = 10-\ torr.

Key words Conversion Electron Mossbauer Spectroscopy (CEMS) . Dilute Magnetic
Semiconductor (DMS) . Ti oxide doped with Fe . pulsed laser deposition

I Introduction

Dilute magneto-semiconductors (DMS) are new materials with both semiconductor and
magnetic properties [1]. They are prospected as materials for spin electronics. DMS of
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Figure 2 XRD patterns of TiOz films prepared under 10- 1
, 10-6 and 10-8 torr by pulsed laser deposition.

Three strong peaks are due to the substrate of y AlzO). TiOz peaks were observed together with three large
peaks of sapphire substrate.

GaAs doped with Mn show ferromagnetism at low Curie temperatures (Tc < 250 K) [2]. It
has been found recently that TiOz films doped with Co show transparent and ferromagnetic
semiconducting properties at room temperature [3]. Wang et al. [4] showed that rutile type
TiOz films doped with Fe show p-type semiconductivity, whereas anatase type TiOz films
doped with Co are n-type semiconductors. H. M. Lee et al. [5] and Kim et al. [6] suggested,
on the basis of transmission Mossbauer spectra of Fe doped TiOz powders that the
ferromagnetism may be due to either electron carriers induced by substitution in the TiOz
lattice or to the formation of granular magnetite. Inaba et al. [7] reported that Fe doped TiOz
films prepared by PLD under POz = 10-6 torr and at the substrate temperature ranges of
600 to 675°C show the ferromagnetism and Kerr effect. In this paper, in order to make the
chemical states of iron doped in TiOz films clear, these films were characterized by 57Fe
CEMS.
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Figure 3 Hysteresis of the Kerr rotation angle on magnetic field and at various wavelengths before and after
post-annealing at 300°C for 20 h in air and for 6 h in oxygen atmosphere.

2 Experimental

Titanium dioxide films with ca. 100 nm in thickness were prepared on sapphire substrates
kept at 650°C under 10- 1 to 10-8 torr by pulsed laser deposition (PLD) (KrF laser;
wavelength: 248 nm, power: 5 J/cm2

, pulse: 6 ns, frequency: 2 Hz). The mixed pellet of
94w/w%Ti02 (of 99.9% purity) and 6 w/w% 57Fe203 (of 99.99% purity, 57Fe: > 95%) was
prepared by thermal treating at 1,200°C for 12 h in air, and was used as the target for PLD.

The as-prepared and post-annealed films were characterized by X-ray diffraction,
scanning SQUID microscopy, magneto-optical measurements and Mossbauer spectrometry.

Conversion electron Mossbauer spectroscopy (CEMS) can provide us the characteriza­
tion of a thin surface layer within ca.100 nm in thickness non-destructively and selectively.
CEMS spectra of the Ti02 films doped with 6% 57Fe203 were measured by using a home­
made He + 5%CH4 gas flow counter [8] and a gamma source of 57Co(Cr) with the activity
of 1.3 GBq. The Doppler velocity was calibrated using metallic iron foil.

3 Results and discussion

From the micro images by atomic force microscopy, the surface roughness over 25 nm2

area increases from 0.47 to 1.9 nm with decreasing P02 from I x 10-1 torr to I x 10- 8 torr.
The ferromagnetic phases in the films prepared under 10- 1

, 10- 6 and 10-8 torr were
observed by a scanning SQUID microscope. The scanning area was 200 x 200 um, The
films prepared under P0 2 = 10- 6 torr and at substrate temperature T; = 650°C show strong
Kerr effect as shown in Figure 1. Magnetic domain structures were clearly observed in 57Fe
doped Ti02 films prepared in 10- 6 torr, suggesting the presence of long range ordering of
magnetic moment induced by Fe doping in these thin films.

It was confirmed by XRD as shown in Figure 2 that epitaxial (10I) films of the rutile
polymorph ofTi02were obtained for the samples prepared under 10- 1 and 10-6 torr. On the
other hand, other diffraction patterns, which might belong to Ti02with oxygen defects (i.e.,
Magneli, Tin02n- I) , were observed for the films prepared under 10- 8 torr. Inaba et al. [7]
confirmed that the full width at half maximum (FWHM) of low angle peak is 0.4340,
0.4840, and 0.5230° for the films deposited for 10-4

, 10- 6
, and 10- 8 torr, respectively,
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Figure 4 CEMS spectra of transparent titanium oxides deposited on sapphireheated at 650°C in a 10- t torr,
b 10-6 torr, and c 10-8 torr by pulsed laser ablation of 6 % 57Fez0 3 + TiOz target. The substratetemperature:
650°C.

indicating that the lower crystallinity is obtained at the lower oxygen pressure. The distance
between (10I) faces increased with the decrease of the oxygen pressure (d = 0.2481, and
0.2517 nm) for 10-1

, and 10- 6 torr, respectively, showing either higher oxygen defect
concentration or incorporation of Fe species into the lattice (or both). These results lead to a
conclusion that the crystallinity is not directly related to the ferromagnetism.

Hysteresis of the Kerr rotation angle on magnetic field and light wavelengths are shown
in Figure 3, before and after post-annealing at 300°C for 20 h in air and for 6 h in oxygen
atmosphere. The hysteresis curve became narrow by post-annealing, suggesting that the
weaker magnetic fields can be applied.

As shown by the CEMS spectra in Figure 4, a doublet of paramagnetic Fe3
+ was

observed for transparent Ti02 films prepared under the low vacuum condition of 10- 1 torr.
Two magnetic sextets and also a small amount of paramagnetic peaks were observed for the
films prepared under 10- 6 and 10- 8 torr. The Mossbauer parameters are shown in Tables I
and 11. The parameters of paramagnetic peaks showing up together with the sextets were
around isomer shift, [, = 0.37(2) mm/s and quadrupole splitting, ~ = 0.9(2) mm/s. It is
assumed that the sextet with the larger magnetic field (Bhf) is due to metallic iron with [, =

0.0 mm/s and Bhf = 33.0 T (tx-Fe). The other sextet with smaller Bhf = 29.5 T is ambiguous
because it may be due to either finely dispersed metallic iron, Fe(Ti) alloy or high spin Fe4

+

species incorporated in Ti02 (the 0 value of the latter is very close to 0). The assignment of
this sextet will be further discussed later.

The peak intensities of the sextet with the smaller Bhf as well as those of the
paramagnetic components were low for the Ti02 films prepared under 10- 8 torr. The
question arises why the metallic iron detected in the samples prepared under 10- 8 torr
was not sensitive to scanning SQUID. It is assumed that, if the magnetic domains are
much smaller than the probing scale of 5 11m in diameter, the vertical up and down
magnetic moments due to spontaneous magnetization cancel each other and cannot be
detected.

The internal relative peak intensities of the sextet with the smaller Bhf were different
from those of the sextet with 33 T. The former indicates that the magnetic moments tend to
align parallel to the surface by post annealing, whereas those with the large Bhf are rather
random. If the sextet with a small Bhf is due to fine particles of metallic iron, post-annealing
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Tab le I Mossbauer parameters of 6%Fe doped Ti02 films prepared at 10- 1 and 10-8 torr

Sample; 6% Fe + TiOz films Partial [) (mm/s) 6. (mm/s) S hf (T) r (mm/s) Area (%)

650°C I x 10- 1 torr I 0.36 0.63 0.42 100

650°C 1 x 10-8 torr I 0.00 0.06 30.0 0.60 17

2 0.01 -0.00 33.2 0.36 80

3 0.68 \.54 0.62 4

Table II CEMS parameters of6%Fe doped Ti02 films prepared at 650°C in 10-6 torr, and post-annealed at
300°C for various hours

Sample; 6% Fe + Ti02 films Partial [) (mm/s) 6. (mm/s) Sh f (T) r (mm/s) Area (%)

As prepared I - 0.02 0.10 29.5 0.58 29.4

2 0.01 - 0.03 33.0 0.35 63.6

3 0.37 0.91 0.74 7.1

Post-annealed 300°C 20 h in air I 0.02 0.04 29.4 0.59 3 \.4

2 0.02 - 0.03 32.9 0.34 59.5

3 0.43 0.85 0.67 9.1

(b) + 300°C 3 h in O2 I 0.04 0.13 29.5 0.57 30.4

2 0.01 -0.01 33.0 0.33 57.8

3 0.35 0.87 0.86 11.7

(b) + 300°C 6 h in O2 I 0.01 0.06 29.7 0.66 32.6

2 0.03 - 0.02 32.9 0.32 55.0

3 0.37 0.95 0.69 12.4

400°C 16 h in O2 I 0.41 -0.14 48.3 1.18 3 \.6

2 0.38 0.73 0.59 68.4

of the films may induce agglomeration of small particles to form large ones, or the easy
oxidation of small particles. In the Mossbauer spectra, the subspectra with the smaller Bhf

would disappear, and only the other sextet would be observed.
Therefore we applied thermal treatment of this sample in air and also in oxygen for

several hours at 300°C. As shown in Figure 5, the intensity of the sextet of smaller Bhf did
not change so much although the sextet with 33 T decreased a little and the doublet of Fe3

+

increased. This suggests that the sextet with broad peaks and Bhf = 29.3 T may not be due
to finely dispersed iron species. The sextets with 33 T and 29 T disappeared after heating on
oxygen atmosphere at 400°C for 16 h, and a broad sextet with 8 = 0.41 mm/s, L\ =
-0.14 mm/s and Bhf = 48.3 was observed together with a doublet of Fe3+. This broad sextet
is considered to be due to hematite containing Ti atoms because the Bhf of the broad sextet
was a little smaller than that of pure hematite. The area intensity of 31% was almost the
same as that of the sextet with 29 T. It may suggest that the sextet with 29 T contained Ti
atoms.

This point is of great importance considering that the magnetic sextet components are
still present in the films annealed for long time at 300°C in air and oxygen i.e. in strongly
oxidizing conditions. It is known that laser ablated species such as atoms, ion s and clusters

have high kinetic energy «100 eV) as compared with that used in physical films deposited
by a normal resistance heater (-0.1 eV). On the process of the film formation, the kinetic
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energy may affect the diffusion of element species. We have to mention here that the
applied vacuum conditions are significantly different in the sense that at 10- 1 torr, the
mean-free path length of the evaporated atoms is much shorter than the target-sample
distance, while at 10-6 and 10- 8 torr, it is much longer. Thus at the lower vacuum not only
the availability of oxygen is larger at the deposition, but also the deposited atoms or clusters
of atoms have much lower kinetic energy when hitting the sample surface.

In order to check if the Mossbauer sextet with Bhf = 33 T can really be assigned to
metallic iron, we performed one more experiment heating the sample in reductive ambient.
CEMS spectra of the (previously already oxidized) samples did not show substantial
change in the intensity of this sextet upon heat treatment at 400°C for 2 h in 5%H2 + Ar
atmosphere . This confirmed that, really, metallic Fe was incorporated into structure of the
Ti02 film.

A large part of the metallic iron must be due to oxygen loss during the high vacuum
laser ablation process . Then it is logical to assume that Ti02 might also have suffered some
reduction and a small amount of metallic Ti formed. The sextet with 29 T may then be Fe
alloy doped with Ti at the interface of Ti02, which covers the metallic iron particles and
may explain the strong corrosion resistance.

Inaba et a!. [7] reported that low spin Fe3
+ species were observed by XPS spectra and

magneto-optical measurements . XPS observed only top surface of the films, which might
correspond to the paramagnetic Fe3+ peaks observed in CEMS. We need to reconsider these
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assignments further, taking into account of other mechanism such as those involving the
role of delocalized electrons.

4 Summary

Fe doped Ti02 epitaxial films prepared by PLD at 10-1
, 10-6 and 10- 8 torr were

characterized by CEMS. It was confirmed by Kerr magneto-optical measurement and
scanning SQUID microscope that the films prepared under 10-6 torr show strong
ferromagnetic behavior. Two magnetic components and one doublet were observed in
CEMS spectra of the films prepared under the high vacuums, whereas only one doublet of
Fe3

+ was observed for the film prepared under 10- 1 torr. Two sextet components of Bhf =
33 T and 29 T were stable against the post-annealing for long-term oxidation at 300°C.
Tentatively, these subspectra may be largely due to metallic Fe, and Fe (Ti) alloy, produced
in the transparent semiconductor of Ti02• Further studies are needed to confirm these
assignments.
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Abstract We have carried out Mossbauer spectroscopy and nuclear resonant inelastic
scattering to elucidate the lattice dynamics in filled-Skutterudite compounds, especially
phosphides. The second-order Doppler shift obeys the Debye model in RFe4P12. Nuclear
quadrupole interaction reveals an unusual temperature dependence in these compounds. An
anomaly is observed in 57Fe nuclear resonant inelastic scattering of these compounds. The
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energy where the anomaly observed in SmFe4PI2 agrees with the phonon excitation energy
observed by 149Sm nuclear resonant inelastic scattering. We have also performed the 99Ru

Mossbauer measurements of SmRU4PI2'

Key words filled-Skutterudite second-orderDopplershift . nuclearquadrupole interaction
nuclear resonant inelastic scattering

1 Introduction

Filled-Skutterudite compounds are interesting materials on the viewpoint not only of
strongly correlated electron systems but also for industrial application. The chemical form
of these materials are RT4X12, where R is a rare-earth, actinide, alkaline or alkaline-earth
elements, T is a transition metal element, and X is a pnicogen element. They have a
characteristic crystal structure. This contains an icosahedral cage structure consisting of 12
pnicogen atoms . This pnicogen cage includes an R element. They show superconductivity,
magnetic order, heavy fermion behavior and so on at low temperature [1]. They are also
expected to be thermoelectric devices. It has been believed that the atomic motion of R
atoms correlates with their physical properties on both aspects. This motion is expected to
be a local mode like an Einstein oscillator. The presence of the Einstein modes has been
quantatively discussed by inelastic neutron scattering and nuclear resonant scattering of
filled-Skutterudite antimonides [2--4]. Few studies have been performed in filled­
Skutterudite phosphides.

Mossbauer techniques are useful tools to investigate the elastic properties at specific
element. Some of Mossbauer parameters correlate with lattice dynamics. Second-order
Doppler shift and/or recoil-free fraction provide with Debye temperature, temperature
dependence of nuclear quadrupole interaction (QS value) obeys f3 /2 dependence in usual
non-cubic metallic compounds [5]. Besides this , nuclear resonant inelastic scattering
(NRIS) is a useful tool to investigate the phonon density of states at element specific sites
directly [6].

We have carried out Mossbauer measurements and NRIS of these compounds to
investigate their elastic properties. High Debye temperatures are obtained by second-order
Doppler shift and recoil-free fraction . An anomalous behavior is observed in temperature
dependence of the QS values at 57Fe nuclei . The NRIS results suggest the possibility of a
phonon-phonon interaction in RFe4PI2 unlike that in filled-Skutterudite antimonides [4].

2 Experimental procedure

The source used in the 57Fe Mossbauer measurements is 57CO in Rh. The source in 99Ru is
99Rh in Ru metal. The 99Ru Mossbauer measurements were carried out in Wako branch of
RIKEN . The Doppler velocity is calibrated by 57Fe Mossbauer spectra of (X-Fe at room
temperature. The NRIS was carried out at BL09XU of SPring-8. The high resolution
monochrometers used are reported in [7] and [8].

3 Experimental results

All the 57Fe spectra of RFe4PI2 are a paramagnetic doublet. Since the temperature of the
phase transition in RFe4PI2 is very low [1], the contribution of the electronic states in the
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Figure 1 Temperature dependence of the 57Fe Mossbauer parameters in LaFe4Pl2 [9] and PrFe4PI2.
a Temperature dependence of CS values. The solid lines are the curves calculated by Debye model.
b Temperature dependence of QS values. The solid lines are the curve fitted by Eq. 2.

temperature dependence is expected to be small in every compound. The temperature
dependences of the Mossbauer parameters are shown in Figure I . The reported results are
plotted in LaFe4Pl2 [9]. Both CS values in LaFe4P12 and PrFe4PI2 obey the curves based on
the Debye model. This demonstrates that the main contribution of CS values is due to
second-order Doppler shift. The Debye temperature obtained in LaFe4Pl2 and PrFe4PI2 are
450 ± 25 K and 600 ± 25 K, respectively. This indicates that the recoil-free fraction at Fe
sites is close to one in these compounds.

An anomalous temperature dependence of the nuclear quadrupole interactions is
observed at 57Fe in RFe4PI2 as shown in Figure I. As mentioned above , the temperature
dependence of the nuclear quadrupole interactions in non-cubic alloys obeys the equation
as follows :

(I)

where QS(1) is nuclear quadrupole interaction at temperature T, QS(O) is a value
extrapolated to T = 0 and B is a constant [5]. However, this temperature dependence is
fitted by

QS(T) = QS(O)(I - BT2
) , (2)

rather than Eq. I. Equation 2 shows the low temperature limit of Eq. I . The observation of
f2 dependence up to 295 K expects anomalous phonon dispersion.

To understand the f2 dependence of the nuclear quadrupole interactions at 57Fe nuclei,
we carried out 57Fe NRIS of RFe4Pl2 at 295 K. Figure 2 shows the 57FeNRIS spectra of
RFe4P12. We observed the dip in the spectra between 10 and 15 meVas indicated by
arrows . The wing-shaped spectra demonstrate that Fe atoms playa role in the acoustic
modes in these compounds. The spectra of the NRIS in low energy region usually obey the
square of the excitation energy reflecting on the acoustic phonon density of states.
Therefore, the dip observed by the 57Fe NRIS is anomalous in phonon density of states .
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Figure 2 a57Fe NRIS spectra ofRFe4PI2(R = La, PrandSm)at 300 K by 3.5 meV resolution [7]. b 149Sm
NRIS of SmFe4P1 2at 300 K by 1.5 meV resolution [8].

This indicates the presence of the interaction between the acoustic modes and the local
mode as expected from their crystal structure. In additio n, we measured the 149Sm NRIS of
SmFe4PI2. Periodic excitations by every 11 meV are observed at 295 K as shown in
Figure 2. This suggests the presence of a local mode like an Einstein oscillator. Surpris­
ingly, the excitation energy in the 149Sm NRIS spectra agrees with the energy of the dip
obtained in the 57Fe NRIS spectra ofSmFe4P l2. This is evidence that an Einstein-like mode
at Sm sites interact with the acoustic modes observed by the 57Fe NRIS .

We briefly mention the results of the 99Ru Mossbauer measurements. We took the
spectra of SmRU4P 12 at 2, 5 and 77 K. The temperature dependence is small, although the
energy of the 99Ru Mossbauer resonance is 89.7 keY. This indicates that the Debye
temperature is high at the Ru site in SmRu4PI2 like that in RFe4PI2.

4 Summary

We have carried out Mossbauer spectroscopy and nuclear resonant inelastic scattering of
filled-Skutterudite phosphides. Experimental results are summari zed as follows:

(1) The second-order Doppler shift obtained by the 57Fe Mossbauer measurements and
the recoil-free fraction obtained by 99Ru Mossbauer measurements demonstrate that
the lattice consisting of the cage structure contains a high Debye temperature in every
filled-Skutterudite phosphide we investigated.

(2) The temperature dependence ofthe QS values shows a T2 dependence and not the T 3
/
2

dependence which is the typical behavior in non-cubic metallic compounds.
(3) The 149Sm and 57Fe NRIS results show the presence of an interaction between an

Einstein -like mode at rare-earth site and acoustic modes role-p layed by iron atoms .
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The results of (2) and (3) seem to be common properties in filled-Skutterudite
phosphides. These facts probably correlated with the unusual phonon dispersion and
thermoelectricity of these compounds.
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Abstract The experimental data from Mossbauer spectroscopy and magnetic mea­
surements are presented as functions of the temperature and external magnetic field
for a B2-type ordered Fe66A/34 alloy.

Key words ordered Fe(Al) alloys. magnetic structure- Mossbauer spectra­
magnetic measurements

1 Introduction

Despite sixty-year history of study of the Fe(AI) system, it attracts great attention
to the present day in the magnetic interactions and magnetic structure aspect.
Being a natural magnetic lamellar, the B2-type ordered alloys exhibit abnormal
magnetic characteristics for the Al concentration from 27 to 35 at.%. So, they differ
from disordered ferromagnetic alloys whose magnetic properties are successfully
explained in terms of a site-diluted Ising model [1]. Investigations of the magnetic
properties anomalies led to controversial conceptions of magnetic structure of these
alloys: mictomagnetic [2], reentrant spin glass [3], sperimagnetic [4], antiferromag­
netic with ferromagnetic clusters [5, 6]. In [7] the magnetic properties of these
alloys were interpreted from the dominant local magnetic anisotropy conception. At
length, in [8] the incommensurate spin density waves (SOW) were found in B2-type
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ordered Fe-AI alloys. The ambiguity of the nature of their magnetic state motives to
proceeding experimental researches.

2 Experimental

The sample of Fe with 34.1 at.% Al was melted from high-purity starting metals
(Fe and Al of 99.99% purity) in purified He atmosphere using an induction furnace.
The ingot was homogenized at 1100 K in an argon atmosphere for 8 h followed
by filling, sieving and annealing at 1073 K during 1 hand 873 K during 32 h. Fe
Ka-radiation X-ray diffraction was taken at room temperature. Chemical analy­
sis was performed by wet chemistry and with the atomic emission spectrometer
"Spectraflame-Modula-D" with inductive coupled plasma. Magnetic measurements
were carried out with the SQUID-magnetometer SQUID-MPMS-XL-5 (Quantum
Design) at temperature from 5 to 300 K in external magnetic field from 0 to 5 T.
Mossbauer spectra were measured at T = [5 - 300 K] and in external magnetic field
B ex1= [0.03 - 2.6 T] using the y-ray source 57 Co in Cr. Mossbauer spectra were
analyzed for the average hyperfine magnetic field Be!! and the fraction of a non­
magnetic component Po depending on the temperature T and external magnetic
field Bexi.

3 Resultsanddiscussion

X-ray diffraction patterns of the sample corresponds to a bee B2-type superstructure
with a lattice parameter a =0.2883 nm and a mean grain size < L > =0.08 /lm. The
Al content was estimated equal to 34.1 at.%. Magnetization measurements show that
magnetization curves do not saturate up to Bex1 = 5 T. Hysteresis loops measured
in a longitudinal magnetic field before and after cooling in field are symmetrical in
relation to zero . The coercive force Be decreases from 90 to 2.7 mT on increase
of temperature from 5 to 80 K, and even at a room temperature a small coercive
force Be = 1.5 mT exists. It was shown [9] that the parameters of temperature
hysteresis at B ex1 <0.5T are determined by the magnetic hysteresis parameters. In
paper [9], a prominent maximum at T ~ 50 K under low Bw <0.8 T in FC and
ZFC curves was also reported. The temperature dependence of AC susceptibility
X is characteristic of antiferromagnet, as well as its 90°-quadrature component X"
that shows a sharp peak at T:::: 40 K and a peculiarity at T>150 K, vanishing in
external magnetic field, Figure 1a,b. The dependences of magnetization a (B / T)
are identical for any temperatures above T = 150 K as it follows from Figure 1c.
Low-temperature Mossbauer measurements indicate a rapid growth of Po in the
temperature range from 21 to 45 K resulting in a decrease of the average hyperfine
magnetic field Be!! by a step-like function, rather than the Brillouin law. The
magnetic splitting vanishes at T :::: 80 K (see Figure 2a,b), but magnetization is not
equal to 0 at this temperature and increases by 20 times on B ex1going up from 0.05
to 2.5 T. Comparing the magnetization and Mossbauer spectroscopy data gives an
abnormally high value of the ratio Be!! / m = 50 -;- 70 T / p-s- Measurements under
low Bw indicate an essential growth of Be!! and appearance of the components
with a magnetic splitting highly exceeding Bexlo as it is clearly seen in Figure 2a,c.

~ Springer



Mossbauer spectroscopy study of spin structure

8xl0-5

M~
a
o

100 200
Temperature, K

1081

-(50K)
-'-(100 K)
-4-(150K)
--+-- (200K)
-'-(250K)
-&-(300 K)

M~ 0.003
a
u. 0.002
;-<

0.001

100 200
Temperature, K

~OO
(a)

15

~
S10o

;:E. 5

0.01 0.02 0.03
BIT, TIK (c)

Figure 1 The temperature dependence of AC susceptibility X(T}-(a) and its 90°-quadrature compo­
nent x"(Tl-(b). The dependences of magnetization a (B) versus temperature T-( c).

The considerable difference in the temperature behaviour of B eJJ(T) and O'(T)

vanishes at low values of the applied magnetic field and these dependences get
correlating. According to the data presented and available in the literature, the
ground state (T = 0 K) of the alloy can not be classified as a pure ferromagnet,
or antiferromagnet, or canonical spin glass or mictomagnetic. The features in X(T) ,
O'(T) and B eJJ(T) curves and the behaviour of Mossbauer spectra in magnetic filed
evidence for collective magnetic moments fluctuations. An estimation of the Fe
atoms number forming such fluctuating complexes from O'(BjT) gives ~ 102, while
the value of freezing temperature 130-150 K (starting from which the O'(B) is a
unique function of temperature) corresponds to much larger assemblies ~ 104 Fe
atoms. The temperature and in-field dynamics of Mossbauer spectra parameters
indicate time-dependent hyperfine interactions. Besides, the broadening and splitting
of the Mossbauer spectra in external magnetic fields, clearly observed in Figure 2,
indicate that the temperature of transition into the actual paramagnetic state is higher
than 300 K. The data obtained can be interpreted within several models:

(1) system of magnetic moments is composed of two subsystems with randomly
distributed antiparallel spins, the magnitude and sign of a certain magnetic
moment being determined by the chemical local environment. This model,
provided that magnetic moment m r; of the Fe atoms having more than four
Al atoms in the nearest neighborhood is antiparallel to the local magnetization,
gives the average mr; = 0.3 un, fitting the experimental magnetization data.
The magnetic moments of Fe atoms in the AI-rich environments degrade on
increasing the temperature, which results in destroying Fe magnetic moments
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coupling. The clustered regions, consisting of the Fe atoms having less than
four Al atoms, form . At the temperatures higher than 150 K, the Fe magnetic
moments in these regions collectively fluctuate.

(2) system of magnetic moments consisting of two type of spins : col1inea r (Fe atoms
in the AI-poor environment) and non-col1inear, with a spin randomly oriented ,
(Fe atoms in the AI-rich environment) . In this model, the non-collinearit y is
caused , mainly , by disord er of the local anisotropy axes. The temperature and
in-field dynamics is governe d by a metamagnetic-type transition.

(3) a parti cular state - the incommensurate SDW [8] found in B2-type ordered
Fe-AI alloys that implies the interpretation of magnetic properti es principally
in terms of itinerant magnetism.

New experimental Mossbauer and theoretical studies promise to resolve this
ambigui ty.

Acknowledgement The authors thank Prof.A.Arzhnikov for the interest and effective discussions.
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Abstract 57Fe Mossbauer spectra are presented from (H30)Fe3(S04)z(OH)6 (or
H30-jarosite), which is a model kagome antiferromagnet which features geometrical
frustration and spin-glass-like behaviour. Dynamic scaling of the freezing temper­
ature as a function of frequency is observed over a large frequency range, which
indicates the presence of a spin-glass transition. A fast relaxation model between
"up" and "down" states, separated by an energy gap, is presented to account for
the shape of the Mossbauer spectra below the freezing temperature. From a calcu­
lation of the Electric Field Gradient tensor, it is suggested that H30-jarosite is an
XY-Heisenberg antiferromagnet, where the Fe3+ moments lie in the kagome planes.

Key words geometrical frustration- kagome lattice- spin-glass.
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In (H30)Fe3(S04)z(OH)6 (or H30-jarosite), the Fe3+ ions (S=5/2) are arranged in
kagome layers, i.e., they lie on a triangular network where the triangles are connected
through shared vertices. The magnetic susceptibility shows a Curie-Weiss law with
a large negative paramagnetic Curie temperature 8p =:: -780 K, indicative of strong
antiferromagnetic (AF) interactions between Fe3+ ions. No long range magnetic
ordering is observed down to 2 K [1], which can be ascribed to the frustration of
the AF nearest-neighbour exchange interactions on the kagome lattice: no spin
configuration can satisfy all AF bonds in such a triangular lattice. The ground state
is then highly degenerate and short range correlations may prevail down to the
lowest temperature [2]. An unexpected feature of H30-jarosite is the spin-glass­
like behaviour of its Field Cooled (FC) and Zero Field Cooled (ZFC) de magnetic
susceptibilities below Tg = 17.8 K, and of its aging properties [3]. Indeed, spin­
glass behaviour is expected in site-disordered materials, whereas our sample of
H30-jarosite has an Fe3+ occupancy close to 97%. A short 57Fe Mossbauer study
in this compound has been published previously [4].

In this work, we performed extensive 57Fe Mossbauer spectroscopy measurements
in H30-jarosite and a calculation of the Electric Field Gradient (EFG) tensor at the
Fe site, in order to obtain information on the Fe moment orientation. We also put
forward a two-state dynamic model to account for the shape of the low temperature
spectra. Finally, using the results of various techniques with very different character­
istic frequencies, we check whether a spin-glass-like dynamic scaling is obeyed in the
vicinity of Tg •

H30-jarosite crystallises into the space group R3m, the Fe3+ ion being at the
center of a slightly distorted 0 6octahedron (point symmetry 2/m). The Fe04 plane is
at an angle of =:: 22° from the kagome plane , which is the (3, b) plane of the hexagonal
crystal. The 57Fe Mossbauer spectra show a single quadrupolar doublet above 22 K,
with a splitting t>EQ =:: U5 mmls which shows practically no thermal variation.
This points to the presence of Fe3+ alone in H30-jarosite. Below 22 K, the spectra
broaden and show the six lines characteristic of a magnetic hyperfine interaction (see
Figure 1 left) . Their overall shape reflects the presence of a distribution of hyperfine
fields, as often observed in spin-glasses [5]. The phenomenological fits using such a
distribution (not shown) allow the average hyperfine field to be determined, and its
thermal variation is represented in Figure 1 right top . The temperature TM =:: 22K at
which the mean hyperfine field vanishes cannot be considered as a Neel temperature,
as no long range order is present in H30-jarosite [1]. It is instead a spin freezing
temperature associated with the characteristic 57Fe Mossbauer hyperfine Larmor
frequency of 100 MHz.

In order to understand better the nature of this glassy magnetic phase , we have
tried to obtain the orientation(s) of the Fe magnetic moment with respect to the
crystal axes. The first step is to determine the orientation of the hyperfine field,
antiparallel to the Fe3+ moment to a good approximation, in the principal axes
OXYZ of the EFG tensor. This can be best done using the spectra near 18-20 K,
where the magnetic hyperfine interaction is weak and of the same order of magnitude
as the quadrupolar interaction. We find that only the polar angle between the
hyperfine field and OZ can be reliably determined, and that it is e= 75(5t . This
angle is unique , which means that the orientation of the Fe moment with respect to
the local XYZ axes is the same for the nine Fe sites in the unit cell. The second step
is to determine the orientation of the principal EFG axes in the crystal frame. For
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Figure 1 Lef t: 57Fe Mossbauer spect ra in H30-jarosite below the Mossbauer freez ing temperature
(22K), fitted with a two-state dynamic model (see text). Right top: therm al variation of the average
hyperfine field derived from fits using hyperfine field histograms. Th e dashed line is the mean -field law
associa ted to S=5/2, with a critical temp erature T M = 22K. Right bottom: variation with temperature
of the distribution of "up-down" gaps in the two-state mod el proposed to account for the Mossbauer
lineshape below the freez ing temperature.

this purpose, we performed an ab initio calculation of the EFG at the Fe site in the
non-magnetic approximation , and we obtain the following results : /)"EQ ::= 0.7 mmls
(experimental value 1.15 mm/s), and the OZ axis is at an angle ex = 22(2t from c in
the mirror plane (perpendicular to , say, b). These data do not allow the moment
direction to be unambiguously determined, but they are compatible with an Fe
moment perpendicular to c, i.e., lying in the kagome plane.

The shape of the Mossbauer spectra below TM can be accounted for by assuming
that the exchange field experienced by an Fe 3+ ion is distribut ed , and that it vanishes
above TM . This is the classical explana tion in spin- glasses, but it overlooks the fact
that, at least in H30-jarosite, the exchange interaction is much bigger than TM, which
is not a Neel temperature. We propose here another mod el, which could be labelled
a dynamic two-state mod el: the shor t range correlated Fe mom ents fluctuate rapidly
between the "up" and "down" configura tions, which are separa ted by an energy gap
/),, ( T) whose values are distribut ed. Then the local equilibrium hyperfine field is given
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Figure 2 Left: Field Cooled (FC) and Zero Field Cooled (ZFC) branches of the magnetic susceptibil­
ity in Hj Ovjarosite , after subtraction of a Curie-like paramagnetic contribution. Right: characteristic
frequency f as a function of the reduced temperature I from ac susceptibility measurements (Xac),
and muon spin rotation (/lSR) [8) and 57 Fe Mossbauer spectroscopies (Moss) . The solid line is the
law: f = folzv.

by: Hhf(T) = Hotanh ~~j., it is distributed in values and static on the Mossbauer
timescale. Figure 1 right bottom represents the thermal variation of the distribution
of !::1 values corresponding to the fits of the spectra shown in Figure 1 left. Above
TM, the gap vanishes, and therefore it could be considered as an order parameter. Its
physical origin can be the anisotropy of exchange [6] arising from the Dzyaloshinsky­
Moriya interaction [7] or , more likely in the case of Fe3+, from further neighbour
contributions.

The dc magnetic susceptibility curves, as shown in [3], present an irreversibility
between FC and ZFC branches below Tg :::::: 17.8K, and show Curie-like upturns at
low temperature. Here, we present FClZFC curves where we subtracted a Curie
contribution, so that the corrected susceptibility shows the flat FC branch encoun­
tered in spin-glasses (Figure 2 left). The required correction corresponds to about
1% Fe3+ ions, which remain paramagnetic inside the spin-freezing region probably
due to neighbouring defects or vacancies .

The in-phase ac susceptibility measured in the frequency range 0.04-80 Hz shows
a peak at a freezing temperature Tg(f) which increases as the frequency increases.
A generic feature of spin-glasses is the critical scaling law: 1 = 10tZU expected for
the characteristic frequency of the experiment, where t = [Tg(f) - Tg(O)]/ Tg(O) is
the reduced temperature, 10 is a microscopic frequency of the order of 1012 Hz,
v is the critical exponent describing the divergence of the spin correlation length
~ as t --+ 0, and z is the dynamic exponent linking 1 and ~ : 1 ex ~- u. Figure 2
right shows, on a log-log scale , the variation of 1 with the reduced temperature
computed using Tg(O) = 17.8 K, the peak value obtained from the de susceptibility
data (Figure 2 left). In order to sweep a larger frequency rang e, we included the
freezing temperatures measured by the jLSR technique [8], which has a characteristic
frequency of 1 MHz (T11SR = 20 K) and by the present 57Fe Mossbauer study, with
a characteristic frequency 100 MHz (TM = 22 K). The critical scaling is seen to be
satisfactorily obe yed over 10 orders of magnitude for I , with reasonably physical
values 10= 1.5 X 1Ol3 Hz and zv = 8.
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As a conclusion, our data suggest that the kagome antiferromagnet H30-jarosite

is an XY-Heisenberg frustrated system with the Fe moments lying in the kagome
plane , and they show that it undergoes a spin freezing transition analogous to that
in spin-glasses, although the site-disorder appears to be very small. We note that the
XY plane, that our measurements suggest the spins to be in, does not correspond to
the local coordination plane of the Fe3+ ion, but instead to the kagome plane. This
would imply that the gap inducing anisotropy has its symmetry.
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Abstract Two series of Fe19.sNiso.2 samples obtained by ball milling and differing in the
form of starting material were investigated by Mossbauer spectroscopy. In the case of
milled elemental powder, strong structural evolution was stated: both a and y phases arise
and a small amount of pure iron is present as well. The annealing of as-milled powder at
490°C causes faster forming of y-(Ni-Fe) phase. Only slight changes in atomic order were
stated in the series of milled polycrystalline ribbon.

Key words Mossbauer spectroscopy' Fe-Ni alloys- mechanical alloying

1 Introduction

Mechanical alloying (MA), which makes it possible to prepare nanostructured systems,
offers a new opportunity to improve the properties of current magnetic materials [1, 2].
Although many metastable phases arise in the course of the milling procedure, they are
often stable enough for some technical applications. In comparison to materials obtained by
conventional methods, mechanical alloyed systems - owing to small-size grains, specific
structure, large strains as well as significant density of defects and grain boundaries ­
usually exhibit different mechanical, thermal, electric and magnetic peculiarities, e.g.
reduced density, enforced resistivity, higher specific heat and coercivity which highly
depends on the grain diameter.

The structural evolution and properties of permalloy-type alloys obtained by long-time
milling in the low-energy vibratory mill was the subject of this work. One can expect the
creation of diverse phases with structural and magnetic characteristics depending on the
proportions between the elements and hardly distinguished by diffraction methods. Due to
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Figure I Mossbauer spectra of
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sensitivity to hyperfine fields, Mossbauer spectroscopy provides the possibility to study
phase evolution in these systems and analyze it in terms of other effects induced by
mechanical treatment, such as strong changes in magnetization and coercivity [3, 4].

2 Experimental

In this study, two series of Fe- Ni samples which were obtained by ball milling in a low­
energy vibratory micro-mill (Pulverisette 0, Fritsch) under the argon atmosphere are
investigated. They have the similar chemical content - i.e. 19.8 at.% of iron - and different
kinds of initial material: in series A - a mixture of pure elements, and in series B - 5 mm­
wide and 50 urn-thick microcrystalline ribbon obtained by melt spinning method. In both
cases, initial purity of elements was equal to: Ni 99.98%, Fe 99.99%. The samples were
milled for 30, 100, 200 and 700 h, using a vibration amplitude equal to 1.5 mm and powder
to ball ratio: 25:1. Chemical analysis showed that the chemical content did not really
change during milling since changes were smaller than 0.5%.

Transmission Mossbauer measurements were performed with temperatures ranging from
- \00 to 490°C using 57CO(Rh) source of radiation, a nitrogen cryostat and a vacuum
furnace with maximal pressure 2'\0- 5 Torr. To analyze the Mossbauer spectra, the
MOSFIT program was used (Teillet and Varret, unpublished). The Mossbauer results were
compared to the magnetization results, which were obtained using vibrating sample
magnetometer (YSM).

3 Phase evolution in milled elemental powder

Room temperature Mossbauer spectra reveal different structural evolutions of the samples
belonging to both series (Figures I, 2). In the case of milled elemental powder, except the
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Figure 2 a, b Hyperfine field
distribution derived for two sam­
ples of milled elemental powder,
c relative intensities of individual
components of spectraPi vs.
milling time.
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sharp sextet with hyperfine magnetic field 33.0 T characteristic of pure iron (called C1), a
smeared high-field component corresponding to the range: 30-37 T (called C2) was found.
This component peaks after 100 h of milling and decreases at longer milling time. This is
attributed to the bee phase - both distorted Fe and Fe(Ni) solid solution [5]. Moreover,
another distributed Zeeman sextet (C3) arises and grows during milling. This component,
characterized by hyperfine fields from the range 15-33 T and mean hyperfine field 26-27 T,
mainly originates from y Ni-Fe phase and dominates in the spectrum after 700 h of milling
although a smal1 amount of nearly pure iron is still present. Besides, a growing low-field
component of Mossbauer spectrum (C4) was found, the origin of which is discussed below.
It should be pointed out that the intensities of subspectra Pi (shown in Figure 2c) are related
to the proportion of iron atoms contributing to particular components. Therefore, the phases
with no iron are not represented in the Mossbauer results. Also, the iron-poor phases are
underestimated whereas the iron-rich ones are overestimated. Calculation of the volumetric
fraction of phases Ci requires the knowledge of concentration of iron in individual phases Xi

and in the whole sample x (c, = xp;lx;). Unfortunately, we do not know Xi well enough. The
approximate evaluations together with the balance of elements reveal, besides the above­
mentioned phases, the significant contribution of pure nickel in samples belonging to the
series A: from 75% after 30 h of milling to 50% after 200 h. In the case of sample milled
for 700 h the relative content of nickel is equal to 3-5%, but the uncertainty of calculation
of this contribution is high.

The low-field component C4 (cal1ed below paramagnetic component) increases from 6%
for short-milled powders up to 54% after 700 h of milling and mainly comprises a Zeeman
sextet with mean isomer shift 0.48 mm/s and hyperfine field from the range 0-13 T and
also, in the sample milled for 700 h, a smeared doublet with isomer shift 0.22 mm/s and
quadrupole splitting 0.63 mm/s. It seems, that various, quite different phases contribute to
this constituent, namely: smal1 amount of oxides, phases with about 30-35 at.% of nickel
(invar alloys), grain boundaries and ultrafine particles with diverse compositions.

The changes in structure as well as strong distortions and spin relaxation effects
occurring during milling cause a systematic increase in mean isomer shift and a reduction
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Figure 3 a Mean isomer shift <8>, b mean hyperfine field <8>, c magnetic momentderived from VSM
measurements vs. milling time.

of the mean magnetic hyperfine field illustrated in Figure 3a, b. The latter quantity is well
correlated with the magnetic moment derived from VSM measurements and plotted in
Figure 3c. Both quantities show a progressive decrease during milling due to an increasing
amount of y phases, powder size reduction as well as growing intensity of strain (for more
details about magnetic measurements, please see [4]).

4 Atomic order in milled ribbon

In the case of milled ribbon, a component with distributed hyperfine field (mean value 28.6
T) representing y-(Ni, Fe) with about 15-20 at.% of iron dominates in the spectra. The
relative content of this constituent in the long-time milled samples is as high as 75%. As in
a previous series, a low-field subspectrum is also present, although its intensity is distinctly
smaller.

In binary alloys, the site positions may be occupied randomly or there may be some
preferences in atom arrangement. The local environment model (LEM) was used to analyze
the atomic order of the y-(Ni, Fe) phase [6]. The related subspectrum is made up of many
overlapping six-line patterns, each corresponding to a magnetic hyperfine field experienced
by 57Fe nucleus at a particular lattice site. The analysis of the intensities of these
components gives information about atomic order and enables us to distinguish between the
different types of chemical order. The Mossbauer spectra of milled ribbon were re-analyzed
from a short-range order point of view. In LEM, magnetic hyperfine field noticed by an iron
atom surrounded by m iron atoms in the first coordination shell and n iron atoms in the
second one is a linear function of m and n:

B(m,n) = B(O, 0) + m MJ1 + n MJ2

In our computations, we used the following values: B (0, 0) = 26.21 T, MJI = 1.07 T,
tlih = 0.24 T [7]. Mossbauer spectra were fitted with a set of sextets applying fixed
hyperfine field values calculated by LEM in the first coordination shell approximation. The
relative intensities of sextets vs. m are presented in Figure 4. We can see that the atomic
arrangement does not really change during milling (only small shift towards the lower m is
visible) but it slightly differs from the theoretical predictions based on random atomic
distribution. The quantitative analysis of these discrepancies can be done using the short
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Figure 4 Comparison between
the random distribution in the
occupied sites of the first coordi­
nation shell around a Mossbauer
probe by iron atoms and the
experimental ones obtained for
the permalloyribbon milled at
different times.
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range order Warren-Cowley parameter [8, 9] for iron atoms in the first coordination shell
(which describes deviationof the real atomicarrangement from the random one), defined as
follows:

< m > = LmP(m,n)

Withx being the iron concentration, < m > the average number of iron atoms in the first
coordination shell and Zl the coordination number in the first coordination shell; for fcc
lattice Zl = 12.

Both in the case of ribbon and powder, the Warren-Cowley parameter Ul has a small
negativevalue of about (-0.05). This means that there are morenickel atoms in the vicinity
of an iron atom than in the random solid solution, which reveals a slight tendency for
ordering,probably towards the FeNi3 structure.

5 Temperature investigations

The results presented in chapter 3 reveal rather difficult alloying of elemental powders
during milling - after 200 h there was still over 50% of pure elements in the mixture. In
order to evidence the effect of the subsequentheat treatment, the sample obtained after 200
h of milling has been annealed in vacuum for 24 h at 490°C and then slowly cooled down.
Room temperature Mossbauer spectrum collected after annealing shows a significant
growth (from 22 up to 70%) of the componentrepresenting the y-(Fe, Ni) phase, compared
to as-milledsample (Figure5b, c). Besides,a sharp single line arises. It is locatedalmost in
thecentreofthe spectrumand isattributed to low-spinironstatein the invaralloywith30 at.%
ofNi . Temperature measurements ofthe annealedsamplecarriedout at 300 and 490°C reveal
a significant increase in the paramagnetic component (Figure 5d, e). The results of earlier
magnetic investigations [4] suggested that a portion of the smallest powder particles may
show superparamagnetic behavior. Although the observed evolution of the Mossbauer
spectra is not typical for superparamagnetism, we cannot exclude the relaxation effects of
the magnetic moments of finest powder particles. The contribution of temperature
relaxations is indicated by the gradual increase in the paramagnetic component with
milling time as well as with growing temperature. This hypothesis is also supported by a
small but markeddeclineof the paramagnetic component in the spectrum collectedat liquid
nitrogen temperature (LNT) compared to room temperature (RT) spectrum (as-milled
sample, Figure Sa, b). However, due to the large dispersion of particle sizes as well as
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possible interactions between the magnetic moments, we do not observe typical
superparamagnetic evolution of Mossbauer spectra.

6 Summary

It was stated that low-energy milling of mixture of elemental powders leads to the
formation of both a and y phases with various chemical compositions although small
amount of pure elements is still present in the final product. Annealing the as-milled
powder leads to fast formation of y Fe-Ni phase. Paramagnetic component grows during
milling and originates from: small amount of oxides, phases with about 30-35 at.% of
nickel, grain boundaries and (possibly) relaxation effects of ultrafine particles of diverse
composition. Short range atomic order in milled ribbon and also in the initial one slightly
deviates from the random arrangement and tend to localize the Ni atoms in the first
coordination shell around Fe atom.
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Abstract Refinements of the X-ray diffraction patterns show that DyFe lz- xTax compounds
with x = 0.5-0.7 crystallise in the ThMn lz-type structure and that the Ta atoms occupy the
8i sites. Spin reorientations have been detected by ac magnetic susceptibility for all com­
pound s below room temperature. First the moments shift direction from easy axis to easy
cone at T"" then to easy plane at Tsrz . Both Tsrl and Tsrz increase with increasing Ta content
up to x = 0.65 before decreasing with further increase in Ta content. Analyses of the
Mossbauer spectra indicate that the individual Fe site hyperfine fields derived at 4.5 K for
Dyl-e ,1.35Tao65 are Bhf =37.4 T, 32.2 T and 27.6 T for the 8i, 8j and 8fsites, respectively.

Key words spin reorientation Mossbauer effect· magnetic susceptibilities

1 Introduction

Given that the Curie temperature Tc and the saturation magnetization M, of the RFe12- xMx
intermetallics decrease as the x concentration is increased [I] , it is important to synthesize
compounds in this series with the minimum amount of the stabilizing M element. Recently,
Piquer et al. [2, 3] reported that the Ta-stabilized phase of RFe ll.5Tao.s only forms with the
heavier rare-earth elements Tb, Dy, Ho, Er and Lu. Vert et al. [4] found that pure single­
phase samples do not form but that all samples included u-Fe and/or FezTa as impurity
phases and approximately single phase samples of RFel z _ xTax were stabilised for
x = 0.5-0.7 [4]. Later, the magnetic structure of ErFe ll .5TaO.5 was determined by neutron
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powder diffraction measurements and a spin reorientation detected from easy axis to easy
cone at Tsr = 40 K [2, 3] or 49 K [5] with decreasing temperature.

As outlined previo usly [1], a significant feature of these compounds is that a range of
spin reorientation temperatures has been reported by different authors - even for
DyFcl2 - xMx compounds containing the same M elemen t and the same nominal M content.
For Dyl'e, 1.5Tao.5' Piquer et al. reported different values for 1'."2 (Tsr2 = 210 K in [3] and
Tsr2 = 185 Kin [2]) - they attributed the difference to the fact that the change in the easy
magnetization direction from cone to the basal plane is first-order but takes place gradually
as the conical and basal phases may coexist with the volume ratio of one phase varying
progressively with respect to the other as the temperature is lowered [3]. Recently it has
been reported that 1'." depends sensitively on composition in RFel-xNbx and RFe12- xTix for
R = Tb and Dy whereas for ErFel - xNbx it has been found that Tsr remains essentially
constant over the same concentration range [6, 7]. In order to clarify the question of the
compositional depende nce of the magnetocrystalline anisotropy in the RFe)2 - xTax system,
we have investigated the structural and magnetic properties of DyFe)2- xTax (x = 0.5, 0.6,
0.65 and 0.7).

2 Experimental

The alloys DyFel2-xTax (x = 0.5-0.7) were prepared by arc-melting 99.9% purity materials
in argon atmosphere. The quality of the samples was checked by X-ray diffraction with Cu­
K, radiation and the phase transition temperature determined by ac magnetic susceptibility.
57Fe Mossbauer spectra were obtained between 4.5 and 298 K using a standard constant­
acceleration spectrometer and a 57CoRh source .
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3 Results and discussion
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(I)

Analysis of the X-ray diffraction patterns showed that all samples are essentially single
phase and have the ThMn12-structure as expected; samples exhibited typically less than 4
wt.% of u-Fe and Fe2Ta as impurity phases, similar to earlier findings [2, 4]. The data were
refined by Rietveld analysis using the FULLPROF program. As shown in Figure I, the
lattice parameters increase slightly with increasing Ta content, consistent with the larger
radius of Ta compared with Fe and similar to the behaviour of HoFe'2- xTax [4]. We also
find that the Ta atoms occupy only the Si sites in all of the compounds; this can be
understood in terms of enthalpy effects and metallic radii as for the RFe12 - xNbx system [6].
We have calculated the Wigner-Seitz cell (WSC) volumes with the BLOKJE program [S]
for all the crystallographic sites in DyFel l.35Tao.65 by using the structural and positional
parameters and the 12 coordinate metallic radii of 1.S, 1.26 and 1.49 A for Dy, Fe and
Ta, respectively. The calculated WSC volumes for the 2a, Si, Sj and Sf sites are 30.03,
12.66, I1.S0 and 11.34 A3

, respectively, with the same sequence occurring in the other
compounds [7].

Below room temperature, two anomalies (marked by arrows in Figure 2a) are detected in
the X-T curves. Based on the similarity to DyFel2- xTx with T = Nb [6], T = Ti [9], and T =
W [10], the anomalies can be ascribed to the effects of spin reorientation. With decreasing
temperature from room temperature (as confirmed by neutron powder diffraction mea­
surement [3]), the easy magnetization direction of the DyFel2- xTax compounds changes
from easy axis at Tsr" via an easy-cone range, to easy plane at Tsr2'

According to crystal-field theory and using standard notation [I] , the total anisotropy
constant K, tot can be expressed, in a first-order approximation, as

K 101 KFe+KR KFe 3 A 0 ?1 = 1 ,=, - "2aJ 20 < 20 >< >.

where the second-order crystal-field coefficient A20 depends on the crystal structure and
composition of a given compound. According to [1], A20 is negative in this system. For
Dy3+, UJ < 0; this means that the second-order contribution of the Dy-sublattice to the
anisotropy is planar. Since the temperature dependences of the anisotropies of the Dy­
sublattice and Fe-sublattice are different, the competition between the Dy-sublattice and the
Fe-sublattice with increasing temperature leads to a spin reorientation at a certain tem­
perature below Curie temperature, consistent with the x-T curves. It was reported that in
RFe12 - xTx with T = Ti or V, A20 shifts towards a more negative value with decreasing x
[11-13]. By estimating the individual CEF terms, Kuzmin [11] reported that the second­
order term is the dominant contribution (-S5%) to the shift of Tsr in DyFe' 2- xTix
compounds (dTs/dx - -130 K) and that the shift of A20 to positive values plays a critical
role in the decrease of Tsr with increasing x. Moreover, in RFe'2- xTx, the overall anisotropy
constant K,(Fe) is the sum of contributions from three sites:

K/e(tot) = Kfe(Si)+Kfe(Sj)+Kfe(Sf) . (2)

It is known that the three anisotropy constants do not have the same magnitude [1] and
normally it is found that the Fe ion at the Si site gives the largest contribution to the overall
3d anisotropy [I , 9]. On the other hand it was recently reported that in DyFel,Mo" the Sf
site plays the largest role [14]. Thus the total Fe anisotropy constant is the result of the
interplay between these three contributions. It should also be noted that Ta occupies the Si
site in DyFe'2-xTax and modifies the K,tot(Fe) contribution. So, the increase in Ta content
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not only decreases the contribution of the total Fe-sublattice to the anisotropy, but also leads
to a change of the crystal parameter A20 which influences the contribution of the Dy­
sublattice. As discussed below, the compositional dependence of Tsr in DyFel2 - xTax can be
understood in terms of the competition between these two influences.

The Mossbauer spectra of DyFe 11 .35TaO.65 at selected temperatures are shown in Figure 3
as examples of the spectra obtained in this study. Since the iron atoms in DyFel2 - xTax
occupy three inequivalent 8i, 8j, and 8f crystallographic sites and the Ta atoms occupy only
the 8i sites, we use six sextets [7] to fit the Mossbauer spectra, taking into account the
random distribution of the Ta atoms in the neighbourhood of the three iron sites. Full details
of the fit procedure are described in [7]. The Mossbauer relative intensities of the o-Fe and
Fe2Ta contributions can be deduced from the fit to the room temperature spectrum, as their
contributions are clearly distinguishable [14]. Following [7, 9, 14, 15] the order ofBht<8i) >
Bht<8j) > Bht<8f) is assumed for the hyperfine fields of the three Fe sites of the ThMnl2
structure depending on both the number of Fe nearest neighbours and the corresponding
interatomic Fe-Fe distances . The temperature dependence of the hyperfine parameters for
DyFe l1.35TaO.65 (Figure 2b and c) shows that the hyperfine fields Bhf increase with
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Figure 3 Mossbauer spectra of
DyFel1.35Tao.65 over the temper­
ature range 4.5 to 300 K.
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decreasing temperature as expected. Moreover, the sequence of the isomer shift magnitude
is 8(8i) > 8(8j) ;:: 8(8j) over the whole temperature range - this can be understood as the
consequence of the order of the average Fe-Fe distances for each Fe ion site (dFc-Fc(8i) >
dFe-Fc(8j) 2: dFe-Fe(8f) [7, 14, 15]. The correlation between the isomer shifts and the WSC
volume has been observed in many R-T compounds [14-16]. Given that the quadrupolar
interaction (QI) is connected with the change of angle between the easy axis of
magnetization and the electric field gradient, a change of QI is expected around the spin
reorientation temperature (QI from negative to positive, Figure 2c).

Assuming a field-moment conversion coefficient of 15.6 TIIlB [9], our individual site
hyperfine field values of Bhf = 37.4,32.2 and 27.6 Tat 4.5 K for DyFell.3sTao.6s
correspond to IlFc = 2.4, 2.1 and 1.8 IlB for the 8i, 8j and 8f sites, respectively. This leads to
an average Fe moment of 2.05 IlB at 4.5 K. For the other compositions the temperature
dependences of the hyperfine parameters have the same order and tendency.

Acknowledgement This work is supported in part by a Discovery Grant from the Australian Research
Council leading to the award of a Research Associatcship to JLW.
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Abstract The asymmetric doublet obtained in earlier JJ9Sn Mossbauer measurements of
ternary stannides is re-interpreted as being due to the Gol'danskii-Karyagin effect instead
of a ~-Sn impurity included in the structure. Measurements in applied magnetic fields show
that the conduction electron polarization at the Sn(2) site of ErRhI.J Sn3.6 is of the opposite
sign to that of Prkh.Sn, and PrCoxSny

Key words Mossbauer spectroscopy' stannides . Gol' danskii-Karyagin effect ·
hyperfine field conduction electron polarization

1 Introduction

The large family of ternary stannides of the type RTxSny [I] , (R = rare earth, Y, Sc, Ca, Sr;
T = Rh, Ir, Ru, Os) have provided the basis for a wide variety of physical experimentation
because of their interesting superconducting and magnetic properties and also the diverse
crystallography which includes a multiplicity of phases, non-stoichiometry, twinning and
rare earth-tin substitution. ErRhI.JSn3.6 was one of the earliest examples of are-entrant
superconductor [I] . Because the crystals of the family were commonly grown from a tin
solvent, inclusions of tin could occur, as well as aiding other effects such as the varying
degrees of non-stoichiometry. This resulted in values of many of the parameters being
sample dependent, with the best established values for the transitions in ErRhl.JSn3.6 were
that it became superconducting at Tc = 1.36 K and then ferromagnetic below Tm = 0.46 K,
at which point the superconductivity was destroyed. However a range of values for both
parameters was observed [I , 2], with some samples having no superconducting transition
and consequently the highest magnetic transition.

In an earlier 119Sn Mossbauer study of ErRhJ.JSn3.6 [3], an asymmetrical doublet was
observed at room temperature, which was attributed to a small amount of included
elemental ~-tin . We have taken J19Sn Mossbauer spectra of ErRhI.J Sn3.6, PrRh 1.33Sn3.9 and

A. C. Mcflrath : 1. D. Cashion ([gJ)
School of Physics , Monash University, Melbourne , Victoria 3800 , Australia
e-mail: john .cashion@sci.monash.edu.au
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Figure I 11 9Sn Mossbauer spec­
tra of (a) ErRhI.l Sn3.6 at room
temperature , (b) PrRh1.33Sn3.9 at
5 K and (c) ErRh l.lSn36 at 5 K.

100 _" .•....

99

-6.0 -4.0 -2.0 0.0 2.0
Veloc ity (m m/se c)

4.0 6.0

PrCoxSny in order to clarify the assignment of the asymmetry and also to probe the
magnetic behaviour.

2 Experimental

The samples used in this investigation were original ErRh J.lSn3.6, PrRh 1.33Sn3.9 and
PrCoxSny material produced in the Bell Laboratories, Murray Hill, NJ in 1980 and so the
results are directly comparable to that used in other investigations at that time, including
reference [3]. The crystals were crushed to <38 11m and 20 mg/crrr' placed in perspex
absorber holders with approximately 50 mg ofBN. No traces were found of flattened pieces
of p-tin as had been observed in other samples from this family. Mossbauer spectra were
taken at room temperature, 82 and 5 K, the latter including spectra in an applied magnetic
field of 8 T. In order to eliminate the possibility of preferred orientation (texture), sets of
four room temperature spectra were also taken with the plane of the absorber tilted at the
magic angle of 54.7° to the gamma ray beam and the absorber being rotated by 90° between
successive spectra. These spectra were then summed to eliminate any texture effect [4].

3 Results

At room temperature, the 11 9Sn Mossbauer spectra of all three samples were very similar,
consisting mainly of an asymmetrical doublet as shown for PrRh l.33Sn3.9 in Figure 1a. The
texture-free asymmetry, as determined from the sets of magic angle spectra , were 1.37
for PrRh I.33Sn3.9, 1.30 for PrCoxSny and 1.27 for ErRh J.lSn3.6' As the temperature
was lowered , the asymmetry decrea sed and the 5 K spectra of the two praseodymium
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Figure 2 119Sn Mossbauer spec­
tra of (a) ErRhl.lSn36 and (b)
PrRhI.33Sn3.9, both taken at 5 K
and in an external longitudinal
magnetic field of 8.0 T.
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compounds were almost identical , with an asymmetry of 1.12 (Figure lb). The spectrum of
the ErRhI.lSn3.6 had started to broaden at this stage (Figure lc), but not as much as in the
1.5 K spectrum shown in Shenoy et al. [3].

The 77 K spectrum in [3] is very similar to those in Figure la and b and was fitted to the
sum of two doublets corresponding to the Sn(l) and Sn(2) sites and a single line at 2.5 mm/s
ascribed to undissolved p-tin from the excess tin flux . Our spectra could also be fitted this
way, but an equal1y good fit could be obtained from only two doublets if the principal
doublet was allowed to be asymmetrical. It is this fit which is shown in Figure la and b.

Figure 1c could be reasonably wel1 fitted by assuming a hyperfine field of 1.5 T col1inear
to the electric field gradient (EFG) principal axis, but an impro ved fit was obtained with a
field of only 0.42 T at an angle of approximately 70° to the EFG axis, with a family of
acceptable fits in between these values.

The spectra of the praseodymium compounds at 5 K in a longitudinal applied field of
8.0 T were almost identical and that of PrRh1.33Sn3.9 is shown in Figure 2b, together with
the spectrum of ErRh 1.1Sn3.6 in Figure 2a, taken under the same conditions. Lines 2 and 5
of the sextets have disappeared, showing that the magnetization is paral1el to the gamma ray
direction. The asymmetry of the spectra, together with the known presence of two sites, the
Gol'danskii-Karyagin effect and averaging over different angles between the applied field
and the EFG principal axis, made them very difficult to fit. Since we do not have an
unambiguously correct fit, we have chosen a simple, one site fit for Figure 2, with the angle
between the field and the EFG equal to zero. This gives the average quadrupole splitting as
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zero and enables us to obtain the hyperfine magnetic field as 9.7 T for the praseodymium
compounds and 6.3 T for the erbium compound.

4 Discussion

The assumptions made when fitting poorly resolved spectra, such as those in Figure I , have
a considerable bearing on the resulting parameters and hence the interpretations. There are
several reasons why we have rejected the interpretation involving included p-tin. First, the
asymmetry remained remarkably constant between different samples of the same
compound, and between different samples in the series, including also dysprosium, thulium
and ytterbium rhodium stannides, in addition to the three described here. Second, the
asymmetry decreases with temperature and if it was caused by p-tin, this would require the
stannides to have a significantly lower Debye temperature than p-tin, which we regard as
being unlikely. The third reason, which is consistent with a re-interpretation in terms of the
Gol'danskii-Karyagin effect, is the measurement of the vibrational anisotropy of the Sn(2)
atoms of the phase I, SnYbR14Sn12 member (or YbRh1.33SI4.33 in our terms) by Hodeau et
al. [5]. They obtained r.m.s. values for the thermal ellipsoid at room temperature of 0.0158,
0.0095 and 0.0082 nm, with the largest value being directed at about 15° to the Sn(I)-Sn(2)
bond.

The Sn(2) atoms lie on mirror planes, each of which contains its single very close Sn(2)
neighbour and the Sn( I) to which both are bonded. One principal axis of the EFG must be
perpendicular to the mirror plane, with the other two axes in the plane probably being
parallel and perpendicular to the Sn(2)-Sn(2) bond. This last direction is almost parallel to
the major principal axis of the thermal ellipsoid and, if we assume that this is also the
principal EFG direction, then we can use the method of Herber and Chandra [6] to calculate
the expected asymmetry of the quadrupole doublet due to the Gol'danskii-Karyagin effect.
The resulting value of 1.28 agrees well with our observed room temperature values.

The elimination of the p-tin component increases the uncertainty of the right hand
member of the Sn(l) doublet. However, this uncertainty does not alter the conclusion in [3]
that the Sn(I) and Sn(2) atoms are chemically different, in agreement with the crystal
chemistry. Chenevas et al. [7] pointed out that the Rh-Sn(2) distance in the phase 1
structure of the stannides is too short to correspond to a metallic bond, so it must have some
ionic-covalent character. Considering this, with the observation by Vandenberg [8] of the
similarity of the structure of the Sn(2) atoms in phase III to that of the covalent a-tin, we
note that the isomer shift of the principal doublet in all of these compounds (2.1-2.2 mm/s)
is much closer to that of a-tin (2.03 mm/s) than it is to p-tin (2.55 mm/s).

Our measurements of the hyperfine fields in Figure 2 show a difference of 1.7 T between
the measured values and the applied field, but with opposite sign. This can be explained as
follows. The small field observed at 1.5 K at the Sn(2) site in ErRhI.lSn3.6 was attributed
[3] to a transferred hyperfine field generated by the erbium spin polarizing the conduction
electrons and thus creating a spin density at the Sn(2) site. Such a field is usually negative
and we see that, even with a relatively large applied field, the sign of the conduction
electron polarization is determined by the erbium magnetization and not by the applied
field. However, in the praseodymium compounds, the conduction electron polarization is
created by the applied field and is parallel to it, thus giving an enhanced field in these
samples.

Acknowledgement We are pleased to acknowledge the financial support of the Australian Research
Council and a Monash Graduate scholarship for A. C. McG .
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Abstract The Mossbauer spectra of 57Fe were measured for the thermal equilibrium b.c.c.
FeO.947YO.053 and FeO.956COO.044 solid solutions being at temperature ranging from 300 to
1,000 K. The obtained data were analysed in terms of concentration of unoccupied sites in
the 14-site surroundings of an 57Fe Mossbauer probe in a b.c.c. sample. It turned out that
the probe detects unoccupied sites in its neighbourhood when the temperature of the
material studied does not exceed about 900 K. This result suggests that the Mossbauer
spectroscopy "sees" the pre-vacancy effect revealed by the positron annihilation
spectroscopy in the early 1960s.

Key words thermal equilibrium defects - iron alloys Mossbauer spectroscopy

1 Introduction

Thermal equilibrium studies with positron annihilation spectroscopy show that an increase
in the temperature of a metal goes together with prolonging of the positron lifetime in the
material [1]. This can be explained as a result of two processes - thermal expansion of the
crystalline lattice and creation of vacancies in the lattice. The latter is observed for iron
crystal when its temperature is higher than about 1,070 K. Simultaneously, for the
temperatures not exceeding 1,070 K, the positron lifetime t p in iron increases with
temperature at the rate a p about three times larger than one could expect having known that
in the first approximation t p is proportional to the reciprocal of the "free" electron density,
determined by thermal expansion of the crystalline lattice. The unexpected large value of a p

speaks in favour of the suggestion that an increase in the temperature of iron is
accompanied by creation of some low-electron-density regions that attract positrons and
prolong their lifetime. It seems that the regions arise due to thermal distortions (dilatations)
of the crystalline lattice leading only to a transient increase ofthe distance between a certain
number of neighbouring atoms and not resulting in creation of a stable vacancy. This so-
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Figure 1 The Mossbauer spectra of 57Fe for the FeO,947VO,053 and FeO,956COO,044 alloys being at 600 K.

called prevacancy effect was observed for the first time on In, Cd and Zn in the early 1960s
[2] but its intensively studies began in the middle of 1970s [3] and lasted for approximately
two decades [1-7].

In recent years it appeared that such "low-temperature" distortions in the crystalline
lattice can be observed also with the 57Fe Mossbauer spectroscopy [8-10]. According to
our simplified interpretation of the Mossbauer spectrum for a binary iron-based solid
solution, the 57Fe probe is sensitive to any change in the number of its neighbouring atoms
located in the first or in the first and second coordination shells (determined by the kind of
the non-iron atoms in the solution). Thanks to that the probe can detect simultaneously both
the real vacancies as well as distortions of the crystalline lattice leading to a displacement of
one or more neighbouring atoms outside the first or the second coordination shell of the
probe. Moreover, the two different kinds of defects are seen by the probe in the same way ­
as unoccupied sites or vacancies in its neighbourhood, for example. That is why the
Mossbauer nuclei detect vacancies created at temperatures for which probabilities of
formation of "clear" (Schottky) vacancies as well as vacancies forming the separate
interstitial-vacancy (Frenkel) pairs are negligibly small. The "low-temperature" vacancies
or pseudo-vacancies, detected by 57Fe nuclei, seem to be the low-electron-density regions
that attract positrons so they can be explored independently with these two different nuclear
probes.

In this paper we present results obtained for the thermal equilibrium study of pseudo­
vacancies in two solid solutions FeO.947VO,053 and FeO,956COO.044'

2 Experimental and results

The samples of iron-vanadium and iron-cobalt alloys were prepared by melting the
Johnson-Matthey vanadium of spectral purity as well as the Aldrich 99.999% pure iron and
99.995% pure cobalt in an arc furnace filled with argon. Resulting ingots were forged and
cold-rolled to the final thickness of about 0.04 mm and then the foils were annealed in
vacuum at about 1,270 K for 4 h and slowly furnace cooled to room temperature for 6 h.
Under these conditions , diffusion effectively stops at about 700 K [11], so the observed
distributions of atoms in the annealed specimens should be the frozen -in state
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Table I The best-fit parameters of the assumed model of the 57Fe Mossbauerspectrum measured for the
FeO.947VO.053 alloy being at different temperatures

T(K) So (T) till (T) ISo (mm/s) MS(mm/s) C, C2

300 33.479(3) -2.578(4) +0.0012(4) -0.0188(5) 0.415(2) 0.111(1)

400 32.867(3) -2.514(4) -0.0675(4) -0.0195(5) 0.419(2) 0.112(2)

500 32.090(4) -2.443(5) -0.1343(4) -0.0193(5) 0.421(2) 0.112(2)

600 31.087(4) -2.354(5) -0.2003(4) -0.0181(5) 0.423(2) 0.108(2)

650 30.489(4) -2.304(6) -0.2325(4) -0.0190(6) 0.424(2) 0.107(2)

700 29.813(4) -2.238(5) -0.2646(4) -0.0186(5) 0.423(2) 0.105(2)

750 29.043(5) -2.173(6) -0.2987(5) -0.0192(6) 0.421(2) 0.106(2)

800 28.116(5) -2.073(6) -0.3328(5) -0.0175(6) 0.412(2) 0.106(2)

850 27.039(5) -1.969(6) -0.3665(5) -0.0182(6) 0.408(3) 0.107(2)

900 25.730(5) -1 .827(7) -0.3995(5) -0.0183(6) 0.404(3) 0.109(2)

950 24.111(6) -1.625(8) -0.4357(5) -0.0147(7) 0.398(3) 0.117(3)

1,000 22.196(13) -1.150(14) -0.4688(7) -0.0099(7) 0.352(5) 0.220(4)

corresponding to 700 K whereas concentration of vacancies should approach the
equilibrium concentration of vacancies at room temperature (practically zero). The atomic
composition of the samples were checked by an analysis of the energy distribution of X­
rays (EDX) induced by the 20 keVelectron beam. The EDX data showed that the studied
Fe-V and Fe-Co alloys contained 5.3 ± 0.2 at.% of vanadium and 4.4 ± 0.2 at.% of cobalt,
respectively. The measurements of the 57Fe Mossbauer spectra were performed for the
samples heated in a vacuum CYGNUS furnace, having a stability of about 0.2 K by using
the controller TERMOS and a chromel-alumel thermocouple. The spectra were recorded in
transmission geometry by means of a constant-acceleration POLaN spectrometer of
standard design. The 14.4 keY gamma rays were provided by a 57CO:Rh source. Some
spectra are presented in Figure 1.

The spectra measured for temperatures ranging from 300 to 1,000 K were analysed as in
our previous papers (see [8-10] for example) in terms of four six-line patterns
corresponding to different hyperfine fields B at 57Fe nuclei generated by different numbers
of iron and non-iron (D) atoms located in the vicinity of the probing nuclei, assuming that
the effect of non-iron atoms on B is additive and independent of their positions in the
surroundings of the probe. Moreover, it was accepted that for a given temperature the field
(and the corresponding centre shift IS of the subspectrum) is a linear function of the number
n of non-iron neighbours of 57Fe with the form: B; = Bo + nM, where Bo and M are fitted
parameters; M stands for the change of B with one D atom in the neighbourhood of the
Mossbauer probe. Finally, it was assumed that the three line widths T 16, T Z5 and T 34 as
well as the two line area ratios I,Jh4 and /z5/h4 are the same for all six-line components of
the given spectrum. The fits obtained under these assumptions are satisfied - see Figure 1,
and the found values of the best-fit parameters M and MS (displayed in Tables I and II) are
in good agreement with corresponding data given in the literature; e.g., in [12] one can find
that at room temperature M amounts to -2.43 T for D = V and for D = Co it is 0.96 T.

As the main result of the analysis the relative areas CI and ci of the second and third
spectrum components were determined. The components are related to the existence of one
D atom and two D atoms in the neighbourhood of 57Fe, respectively. Assuming that the
Lamb-Mossbauer factor is independent of the configuration of atoms in the surroundings
of the 57Fe nucleus (quite reasonable for a metal [13]), the CI and Cz values describe
intensities of the components mentioned above. The results are listed in Tables I and II.
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1112 J. Chojcan

Table II The best-fit parameters of the assumed model of the 57Fe Mossbaucrspectrum measured for the
Feo.956COO.044 alloy being at different temperatures

T(K) Bo (T) MJ (T) ISo (rnm/s) MS (rnm/s) CI Cz

300 32.658(17) 0.848(11) +0.0022(5) 0.0018(4) 0.375(7) 0.270(6)

400 32.060(18) 0.833(12) -0.0683(5) 0.0012(4) 0.391(8) 0.257(6)

500 31.173(1 7) 0.835(10) -0.1369(5) 0.0016(4) 0.407(7) 0.270(6)

600 30.263(22) 0.786(14) -0.2031(6) 0.0020(4) 0.390(9) 0.257(7)

650 29.630(19) 0.810(12) -0.2371(6) 0.0014(4) 0.394(8) 0.277(6)

700 28.939(22) 0.821(14) -0.2714(7) 0.0020(5) 0.396(8) 0.271(7)

750 28.145(21) 0.855(14) -0.3030(7) 0.0010(5) 0.407(9) 0.275(7)

800 27.279(21) 0.848(15) -0.3394(7) 0.0018(5) 0.405(9) 0.252(7)

850 26.102(23) 0.849(15) -0.3725(7) 0.0025(5) 0.394(8) 0.268(7)

900 24.258(31) 0.958(14) -0.4047(11) 0.0012(6) 0.390(9) 0.291(7)

950 22.963(23) 0.937(14) -0.4456(9) 0.0038(6) 0.376(10) 0.291(8)

1,000 20.878(22) 1.012(14) -0.4788(9) 0.0045(6) 0.375(9) 0.286(7)

1,060 16.976(22) 1.427(16) -0.5269(11) 0.0078(11) 0.344(9) 0.312(8)

The CI and C2 values for the samples at 300 K were used to calculate the binding energy
Eb for pairs of D atoms (V or Co) in the studied materials. The computations were
performed, as in our earlier papers [8-10], on the basis of the modified Hrynkiewicz­
Krolas formula [14, 15]. The Eb values obtained for the investigated samples Fe0947VO.053
and FeO.956COO.044 at 300 K are 26(2) and -78(6) meV, respectively, and they are in
qualitative agreement with those obtained in our previous studies [15]. These values of Eb

were used to estimate the concentration of vacancies (real vacancies and/or pseudo­
vacancies - see Introduction) in the specimens being at temperature higher than 300 K
according to the idea given in [8]. The idea is based on the assumption that a creation of
vacancies in iron-based solid solutions Fel - xDx goes together with a certain decrease in the
effective number N of neighbours having a direct influence on the Mossbauer probe and the
decrease of N is responsible for a change in relative intensities of the 57Fe Mossbauer
spectrum components observed on heating of a specimen. For the investigated alloys, the
maximum value of N is 14 (the total number of the lattice sites in the first and second
coordination shells of an atom in the bee lattice). The number N for samples at different
temperatures was determined assuming that the value of Eb for a given sample is
temperature independent and applying the following equation [10]:

N = 0.5 · {3x - I + (I - x)[1 + 8 · (1 + 2 · C2/CI) . (cl/cd .exp(+Eb/ (kTd ))]O.5} /x.

(1)

Having known the N value one can calculate the concentration Cy = (14 - N)/14 of
vacancies or unoccupied sites in the 14-site neighbourhood of the 57Fe probe atom. The
results of such calculations are presented in Figure 2.

As it is seen in Figure 2, the Mossbauer study of thermal equilibrium vacancies give
reasonable results i.e. positive or zero values for concentration cyof the defects, if the study
are performed at temperatures from a limited range only. In the case of the FeO.947VO.053
alloy Cy 2: 0 when T::; 900 K whereas for the FeO.956COO.044 alloy Cy 2: 0 when T::; 800 K.
The observation for the FeO.947VO.053 specimen agrees very well with our previous findings
concerning the FeO.94SCrO.052 alloy [10]. It seems that the temperature limit exists because
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Figure 2 The temperature dependence of concentration Cv of vacancies detected by the 57Fe Mossbauer
probes in the b.c.c. FeO.947VO.053 and FeO.956COO.044 alloys. The dashed lines are plots of the function
f(T) = f3 + aT, fitted by the least-squares method to the c, values for T :s 900 K in the case of the
FeO.947VO()53alloy (a = 1.23(12) x 10- 4 K- 1

) and for T :s 800 K in the case of the FeO.956COO.044 alloy
(a = 1.4(6) x 10- 4 K- 1) .

the spectrum, measured at too high temperature, is not resolved enough to obtain credible
information about intensitie s of the spectrum components delivering the information on the
vacancies located in the investigated material. Howe ver, the data for the FeO.956COO.044
sample suggests that such explanation of the temperature limit may not be fully correct. In
the case of the sample , spectrum components are badly resolved at any temperature and in
spite of that the resulting temperature dependence of c Y, in general, is very similar to that
for the FeO.94SCrO.052 and FeO.947VO.053 specimens with relatively well resolved spectrum
components.

Although the Cy(T) dependencies for the studied samples are similar in general - both
reach maximum (see Figure 2), it is impossible to say that they are linear for the range of
temperature s where Cy values increase with T as it was found in the case of the
FeO.94SCrO.052 alloy [10]. Moreo ver, the shape of the curve Cy(T) for the FeO.956COO.044
sample is revealed with less preci sion than for the FeO.947VO.053 specimen due to essenti al
differences in uncertainty of the corresponding Cy values . In these circumstances it seems
obvious that one should concentrate on the conclusions resulting from the curve shape for
the FeO.947VO.053 specimen only. This is worth noticing that the shape is similar to the letter
S; based on its details one can conclude that detectable creation of pseudo-vacancies starts
at about 500 K and the process probably saturates at about 700 K. It is too early to draw
more quantitative conclusions on the parameters of the pseudo-vacancy format ion because
such detailed "low-temperature" dependence of Cy has been measured for the first time and
the obtained results should be verified by further studies of the kind presented in this paper.

3 Final conclusion

The findings of this paper support our earlier suggestion [8] that the Mossbauer
spectroscopy of 57Fe gives exceptionally wide information concerning different types of
thermal defect s, existing in some binary iron-based solid solutions. In particular, the
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1114 J. Chojcan

spectroscopy seems to detect also the pre-vacancy effect discovered by the positron
annihilation spectroscopy. The latter suggests that existing of the effect is a natural feature
of metals and it is not created by a special behaviour of positrons in the materials [4-7].
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2004.
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Abstra ct We present a Mossbauer study of a S = 0 ground state magnetic Fe(III)-dimer in
the presence of an applied 5 T longitudinal magnetic field, between 7.6 and 33 K. The
values obtained for the isomer shift and the quadrupolar splitting are comparable with the
ones of Fe(III) ions coordinated to eight oxygen ions. Regarding the spin dynamics, both
intramultiplet and intermultiplet transitions are considered. In the chosen temperature range
the rate of the former transitions is constant, within the errors, while the rate of the latter
ones quickly increases with the temperature.

Key words nanomagnets · Mossbauer - spin dynamics

In the [Fe(OMe)(dpm)2h cluster (Figure 1), the two Fe(III) ion spins (s = 5 / 2) are
antiferromagnetically coupled via oxomethil bridges, so that its spin can assume six pos­
sible values from 0 to 5 in order of increasing energy. Moreover, the presence of an axial
magnetic anisotropy has to be taken into account so that the spin Hamiltonian is:
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Figure 1 ORTEP view of the complex [Fe(OMe)(dpmh lz.

where D is the magnetic-anisotropy constant, ~ denotes the anisotropy direction, J and ~
(ID I, A « J; J > 0) denote the isotropic and anisotropic exchange parameters, re­
spectively. Lastly, the other symbols have the usual meanings.

In a previous paper [1] a Mossbauer study of the spin dynamics between 6.5 and 288 K
in the absence of any external magnetic field was performed on the basis of fast relaxation
limit. Although for T < 40 K spectra were not suitable to evaluate the relaxation rate, in the
range from 60 to 200 K a quasi-flat trend of this parameter was found. Similar behaviours
had been already observed in other S = 0 ground state ring-shaped iron clusters (i.e. Fe6
[2]).

In the present work we study the same dimer in the presence of a 5 T applied lon­
gitudinal magnetic field Bo (B = Bo + Bhyp ) , in the temperature range from 7.6 to 33 K.

In the absence of any applied magnetic field, we found that the 15 K spectrum consists
of a quadrupolar doublet, the lines of which show a little intensity difference that disappears
by collecting the spectrum with the sample oriented at the magic angle 54.7°; this means
that crystallographic texture is present in our sample [3].

By fitting these spectra (see Figure 2) the isomer shift (8), the two independent EFG
components (Q, 1]) and the direction and intensity of the magnetic anisotropy can be
evaluated.

Regarding the spin dynamics, intramultiplet and intermultiplet spin transitions are con­
sidered. The former ones are described by a phenomenological Hamiltonian of the form:
Hd =F Sx, where F is a stochastic real function of time. Unlike the intramultiplet transitions,
the latter ones have to be described in terms of the single irons spin components. The
mechanism of the intermultiplet transitions might consist of anisotropic modulations of the
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Figure 2 Spectra collected from
7.6 to 33 K. The solid lines
represent the fits obtained as
described in the text.
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exchange interaction due to the thermal atomic motions. For the sake of simplicity, we
considered only I1S= I and 111MI = I transitions, so that the interaction Hamiltonian takes
the fonn :

where A(t) is a stochastic time function.
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Table I The usual hyperfine parameters are reported from the second to the fourth column

T(K) Q (mrn/s) 11 () (mm/s) Bhy p (T) Jrel (107 s-') Wo1(10
6s-l) ~r (mrn/s)

7.6 0.40(1) 0.71(5) 0.43(1) 40(10) 0
13.1 0.40(1) 0.74(1) 0.43(1) 39.9(1) 1.3( I) 0.44(5)
19.5 0.40( I) 0.74(9) 0.43(1) 40(4) 0.9(3) 1.59(2)
25.0 0.40(1) 0.9(4) 0.43(1) 40(30) 2(1) 0.1(1)
33.0 0.40(1) 0.8(2) 0.43(1) 40(14) 8.8(5) 0.1(1)

Jrel denotes the FT of the F correlation function, Will the probability per unit time of the transition S = 0 ~
S = I and ~r extra-line width introduced in order to take into account the transitions towards the S = 2
multiplet

Figure 3 Orientations of texture
axis n and magnetic anisotropy
axis m with respect to the dimer
EFG principal axes.

The spectrum shapes were obtained by means of the usual relaxation theory. Moreover,
the micro-crystals in the sample look like to thin chips. On the other hand, the sample was
made by mixing the material with Eicosano wax and by pressing the mixture inside a
copper ring: during the compression an orientation of the grains occurs, so that a weighted
average on the angles of Bo with respect to the EFG principal axes is needed.

Some physical parameters obtained from the fitting of the spectra are shown in Table I.
The quadrupolar splitting Q and the isomer shift 0 are constant in our temperature range.
Regarding the asymmetry parameter, the value around 0.7 is the most reliable because the
low temperature spectra (7.6 and 13.1 K) contain more information than the other ones. The
rather low value of the hyperfine field should denote a delocalization of the iron magnetic
moment [4]. Only the intermediate-temperature spectra (13 and 19 K) give information
about the intramultiplet relaxation parameter J rc\. In fact, in the lowest temperature spec­
trum the contributions of the S :j:. 0 levels are negligible, and for T > 19 K the spin-thermal
bath interaction mixes the ground state with the excited multiplets. Lastly, the trend of W0 1

versus T shows a rather steep increasing.
As far as the exchange constants are concerned, we obtained A = 0 and J = 25(3) kB, in

agreement (within the errors) with 27.4 kB deduced from susceptibility measurements [2].
The orientation angles of the magnetic anisotropy (Figure 3), referred to the EFG prin­

cipal axes, as they came out from the fitting are 8 = 0.7(2) rad, <p = 4.8(7) rad. Moreover,
the anisotropy constant D = -8(3) kB coincides (within the errors) with the one deduced
from previous Mossbauer measurements in the absence of any applied magnetic field [I] .
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Texture features are described by the angular distribution n(a) of the thin-chip-shaped
grains with respect to texture symmetry axis n according to

Cr
n(a) = ---r=====~=7

Jl + Crcos2(a)

where Cr is a fitting constant and a is the angle between n and the field Bo. It depends on
the polar angles El r and <Pr formed by n with the EFG principal axes. We obtained Cr -1,
that means that all the grains are parallel to each other, and El r = 1.1(l) rad, <Pr= 1.5(5) rad.
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Abstract The crystal field disorder in some tetragonal and trigonal Ca-gallo-germanates,
i.e., A2Fe2Z07 and A2LnFe3Ge3014' with A=Ba or Sr, Ln=La or Nd and Z=Ge or Si, has
been studied by 57Fe Mi:issbauer spectroscopy. The observed distribution of the hyperfine
fields is analysed from a theoretical model based on the additive perturbation
approximation of crystal fields, a rigid lattice of ionic point charges and the random
substitution of Fe3+/Z4+ and A2-+ /Ln3+.

Key words hyperfine field distribution · gallo-germanates

1 Introduction

Mossbauer spectroscopy has been used to study strontium and barium iron-rich Ca-gallo­
germanates (CGGO) with tetragonal (Tt) and trigonal (Tr) structures. Such crystalline
structures are made up of successive layers of small (tetrahedrons) and large (Thompson
cubes and octahedrons) oxygen polyhedrons and show intrinsic structural disorder, due to
the random substitution ofheterovalent ions on the tetrahedral (T!, T2) and octahedral (Oh)
cationic sites: T! and T2 for Tt-CGGO, T! and Oh for Tr-CGGO, [1-3]. The intrinsic
structural disorder leads to a distribution of crystal fields and, as a consequence, to the
heterogeneous broadening of the optical transitions, which dominates the homogeneous
one, even at 300 K. Over the last 15 years, efforts have been made to find new materials
producing a tuneable stimulated emission with metal or lanthanide activators [4-6] and new
piezoelectric crystals which show high piezoelectric coupling, low acoustic loss and high
temperature stability [7-9]. It has been recently possible to obtain intrinsic disordered
crystalline materials containing Mi:issbauer probes (iron, europium) and to study them from
high-energy resolution Mi:issbauer spectroscopy [10, 11]. These materials show an
hyperfine field distribution due to the diversity of the Fe environments arising from the
random substitution of ions. The present work concerns a refined analysis of the hyperfine

S. Constantinescu ([8])
National Institute of Materials Physics, P.O. Box Mg-07, Bucharest, Romania
e-mail : sconstl4061945@yahoo .com

~ Springer



1122 S. Constantinescu

Table I List and structuresof the CGGO samples studied in this work

Structure Sample

Fe-Tetragonal gallo-germanate
(It-CGGO)

Ln- and Fe-Trigonal gallo­
germanate(Tr-CGGO)

BazFezGe0 7
SrzFeZGe0 7
SrzFezSi07
Ba3FezGe4014
Sr3FezGe4014
SrzLaFe3Ge4014
SrzNdFe3Ge4014
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Figure 1 a 57Fe Mossbauer spectrumof SrzNdFe3Ge4014 at room temperature and the different subspectra
used to fit the experimental data. b Magnetic hyperfine field distribution for SrzNdFe3Ge4014 at liquid
helium temperature, Fe:T1 (open circles) and Fe:Oh (circles) experimental values, fittedGaussaincurves for
Fe:T1 (solid line) and Fe:Oh (dashed line).

field distribution in CGGO obtained from 57Fe Mossbauer spectroscopy and based on a
simple theoretical model of the random substitution of heterovalent ions.

2 Experimental results

The CGGO-type polycrystalline samples studied in this work are listed in Table I. They
were prepared by solid phase synthesis and characterized by XRD [1-3]. The 57Fe
Mossbauer spectra were obtained in a large temperature range - between 4.2 K and 300 K
(±0.5 K) - using a conventional constant acceleration transmission spectrometer and 57CO:
Cr (or Rh) source at room temperatures . Low-temperature measurements were made with a
continuous flow Oxford Instruments cryostat. The experimental data were fitted to a sum of
doublets and/or sextets of Lorentzian peaks, with the same line width s and intensity ratios
1:1 (doublets) and 3:2:1 (sextet).
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Tab le II Mossbauer hyperfine parameters of Sr2NdFe3Ge4014 at room and liquid helium temperatures
(centre shift, 0Rh,quadrupole splitting, .10, or shift, co' magnetic hyperfine field, Hhf, half linewidth, T, and
relative area, A)

Oh sites Tl sites

Subspectra 2 3 4 5 6 7 8 9 10

ORh [mm/s]±0.02 mm/s 0.55 0.54 0.59 0.57 0.58 0.47 0.49 0.42 0.44 0.42
.10 [mm/s]±0.04 mm/s 1.36 1.03 0.89 0.77 0.64 1.91 1.79 1.68 1.44 1.34
IImm/s]±O.02 mm/s 0.40 0.39 0.39 0.37 0.38 0.43 0.41 0.42 0.43 0.42
A[%]±2% 4.17 8.16 10.31 7.68 3.97 8.07 21.91 27.20 6.03 2.49
ORb [mm/s]±O.02 mm/s 0.62 0.61 0.60 0.60 0.60 0.54 0.54 0.54 0.54 0.54
Co [mm/s]±O.02 mm/s 0.36 0.36 0.36 0.35 0.34 0.08 0.08 0.08 0.08 0.07
Hht<T)±O.3 T 43.10 44.64 45.65 47.95 49.00 36.30 38.44 40.49 42.52 44.61
A[%]±2% 3.28 7.59 9.75 4.39 2.90 5.59 14.65 19.50 12.65 4.76

The different samples and their structures are given in Table 1. For simplicity, only the
Mossbauer spectrum of Sr2NdFe3Ge4014 at room temperature is shown in Figure la. Ten
different subspectra (doublets) were considered to fit the experimental data by considering the
substitution of the Fe atoms on the T1 and Oh sites. The values of the Mossbauer parameters
of Sr2NdFe3Ge4014 at room and liquid helium temperatures are given in Table II. The values
of the hyperfine parameters for the other compounds can be found in [12].

3 Discussion

The observed Mossbauer spectra are formed by a large number of subspectra that can be
divided into two groups, corresponding to Fe3+ in T1 and T2, respectively, for Tt-CGGO
(or Fe3+ in T1 and Oh for Tr-CGGO, more details can be found in [10, 11]). Magnetic
hyperfine fields iare observed for Tt-CGGO, and for Ln-Tr-CGGO but at temperature lower
than 30 K. Variations of the relative area of the subspectra as a function of the hyperfine
field values show the overlapping of two distributions that can be assigned to the above­
mentioned two groups (Figure 1b). They were fitted to Gaussian distributions and the
largest line width s were found for Fe3+:T1 in Tt-CGGO and Fe3+:Oh in Tr-CGGO
structures, respectively. Moreover, the overlapping degree is stongly dependent on the type
and the number of ions on A and T sites. The location of the ions with smaller volume and
higher ionicity in Thomson cube «Ba2+>-+<Sr2+>-+<Sr+, La3+>-+<Sr+, Nd3+» and in
T2 tetrahedrons ([Ge4+]-+[Si4+]) leads to the broadening of the Gaussian components and a
slight increase in the distance between their positions.

By assuming a direct relation between the distribution of hyperfine fields and the
broadband tuneable selected emission from laser activators (Ln3+, Cr3+, etc.) it is of high
interest to find a simple model that helps in the analysis and the prediction of the crystalline
field distribution starting from the observed dispersion by Mossbauer spectroscopy.

The present theoretical model is based on the following approximations:

(a) the additive perturbation model for the hyperfine fields distribution [13] (in our case of
L1Q and L1/1hf)' Each nearest-neighbour substituting ion determines a perturbation 8L1a
of the electric and magnetic hyperfine fields at 57Fe, L1oa , and the effect of many
substituting ions can be evaluated from the superposition of the individual
perturbations . In our case, a linear decrease/increase in the hyperfine parameters L1Q/
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temperature (a) and magnetic hyperfine fields in Ba2Fe2Ge07 at liquid helium temperature (b).

L1Uhf is expected with the increase in the number trivalent ions around the Mossbauer
probe. Thus, the observed quadrupole doublets and magnetic sextets in Mossbauer
spectra are related to the number of the trivalent ions

Nr.Shells

L1a = L1ao+ L ki8L1a;0: = Q, Hhf
i= l

(1)

(b) the relativeareas of the observed subspectra are assumedto be linearly dependenton the
probability to find a given number and a given type of cations around the 57Fe probe.
The individual binomial probability of random substitution p(kj ,m;;x) of k; hetero­
valent cations in a given shell with mi possible sites and Xi occupancy is given by

(k ) ( mi ) k (l r"p i ,mi ;xi = k; xi ' - Xi '

and for different 57Fe environments [14] by:

(2)

Nr.shell (m.) k' Nr.shell Nr.shell
Ps(k ,m;xl ,x2,X3" ')= TI k' x~;(1-xiti-l;k= L ki;m= L mi;

;=1 I i-el i=l
Nk

Ptkmix, ,X2,X3 . . .) = L Ps(k ,m;Xi,X2 ,X3 . .. );N, = distinct vicinities of k ions
s= l

(3)

The occupancies are obtained from the relative areas of 4- and 6- coordinated 57Fe by

{

Xl =~. X2 = ----.!!l:l..- for Tt - CGGO
an +an ' an +an (4)

X l = (2+X3) '~'X2 = (2+X3)~ forTr-CGGO
3 UTI+aOh ' an +aOh
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(c) the rigid lattice with fractional ionic point charges (electrostatic model), obtained by
valence summation procedure (for oxygen polyhedron surrounding the cationic sites)
[10], has been considered to evaluate the EFG1at.

The hyperfine field distribution was calculated for the first and second cationic shells of
57Fe in the Tl and T2 sites of Tt-CGGO and in the Oh sites of Tr-CGGOfrom the software:
H(yperfine) F(ield) D(istribution) P(rogram) A(ssemblage) [15]. Figure 2 shows the
distribution of quadrupole splittings in Sr3Fe2Ge4014 at room temperature and the
distribution of magnetic hyperfine fields in Ba2Fe2Ge07 at liquid helium temperature
obtained from experimental data and the present theoretical model. The observed correct
agreement confirms that the additive perturbation approximation for the distribution of
hyperfine fields and the electrostatic model are good approximations for the present
intrinsic disordered crystalline materials. Moreover, the observed relative areas of the
subspectra are in line with the combinatorial probabilities for the random substitution of
heterovalent ions in the cationic shells surrounding the Mossbauer probes «I nm) in both
Tt-CGGO and Tr-CGGO structures.

4 Conclusions

Because of the narrow line width of the Mossbauer peaks and the location of Mossbauer
probes in Tt-CGGO and Tr-CGGO it has been possible to investigate the distribution of
hyperfine fields in Fe-rich gallo-germanates. The good agreement between observed and
calculated distributions confirms the validity of the proposed theoretical model and shows
that both the intensity and the broadening of the crystal field dispersion can be evaluated as
a function of the number of heterovalent ions randomly distributed on the different sites.
This gives additional information about the broadening of the optical transitions and the
broadband tuneable selected emission of laser activators (Ln3+: A, Cr3+: Oh, etc.).
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Abstract Microwave-hydrothermal (MH) route was employed to synthesize various iron
oxide phases in ultra-fine crystalline powders by using ferrous sulphate and sodium
hydroxide as starting chemical s. All chemical reactions were carried out under identical
MH conditions, namely, at 190°C, 154 psi, 30 min, by varying the molar ratio (MR) of
FeS04/NaOH in the aqueous solutions. The variation of MR has a dramatic effect on the
crysta llization behavior of various phases of iron oxides under MH processing conditions.
For example, spherical agglomerates of Fe304 powder were obtained if MR equal to 0.133
(pH > 10 sample A). On the other hand non-stoichiometric Fe304 powders (Sample B) were
obtained for all higher MR of FeS04/NaOH between 0.133 and 4.00 (6.6<pH< 10).
However, when MR was equal to 4.0 (pH=6.6) a varied distribution of shapes and sizes of
agglomerates of a-F e203 powders (sample C) were produ ced. Fe57 Mossbauer spectra were
recorded for all the three sets of samples at room temperature. In the case of sample B,
temperature dependent Mossbauer spectra were record ed in the range of 77-300 K to
understand the non-stoichiom etric nature of Fe304 powd ers. All these results are discussed
in the present paper.
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1 Introduction

P.P. Bakare, S.K. Date, et al.

Chemically derived magnetic particles are of great interest basic research point of view
because their properties differ considerably from those of corresponding bulk materials
[1-4] . In addition, these particles are extensively studied in recent years due to numerous
present and future potential technological applications such as digital storage media,
computation, communication networks etc. At finite temperatures, magnetic particles with
dimensions in the range of (5-20 nm) often exhibit super paramagnetic relaxation i.e.
thermal fluctuation of the magnetization vector among the easy directions of magneti­
zations. In thin films of magnetic materials, the intimate coupling of magnetization with
elastic strain fields, surface spin canting and thermally activated processes result in modifying
the magnetic properties from those of corresponding particulate media. The relaxation
processes is currently being studied by a number of experimental techniques such as AC/DC
susceptibility measurements, neutron diffraction, FMR, Mossbauerspectroscopy etc.

In past 10 years, the microwave-hydrothermal (MH) route is well established for the
synthesis of various types of inorganic/organic materials like multi-component oxides,
phosphates , zeolites, metal powders etc. having controlled physical and chemical
characteristics. The use of MH route over the conventional hydrothermal (CH) is found
to be growing in the recent years because of its inherent advantages like rapid heating,
faster kinetics of crystallization, phase purity, higher yield, better reliability and
reproducibility and fine control over the morphological characteristics of particles [5].
The synthesis of Fe-oxide is the subject of interest of present investigation. Several routes
have been reported for the synthesis of Fe-oxide fine particles [6]. The MH synthesis of
a-Fe203 particles using FeCI3 as Fe precursor in the range of 164-194°C at acidic
condition is reported in literature. However, it is not yet explored for the synthesis Fe-oxide
particles using ferrous salts under alkaline conditions. In this respect, an attempt is made
here to see the effect of variation of pH on the formation of Fe-oxide particles of different
phases (e.g. Fe304, a-Fe203 etc.) during the MH treatment on the ferrous salt. Further, the
low temperature Mossbauer studies were also carried to understand non-stiochiomertic
nature in these particles.

2 Experimental

Precursor solutions of FeS04'7H20 (0.04 M) and NaOH (0.30, 0.10, 0.06, 0.02 and
0.01 M) were prepared in distilled water. It gives different values for the molar ratios (MR)
of FeS04/NaOH=0.133, 00400, 0.667, 2.000 and 4.000 and covers pH range from 10
(alkaline) to 6.6 (slightly acidic). All microwave-hydrothermal (MH) reactions were
carried out in a microwave-accelerated reaction system: MARS-5 [CEM Corpn., USA,
/=2045 GHz, P=1200 W (0-100%), T=300°C max., P=800 psi max.]. The system can be
controlled by temperature/pressure/standard control. The mixture: FeS04 (10 ml) and
NaOH (19 ml) was treated in 50 ml capacity lined digestion vessel (XP-1500 plus, double
walled consisting of a teflon TFM inner liner and cover surrounded by high strength vessel
shell made from advanced composite materials). Further, 190°C, 154 psi and 30 min were
chosen as MH conditions for all the synthesis in order to get highest yield in the resultant
oxide powders. The resultant powders were washed with distilled water several time to
remove the Na+ contamination and dried under ambient conditions. The powder samples
with MR=0.133, 00400 and 4.000 are identified as A, Band C, respectively. The phase
analysis of powders was carried out by X-ray diffractometer (Cu - Ka radiation, Ni filter).
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Figure 1 57Fe Mossbauer spectra of powders synthesized at different MR equal to a 0.133, b 0.400, c 0.667,
d 2.000 and e 4.000.

At room temperature, FeS7 Mossbauer spectra were recorded to obtain information on the
existence of inequivalent sites by studying the different components arising from the
different sites in powder samples. Scanning electron microscopy was used to estimate
particle size, nature of agglomerates and the morphology in the resultant powders.

3 Results and discussion

There is no difference between the XRD patterns (not shown here) of the powders prepared
at different MR equal to 0.133, 00400, 0.667 and 2.000. Patterns could be indexed to cubic
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Table I Mossbauerhyperfine interaction parameters for different samples

Figure Site Hn I.S. Q.S. Temp. Sample

I(a) A B 484 455 0.35 0.72 0.00 0.Q2 RT A
I(b) A B 491 445 0.35 0.46 0.03 -0.15 RT B
I(d) 511 0.41 -0.07 RT C
2(a) A B 525 492 0.46 0.47 0.10 -0.06 77 B
2(b) A B 521 485 0.46 0.47 0.09 - 0.06 100 B
2(c) A B 522 464 0.45 0.51 0.09 -0.04 150 B
2(d) A B 508 446 0.41 0.49 0.06 -0.09 200 B

n; (±5 kOe), I.S. (±0.02 mm/s), Q.S. (±0.02 mm/s)

spinel structure with lattice parameter of ao=8.392 A. This lattice parameter and the
calculated d values are found to be very close to the reported data for Fe304 phase [5-7].
However, the XRD pattern for powder with MR=4 .00 could be indexed to u-Fe-O, as the
entire calculated d values match perfectly with the data reported for n-Fe-O, [5-7]. The
SEM studies of these powders showed the formation of spherical agglomerates (0.15­
4 urn) with varied size distribution having primary crystallites in the range of nanometers
[5, 6].

Figure la, b, c, d and e show the room temperature Mossbauer spectra recorded in the
constant acceleration mode for powders with MR equal to 0.133, 0.400, 0.667, 2.000 and
4.000, respectively. The spectra shown in Figure la-d exhibit magnetically hyperfine
splitting and a finite line broadening observed in the line shapes indicates the presence of
Fez

+ in lattice.
These spectra could be resolved each in two sub-spectra indicating thereby the presence

of Fe3
+ at A (tetrahedral) and B (octahedral) sites of Fe304. The derived hyperfine

Mossbauer resonance parameters for spectra l(a) and (b) are given in the Table I, which
indicate the crystallization of Fe304 very well [5, 8-11] .

The resonance parameters for spectra l(c) and (d) (not given here) are also found to
close to that given for the spectra 1(b) indicating thereby the formation of Fe304. However,
there is a marked difference in the asymmetry of the outer lines of the magnetically split
spectra given in Figure 1a-d. The changes in the (l) intensity and (2) line broadening are
taking place in the outer lines of each spectrum. The difference in the broadening of
Figure lb-d compared to Figure la indicated the cation deficiency in occupied sites in case
of powder samples with MR= 0.400, 0.667 and 2.000. In the case of powder sample with
MR=0 .133 (Figure Ia), the relative intensity ratio of two sub-spectra is similar to that for
stoichiometric Fe304 [5, 8-11]. On the other hand, the relative intensity ratio (Figure Ib--d)
of the magnetic sextets for powders with MR=0.400, 0.667 and 2.000 is found to be similar
to that of non-stoichiometric Fe304 [5, 8-11]. The relative intensity of B site to A site
spectral lines decreases continuously as we go from Figure la to d. It indicates the increase
in B site vacancies corresponding to Fez

+ ions. It has been also reported that the relative
intensity ratio ofB site to A site spectrum decreases if non-stoichiometric Fe304 [5,8-11]
is formed as is in the case of samples with MR=0.400, 0.667 and 2.000 [Figure 2b-d].
Further, corresponding data given Table I is consistent with spectral and hyperfine
interaction data reported on the stoichiometric and non-stoichiometric Fe304 [5, 6, 8-11].
All the above observations indicate that with increase in MR (decreasing pH from 2:10 to
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Figure 2 Mossbauer spectra for sample B at different temperatures.

6.6 in the solution) , there is increase in B site vacancies corresponding to the Fe+2 ions
leading to formation of more and more non-stoichiometric Fe304. Finally, when MR
became (pH-6.6) equal to 4.00, a single sextet is obtained as shown in Figure Ie . The
derived hyperfine interaction parameters given in Table I match very well with data
reported for single-phase a-Fe 20 3 [5, 8-11]. The powder sample with MR =0.4 is further
selected for low temperature Mossbauer studies. Figure 2 shows the Mossbauer spectra for
sample B (non-toichiometric Fe304) at various temperatures between 77 and 300 K.

The hyperfine interaction parameters are computed and given in Table I. It is clear from
the analysis it matches well with those reported for the oxygen deficient Fe304 [8-11] .
Recently, we have synthesis successfully nanometric spherical magnetite powder by DC,
thermal-arc plasma route [12]. The hyperfine interaction parameters are very similar even
though the methods of preparation are far different in many respects. The only difference is
the microscopic chemical homogeneity and stoichiometry. This is predominantly reflected
in the line shapes and intensities of the outermost lines in the spectra. In addition , broad
unresolved components are seen in the center of Mossbauer spectra, which is most likely
due to the paramagnetic relaxation effects. Further studies at low temperatures (-4 K) and
high magnetic fields (5 T) will resolve the essential details of the magnetic phases . In
summary, it has been shown that the magnetic particles of various phases in the Fe-0
system are successfully synthesized via MH route.
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Abstract The bond random mixed compound Fe(Bro .9IO.lh has been studied by
magnetization and Mossbauer measurements. Although the zero-field cooled and field­
cooled magnetization variations are not like a typical spin glass one, the Mossbauer
spectrum below Neel temperature shows a hyperfine field distribution. It implies that the
10% FeI2 mixed in FeBr2 can be induced by the bond random effect which causes the
sample to exhibit a spin glass-like behavior.

Key words bond random magnet - Fe(Br.I l-xh . Mossbauer study ' magnetization

1 Introduction

Most theoretical studies on spin-glass are for bond random systems. Up to the present , most
of the experimental studies on Ising spin-glass systems have been made for the site random
systems [1-3]. In order to compare theoretical and experimental studies, we were motivated
to study the bond-random mixed compound Fe(BrxI1 -xh The pure sample of FeBr2 as well
as FeI2 have a Cdl--type crystal structure and show antiferromagnetism at Neel temperature
(TN) of 14.2 and 9.3 K, respectively [4, 5]. Both of them show the hexagonal c-axis as the
magnetic easy axis. The Fe2+ spins in FeBr2 arrange ferromagnetic ally in the c-plane and
antiferromagnetic ally between the c-planes, while in FeI2 they are partially coupled
ferromagnetically and partially antiferromagnetically both in and between the c-planes. We
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Figure 1 Temperature depen­
dence of the magnetizations ob­
served with 10 De applied field
parallel to the c-axis of Fe
(Bro.9Io.lh single crystal.

expected the random distribution of two kinds of anions to create exchange frustration
among Fez+ spins .

In a previous paper, we reported the experimental studies of Fe(Bro.6IoAh [6]. In that
case, the x = 0.6 sample showed a spin glass-like behavior by magnetization measurements.
The Mossbauer spectrum observed at 1.6 K showed a large hyperfine field distribution
(Hhf) . The x = 0.8 sample also shows a similar behavior as the x = 0.6 one according to the
results of the magnetization and Mossbauer measurements. The distribution ofHhf suggests
that the antiferromagnetic and ferromagnetic bonds randomly distribute as expected. In this
paper, we report the magnetic behavior of the x = 0.9 sample .

2 Experimental

The Fe(Bro.910.lh compound was prepared by mixing the powders of FeBrz and Fel, in
pure water at a determined chemical composition. The mixed sample was prepared to form
a single crystal by the Bridgman method. FeBrz and Fel, are hygroscopic and react with
moisture changing to hydrated compounds, therefore the handling of the sample and
measurements were done in a dry box or in vacuum state.

Magnetization measurements were carried out using a SQUID magnetometer in an
applied field of 10 Oe parallel to the c-axis under zero-field cooled (ZFC) and field-cooled
(FC) conditions.

For the Mossbauer measurement, an absorber was prepared by the 50 urn-thick single
crystal sample . The absorber was mounted on a cryostat so that the incident yrays were
perpendicular to the c-plane. A constant-acceleration Mossbauer spectrometer was used in a
transmission arrangement. The measurement was performed at a 1.6---77 K temperature with
a ±0.01 K accuracy.

3 Results and discussion

Figure I shows magnetization of ZFC and FC in 10 Oe applied field parallel to the c-axis of
the single crystal. As the temperature decreases, the ZFC magnetization (MZFd and FC
magnetization (MFd show a cusp at 12.2 K. If the transition temperature TN is taken as the
temperature where dm/dT has a max imum in M(T), then TN is near 10 K. Although the

~ Springer



Magnetic behavior of FE(BRJI -xh with Mossbauer spectroscopy 1135

Figure 2 Temperature variation
of Mossbauer spectrum of Fe
(Bro.9Io.1 h single crystal.
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difference between MFC and MZ FC exists, it is not so obvious compared to that of the x =
0.6 and 0.8 samples which show a spin glass-like behavior.

In order to understand the effect of the x = 0.9 sample in microcosmic view, Mossbauer
measurements were performed at 1.6-77 K temperatures for the single crystal sample.
Figure 2 shows the temperature variation of Mossbauer spectra of Fe(Bro.9Io.lh. Because
the yrays were parallel to the c-axis, the absorption lines corresponding to 11m = 0
transition between the sublevels of the 14.4 keVexcited state and those of the ground state
of the 57Fe nucleus are forbidden. Thus, the lines in the spectra are lines 1,3,4 and 6; the
line intensities have a 3:1 ratio as showed in the figure. The spectra above TN reveal a
paramagnetic doublet with a narrow line width. As temperature decreased below 10K, the
right-hand side absorption line becomes broader showing the onset of magnetic splitting.
However, at 1.6 K - the lowest temperature of the experiment - no sharp magnetic splitting
spectrum is observed. In any case, the Mossbauer spectrum at 1.6 K for the x = 0.9 sample
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Figure 3 Temperature variation 1.0
of the line width (line I or line 6).
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Figu re 4 The best fit spectrum shown by the solid line (a) and the distribution of HhrCb) at 1.6 K.

was not like those observed in the x = 0.6 and 0.8 samples at similar temperatures.
Although the spectrum of the x = 0.9 sample shows some distribution, a split of Hhf was
observed in the spectrum at 1.6 K. The broadened spectra below TN imply that the Hhf has a
distribution. A detailed analysis of the x = 0.9 spectrum was carried out using the same
method as for the x = 0.8 sample, i.e. using a Hhf distribution to fit the spectrum. The fitting
parameters are Hhf, the H hf distribution P(Hhf) , quadrupole splitting (t1EQ) and centre shift
(11'). The line width is generally fixed at 0.26 mm/s from 77 to 1.6 K. On the basis of these
parameters, a good fitting is obtained as shown below.

The temperature variation according to the line width - line width of the right-hand side
absorption - is shown in Figure 3. The line width begins to rapidly increase near 10 K
which is the TN temperature. This implies that a magnetic transition in the Mossbauer
measurement also occurs at TN. Furthermore, the temperature variation of Hhf also reveals
the same result; the Hhf becomes 0 at 10K.
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Figure 4 shows the fitting results at 1.6 K. The Hhf is distributed from 0 to 80 kOe. The
maximum of P(Hhf) is about 28 kOe which is equal to the value of the Hhf of FeBr2 at
4.5 K. The Gaussian width is 15.3 kOe lower than that of the x = 0.8 sample which is
27.5 kOe . The values of M Q and J at 1.6 K are 1.13 and 1.11 mm/s . As a comparison,
FeBr2 is 1.11 mm/s (MQ) and 0.99 mm/s(J) at 4.5 K, respectively [7].

4 Summary

The bond random mixed compound Fe(Bro.9Io.lh has been performed by magnetization
and Mossbauer measurements. An antiferromagnet-like behavior was shown by magneti­
zation measurements. The results do not show an obvious difference between MFC and
MZFC' But the Mossbauer spectra below TN show a distribution of the Hhf which is rather
different from that of the antiferromagnet one. It implies that the antiferromagnetic and
ferromagnetic bonds distribute randomly because of the random distribution of the two
types of anions. The analysis suggests that the 10% Fel, mixed in FeBr2 induced the bond
random effect which causes the sample to show a spin glass-like behavior.

Acknowledgment Both authors thank the Doctoral Research Course in Human Culture, Ochanomizu
University for making Mossbauer experiments. All of the work was done at Ochanomizu University.
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Abstract We report the temperature dependence in Tantalum Disulfide 1T-TaS2 of the
elastic and inelastic intensities of the first order satellite (1.285, 0, 0.333) and (3, 0, 0.21)
near the Bragg peaks (1, 0, 0) and (3,0,0), respectively. The phason temperature factor has
been measured as a function of temperature from 70 to 295 K using Mossbauer gamma-ray
scattering. The high-energy resolution provided by this technique allowed experimental
separation of the elastic scattering from the inelastic thermal diffuse scattering. The first
order satellite is found to be 15% inelastic. The results were compared with those found by
Chapman and Colella obtained by X-ray method (Moret and Colella, Phys. Rev. Lett.
52:652, 1984).

Key words layered compound IT-TAS2. Mossbauer gamma-ray scattering charge density
waves (CDW)

1 Introduction

1T-TaS2 Tantalum disulfide (I T) is one of a family of layered compounds which exhibit
charge density waves (CDW). A comprehensive study of the physical properties of this
transition metal dichalcogenide has been reported in the review by Wilson et a1. [I]

These materials consist of stacks of covalently bounded atomic sandwiches of TaS2held
together by weak Van deer Waals' forces between the sandwich layers. The unit cell of IT­
TaS2 exhibits the octahedral coordination of the metal atom, where each sandwich in this
compound is three atom layers and consists of multiple repetitions of this unit cell arranged
to give a close-packed plane of metal atoms between two close-packed of sulphur atoms.
The IT polytype displays the strongest charge density waves. The electrical properties and
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diffraction patterns of this crystal indicate a phase transition in the COW 's structure at 352
and 200 K. The phase between 550 and 352 K is an incommensurate COW phase. From
352 to 200 K the phase is characterized by a quasicommensurate COW with noticeably
streaking in the X-ray pattern . Below 200 K the phase is commensurate.

Using Microfoil Conversion Electron (MICE) spectroscopy, LR . Stevenson and lG.
Mullen (1981) [2] observed a peaking in the inelastic intensity at the phase transition which
was interpreted as an inelastic critical scattering when they looked at the (100) reflection in
IT-TaS2' Moret and Colella [3] observed, using direct X-ray diffraction measurements, that
all Bragg peak intensities exhibit a discontinuous jumping in the Debye-Waller factor at the
352 K transition which was explained as being due to a sudden change of the displacement
amplitude at this first order transition .

In this work we quantify the curve shape observed by J.R. Stevenson and lG. Mullen.
We also report the observation of a structural change in the charge density waves across the
transition; further we measure the elastic intensity of the first order COW 's satellite around
the (100) and (300) Bragg peaks. From this we derive the phase temperature factor, using
the unique energy resolution of the Mossbauer instrument at the Missouri Research Reactor

[4].

2 Experimental arrangement

The crystal used in this experiment was selected from crystals prepared by F Disalvo at
AT&T Bell laboratories . Its dimensions were approximately I em x 1.3 cm x 20 urn, The
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(3,0,0.21 )

Fig. 2 Inelastic scattering inten­
sity measured at (3,0,0.21), near
the (300) Bragg peak in IT-TaSz
as a function of temperature . The
line drawn through the inelastic
intensity does not have a theoret­
ical significance. It is just used to
indicate the trend in the data
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crystal was mounted in a transmission furnace which was electrically heated. In order to
avoid stress and prevent strain due to thermal expansion, only one small area at the edge
was glued to the furnace. The other end was left to expand freely under a strip of Mylar
stretched across the crystal face. The temperature was measured and regulated by the use of
a chromel-alumel thermocouple attached near the edge of the crystal. Regulation of
temperature to better than O.3°C was obtained between 60 and 170°C, and the transition
temperature itself, as determined by a Bragg shift, was used to calibrate the thermometry.

The measurements were performed using the Mossbauer gamma-ray diffractometer,
described in Fig. 1. This investigation used the intense 46.5 keY gamma ray line emitted by
183Ta source produced by double neutron capture at the Missouri University Research
Reactor (M.U.R.R). This line has a Mossbauer width of 4.6 x 10- 6 eY. This high energy
resolution provides a unique method of separating the truly elastic intensity from the truly
inelastic intensity to within 10- 6 eV which is clearly an advantage over conventional X-ray
scattering methods, where the energy resolution is too poor to differentiate elastic from
inelastic scattered photons. The use of high intensity source, 70 Ci, allowed good angular
resolution, better than the X-ray experiment [3]

A LiF (200) monochromating crystal filter was used to reduce background by preventing
other gamma and X-ray from reaching the germanium and MICE detectors. The absorbers
were mounted on a rotary stage. Four absorbers of enriched 183W powder in a plastic matrix
were mounted in a paddle wheel arrangement on a vertical axis rotor as in [4]. These
absorbers were driven at two constant speed values from 0.4 to 19.2 cm/s. This speed range
is necessary to measure on-resonance, off-resonance rates for the rather broad intrinsic
Mossbauer effect width (3.1 cm/s) of the 46.5 keY transition.

The parameters of the resonance were determined using a least square fit to a Lorentzian
absorption curve, which was adequate for this experiment, although it is a very inadequate
approximation in line shape measurements. The true line shape analysis would have
improved the results, but this was not available when this investigation was carried out. The
resonance absorption fraction Pel(O) observed from the nearly 100% elastic LiF (200) is
given by:

P (0) = 1(00) -1(0)
el 1(00) - B (I)

~ Springer



1142 A. Djedid, J.G. Mullen

I

9085

tf
I

80

,"- .L--_! ...I.-- ---' -L-_----'

6000

5000

VI 40000
0
CZI
~.... 3000VI
>-
Z
=>
0 2000...

1000

0
70

TEMPERATURE (OC)

Fig. 3 Temperature dependence of the elastic and the inelastic intensity of the first order satellite,
(1.285,0 ,0.333): full circles are elastic intensity while open circles are inelastic intensity

Where the 1(00) is the counting rate far from the resonance peak, 1(0)is the counting rate
for a zero velocity absorber, and B is the background counting rate. The elastic fraction was
determined by:

I (a) I(n) - I(r)
Rei = Pel(O) b I(n) - B

(2)

Where I(n) is the intensity observed at the off resonance velocity, which at 19.2 cm/s is
six times greater than the natural line width, and I(r) is the intensity of the on resonance
velocity which is 0.64 cm/s. This non-zero velocity was necessary since the rotor
arrangement produced a variable absorber thickness which required accumulating data for
an integral number of rotor revolution. The constants a and b are given by the following
equations:

[/(00) - 1(0)]
a = ..:........:..,.---,:--,-:-~

I(n) -/(r)
(3)

and
b = [/(00) - B]

[/(n) - B]
(4)

Which are the necessary corrections due to the finite velocities at resonance and far from
resonance. The background B, principally derived from high energy down-scattered
photons, was determined by using a 0.075 em thick cadmium foil which was inserted after
the monochromator. This thickness attenuated 99.99% of the 46.5 keY intensity, but
allowed the higher energy photons to reach the sample and the detector. Contributions from
the lower energy X-rays are also attenuated but they were filtered quite well by the LiF
crystal. The relative intensities can then be determined from:

l ei = a[/(n) - I(r)] (5)

lin = Pel (O)b[/(n) - B] - l ei (6)
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Fig. 4 Temperature dependence
of the logarithmof the integrated
intensity of the first order satel­
lites: (1.285,0,0.333), and the
(2.72,0, -0.333) around the
(100) and the (300) Bragg
peaks, respectively
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3 Experimental results

The full width at half maximum of a Bragg reflection from IT-TaS2 was in our case
typically 0.3°, compared to 0.6° for the X-ray diffraction experiment of Moret and Colella
[3]. This advantage was used to detect the 2-3% shift in the bragg position for the (102)
peak and to calibrate the thermometry relative to the transition temperature.

Our result agreed with those of [3] concerning the effect of the temperature on the bragg
peak across the transition temperature T = 352 K, where we observed a 6.1% jump in the
elastic intensity. We also looked 2° off the (300) Bragg reflection in the transverse direction
which corresponds to (3, 0, 0.21) in (h, k, l) space, searching for the Q-space location of the
discontinuity of the inelastic intensity in the (100) IT-TaS2' at the phase transition seen by
Stevenson and J.G. Mullen.

In Fig. 2 we show a very interesting feature of the inelastic intensity: a sharp increase
and a rapid fall off the inelastic intensity just at the transition.

This effect is roughly exponential in character; the peak has a width of about about 3°C.
The result shown in Fig. 2 is the best of many complete runs which show the same
qualitative behaviour and shape. This result is in agreement with the findings of Stevenson
and Mullen which were too imprecise to identify the shape of the anomaly. The above
authors suggest that the observed critical phenomenon might be evidence for a softening of
a phason mode associated with the CDW in this system.

We expected the observed enhancement of the inelastic intensity to maximize near or on
one of the satellites, or even at the Bragg peaks themselves, especially when a Kohn
anomaly was observed in the longitudinal phonon mode propagating in the (100) direction
[5]. This search did not yield a very well defined peak. We found that the intensity at the
Bragg peaks and the satellite is almost 100% elastic. The fluorescence of the tantalum in the
sample added to the background, thus making the experiment difficult.

A similar investigation was done at the second order satellite in the (hkO) plane. There
the sudden drop in the count rate at the transitions coupled with the thickness of the sample,
which was one-fourth of the I / e optimum thickness, reduces the scattering intensity and
further added to the experimental difficulties.

The temperature dependence of the elastic intensities of the first order satellite, (1.285, 0,
0.333) IT-TaS2 revealed two important results:

I. The elastic intensity across the transition decreased by almost 30% for the first order
satellite around the (100) Bragg peak as seen in Fig. 3 this is a totally different
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behaviour as compared to the Bragg peak elastic intensity which jumped from 6.3% for
the (300) reflection to 175% for the (500) Bragg reflection [5].

2. The inelastic intensity across the transition increased from 0 below 79 to 15% above
79°C, when we looked at the first order satellite(1.285, 0, 0.333) of the (l00) Bragg
peak. This inelastic component stayed constant for the range of the scanned
temperature which was 90 to 170°C.

The publication by Chapman and Colella [6] shows the absence of the usual !C
dependence expected from the Debye-Waller factor when looking at the first order satellite
around the Bragg peaks. Their result reflects a dependence consistent with the phason
model of A.w. Overhauser [7], i.e., a k dependence instead of the usual !C dependence in
phonon scattering. Their experiment was repeated using the high energy resolution (4 x
10- 6 eV) of the Mossbauer technique to separate the truly elastic intensity from the
inelastic contribution to within the above energy resolution. A plot of logarithm of the
elastic temperature dependence is displayed in Fig. 4. This investigation of the temperature
dependence of the first order satellite (1.285, 0, 0.333), and the (2.72, 0, -0.333) around
the corresponding (l00) and (300) Bragg peak, respectively, yielded a factor C = 2.0(3) X

10-3 K- 1
, in good agreement with C = 1.8 X 10- 3 K- 1 found by Chapman and Colella,

where e -r-ct is the usual phason temperature factor.

4 Conclusion

We conclude that the intensity of the first order satellite is 15% inelastic even though this is
large, it is nearly constant and thus does not alter the basic conclusion of Chapman and
Colella. Also we should mention here that we did not do an absolute intensity
measurement, and we cannot preclude possible temperature dependence of the phason
amplitude, as was done by Chapman and Colella.
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Abstract Polycrystalline double perovskites Sr2Fel-xCrxMol-xWx06 with x = 0, 0.05,
0.10, 0.15, 0.20, and 0.30 have been prepared by sold state reactions. A continuous decrease
of the tetragonal unit cell parameters 0: and c with increasing x values is observed. The
highest Curie temperature Te = 426 K is recorded for the x = 0.10 compound. 57Fe
Mossbauer spectroscopy measurements indicate a non-integral electronic configuration of
_3d5

.3 for the Fe ions at the ordered double perovskite structure for x::S 0.20, which reaches
_3d5

.4 for x = 0.30. Fe-MolW anti-site and anti-phase boundary defects are observed in all
samples in equal concentrations of around 3% of the total number of Fe ions in their
structure.

Key words double perovskites . Mossbauer spectroscopy ' Sr2Fel-xCrxMol-xWx06

1 Introduction

Half-metallic materials are in the centre of both basic and applied scientific interest for the
last years thanks to their unique magneto-electronic properties [I] . An important category
of these materials are members of the family of double perovskite (DP) oxides, which have
general formula A2MM'06, where A accounts for alkaline earths (Sr, Sa, Ca) and M, M' for
transition metals (M = Fe, Cr.; M' = Mo, Re, W). Large values of low field magneto­
resistance (MR) at room temperature (RT), combined with Curie temperatures (Te) above
400 K are characteristics which ascribe to some of these compounds very important value
as candidate materials for realizing novel devices for spin-electronic applications [2, 3].
Sr2FeMo06 is one of - if not - the most important member of these series, and it has be
shown that partial substitution ofMo by W [4], and of Fe by Cr [5] independently, can lead
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Table I Unit cell parameters and T, values found for the SrZFel-xCrxMol-xWx06 compounds

x 0' (A) c (A) I - (oc.J2/c) To (K)

0 5.5711(2) 7.9038(4) 0.00317 420(1)

0.05 5.5693(2) 7.8988(3) 0.00286 424(1)

0.10 5.5685(2) 7.8963(3) 0.00269 426(1)

0.15 5.5679(2) 7.8945(3) 0.00257 422(1)

0.20 5.5680(1) 7.8924(3) 0.00229 422(1)

0.30 5.5677(2) 7.8908(4) 0.00214 408(1)

Errors are indicated in parentheses and refer to the last digit for each value

to an increase of Tc for the resulted compounds relative to the Tc of the undoped material,
without major loss of the high MR values at RT.

In this work we are studying the influence of the combined substitution ofMo and Fe by
equal amounts of Wand Cr, respectively, on the structural, electronic and magnetic
properties of Sr2FeMo06, using 57Fe Mossbauer spectroscopy, X-ray diffraction (XRD) and
magnetization measurements . We decided to confine the Cr and W doping to low values
(up to 30%) in order to see the effect of substitution without altering strongly the crystal,
electronic and magnetic structure of the original compound .

2 Experimental

Sr2Fel-xCrxMol-xWx06 compounds with x = 0, 0.05, 0.10, 0.15, 0.20, and 0.30 were
prepared in bulk polycrystalline form by solid state reactions using the encapsulation
technique [6]. In particular stoichiometric amounts of high purity (>99.99%) srCo3,
lX-Fe203, Cr203, Mo03, and W03 where well mixed, pelletized and heated in air at 900°C
for 15 h. The resulted materials were reground, pelletized, sealed in evacuated silica tubes
together with Fe grains (>99.9%) placed in a separate compartment of the tube, and heated
at 1150°C for 145 h, followed by rapid cooling on a large bronze plate at RT. XRD
diagrams of powder samples, crashed from the prepared pelletized samples, were collected
using Cu KlX radiation on a Bruker AXS D8 diffractometer. The crystal structure of the
phases present in the samples was determined by analyzing the XRD patterns with the
Rietveld method using the GSAS package [7]. 57Fe Mossbauer spectra (MS) were collected
at RT (::::299 K) and 77 K, using a constant acceleration spectrometer equipped with a 57CO
(Rh) source kept at RT, and a liquid N2 bath cryostat (Oxford Instruments). Velocity
calibration of the spectrometer was done using «-Fe at RT and 77 K. IS, 2£, r 12, Bhf, and A
denote the isomer shift (relative to cc-Fe at RT), quadrupole shift (e2qQ(3cos2e- 1)/4), half
line width, hyperfine magnetic field, and relative absorption area of the components used to
fit the experimental MS. Tc values were determined from magnetization measurements
made with a LakeShore 7300 magnetometer equipped with a high temperature furnace.

3 Results and discussion

Rietveld refinement results using the tetragonal 141m (no. 87) space group for the DP
phase, show that all samples are single phase materials, with the indication of only a minor
amount of SrMo04 (less than 0.8 wt.%) present for the x = 0 and x = 0.30 samples. There is
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Figure I Mossbauer spectra of the Sr2Fel _xCrxMol-xWx0 6compounds recorded at 299 K (a) and 77 K (b) .
Cycles correspond to experimental points and the continuou s lines to the theoretical components used to fit
the spectra.

a tendency of continuous decrease for both unit cell parameters a and c, as x increases from
oto 0.30 (see Table I). This results mainly due to the lower C~+ ionic radius (0.615 A)
compared to that of substituted formally Fe3+ ions (0.645 A), as the difference in the ionic
radius of W5+ (0.62 A) or vr+ (0.60 A) when substituting the formally Mo5+ (0.61 A) is
lower [8]. The crystal structure seems to become more 'symmetric' with increasing Cr and
W doping, as the value ofthe quantity [1 - (aV2/ c)] decreases continuously with increasing
x (see Table 1). The refined occupancy factors for the Band B'-sites of the A2BB'06 DP
structure indicate the presence of Fe/Cr-MolW anti-site (AS) defects [4, 9].

Magnetization measurements made from 300 K to 483 K in applied field of lloH = 0.1 T
reveal an initial increase in the Te value of the doped materials, which peaks at x = 0.10,
followed by a subsequent decrease for x = 0.20 and 0.30 (Table I).

MS of the samples collected at 299 and 77 K are shown in Figure I. At RT all spectra
show broad lines, and the broadening increases as the x value increases specially above x =
0.10. We used a combination of magnetic components (MC) and one paramagnetic single­
line (PC) component in order to fit the RT spectra of all samples. To model correctly the
broadening, a distribution of Bhf values (Mhr) was added to the MCs. The resulted average
values of the Mossbauer parameters (MP) are listed on Table II. Line broadening comes as
a consequence of increased disorder in the immediate cationic environment of the iron ions,
caused by Wand Cr doping, as also by decrease of the Te values for the higher doped
compound s. This behaviour for the room and elevated temperatures MS, and the simul­
taneous appearance of both MCs and PCs, specially in the temperature region below Te,
is a striking characteristic of pure, as also Fe-, or Mo-substituted Sr2FeMo0 6 [4, 5, 9, 10].

~ Springer



1148 A.P Douvalis, I. Panagiotopoulos, et al.

Table II Mossbauer parameters as resulted from the best fits of the Sr2Fe' _xCrxMol-xWx06 MS at 299 K
and 17 K

299 K 17K

Compo MCs/PC MCs MCsa/pC (a)/(b)/(c)/(d) (a)/(b)/(c)/(d) (a)/(b)/(c)/(d)

x <IS> (mms" ) <Bhf> A (%) IS (mms") Bhf (T) A (%)
<2c> (mms") (T) 2c (mms"] LlBhf (T) r / 2$ (mms" )

0 0.58/0.64 3 \.6 94/6 0.73/0.61/0.52/0.26 46.9/48.4/50.8/3.6 78/16/3/3
0.00 0.00/0.02/-0.24/0.15 0.2/0.5/0.8/0.3 0.14

0.05 0.59/0.65 32.3 95/5 0.73/0.62/0.52/0.30 46.8/48.5/50.7/4.0 75/19/3/3
- O.QI 0.00/0.03/-0.24/0.16 0.2/0.5/1.0/0.2 0.14

0.10 0.60a/0.65 3\.8 94/6 0.73/0.64/0.52/0.19 46.8/48.3/50.8/2.9 75/19/3/3
0.01 0.01/0.02/-0.25/0.15 0.3/0.6/1.2/0.0 0.15

0.15 0.59a/0.64 30.4 95/5 0.74/0.64/0.52/0.16 46.6/48.0/50.8/2.8 75/19/3/3
0.00 0.01/0.01/-0.25/0.12 0.4/0.8/1.2/0.0 0.14

0.20 0.59a/0.61 29.6 91/9 0.74/0.64/0.52/0.18 46.3/47.9/50.8/2.6 78/17/3/2
0.02 0.01/0.02/-0.25/0.10 0.6/0.9/1.0/0.1 0.15

0.30 0.64a/0.64 27.7 88/12 0.17/0.67/0.52/0.20 45.8/46.8/50.3/2.6 76/18/3/3
0.01 0.02/0.02/-0.26/0.08 0.8/1.0/1.2/0.0 0.16

Typical errors are ± 0.02 mms- I for IS and 2c, ± 0.01 mms- I for r / 2, ± 0.5 T for Bhf and LlBhf, and 3% for
A.

aTotal area of MCs,
s common for all components.

The average IS of the MCs at RT has a slight increase tendency with increasing x, which is
more pronounced above x = 0.20. The corresponding average Bhf values show a small
increase up to x = 0.05, but are reduced with further increasing x values. These results are
consistent with the behaviour of the corresponding MPs observed for the Sr2FeMol-xWx06
compounds [4], and reflect the effect of additional electronic charge on the electronic con­
figuration of iron ions in the B-sites of the DP structure, which results from W doping. The
increase in the absorption area of the PCs with x values indicates increase in disorder or in
the amount of AS defects present on the DP structure. However this remains to be cleared
by the analysis of the 77 K MS. All MCs have 2c values very close to zero at RT.

At 77 K the MS have quite narrower resonant lines compared to RT. However these
spectra show characteristics for the appearance of Fe-Mo/W antisite defects, which
manifest themselves specially by the asymmetric ' structure' of the extreme left resonant line
for each spectrum [4, 9]. Three MCs corresponding to three groups of iron ions: (a) on the
'correct' B-sites with 6 Mo/W first cation neighbours, (b) on the 'correct' B-sites with 5
Mo/W and I Fe/Cr cation neighbours, and (c) on the 'wrong' B'-sites with 6 Fe/Cr cation
neighbours were used to fit the spectra accordingly. Following [9] the resulted IS and Bhf

values for these components are in accordance with a non-integral electronic configuration
of about 3d5

.3 for the Fe ions corresponding to (a)-case for x :s 0.20, which increases
slightly to 3d5

,4 for x = 0.30, in agreement with the corresponding behaviour of these MPs
at RT.

A slightly decreased electronic configuration from that of the ions of the (a)-case is
observed for the ions of the (b)-case in all samples. Fe ions corresponding to (c)-case show
pure ferric (3d5

.
o) character. The amount of AS defects present in each sample can be

determined from the relative values of the absorption areas of the MCs corresponding to the
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ions of (b)- and (c)-cases. This amount seems to be quite similar for all samples showing no
dependence on Cr and W doping, averaging to about 3%. This comes in general agreement
with the results of site-occupancy factors found from Rietveld refinements of the
corresponding XRD patters. A forth minor MC with quite low IS and Bhf values was
necessary to be included in the theoretical model in order to describe correctly the part of
each MS at 77 K around zero velocity. This component is attributed to iron ions on anti­
phase boundaries (APB) «d)-case), and appears in similar spectra observed for Sr2FeMo06
samples synthesised by the same preparation route [11]. The A values for this component
are relatively constant and a concentration of -3% of the total amount of Fe ions can be
estimated to participate to the APB [12] defects.

4 Conclusions

Doping of Sr2FeMo06 with equal amounts of Cr and W up to 30% has a small effect on Tc
values, which increase up to 426 K for 10% doping, and on the unit cell parameters which
reduce continuously. The electronic configuration of iron ions on the correct B-sites of the
Sr2FeJ-xCrxMoJ-xWt06 double perovskite structure is non-integral, _3d 5

.
3 for all

compounds with x :s 0.20, and is slightly altered for x = 0.30 to _3d 5A
. Anti-site defects

and anti-phase boundaries appear in all samples, and their population is estimated to be
- 3% of the total amount of iron ions in each compound.
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Abstract The ferrites Mgo.9Mno.ICrxFe2-x04 (O:S x :S 0.9) were prepared using the
conventional double sintering method. The XRD showed that the samples maintain a single
spinel cubic phase. The Mossbauer measurements were carried out at room and liquid
nitrogen temperatures. From the area ratios of the A and B sites, it was found that the Fe
cation population of the A and B sites decreases in proportion to Cr concentration. The
contact hyperfine fields at the A and B sites were found to decrease with increasing Cr
contents. This was found to be in approximate agreement with the results of magnetization
measurement. The distributions of Mg and Mn cations versus Cr concentration were also
determined using the Mossbauer and magnetization results. The Curie temperatures were
determined and found to agree with the reported values. As the Cr contents increases the
relative magnetization, was found to increase at low temperatures and decreases at higher
temperatures.

Key words Mossbauer spectroscopy ' Neel temperature ferrites . magnetization

1 Introduction

Ferrite materials remain interesting for their various technological applications and their
rich underlying fundamental theoretical picture . The ferrite's physical characteristics make
them useful in computer memories , digital electronics, microwave devices and several other
areas. The spinel ferrites are described by the formula AB204, where A and B represent
cations at the tetrahedral and octahedral sites, respectively. The basic theoretical properties
are modeled through the superexchange interactions JAB , JA A and J BB. In Neil's model the
intersite antiferromagnetic coupl ing JAB dominates the intrasite interactions JA A and J BB

leading to collinear ferrimagnetism. Deviations from collinear ferrimagnetism were
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observed with cation substitutions leading to uniform or local spin canting as reviewed
in [I] .

Magnesium ferrites, MgFe204, are partially inversed spinels, where Mg2
+ cations are

distributed among the A and 8 sites as (Mg~+Fe~~'1 )[Mgf~le~t'l 1 04 ' Here the curly and
square brackets stand for A and 8 sites, respectively. The inversion parameter 1] depends on
the preparation conditions and was found to vary from about 0.1 to about 0.25 with the
quenching rate of the hot materials [2]. The measured magnetic moments were found to
depend on this inversion ratio. On the other hand, in Mn ferrites the Mn2

+ cations were
found to reside mostly in the A site with an inversion ratio of about 0.8 [2, 3]. The
magnesium-ehromium ferrites were also intensively studied [4-8]. With inclusion of Mn,
the ferrites MgO.9MnO.1 Cf<Fe2-x04 were studied against Cr concentration [7, 8]. It was
found that the spinel structure with decreasing lattice constant is maintained as the Cr
concentration increases [6]. The magnetization measurements showed that the average
magnetic moment and Neel temperature decrease with increasing Cr concentration. Using
Mossbauer spectroscopy the contact hyperfine field was also found to decrease with
increasing Cr contents [4, 5]. In general Cr occupies the 8 site replacing Fe there; however,
both X-ray and Mossbauer studies showed that the concentration of Fe in the A site
decreases, while that of Mg increases as more Cr enters the 8 site. Moreover, the order of
inversion 1] was found to increase with temperature [5].

In this study we have measured the saturated magnetizations and the hyperfine fields of
MgO.9Mno.ICf<Fe2-x04 ferrites. Both quantities were found to agree with the reported
trends at room temperature. However, we found that, contrary to the common belief, the
saturation magnetization at low temperatures may increase with increasing Cr contents. We
report the relative magnetization and discuss the results in terms of Neel's model. It is
proposed that spin canting should be included to reach agreement between experiment and
theory. In the following section we present the experimental procedures and discuss the
results in Section 3.

2 Experimental procedures

Single-phase MgO.9Mno.ICrxFe2-x04 (x = 0.1, 0.3, OS , 0.7 and 0.9) ferrites were prepared
by the standard solid-state reaction method. High purity powders of MgC03, MnC03,
<x-Fe203 and Cr203, in the desired stoichiometric ratios, were mixed, ground and calcined
in air at 900eC (12 h) and allowed to slow cool in the furnace. The calcined mixtures were
pressed into pellets and sintered at 1,200eC (12 h) in similar conditions. This preparation
approach is close to that used in [8].

X-ray powder diffraction (XRD) data were recorded with a Philips PWI820
diffractometer in the reflection mode using CuKo: radiation. The program PowderCell
was used to analyze the XRD data. The DC magnetic measurements were performed on a
DMS 1660 vibrating sample magnetometer (VSM) in a temperature range from 77 to
770 K. The temperature dependent measurements of magnetization were carried out by,
heating or cooling the sample under an applied field of 13.5 kOe. The saturation
magnetization was determined from the hysteresis loop and the isotherms measurements.

The Mossbauer measurements were performed on the samples in a continuous liquid
nitrogen flow cryostat using a 50 mCi 57CO(Rh) source with a spectrometer in the
transmission mode. The spectrometer was calibrated with ec-Fe foil spectrum at room
temperature.
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Figure 1 The lattice constant 8.390..,.--------------------,
versus chromium concentration
measured at RT.
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3 Results and discussion

Cr concentration

The samples were scanned from 28 = 20° to 28 = 80° in steps of 0.02°. The XRD data
shows that the samples retain the cubic spinel structure as more Cr is added in agreement
with the results in [5-8]. The measured lattice constants decrease with increasing Cr
concentration as shown in Figure I. This is expected since the larger Fe3+ cations (of
0.067 nm ionic radius) are being replaced by the smaller C~+ cations (of 0.063 nm ionic
radius) and agrees with the observed trends in [6-8].

The Nee! temperature TN was determined for each sample from magnetization
measurement versus temperature at low external fields. The Neel temperature was found
to decrease with increasing x as shown in Figure 2. The sample with x = 0.9 did not show
ferrimagnetism at temperatures above liquid nitrogen (LNT). The magnetization was also
measured for all samples from above TN to liquid nitrogen in an external field of 13.5 kOe.
The relative magnetization isotherms were determined for each x. The relative
magnetization, m., is defined as the measured magnetization for each sample scaled by
the corresponding magnetization of Cr-free sample. The results are shown Figure 3. The
room temperature (RT) curve shows that m; decreases with increasing Cr concentration in a
fashion not unlike the results found in [7, 8] for saturation magnetization . Higher
temperature curves follow the same trends. However, the LNT curve exhibits the opposite
trends; the relative magnetization increases with increasing Cr contents . The latter behavior
is unexpected on the ground that the C~+ cations with smaller magnetic moment (3 liB) are
replacing the Fe3+ cations with the larger magnetic moment (5 li B) as x increases.

In the Neel model the magnetization depends on the distribution of cations in the A and
B sites. Since a Mn2+ cation has magnetic moment of5 li B' it is not distinguishable from an
Fe3+ cation. The magnetic moment per formula unit according to Neel model is then
0.5 + 9TJ(x, T) - 2x. By comparing this relation to the experimental results of m., it is
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Figure 2 The Neel temperature
TN in C against chromium
concentration.
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possible to determine the dependence of T/ on x and T. In obtaining these relations we
assume that T/ is independent of T for Cr-free systems for T less than about 200°C [5]. The
actual value taken for T/ in this case does not affect the observed trends. The resulting trends
are illustrated in Figure 4. Figure 4a shows the dependence of T/ on x for fixed T, while
Figure 4b shows the dependence on T for x equal to 0.1 and 0.3. For all T the inversion
parameter T/ increases with increasing x, whereas it decreases with increasing T for fixed x.
The increase of the inversion ratio with Cr concentration is in agreement with the results
obtained using XRD in [6]. However, the decrease of T/ with increasing temperature
contradicts the reported trends [5]. We note that this latter result is obtained when fitting the
magnetization obtained using the collinear Neel model to the experimental data. To resolve
this contradiction, we suggest the replacement of the collinear Neel model by spin canting
models.

The Mossbauer spectroscopy determines the Fe occupation of the A and B sites. We
have carried out the Mossbauer measurements on the samples at LNT and RT. The
Mossbauer parameters were found to agree with those reported for cubic spinels. The data
was fitted to two sextets corresponding to the A and B sites. The quadruple splitting is zero
and the respective isomer shifts at the A and B sites, relative to (X-Fe, vary from about 0.25
to 0.3 mm/s and 0.35 to 0.4 mm/s with Cr contents. The magnetic hyperfine fields were
found to decrease with increasing Cr concentration as shown in Figure 5. The Fe contents
of the A and B sites were determined from the area ratios of the two sites. The line width of
the A site increases with Cr addition indicating the existence of more than a single local
environment. In general the Fe occupations of both A and B sites were found to decrease
with increasing Cr concentration. The rate at which this Fe occupation decreases determines
the trends of magnetic moments. When both occupations decrease at similar rates, the
magnet moments increases with Cr concentration, whereas faster decrease at the B site
leads to reduction in magnetic moment. The results of Mossbauer measurements at LNT
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Figure 3 The relative magneti­
zation m; against chromiumcon­
centration for liquid nitrogen
(LN) temperature, room tempera­
ture (RT) and other indicated
temperatures. The dottedcurve
gives the result of application of
the Neel model using the frac­
tions Fe occupationat A and B
sites as determinedby Mossbauer
spectroscopy at LN temperature.
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Figure 4 a The inversionparameter1/versuschromiumconcentration for differenttemperatures obtainedby
fitting Neel model to experimental data; b The inversion parameter versus temperature for chromium
concentration of 0.1 and 0.3 obtainedby fitting Neel model to the experimental data.

give similar reduction in Fe occupation at A and B sites and hence to increasing magnetic
moment. The relative magnetization calculated using the Mossbauer LNT data within Neel
model is shown in Figure 3. We note that at higher Cr concentration m; becomes relatively
large. To achieve the required reduction in magnetic moment at higher temperatures, the Fe
occupation of the B site should decrease at a higher rate. This would mean that on addition
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Figure 5 The magnetic hyper­
fine field at Fe in the A and B
sites against chromium concen­
tration measured at liquid
nitrogen temperature.
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of Cr more Fe migrates from the A site to the B site at low temperatures than at higher
temperatures in disagreement with reported results of Lee et al. [5]. Such observation is
physically unacceptable and calls for replacing the collinear Neel model. In our view the
experimental results could be reconciled with theory if spin canting is allowed. It is well
documented that addition of Cr leads to spin canting [9,10]. The presence of spin canting
will reduce the large value of m, at high Cr concentration for low temperatures. In addition,
the spin canting should be accompanied by faster vibration of Cr moments as temperature
increases. This will reduce the average contribution of Cr to the magnetic moment and leads
to further reduction in m, at higher temperatures. A detailed study of these features is
currently underway.

In summary, we have characterized the MgO.9Mno.lCrxFe2-x04 as cubic spinels. The
relative magnetization was found to increase (decrease) with increasing Cr concentration at
low (high) temperatures. The Fe occupations at the A and B site as determined from the
Mossbauer measurement at liquid nitrogen temperature indicate that the relative
magnetization should increase with increasing Cr contents in Neel model although the
corresponding magnetic hyperfine fields decrease. It was proposed that spin canting and
faster vibration of Cr moment would explain the results.
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Abstract Electronic structure spin-polarized calculations were performed for 79-atoms
embedded clusters representing the ordered intermetallic compound FeNi, the fcc Fe-rich
disordered alloy FessNils in an antiferromagnetic (AFM) configuration, and the
ferromagnetic (FM) disordered alloy FesoNiso. The spin-polarized discrete variational
method (DVM) in Density Functional theory was employed. Spin magnetic moments, as
well as the S7Fe Mossbauer hyperfine parameters isomer shift and magnetic hyperfine
fields, were obtained from the calculations. For FM FesoNiso, the effect of pressure on the
hyperfine field and on the isomer shift was investigated, for three different local atomic
configurations surrounding the S7Fe probe atom. In the case of the isomer shift, the
calculated values were compared to reported experimental data.

Key words Fe-Ni alloys hyperfine interactions electronic structure magnetic moments

1 Introduction

Fe-Ni alloys have great technological importance due to their structural, magnetic and
mechanical properties. The fcc (or y) phase that is present at lower temperatures is known
to exist in different magnetic states [I] , similar to pure y-Fe. At low Ni concentrations, an
antiferromagnetic (AFM) phase has been characterized at low temperatures, which is
present in meteorites [2] and may also be obtained by synthetic means [3]. An ordered form
of Fe-Ni 50-50 named tetrataenite is also found in meteorites [4], and may be obtained in
the laboratory by irradiation of the disordered 50-50 alloy with neutrons or electrons [5].

Ferromagnetic (FM) Fe-Ni alloys at the composition range of 30--40 at% Ni present
vanishing thermal expansion coefficients, a phenomenon known as INVAR. There is a clear
correlation between molar volume and the average magnetic moment in fcc Fe-Ni alloys,
as there is in fcc Fe. Experiments have been reported in which the lattice constants ofFe-Ni
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alloys were determined at different pressures [6]; on the other hand, Mossbauer spec­
troscopy studies reported the effect of pressure on the magnetic hyperfine field (HF) and the
isomer shift (IS) of 57Fe in such alloys [7].

Calculations with first-principles electronic structure methods give detailed information
on the magnetic and hyperfine properties of Fe-Ni alloys, which, coupled to the
experimental results, will contribute to elucidate their origin. We present results of
electronic structure calculations for some Fe-Ni systems. Magnetic moments (/J), magnetic
hyperfine fields (HF) and isomer shifts (IS) are obtained . In particular, calculations were
performed for the disordered fcc FM alloy Fe50Ni5o, at different lattice parameters
corresponding to different applied pressures; this allowed to derive the trends of IS and HF
of Fe with pressure.

2 Theoretical method

First-principles self-consistent-field (SCF) spin-polarized electronic structure calculations,
employing the numerical Discrete Variational method (DVM) [8, 9], were performed for
79-atoms clusters embedded in the potential of the external solid, representing the Fe-Ni
systems. The local spin-density approximation in Density Functional theory (DFT) was
employed. The Kohn-Sham equations ofDFT are solved numerically in a three-dimensional
grid of points. The cluster orbitals, from which the electronic charge density per) is
constructed, are expanded on a basis of numerical atomic orbitals . An Fe atom is at the
center of the clusters, where all the local properties are obtained.

Spin magnetic moments are calculated by the integration of the spin density [Pier) ­
p!(r)] inside the Wigner-Seitz cell of the central Fe atom, where the term in brackets is the
difference between the electronic charge density for spin up and spin down. The Mossbauer
hyperfine parameters [10] isomer shift (IS), electric-field gradient (Vzz) and quadrupole shift
(r), and magnetic hyperfine field (HF), were calculated at the nucleus of the central Fe atom
of the cluster, utilizing the self-consistent spin and total electronic density obtained from the
calculations for the clusters.

3 Results and discussion

The ordered FeNi 50-50 compound (tetrataenite) is formed by alternating layers of Fe and
Ni. Spin magnetic moments on Fe in FeNi 50-50 were found to be larger than in FM bee
Fe (2.6flB' as compared to 2.2flB)' Calculated magnetic moments on Ni are 0.6flB' The
calculations reveal that there is an electronic charge transfer from the Fe layers to the Ni
layers, which is responsible for the electric field gradient (Vzz) found experimentally on Fe.
The calculated Vzz at the Fe nucleus is positive; this result, coupled to the positive sign
measured for the quadrupole shift t, indicates that the direction of magnetization in FeNi is
perpendicular to the layers. The value of the quadrupole shift e in 57Fe obtained from the
calculations is +0.35 mmls. The magnetic hyperfine field at the Fe nucleus obtained was
-241 kOe (perpendicular to the layers) and - 262 kOe (parallel); these values may be
compared to -288 kOe and - 327 kOe obtained experimentally [5]. The difference between
the values of parallel and perpendicular HF is seen to be due mainly to the rather large
contribution from the electron spin-dipolar hyperfine field (also calculated here), originating
from non-negligible spin-density anisotropy.
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Table I Calculated values of the magnetic moment fJ, and hyperfine parameters of Fe in AFM FessNi ls, for
different lattice constants a and configurations A and B

Alloy a (A) It ().ls) HF (kOe)a IS (mm/s)"

FessNi Is(A) 3.58 1.59 - 75 - 0.05
3.48 1.17 -56 - 0.12
3.39 0.61 - 30 -0.20

FessNil s(B) 3.58 1.96 - 139 -0.Q2

3.48 1.58 - 113 -0.08
3.39 1.04 -78 -0.16

AFM y-Fe 3.39 0.24 -35 -0.22

aContact contribution only

b Relative to ordered FeNi (tetrataenite); a = -0.23 mm/s 30-3

Figure 1 Calculated values of fJ,

against pressure . Lines drawn are
to guide eye.
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The same methodo logy was applied in calculations for 79-atoms embedded clusters
representing the Fe-rich fcc disordered alloy Fe8sNils [11]. An AFM configuration of
alternating spin-up and spin-down layers was adopted ; two local distributions of the Ni
atoms were considered, one in which the central Fe atom has no Ni nearest-neighbors
(configuration A), and another in which it has two Ni nearest-neighbors (configuration B).
Three lattice parameters were considered (see Table I), starting with the same lattice
parameter of ordered FeNi (3.58 A) and decreasing its value, since the lattice parameter of
AFM y-Fe is known to be considerably smaller than FM y-Fe. During the SCF iterations,
the initial alternating AFM configuration was broken by the Ni atoms: their spin magnetic
moments changed sign, in order to maximize the number ofFM-coupling bonds with its Fe
nearest-neighbors . Therefore, these calculations predict that the AFM character of this alloy
is restricted to local clusters of Fe.

In Table I are given the calculated values for the spin magnetic moments u, HF and IS of
Fe in the clusters modelling the AFM alloy FessNi ls, for the two different local
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Figure 2 Calculatedvalues of
HF against pressure. Lines drawn
are to guide the eye.
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Figure 3 Calculated and experi­
mental values of IS against pres­
sure. Lines drawn are to guide the
eye."Experimental valuesfrom[7],
corrected forSOD(OD= 380K [12],
SOD =-0.2433 mm/s). All values
of IS are relative to ordered FeNi
(tetrataenite) [12].
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pressure(GPa)
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configurations A and B, and three values of the lattice constant. It is seen that magnetic
moments and magnitudes of HF decrease with lattice compression. Comparing config­
urations A and B, it is seen that the effect ofNi first-neighbours of Fe is to increase f.1 and
the magnitudes of HE It is concluded that only a smal1er lattice constant may explain the
low values of IS in these alloys [3, 12], as compared to ordered FeNi and FM disordered
al1oys.

Analogous calculations were performed for 79-atoms clusters representing the FM fcc
disordered alloy FesoNiso in three different local configurations around the central Fe atom.
In Configuration I, the central Fe atom has 12 Fe nearest-neighbours (NN) atoms, in
Configuration 2 it has 8 Ni and 4 Fe NN atoms, and in Configuration 3 the central Fe atom
has 12 Ni NN atoms. In Figure I are shown the values of the spin magnetic moment at the
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central Fe atom, at several values of the applied pressure (which correspond to different
values of the lattice constant [6]). It is seen that for Config. I, the magnetic moment
collapses with pressure, which is not the case for Configs. 2 and 3. Therefore, we conclude
that the Fe moment is unstable when this atom is surrounded by Fe NN. In all
configurations and all pressures, the moment on Ni remains remarkably close to -O.6J.!B.

In Figure 2 the values of the hyperfine field HF at the central Fe is given for several
pressures (corresponding to several values of the lattice constant). It may be observed that,
although at lower pressures the magnetic moments for Config. I are smaller (see Figure I),
the magnitudes of HF are larger, as compared to Configs. 2 and 3. This is due to the
following: for Config. I, the core and valence contributions to HF have the same sign, and
so their magnitudes are added; on the contrary, for Configs. 2 and 3 the core and valence
contributions to HF have opposite signs, and so they cancel each other partially, resulting in
smaller magnitudes of HF.

In Figure 3 are shown the values of the IS for different pressures for Configs. 1-3, as
well as experimental values from [7]. It is seen that the calculations reproduce the correct
trend of the IS with pressure, in which increasing the pressure (decreasing the lattice
constant) leads to lower values of the IS. Since the calibration constant Q: that relates IS
to the electronic density at the nucleus is negative for 57Fe, lower values ofIS correspond to
higher values of the electron density at the nucleus. At lower pressures, results for Configs.
2 and 3 are closer to experiment.
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Abstract Tin-doped compounds of spinel-related M30 4 (M = Fe, Mn, Co) have been
studied by 119Sn and 57Fe Mossbauer spectroscopy in the temperature range of 20-600 K.
The 119Sn Mossbauer spectra recorded down to 20 K from the non-iron-containing
compounds of C0304 and Mn304 contained only doublets showing no transfer of magnetic
properties from cobalt or manganese to the dopant tin ions. In contrast, the tin-doped­
(FeCoh04and(FeMn)304 gave 119Sn and 57Fe Mossbauer spectra, which showed magnetic
hyperfine interactions. The Curie temperature has been estimated for the former sample .

Key words Mossbauer spectroscopy ' tin-doped spinel-related oxides -Curie temperature

1 Introduction

Compounds of the type M304 (M = Fe, Mn, Co) all adopt the cubic spinel-related structure .
Mn304 and C0304 are normal spinels containing M2+ ions in tetrahedral sites and M3

+ in
octahedral sites whilst Fe304 is an inverse spinel in which the tetrahedral sites are occupied
by Fe3

+ and the octahedral sites by both Fe2
+ and Fe3

+.

We have, in recent years, been interested in the structural and magnetic effects,
which result from the doping of tin into Fe304 [1-4]. Although the existence of mixed
metal spinel-related structures is known [5, 6], there appears to have been less activity in
the doping of these materials by tin. We have, therefore, initiated a study of tin-doped
oxides offormula M304 (M = Mn, Fe, Co) and report here on their structural properties as
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Figure 1 1l9Sn Mossbauer spectra of 6.6% tin-doped Mn304 recorded at 20 and 300 K.

revealed by X-ray diffraction and their magnetic properties as elucidated by Mossbauer
spectroscopy.

2 Experimental

Tin-doped compounds of the type M304 (M = Mn, Fe, Co) were prepared by mixing an
aqueous solution of tin (II) chloride dihydrate with an aqueous solution of manganese (II)
chloride tetrahydrate, iron (III) chloride hexahydrate or cobalt (II) chloride hexahydrate (or
mixtures of these). Excess ammonia was added and the solutions boiled under reflux for
3 h. The precipitates were removed by filtration, washed with 95% ethanol and dried under
an infrared lamp. For materials of the type SnlMn304 and Sn/C0304 the infrared-dried solid
was subsequently heated at 250°C for 12 h in air.

X-ray powder diffraction patterns were recorded at 298 K with a Siemens D5000
diffractometer using Cu-K, radiation.

57Fe and 119Sn Mossbauer spectra were recorded with a constant acceleration
spectrometer using 400 MBq 57Co/Rh and 400 MBq Ca11 9mSn03 sources. The line width
(FWHM) of the calibration spectrum was 0.24 mms" for the 57Fe spectra and 1.00 mms"
for 119Sn spectra. The chemical isomer shift data are quoted relative to the centroid of the
metallic iron spectrum at 298 K in all cases.

3 Results and discussion

X-ray powder diffraction showed the formation of single phase materials. The patterns
recorded from tin-doped C0304, (FeCo)304, Mn304 and (FeMn)304 were typical of spinel­
related structures.

The compositions determined by lCP analysis were 6.2% Sn/C0304, 6.4% Sn/
Fe2.D3CoO.9704, 6.6% SnlMn304, 6.5% SnJFe2.03Mno.9704.

3.1 6.2% tin-doped C0304 and 6.6% tin-doped Mn304

The 119Sn Mossbauer spectra recorded at 20 and 300 K from these samples were very
similar and even at 20 K showed no transfer of magnetic properties from cobalt and
manganese to the dopant tin ions (Figure 1). In both cases the 119Sn Mossbauer spectra
recorded at 20 and 300 K showed the superposition of two quadrupole split absorptions
characteristic of a composition containing ca. 90% Sn4

+ and 10% Sn2
+. The isomer shifts
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Figure 2 11 9Sn spectra of 6.4% tin-doped (Fe2.o3Coo.9704) to the left and to the right the magnetic field
distribution analysed from the same spectra.

were 0.2 and 2.6 mrns" (±0.2) respectively, and the quadrupole splittings, 0.6 and
1.5 mrns'" (±0.2) respectively.

The 11 9Sn Mossbauer spectra (Figure 2) recorded between 20 and 500 K showed an
extremely broad distribution of hyperfine magnetic fields. At temperatures between 20 and
160 K the maximum hyperfine field approached ca. 20-22 T, which was similar to that
observed in tin-doped Fe304 [2, 7]. At 284 K the largest component was ca. 18 T and at
500 K ca. 10 T. From 20 to 284 K about 90% of the spectral area could be assigned to the
magnetic phase and at 500 K some 60% of the spectral area corresponded to the magnetic
component. The material became paramagnetic when heated at 600 K.

The 57Fe Mossbauer spectra (Figure 3a) recorded at 20 and 80 K were composed of two
well defined magnetic sextets with slightly different isomer shifts, is (0.4 and 0.5 mms"
(±O.I) at 20 K, zero quadrupole shift and magnetic hyperfine fields of 51.0 and 53.5 T
(±0.5 T) respectively. At 295 K the overlap of the sextets become more evident together
with increasing superparamagnetism. At 500 K about 50-60% of the area could be
associated with the paramagnetic doublet. A crude estimate of the Curie temperature based
on the three first spectra indicated a Tc between 600--750 K.

~ Springer



1168

100
a)

96

100

b)

98

*~ 100
0 c)·iii
VI

E
VI
c 98E!!
I-

100
d)

98

100
f)

96

-10 0 10
Velocity (mm/s)

o. Helgason, FJ . Berry, et al.

ll00~
§ ~ . lW K
·iii
VI

. ~ 96

~ 100
I-

d)

96
l 00 I- ~- _

e) 400K

96

100
0 500 K

96

92

-10 0 10

Velocity (mmis)

Figure 3 57Fe spectra of a 6.4% tin-doped (Fe203CoO.9704) to the left and of b 6.5% tin-doped
(Fe2.03Mno.9704) to the right.

'~
100

T=20K
0.03

~98
. .

c100 ... .. d
.2

b) '''V80K 0.00
VI

.!Il 0.03E
l!! 98 5:

~
Ci:"

100 ~""'Ilf;) ., ; - 0.00

c) 'T 285 K 0.03

98

·10 0 10 5 10 15
Magnetic hyperfioo field [T)
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The 119S n Mossbauer spectra (Figure 4) showed magnetically split components at
temperatures of 284, 80, and 20 K indicative of iron inducing magnetic order in the
structure. The spectrum at 20 K could be best fitted with a broad hyperfine magnetic field
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distribution up to ca. 15 T (90% of the area) and a doublet with a quadrupole splitting of ca.
0.7 mms" and a chemical isomer shift of ca. 0.2 mms" . At 80 K the distribution was
shifted slightly to lower field and accounted for ca. 80% of the area whilst the doublet
increased to account for ca. 20% of area without any significant changes in the hyperfine
parameters. At 285 K the area of the magnetic and paramagnetic parts were approximately
equal. The parameters of the doublet were the same and the main magnetic field distribution
was largely diminished to ca. 2-8 T.

The 57Fe Mossbauer spectra (Figure 3b) recorded between 20 and 284 K showed
magnetically split spectra with a doublet characteristic of paramagnetic species appearing in
the spectra recorded at higher temperatures. At 20 K the spectrum was composed of two
well defined magnetic sextets with slightly different 8 0.4 and 0.5 mms- I (±O.l), no
quadrupole shift, and magnetic hyperfine fields of 50.0 and 52.0 T (±0.5 T) respectively. At
80 K there were signs of paramagnetic relaxation in the spectrum. The two main sextets
were reduced by ca. I T and a third sextet of very broad line width and with a magnetic
hyperfine field of 43 T was required to fit the spectrum. At 150 K the magnetic hyperfine
field of the main sextets was further reduced and a paramagnetic doublet emerged. At
295 K the sextets could not be separated and were best fitted to a magnetic field distribution
with a maximum at ca. 41 T and with 8 = 0.35 mms-I (±0.05) accounting for ca. 75% of the
spectral area and a quadrupole split absorption (8 = ca. 0.34 and L1 = ca. 0.75 mms")
accounting for ca. 25% of the area.

4 Conclusions

The 11 9Sn Mossbauer spectra recorded down to 20 K from tin-doped C0304 and Mn304
show no evidence for the transfer of magnetic properties from cobalt and manganese to the
dopant tin ions. In contrast, both the tin-doped (FeCoh04 and (FeMnh04 gave 119Sn and
the 57Fe Mossbauer spectra which showed magnetic hyperfine interactions. In the case of
tin-doped (FeZ03CoO.9704) a crude estimate of the Curie temperature could be made but, for
the (FeMnh04 sample, paramagnetic relaxation due to the particle size distribution
hindered an estimation of Te •
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Abstract The measurements of Mossbauer effect, magnetic susceptibility and muon spin
relaxation have been carried out for the high-Tc superconductor La2-xBaxCu04. The
intensity of Mossbauer doublet spectrum of the sample ofx-1/8 begins to decrease rapidly
at a certain temperature Tm- which we define as a magnetic transition temperature TMoss.

This temperature almost agrees with Tl!sR determined from muon spin relaxation. The
quadrupole doublet disappears at low temperature below Tm but a clearly splitted spectrum
is not observed even at 4.2 K, which indicates a peculiar magnetic state with a wide
distribution of internal magnetic field. Around x- 1/8, the superconducting critical
temperature Tc and Tm are competed each other. In conclusion, superconductivity
disappears around 1/8 hole concentration and a peculiar magnetic state such as spin
density wave appears.

Key words high-Z; superconductor · 1/8 anomaly

I Introduction

The superconducting critical temperature Tc in La-214 high-Z, superconductors is known
to be strongly suppressed near hole concentration 1/8(0.125), which is referred to as the
1/8 anomaly. Although much effort has been devoted to this problem, a clear solution has
not been found. Neutron diffraction experiments have revealed the existence of a peculiar
magnetic order such as spin density wave (SDW) in LaIA8NdoASrO.12Cu04 which shows
the 1/8 anomaly [1]. We have investigated the 1/8 anomaly in La2-xSrxCu04 (LSCO) and
La2-xBaxCu04 (LBCO) by IlSR experiment [2]. The destruction of superconductivity
seems to be closely connected with the appearance of the peculiar magnetic order. In order
to study the relationship between superconductivity and magnetic order, we carried out
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Fig. 1 Mossbauer spectra for samplesx = 0.09 and 0.13 sample, respectively

measurements of susceptibility, Mossbauer effect and IlSR (Fe-free sample) for the samples
of La2-xBaxCu09/7Feo.O,04 (x = 0.09-0.15).

2 Experimental

The polycrystalline samples of La2_xBaxCUo.9957Feo.ot04 (for Mossbauer) and La2-xBax
CU04 (for IlSR) were prepared using dried powder of La203, BaC03, CuO with 99.99%
purity and 57Fe20 3(enriched 95.1%) by a usual solid state reaction method and were
confirmed to be a single phase by X-ray diffraction. Mossbauer experiments have been
performed in the temperature range 4.2 K < T < 300 K using a liquid-He cryostat.
Mossbauer source of 50 mCYCo in Rh matrix was used. The superconducting critical
temperature T; was chosen in relation to the magnetic susceptibility measurements using a
SQUID magnetometer. A IlSR experiment was carried out at Muon Science Laboratory of
High Energy Accelerator Research Organization in Japan.

3 Results and discussion

Figure I shows the Mossbauer spectra for (a) x = 0.09 and (b) x = 0.13 in the samples of
La2_xBaxCuO.9957Feo.O,04' The sample ofx = 0.09 shows superconductivity with Tc = 14 K
but that ofx = 0.13 does not. Except at 4.2 K, the Mossbauer spectra for both samples are
simple and sharp doublet spectra due to quadrupole splitting. This means that the
Mossbauer probe 57Fe are found into only Cu sites and are in paramagnetic state except for
4.2 K. Figures 2a and b show temperature dependence of the relative absorption area of the
doublet spectra and quadrupole splitting (Q.S.) value, respectively for x = 0.13 sample.
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Here we notice a marked change in their temperature dependence at a certain temperature
Tm • The determined temperatures Tm are 28 and 6 K for x = 0.13 and 0.09, respectively.
This suggests that below the temperature Tm(Moss), Fe-spin fluctuation rapidly slows down
and some structural changes may take place at the same time, which implies the onset of a
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peculiar magnetic order accompanied by some topological changes . Then we define TMoss

as a magnetic transition temperature. Finally as can be seen at 4.2 K for (b) x = 0.13, the
doublet spectrum completely disappears but a sextet spectrum due to magnetic splitting can
be hardly observed . This means that although 57Fe probes replace Cu ions, which are all
equivalent in CU02 plane, each 57FeMossbauer probe feels different hyperfine field at each
site. Consequently, a sextet spectrum can never be observed because of a wide distribution
of internal magnetic field. The anomalous Mossbauer pattern at 4.2 K possibly indicates the
presence of a peculiar magnetic order. In this figure, we also plot the temperature TflSR

where a peculiar magnetic order starts, which was determined from I-lSR experiment in the
Fe-free samples. Both temperatures - TMoss and T flSR - exhibit the same behaviour but a
different peak position because Mossbauer probe Fe+3-substitution for Cu+2 reduces 1%
hole carriers and consequently, the peak of TMoss shifts to higher concentration by 1%
compared to T flSR' Therefore, both temperatures must detect the same origin although the
probes are different; Fe-spin for Mossbauer and u-spin for I-lSR. Here we also notice that
near x = 1/8, superconductiv ity disappears and the magnetic order occurs, indicating that Tm

and T; are compete with each other. As already mentioned above, unsplitted Mossbauer
pattern at 4.2 K significantly below TMoss means a peculiar magnetic order with a wide
hyperfine field distribution. With respect to the quadupole splitting (Q.S.), we must pay
attention to the increase in Q.S. value below TMoss in Fig. 2b. P.M. Singer et al. have
reported [3] that the value of frequency vQ in NQR experiment changes significantly at the
temperature where charge density wave (COW) occurs in the sample of Nd-substituted
LaNdSrCu , in which the existence of spin density wave (SOW) and COW were already
confirmed by neutron diffraction experiment. Therefore, it is reasonable to consider that the
abrupt rise in the Q.S. value should correspond to the occurrence of COW since the
appearance of COW influences the electric field gradient at 57Fe probes via charge
displacement. This peculiar magnetic order must be the state of SDW accompanied by
CDW. It can be concluded that when superconductivity is inhibited, near 1/8 hole
concentration, SDW and CDW are observed (Fig. 3).
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Abstract s7Fe and 237Np Mossbauer Omeasurements have been performed for NpFeGas,
which is one of the so-called neptunium 1-1-5 compounds. The s7Fe Mossbauer spectra
below TN = 118 K show the magnetically ordered state. The magnitude of the hyperfine
magnetic field at the S7Fe nucleus is determined to be 1.98 ± 0.05 T at 10 K. From the
237Np Mossbauer spectrum at 10 K, the hyperfine magnetic field at the 237Np nucleus is
203 T and the hyperfine coupling constant is determined to be 237 T/~B using the Np
atomic magnetic moment of 0.86 ~B determined by the neutron diffraction study.

Key words NpFeGas' 23 7Np Mossbauer spectroscopy' s7Fe Mossbauer spectroscopy '
hyperfine magnetic field· hyperfine coupling constant

1 Introduction

The discovery of superconductivity in PuCoGas and PuRhGas has provided a new
perspective on the physics of transuranium compounds with Sf electrons [1, 2]. It is
obviously important to study experimentally the electronic and the magnetic states of
transuranium compounds including Pu and Np. Colineau et al. [3,4] reported the magnetic
and electronic properties of the NpCoGas and NpRhGas polycrystalline samples and their
microscopic magnetism was studied by 237Np Mossbauer spectroscopy. Recently, we
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reported the magnetic and the electronic properties of Np'I'Ga, (T = Fe, Rh, Ni and Co)
using the high-quality single crystals [5, 6]. Magnetic structures of Np'TGa, have been
proposed by Metoki et al. from neutron diffraction data of these crystal [7, 8]. Nevertheless,
there are no reports concerning the Mossbauer spectroscopy for Npf'efia, and NpNiGas. In
this study we performed the S7Fe and 237Np Mossbauer measurements for NpFeGas in

order to understand its magnetic properties. Npf'efia, shows antiferromagnetic order below
TN = 118 K and another magnetic transition at T* = 78 K. The magnetic moments were
derived as 0.24 Ils/Fe and 0.86 IlI3/Np , respectively, from neutron study. The magnetic
structure of NpFeGas exhibits in-plane AFM and inter-plane FM interaction, whereas those
of Npf'ofia, are totally opposite. The magnetic propagation q = (1 /2 112 0) is proposed for

NpFeGas.

2 Experimental

A high-quality single crystal of Npfefia, with a tetragonal structure was prepared by the
Ga-flux method and the crushed powder was sealed in epoxy resin (Staicast). Sealed
specimens were used for the s7Fe Mossbauer measurements and also for the 237Np
Mossbauer measurements. For the s7Fe Mossbauer measurements, a gas-flow type cryostat
(CF500, Oxford) was used to cool the specimen, S7CO source in Rh was set on the head of
transducer at room temperature. For the 237Np Mossbauer measurements, a closed-cycle
refrigerator was used to cool down both of the source e4 1Am in metal matrix) and the
specimen powder. The velocity scale is calibrated relative to «-Fe at 300 K for the S7Fe
Mossbauer measurements and for 237Np Mossbauer spectroscopy by using a laser

interferometer attached on the Mossbauer drive .

3 Results and discussion

Figure I shows the s7Fe Mossbauer spectra obtained from NpFeGas at 298, 77 and IO K.
The NpFeGas is a paramagnet at 298 K and its S7Fe Mossbauer spectrum shows a clear
singlet absorption line superposed a weak doublet line. This impurity component with
quadrupole splitting QS is about 3% of the total absorption. The origin of the satellite line
may be due to the small amounts of an impurity phase, but the details are not yet clear. At
77 K well below TN = 118 K, Npf'efla, shows a magnetically ordered state and the s7Fe
Mossbauer spectrum is magnetically broadened and asymmetric. Origin of the asymmetry
of the spectral shape is most probably due to a small perturbation from an electric
quadrupole interaction on the magnetic hyperfine pattern, although in the paramagnetic
state of 298 K the spectral shape is completely symmetric. Since the magnetically
broadened spectrum is again symmetric at the lower temperature of 10K and the spectrum
has been analyzed by a single magnetic component, the magnetically induced lattice strain
might not be an origin of the quadrupole interaction appearing just below the Neel tem­
perature and further investigation is necessary to understand this phenomenon. We mea­
sured a detailed temperature dependence of the hyperfine interaction parameters at the s7Fe
nucleus; Bhf (the hyperfine magnetic field), IS (the value of isomer shifts), QS (the effective
quadrupole splitting) and FWHM (the full width at half-maximum of the spectrum) and we
did not observe any anomaly around T* = 78 K. By the computer fit using a single set of
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Figure 1 The 57Fe Mossbauer
spectra of NpFeGa5 at 298, 77
and 10 K. Velocity is relative to
ex-Fe at 300 K.

the magnetically split pattern for the spectrum at 10 K, the magnitude of the hyperfine
magnetic field at s7Fe nucleus in Npf'efia, was determined to be 1.98 ± 0.05 T at 10 K.
Using an atomic magnetic moment of 0.24 llB/Fe determined by the neutron diffraction
study [6], the hyperfine-coupling constant of the S7Fe nucleus in NpFeGas was determined
to be 8.3 ± 0.2 TIlls which is smaller than the value for the ferromagnetic (X-Fe (15 Tills) .
The reason why the S7Fe in Npl'efla, has a small hyperfine coupling constant is not yet
clear, but we have to consider the direct (dipolar) and the indirect (conduction electron
polarization) contributions from the magnetic Np atoms to the hyperfine fields at S7Fe
nucleus in this compound.

Figure 2 shows the 237Np Mossbauer spectrum obtained from NpFeGas at 10 K. The
spectrum was magnetically splitted. A single set of hyperfine parameters was derived with
the magnetic hyperfine fields Bhf = 204 T perpendicular to the main component of the
electric field gradient, the quadrupole interaction i qQ = +3.4 mm/s and the isomer shift
value IS = 5.5 mm/s. Using an atomic magnetic moment of 0.86 llslNp determined by the
neutron diffraction study [6], the hyperfine-coupling constant of 237Np in NpFeGas was
determined to be 236 Tills which fairly agrees with the value of 215 Tills reported
previously [7]. The temperature dependence of the hyperfine interaction parameters of the
237Np Mossbauerspectroscopy is very important to understand the magnetism of this com­
pound, but the measurements of the 237Np Mossbauer spectra from 10K up to the temp­
eratures above the Neel temperature of 118 K has not yet been finished. Contrast to the
negative sign of the effective quadrupole interaction at the 237Np nucleus in NpCoGas , the
sign of the effective quadrupole interaction at the 237Np nucleus in NpFeGas is positive.
The difference of the sign in the observed effective quadrupole interactions is due to the
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Figure 2 The 237Np Mossbauer
spectrum of NpFeGas at 10 K.
Velocityscale is calibrated by
using a laser interferometer.
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difference in the magnetic structures of NpCoGas and NpFeGas. From the neutron
diffraction study as mentioned in previous section, the direction of the Np atomic moments
in NpFeGas is perpendicular to the c-axis in spite of the parallel to the c-axis in NpCoGas.
Therefore, the sign of the observed quadrupole splitting depends on the angular factor
between the magnetic moment direction and the main component of the electric field
gradient. A detailed temperature dependence of the hyperfine interaction parameters of
NpFeGas and the 237Np Mossbauer measurements for NpNiGas which have not performed
yet are very important and necessary to understand the magnetic and electronic properties
of the neptunium 1-1-5 compounds.

4 Conclusion

237Np and the S7Fe Mossbauer measurements for NpFeGas that is one of the so-called
neptunium 1-1-5 compounds have been performed. The magnitude of the hyperfine
magnetic field at the s7Fe nucleus in this compound is determined to be 1.98 ± 0.05 T at
10 K. The hyperfine magnetic field at the 237Np nucleus at 10 K is 204 T in NpFeGas
and the hyperfine-coupling constant of 237Np nucleus in this compound is determined to be
236 T/IlB .
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Kun Uk Kang. Chul Sung Kim

Published online: 14 November 2006
© Springer Science + Business Media B.V. 2006

Abstract Lio.sFel.oRh1.504 has been studied by X-ray diffraction, Mossbauer spec­
troscopy. The crystal structure is characterized by the additional reflection (200)
that is described by 1:1 ordered structure of Li, Fe at tetrahedral (A) site and can
be assigned to the space group F43m. The lattice constant (ao) is 8.4348 A. The
temperature dependence of the magnetic hyperfine field is analyzed by the Neel
theory of ferrimagnetism. The inter-sublattice superexchange interaction is found
to be antiferromagnetic with a strength of JA- B = - 3.78 k-s while the intra-sublattice
superexchange interactions are ferromagnetic with strengths of JA - A =5.40 k B and
JB- B =7.39 k «. The Debye temperatures of the tetrahedral and octahedral sites are
determined to be 388 and 464 ± 3 K, respectively, and the Neel temperature has been
found to be 260 ± 3 K.

Key words Superexchange interaction- Mossbauer spectroscopy­
Debye temperature- Lithium ferrites

1 Introduction

Li iron spinel related to spinel structure AB204 has been reported by a number of
authors (1-3]. Its electric, crystallographic and magnetic properties have attracted
increasing attention because of its technical application in microwave devices . The
magnetic properties depend on their characteristic structure related to the ordering
mechanism. Lio.sFe2.s04 is known to two crystalline forms corresponding Fd3m
(disordered phase) and P4332 (ordered phase) [4]. Also , the various transition metal
doped (AI, Ti, etc.) lithium ferrites and lithium gallates have an isostructure of
the ordered lithium ferrite, too . The magnetic properties that the intra-sublattice
interactions are comparable to inter-sublattice interaction by cation ordering on the
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Figure 1 X-ray diffraction
pattern of Lio.5Fe1.0 Rh 1.50 4
at room temperature.

octa hedral sites have been reported [5]. Th e ordering distribution of the tetrahedral
site rarely reported in spinel oxides have revealed in thiospiels - CUo.5 Feo.5Cr2S4,
CUo.5Feo.5 Rh2S4, etc. Neutron diffraction showe d that the copper and iron ions order
onto two interlocking face-ce nte red cubic sublattices consisting of tet rahedral sites
[6]. In this work , the microscopic magnetic hyperfine structures and superexchange
interaction between each sub lattice of Lio.5Fe 1.0Rh1.504 with the cation ordering on
the tetrahedral site have been studied by Mossbauer spectroscopy.

2 Experiments

Lio.5Fe l.oRh1.504 sample was prepared by the following ceramic method. The start­
ing materials were Li2C03 (99.999%) , Fe203 (99.999%) , Rh20 3 (99.95%) , and 57Fe
enriched Fe203 (99.999%) . The powder of materials dried at 350°C for 2 h. Mixtures
of the correct proportions of the compounds were pre-sintered in air at 700°C for
12 h and heated at 950 °C for 24 h, and then rapidly quenched into water. In order
to obtain homogeneous material, it was necessary to grind the samples after the
first firing and press the powder into pellets before heating it for a seco nd time to
950°C for 24 h. The sample was 57Fe enriched to 3 at. % of the metal atoms for
Mossbauer measurements. X-ray diffraction patterns were obtained with Cu Ko
radiation. A Mossbauer spectrometer of the electromechanical type was used in
the constant-acceleration mode. External magnetic field was app lied parallel to the
direction of y-ray prop agation using a solenoid type superconductor cryostat. A 57CO
source in a rho dium matrix was used at room temp erature.

3 Re sults anddisscussion

The X-ray diffraction pattern of Lio.5Fel.oRh1.50 4 is shown in Figure 1 and has been
ana lyzed by the Rietveld refinement method. The X-ray pattern is characterized by
the additional reflection at (200) plane that is described by 1:1 ordered structure of Li,
Fe at tetrahed ral (A) site which indicate symmetry reduction to F43m. The ordering
splits the oxygen site into two positions noted in Table I: Fe1 ion connected only to
01 whilst Li ion is bonded to 02.

The bond angles reveal no significant distortion from ideal structure. The lattice
constant ao was 8.4348 A. Mossbauer spectra were taken at the vario us absorber
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Tab le I Structural parameters, bonding angles and bonding lengths for Lio.sFe l.oRhl.s04 at room
temperature (space group: F43m, lattice constant uo= 8.4347(6) A)

Atom Position x y z

Fel 4a 0 0 0
Li 4d 0.75 0.75 0.75
Fe2, Rh 16e 0.3762 0.3762 0.3762
01 16e 0.1350 0.1350 0.1350
02 16e 0.6161 0.6161 0.6161

Bond lengths (A) Fel-0l Li-02 Fe2-01 Fe2-02
1.972 1.956 2.039 2.026

Bond angles (degree) Fe2-01-Fe2 Fe2-02-Fe2 Fel-0l-Fe2
95.2 93.6 121.5

(d)
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Figure 2 The Mossbauer
spectra of samp le at various
temperatures: (s) 4.2 K, under
6 T, (b) 4.2 K, (c) 120 K, and
(d) 260 K.

Velocity ( mm /s )

temperatures from 4.2 K to room temperature. To investigate the spin structure,
the spectra were meas ured under 6 T external field parallel to the y-ray direction.
Figure 2 shows some of the spectra. The spectra at 4.2 K show that the iron ions
occupy both A and B sites and the second and the fifth absorption lines of the spectra
taken under 6 T external field at 4.2 K vanish. This vanishing effect explains that
the sample has the collinear ferrimagnetic spin structure. The isomer shift values at
room temperature are found to be the same value 0.25 mmls relative to the iron
meta l for both sites, which is consistent with Fe3+ [7] . Figure 3a shows the red uced
magnetic hyperfine field H(T)/H(O) for the tet rahedral site and octahedra l site as
a function of the reduced temperature r=T/TN, where the Neel temperature TN of
the sample is found to be 260 K. In order to get information on the superexchange
interactions from Figure 3a, the temperature dependence of the magnetic hyperfine
field was analyzed based on the Neel theory of ferrimagnetism about two sublattice
model. The detailed theoretical procedures are published in [8]. From the best fit
result between the experimental data and the theoretical values, the intersublattice
superexchange interaction was found to be antiferromagnetic with a strength of
JA - B = -3.78 k» , while the intrasublattice A-A interaction and B-B interaction
were found to be ferromagnetic with a strength of JA- A = 5.40 k« and ]B- B =
7.39 k e , respectively . k B is the Boltzmann constant. Considering that the strength
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Figure 3 a Red uced magnetic hyperfine fields H(T)IH(O) for tetrahedral site and octahedral site
as a function of reduced temperature t, b National logarithm of the resonant absorption area as a
function of T2 for samples at tetrahedral sites and octahedral sites.

of the intersublattice interaction is usually larger than that of the intrasublattice
interaction, it is noteworthy that the ferromagnetic intrasublattice interactions are
stronger than the antiferromagnetic intersublattice interaction. Figure 3b shows the
temperature dependence of the resonant absorption area. The absorption area as a
function of temperature is analyzed by using the recoil free fraction developed by
the Debye model [9, 10]. The Debye temperatures calculated for the tetrahedral and
the octahedral site are found to be 388 and 464 K, respectively. This suggests a larger
inter-atomic binding force for the B site than for A site with the ordered cations.
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Abstract Amorphous (a-) Fe .Mgu., alloys are interesting materials for the inves­
tigation of non-Debye-like low-energy vibrational excitations. We have prepared
a-Fe. Mg,., alloy thin films (0.3 ::: x :::0.7) by vapour quenching. The amorphous
state was confirmed by conversion electron Mossbauer spectroscopy between 4.2­
300 K, and the x- and temperature-dependence of the isomer shift and hyperfine
magnetic field was measured. For x= 0.6 and 0.7, magnetic ordering occurs below
~1 50 K. The atomic vibrational density of states, g(E), was determined by nuclear
resonant inelastic scattering, providing clear evidence for the non-D ebye-Iike low­
energy vibrational excitations.

Key words conversion electron Mossbauer spectroscopy -nuclear resonant
inelastic X-ray scattering . Fe-Mg amorphous alloys -magnetic propert ies­
atomic vibrational dynamics

1 Introduction

The atomic vibrational dynamics of amorphous and disordered systems is a subject
of continuing interest because of their anomalous behavior in the low energy
part of the vibrational density of states (VDOS) [1, 2]. In particular, the phenomenon
of the so called 'boson peak' in the reduced VDOS , g(E)/E2, which appears as an
excess contribution to the VDOS in comparison with the usual Debye law (g(E)/E2 =
constant) of the crystalline materials, is a topical subject [3]. The microscopic origin
of the boson peak is still a matter of debate [3-8]. After the pioneering work of
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three different groups [9-11] nuclear resonant inelastic X-ray scattering (NRIXS)
has emerged as a unique method to explore the atomic vibrational properties of
condensed matter, see, e.g., ref. [12-20]. The frequency (or energy) distribution
of atomic vibrations, geE), for the vibrating resonant isotope in the crystalline or
amorphous state, can be directly measured by NRIXS. The VDOS is a fundamental
quantity from which important thermodynamic properties may be deduced [12-20].
Because only small quantities of materials are needed, NRIXS is suitable for the
study of lattice dynamics in thin films, at interfaces and in multilayers [21-31].

After a comprehensive investigation of the amorphous (a-) Fe.Tb. ,., thin film
system [28], here we report on the magnetic and vibrational properties of a-Fe.Mgj .,,
alloy thin films. We expect that the difference in atomic mass, atomic radius and
electron affinity modifies the amplitude (height) and energy of the boson peak .
Besides X-ray and other diffraction techniques, Mossbauer spectroscopy is an ex­
cellent method for the qualitative characterization of the amorphous state via the
hyperfine parameters. In particular, we report on the electric and magnetic hyperfine
properties of amorphous (a-) FexMgl _x alloy thin films studied by conversion elec­
tron Mossbauer spectroscopy (CEMS) over a wide concentration and temperature
range. Preliminary magnetoresistance results are also presented. Our NRIXS results
provide the compositional dependence of geE) and g(E)/E2

, and prove the existence
of a composition-dependent boson peak in these amorphous thin films.

2 Experimental

Amorphous 800- Athick a-57FexMgt_x alloy thin films with nominal composition in
the range 0.3 ::: x ::: 0.7 have been prepared in ultrahigh vacuum (UHV) by thermal
evaporation of metallic 57Fe (95% isotopic enrichment) and Mg onto oxidized
Si(OOl) substrates held at -140°C. The details of the preparation and characteri­
zation via X-ray diffraction of the a-Fe-Mg alloy films are described elsewhere [32].
The CEM spectra were measured at different temperatures in a bath cryostat by
using a channeltron detector with the film surface perpendicular to the incident
14.4 keY y-ray of the 57CO source (Rh-matrix). For the least-squares fitting of the
CEM spectra, the computer program NORMOS by R. A. Brand [33], was used.
The magnetoresistance measurement was performed in a split-coil superconducting
magnet cryostat with the magnetic field perpendicular to the film plane by using
a standard four-point probe method. The NRIXS experiments were performed at
room temperature (RT) at the undulator beamline 3-10 of the Advanced Photon
Source in Argonne (USA), with an energy bandwidth (FWHM) of 1 meV for
the 14.4125 keY X-ray beam [32]. Details of the NRIXS technique and the data
evaluation procedure are described elsewhere [9-16,34].

3 Results and discussion

3.1 Magnetism

The CEM spectra of a-FeO.7MgO.3 measured at different temperatures are shown in
Figure la. The 4.2 K spectrum indicates complete magnetic ordering with a wide
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Figure 1 CE M spectra of a-FexMgl-x alloy thin films measured at different temperatures: (a) x= 0.7,
(b) x= 0.6, (c) X= 0.5, (d) x= 0.4, (e) X= 0.3. The spectra were fitted by a hyper fine field distribution
P(BiI! ) at low temperatures, by a distribution of quadrupole splittings P(QS) at high temper atures,
and with a distribution P(QS) combined with a broad single line at 100 and 120K .Th e corresponding
distr ibuti ons are shown at the right-hand side of each spectrum.
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Figure 2 (a) Isomer shift (= center line shif t ) 8 measured at RT and 4.2 K, and (b) average hyper fine
field BiI! at 4.2 K, of a-FexMgl - x alloy thin films versus Fe content x. (c) T-depend ence of average
hyperfine field BiI! for a-FeO.7MgO.3 (circles) and a-FeO.6Mgo.4 (asterisks) . (The drawn lines are guides
for the eye) .

distribu tion of magnetic hyperfine fields, P(B ilf ), typical for amorphous materials.
With increasing measurement temperature the average magnetic hyperfine field Bh!
is found to decrease and to collapse below "-'160 K. At and above "-'160 K we
observe electric quadrupole-split doublets with a wide distribution of quadrupole
splittings, P(QS), typical for amorphous alloys. The T-dependence of the spectra of
a-FeO.6MgoA (Figure lb) is similar to that of a-FeO.7MgO.3. The CEM spectra at two
different temperatures (RT and 4.2 K , respectively,) for a-FeO.5 Mgo5' a-FeoAMgo.6
and a-FeO.3MgO.7 are shown in Figure s lc, d and e, respectively. All samples are
found to be magnetically ordered at 4.2 K and paramagnetic at RT. The fitting of
all the spectra measured at 4.2 K results in a line intensity ratio R23 of "-'2.0 (R23=
intensity ratio of the 2nd (or 5th) and 3rd (or 4th ) Mossbauer line), which suggests
that the Fe spins are not oriented in the film plane , but rath er randomly oriented,
indicating a spin-glass type of magnetic ordering. The average isomer shift (= center
shift, relative to the 57 Co (Rh-matrix)-source) at RT and 4.2 K(Figure 2a) decre ases
with increasing Fe-content x, indicat ing an increase of s-electro n density at the 57Fe
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Figure 4 (a) Partial vibrational density of states, g(E) , at RT of 800-A thick a-Fe.Mgr , , alloy
thin films. (En ergy resolution ~E= 1.0 meV) . The VDOS for bulk bee-Fe is also shown. For clarity,
g(E) of a-Feo.7Mgo3 was displaced upwards by 200 /at.vol./eV, and neighboring a-Fe.Mg. .., curves
were vertically displaced by 100 /at.vol./eV. (b) Reduced partial VDOS, g(E) /E2, for different
compositions x and for bulk bee-Fe. Data below the instrumental resolution (1 meV, the vertical
dotted line) are physically irrelevant. Insert: The boson peak height Hb p (asterisks) and boson peak
energy E bp (filled circles) versus Fe content x. The straight lines are least-squares fits to the data
points.

nucleus with x. The average magnetic hyperfine field Bhf at 4.2 K is found to increase
with rising Fe content(Figure 2b). From the T-dependence of Bhf (Figure 2c) a
magnetic ordering temperature of 150-160 K may be estimated for X= 0.6 and 0.7.
The Mossbauer spectral parameters are similar to those observed earlier by van der
Kraan and Buschow [35].

The magnetoresistance (Figure 3) is observed to be small and increases with rising
external field. This suggests that the in-plane anisotropy is not very strong and that
the material perhaps has spin-glass type ordering with Fe spins following weakly the
external field.
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3.2 Vibrational dynamics
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The VDOS (Figure 4a) of a-57FexMgl_x alloy thin films were obtained from the
excitation probability measured by NRIXS [32]. The low-energy modes in g(E)
below ~10 meV in Figure 4a are of particular interest because of the boson peak
phenomenon. In Figure 4b we have plotted the reduced VDOS, g(E)/E2, versus E. In
this representation strict Debye-like behavior is reflected by a horizontal line which
intersects the g(E)/E2 axis at a value that is proportional to C;3 (cs=average sound
velocity) as in case of bulk bcc-Fe in Figure 4b. For decreasing E, a striking and
unambiguous rise in g(E)/E2 below ~1O meV and a peak at ~3-5 meV, identified as
the boson peak, is observed for all the amorphous alloy films. Its peak height Hbp is
found to increase with decreasing Fe content x. By contrast, Debye-like behavior
in bulk bcc-Fe is observed in g(E)/E2 below ~15 meV, where g(E)/E2 remains
constant at ~O. 15 (at.vol)-I (eV)-1 (meV)"? [25]. The boson peak height, Hbp , and
the boson peak position, Ebp , are found to depend linearly on the Fe content x
(Figure 4b, insert). (H bp was measured from g(E)/E2=Oin Figure 4b). Apparently,
the anomalous low-energy excitations in these amorphous Fe-alloys are related to
vibrational modes induced by the non-ferrous atoms. Similar behavior was observed
earlier for a-Fe,Tb. ,., alloy films [28].
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Abstract Ga doped sulphur spinel FeGaxCr2-xS4 (x = 0.1 and 0.3) have been studied with
X-ray, neutron diffraction, and Mossbauer spectroscopy. Rietveld refinement of X-ray,
neutron diffraction , and Mossbauer spectroscopy lead to the conclu sion that the samples are
in inverse spinel type, where most Ga ions are present at octahedral site (8). The neutron
diffractions on FeGaxCr2-xS4 (x = 0.1) above 10K show long range interaction behaviors
and reveal a ferrimagnetic ordering, with the magneti c moment of Fe2+(- 3.45 ~B) aligned
antiparallel to 0 .3+ (+2.89 ~B) at 10 K. Fe ions migrate from the tetrahedral (A) site to the
octahedral (8) site with an increase in Ga substitutions. The electric quadrupole splittings
of the A and 8 sites in Mossbauer spectra give direct evidence that Ga ions stimulate an
asymmetric charge distribut ion of Fe ions in the A site.

Key words neutron diffraction -magnetic structure ' charge structure ' cation distribution ·
Mossbauer spectroscopy

1 Introduction

Since the discovery of the colossal magnetoresistance (CMR) effect perovskite mangan ite,
investigating these ferromagnet ic compounds has been of great interest. There are many
interesting results on Cr-based chalcogenide materials . Ramirez et al. reported the existenc e
of CMR effect in Cr-based chalcogenide spinel such as FeCr2S4 [I]. Tsurkan et al. reported
a spin-glass-like anomaly from a structural lattice transformation [2]. Fichtl et al. reported
orbital freezing and orbital glass state in FeCr2S4, while Ogasawara et al. reported the spin­
orbit coupling in a dominant interaction for this material [3, 4]. Authors published on
anomalous magnetic behaviors of ferrimagnetic properties on Ga-doped sulphur spinel by
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Figure I Refined X-ray
diffraction pattern of the
FeGa,Crz- xS4 (a) x = 0.1,
(b) x = 0.3 at 295 K.
Tick marks show the Bragg
positions.
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Table I Results of refinement parameters of X-ray diffraction on FeGaxCrz- xS4 (x =0.1 and 0.3) [Fd3m: Fe,
Ga (8a); Fe, Ga, Cr (16d); S(32e (u, u, u)) ]

x = 0.1 x = 0.3

alA 10.0067(3) 9.9962(3)

u (S) 0.7401(3) 0.7409(3)

Fe (A)-oee 0.98 0.90
Ga (A)-oee 0.02 0.10

Fe (B)-oee 0.02 0.10

Ga (B)-oee 0.08 0.20

RB 2.66% 7.39%

magnetoresistance studies [5]. Recently, Hemberger et al. published on multiferroic
properties, on which magnetic and electric order coexist, in CdCr2S4 [6]. Here, we present
the results of X-ray, neutron diffraction Mossbauer experiments on Ga doped sulphur spinel
compounds.
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Figure 2 Neutron diffraction
patterns ofFeG~J.ICr1.9 S4 at
various temperatures . Upper and
lower tick marks show the Bragg
and magnetic reflection positions. -en
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2 Experiments

28 (degrees)

FeGaxCrz-x84 (x = 0.1 and 0.3) were prepared by the direct reaction of the fol1owing high­
purity elements Fe, Cr, Ga and 8 in an evacuated quartz tube . The crystal structures of the
samples were examined by X-ray diffractometer with Cu KlX radiation. The magnetic
structures of the samples were examined with a neutron diffractometer at the Korea Atomic
Energy Research Institute HANARO HRPD (high resolution powder diffractometer,
>. = 1.8348 A) reactor. The Mossbauer spectra were recorded using a conventional spec­
trometer with a 57Co source in a rhod ium matrix .

3 Results and discussion

Figure I(a) and (b) show the results of Rietveld refinement of the X-ray diffraction for the
FeGao.JCr1.9 84 (x = 0.1) and FeGao.3Crl.7 84 (x = 0.3), at 295 K, respectively. We could not
find any different positions of peaks other than cubic spinel in Figure I (a) and (b).

Crystal structu re is determined to be Fd3m. The determined lattice constants Qo, oxygen
parameter u, cation occupancy, and Bragg factor RB are listed in Table I. The Cr ions enter
the B site with strong preference of the octahedral symmetry. It is noticeable that Ga ions

~ Springer



1194 S.J. Kim, B.S. Son, et al.

Table II Results of refinement parameters of neutron diffraction on FeCrI.9Gao.IS4

T (K)

10
80
120
180
300

Fe (J.!n)

- 3.45
-3.86
- 3.58
-2.28
o

Cr (J.!n)

2.87
3.12
2.86
1.62
o

Net (J.!n)

2.04

2.07
1.86
0.79
o

Figure 3 Mossbauer spectra 0
of FeGaxCr2 - xS4 (a) x = 0.0, ~r (a) x=O.O(b) x = 0.1, and (c) x = 0.3 at 295
K. 4 -
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enter both sites, the same amounts of Fe ions simultaneously migrate from the A to the B
site.

In order to examine crystallographic and magnetic structure in FeGao.'Cr1.9 S4 (x = 0.1),
we obtained neutron diffraction patterns from 10 to 300 K. Magnetic structure is de­
termined by Rietveld refinement of the Fullprof program. Figure 2 shows the results of
refined neutron diffraction patterns for FeGao.,Cr1.9 S4, at various temperatures. Below
300 K, a significant increase in the intensity of the inner Bragg reflections - (Ill), (220),
(222), and (331) - was observed when temperature was lowered, which indicates strong
magnetic contribution to these reflections. As shown in Figure 2, the diffraction peaks
happened to remain very sharp, which shows the presence of magnetic long-range order
(LRO) in this sample. The observed magnetic moments of Fe2\A) and Cr3+(B) as well as
net magnetic moments of FeGao.,Crl.9 S4 are listed in Table II. Neutron diffraction at 10 K
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revealed a cubic spinel structure of ferrimagnetic ordering, with magnetic moments of
Fe2+(A) (-3.45 IlB), Cr3+(B) (2.89 IlB), and net moment (2.04 IlB), respectively.

The Mossbauer spectra were collected from 12 to 295 K. Figure 3(a),(b) and (c) show
the Mossbauer spectra for the sample x = 0.0, 0.1, and 0.3, respectively, at room
temperature. FeCr2S4 (x = 0.0) has a single line at room temperature, while both spectra on
Figure 3(b) and (c) consist of two doublets at room temperature. The first one corresponds
to the iron ions at the A sites (inner doublet), the other corresponds to the iron ions at the B
sites (outer doublet). The electric quadrupole splitting of the outer and inner sets are 0.30
and 2.93 mm/s, for the sample x = 0.1, respectively. While, they are 0.83 and 2.94 mm/s,
for the sample x = 0.3, respectively. The isomer shifts and area ratio of the A and B sites,
for the x = 0.1, are 0.53 and 0.66 mm/s, 98.0 and 2.0%, respectively. While, those of the
sample x = 0.3 are 0.50 and 0.65 mm/s, 89.7 and 10.3%, respectively.

The Mossbauer absorption area ratio is in agreement with the results of the X-ray
diffraction refinement, too. The covalence of the A site is lager than that of the B site in
spinel structure. Therefore the isomer shift of the A site is smaller than that of the B site. In
addition, the crystal symmetry of the octahedral site is slightly tilted. So, a large quadrupole
splitting in B sites can be identified. Due to the fact that FeCr2S4 has a single line at room
temperature, it is unusual that it has large quadrupole splitting [7]. We notice that the
quadrupole splitting of the A site significantly increases when the number of non-magnetic
Ga ions increase, compared to that of the B site. These results are in agreement with
enhancement of electric quadrupole interaction. Finally, it shows severely distorted
asymmetric Mossbauer absorption lines. It gives direct evidence that Ga ions stimulate
asymmetric charge distribution of Fe ions of the A site in FeGaxCr2-xS4 (x = 0.1 and 0.3).

4 Conclusion

FeGaxCr2-xS4 (x = 0.1 and 0.3) have been studied with X-ray, neutron difraction and
Mossbauer spectroscopy. The neutron diffractions on FeGaxCr2-xS4 (x = 0.1) above 10 K
show an antiferromagnetic ordering, with the magnetic moment of Fe2+(-3.45 IlB) aligned
antiparallely to Cr3+ (+2.89 IlB) at 10 K. The electric quadrupole splittings of the A and B
sites in Mossbauer spectra give direct evidence that Ga ions stimulate asymmetric charge
distribution of Fe ions in the A site.
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Abstract We present 57Fe Mossb auer spectroscopy experiments on the cyclic spin ­
cluster Fe6(tea)6(CH30H)6 (tea = triethanolaminato(-3)). In former studies, the
spin cluster has been treated as a homogenous, quasi-one-dimensional spin S = 5/2
Heisenb erg antiferromagnet. Our experiments reveal spectra, which consists of two
differ ent quadrupolar doublets. In consequ ence, there are two differ ent Fe sites
among the hexanucl ear iron spin-cluster.

Keywords 57Fe Mossbau er spectroscopy- cyclic spin-cluster . quadrupolar doublets

PACS 33.45.+x · 75.50.xx

1 Introduction

Antiferromagnetically coupled cyclic clusters, viz., spin carr ying ions on ring-like
structures, are a class of molecule based magnets. By now, in inorganic chemistry it is
possible to synthesize almost perfect cyclic clusters cont ainin g 6, 8, 10, 12 or even 18
metal ions. Because of only intra-molecular antiferromagnetic coupling of the spins ,
this class is neither a represent ative of para- nor bulk magnetism. Efforts to tune the
magnetism in these compounds by changing the ligands or bringing in an alkali metal
in the middle of the ring [1] lie at the base of the wide scientific field of these "ferr ic
wheels."
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Figure 1 Structure of the
hexanuclear iron spin-cluster
Fe6(teak The intra-molecular
exchange is antiferromagnetic.

J. Kreitlow, J. Litterst, et al.

Fe6(tea)6 is one such ferric wheel, with a structure as shown in Figure 1. The intra­
molecular exchange coupling between the Fe spins has previously been determined
by measurements of the magnetic susceptibility X(T) [1]. For a polycrystalline
sample X(T) has been interpreted in terms of a quasi-one-dimensional spin S = 5/2
Heisenberg antiferromagnet, with an exchange interaction of J/ ke = -31.5 K [2].

Further, a pronounced anisotropy of X(T) has been attributed to a zero field split­
ting of the Felli . As yet, however, neither the ionic state of the iron has un­
ambiguously been determined, nor have (magneto)elastic effects been considered.
Therefore, in order to address these open issues we have carried out a detailed
Mossbauer spectroscopy study. From our data we observe no long range order in
this temperature range. However, we find that the spectra contain two different
quadrupole split pairs of lines.

2 Experimental results

57Fe Mossbauer spectroscopy experiments have been performed in a standard low­
temperature Mossbauer set-up at temperatures ranging from 5 to 300 K (source:
57Co-in-Rh matrix at room temperature; half width half maximum: 0.12(1) mm/s).

First attempts to interpret the output of our readings by means of only one
quadrupole splitting were discarded , as they resulted in insufficient X2• Especially the
asymmetry of the 300 K spectrum of our powder sample is an argument for our
assumption of two splittings. The spectra have been evaluated using the Mossbauer
fitting program Recoil [3] in the thin absorber approximation. The measured data
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were modelled as Lorentzian lines in the presence of an electric field gradient (see
Figure 2). We obtain fit results for the center shifts (relative to the 57Co-in-Rh source
(CS1,2», the quadrupole splittings (QSl,2) and the linewidths (half width at half
maximum (HWHM 1,2» as shown in Table I. The size of the center shifts and the
quadrupole splittings is typical for Fe"! [4]. The two sub spectra imply that for
the six iron ions locally there are two different electronical environments in the
molecule. Both iron sites show a weak temperature dependence regarding CS, QS
and HWHM. At 5 K the values of the quadrupole splittings and the linewidths are
nearly the same. In other words, the sub spectra differ only in the center shifts.

The data for 250 K seem to behave somewhat exceptionally, since the highest
values of the linewidths and an unexpected decrease of the center shift for one of the
sub spectra are observed. At this point of the investigation there is not yet a ready
explanation at hand for this behavior.
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Table I Fit results for the Mossbauer spectra in Figure 2 and additional measurements

T(K) CS1,2(mm/s) QS1,2(mm/s) HWHM I, 2(mmls; X2

300 0.222 0.354 0.171 1.17
0.273 0.467 0.194

250 0.186 0.396 0.216 1.29

0.364 0.432 0.216

100 0.282 0.375 0.179 1.12
0.419 0.402 0.175

20 0.319 0.367 0.162 1.15
0.398 0.358 0.151

7 0.319 0.356 0.178 1.01

0.396 0.370 0.166

5 0.314 0.354 0.164 1.16
0.402 0.349 0.165

The va lues for the center shift (CS) are re lative to the 57Co-in-Rh source.

3 Conclusion

From our present data we conclude that Fe6(tea)6 is not a homogeneous cyclic spin­
cluster, but that on the ring there is additional structure . For the near future, very
detailed structural investigations are planned, in order to directly detect local struc­
tural deviations from a homogeneously coupled Fe ring and to study its relevance for
the magnetic properties of the material.
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Abstract The family of half-Heusler compounds offers a variety of half-metallic
ferromagnetic materials . We have applied the Mossbauer spectroscopy to study the atomic
order, local surroundings and hyperfine fields to several half-Heusler compounds. 121Sb
Mossbauer study of the compound CoMnSb revealed the presence of two nonequivalent
antimony positions in the elementary cell and enabled to identify the structure . 11 9mSn,
155Gd and 197Au Mossbauer spectroscopic studies were used to characterize the properties
of ferromagnetic granular material based on the half-Heusler ferromagnet MnAuSn in the
antiferromagnetic GdAuSn matrix .

Key words half-Heusler compounds -half-metallic ferromagnets . granular ferromagnets

1 Introduction

The family of half-Heusler compounds offers a variety of half-metallic ferromagnetic
materials . Half-Heusler phases XYZ (X and Yare different transition metals, Z denotes a sp
element) can be formally deduced from the Heusler phases X2YZ by removing one of two X
atoms , leaving structural voids [1]. The increase of the distance between X neighbours leads
to a weaker overlap between 3d wave functions, enhanced magnetic moments and to the
presence of gaps in the density of states [2]. These peculiarities give rise to a large variety
of electronic and magnet ic properties of half-Heusler compounds starting from nonmag­
netic semiconductors (CoTiSb) to ferromagnetic half-metals (NiMnSb) with a complete
spin polarization of electrons at the Fermi level. The half-Heusler-type structure easily
allows for structural disorder, either by the occurrence of vacancies, interchange of atoms
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(X and Y) or partial addition of atoms to the structural voids. This feature complicates the
structural analysis of half-Heusler compounds. Due to the close electronic density ofX and
Y transition elements, in many cases X-ray powder diffraction is not informative to the
disorder. Using the fact that hyperfine fields are very sensitive to the disorder, Mossbauer
characterization could be very useful for the structural characterization of half-Heusler
compounds. Unique possibility appears when two or all constituent atoms of the half­
Heusler probe are the Mossbauer probes. Recently, several groups have shown that certain
granular ferromagnets exhibit giant magnetoresistances [3]. Such granular ferromagnets are
produced by cosputtering or comelting two materials which are immiscible, and of which
one is ferromagnetic . The properties of resulting materials can be essentially different from
those of the pure single phases . We applied the Mossbauer spectroscopy to characterize the
novel granular material, which is based on the half-Heusler ferromagnet MnAuSn and
antiferromagnetic GdAuSn .

2 Experimental

The half-Heusler compounds CoMnSb, NiMnSb and CoTiSb have been synthesized by arc­
melting of proper amounts of the constituents under purified argon atmosphere [4, 5]. The
same preparation procedure has been used to produce the polycrystalline samples of
GdAuSn, MnAuSn and the granular material consisting of their mixture. Magnetic
characterization of the samples was performed using a Quantum Design MPMS-XL
SQUID-magnetometer equipped with a high-temperature furnace. Structural informa­
tion was obtained by powder diffraction in transmission mode using a Broker D5000
diffractometer.

121Sb Mossbauer measurements were done in a standard transmission geometry using a
121mSn (CaSn03) source. Both source and absorber were immersed in liquid helium in
order to increase the recoil-free fraction. The spectra were analyzed with the program EFFI
using the transmission integral [6]. As a constraint, the recoil-free fraction of the source was
kept to 0.6. 119mSn Mossbauer measurements were carried out at 80 K in a transmission
geometry using a 119mSn (CaSn03) source. The 155Gd Mossbauer spectra were measured
with a 155Eu / 154SrnPd3 source. The 197Au Mossbauer measurements were done with a
197pt / Pt source, produced by neutron irradiation of Pt foil. During the measurements both
of the source and sample were kept at 12 K in a cryostat equipped with a closed cycle
refrigerator. The 155Gd and 197Au Mossbauer spectra were computer-fitted using a
MossWin software [7].

3 Results and discussion

De Groot et al. have shown that the half-Heusler compound NiMnSb has a gap at the Fermi
energy in the minority band [2]. The half-Heusler ferromagnetic compound CoMnSb like
NiMnSb is often referred to the category of half-metallic ferromagnets [8]. The compounds
NiMnSb and CoTiSb crystallize in the Cl , structure, space group F43m [9]. According to
our X-ray study, the structure of CoMnSb belongs to the space group Fm3m. In contrast to
NiMnSb, the crystal lattice of CoMnSb contains two antimony positions Sb I and Sb2 at
ratio I to 3. The position SbI is surrounded by six Mn and four Co atoms and possesses a
central symmetry similar to the Sb position in NiMnSb with Mn and Ni atoms in the first
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Figure] Mossbauer spectra of
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recorded at T = 4.2 K.

coordination sphere. The majority of antimony atoms (Sb2) in CoMnSb has a fourfold local
symmetry axis. The first coordination sphere of Sb2 comprises four Co atoms and six Mn
atoms.

To clarify the number of different antimony positions in CoMnSb, we applied 121 Sb
Mossbauer spectroscopy. Simultaneously, for comparison reasons, CoTiSb and NiMnSb
were studied, too. Mossbauer spectra ofCoTiSb (1), NiMnSb (2) and CoMnSb (3) recorded
at T = 4.2 K are shown in the Figure 1. The measurement of (1) reveals a paramahnetic
spectrum with isomer shift <5(1) = -6.34(2) mms" and line width I'(I) = 3.62(2) mms'"
(herewith the IS values are quoted relative to Cal21 mSn03 at 4.2 K). The Mossbauer
spectrum of (2) consists of one sextet with <5(2) = - 6.84(3) mms-1, line width ['(2) =

2.88(2) mms- 1 and hyperfine magnetic field Hht<2) = 25.0(5) T.
The Mossbauer spectrum of (3) reveals a magnetic hyperfine structure, which can be

decomposed into two sextets A and 8 with partial intensities 27(1)% and 73(1)%, isomer
shifts <5(3A) = -7.74(2) mms'" and <5(38) = -7.58(3) mms" , line widths f(3A) = 3.1
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Figure 2 197Au and 155Gd

Mossbauer spectra of GdAuSn.
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(2) mms- I and f(3B) = 5.6(5) mms- I , respectively. Site A with Hht<:3A) = 26.9(3) T with
zero value of quadrupole coupling corresponds to the regular coordinated position of an­
timony. Site with Hh t<:3B) = 16.3(5) T corresponds to the distorted local surrounding of the
position B with a quadrupole splitting ~EQ(3B) = - 2.54(5) mms'". The finding of two
positions in the Mossbauer spectrum confirms the existence of two crystallographic sites of
antimony following from the structural analysis. Taking into account the partial intensities
of the subspectra, we attribute sites A and B to SbI and Sb2 positions, respectively.

Calculations of the hyperfine magnetic field at antimony sites in NiMnSb based on the
APL + 10 method [10] yield the value of 26.3 T, which is in good agreement with the
experimentally measured one Hht<:2) = 25.0(5) T. In contrast, the calculation of the ordered
structure fails to explain the hyperfine parameters in CoMnSb. The experimentally
determined sign of the quadrupole splitting for the Sb2 position in CoMnSb is opposite
to the expected one obtained from band structure calculations. Since the sign of the
quadrupole moment for 121Sb is negative [I I], the experimentally found negative
quadrupole splitting for Sb2 indicates the positive sign of the principal component of the
electric field gradient in contradiction to the negative calculated value Vxx =

- 8.37807' 1021 V/m2. A possible explanation of this fact is partial disorder in Co and Mn
positions. The disorder should strongly affect the local values of the hyperfine fields at
antimony nuclei. The APW+lo calculations give the values of hyperfine fields Hht(Sb1) ~
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23.1 T and Hht<Sb2) := 39.1 T for the ordered structure . The partial substitution of magnetic
Mn by nonmagnetic Co atoms decrease the value of the hyperfine magnetic field induced at
Sb atoms. This argument can clarify, why the measured value Hhl(SbI) = 26.9(3) T exceeds
the hyperfine field Hhf(Sb2) = 16.3(5) T. One can suppose , that in addition to reported
Mossbauer measurements a neutron diffraction study should elucidate details of disorder in
CoMnSb .

Studies of the novel granular material based on half-Heu sler ferromagnet MnAuSn with
Tc = 570 K and antiferromagnetic GdAuSn with TN = 26 K were carried out using the
11 9mSn, 155Gd and 197Au Mossbauer spectroscopy. GdAuSn crystallizes in the hexagonal

LiGaGe structure (P63mc) [12], whereas MnAuSn crystallizes in the cubic half-Heusler
AILiSi structure (F43m). The difference of the atomic radii of Mn and Gd hinders an
appearance of the solid solution between two compounds. From other hand, this
circumstance favours the creation of the ferromagnetic granular MnAuSn material in the
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antiferromagnetic GdAuSn matrix. One need to notice that X-ray powder diffraction studies
failed to detect the disorder effects in basic constituent and to provide the phase analysis of
the granular system.

155Gd and 197Au Mossbauer spectra measured at T = 12 K are shown in Figure 2. The
77.34 keY 197Au resonance at J = 2.92(1) mms" shows the hyperfine magnetic field of 12
(1) T, presumably as a result of conduction electron polarization in antiferromagnetically
ordered state. The 155Gd spectrum with parameters J = 2.92(1) mms" and Hhf = 1.98(5) T
reveals the unique Gd site in the crystal lattice. This finding confirms the magnetic and
structural homogeneity of the sample under study in contrast with results of the publication
[13], where the magnetic nonhomogeneity of GdAuSn was observed.

Figure 3 shows 119mSn Mossbauer spectra measured at 80 K for GdAuSn, MnAuSn and
granular compound containing 95 and 5% of basic components, respectively. The
paramagnetic spectrum of GdAuSn reveals the only Sn site with following parameters :
J = 1.919(4) mms", T= 0.51(1) mms" and ~EQ = 0.62(1) mms"", This finding confirms
the homogeneity of the sample in comparison with one studied in [13]. From the fit of
119mSn spectrum of cubic half-Heusler compound MnAuSn the following parameters were
extracted : J = 2.696(3) mms", T = 0.55(1) mms" and Hhf = 0.380(1) T. The Mossbauer
spectrum of the granular compound is well represented by two subspectral components
with parameters, corresponding to GdAuSn and MnAuSn. The remarkable fact that the
partial intensity of MnAuSn subspectrum of 20% essentially exceeds the nominal amount
of this phase of 5% one can explain by the difference off Debye-Waller factors of both
compounds.
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acknowledge the financial help from the Matcrialwissenschaftliches Forschungszentrum der Universitiit
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Abstract We present the results of an extensive Mossbauer study of the magnetic and
martensitic transformation at room temperature of a polycrystalline alloy with a
NissFel9Ga26 nominal composition. From calorimetric measurements, we have determined
the martensitic transformation temperature of TM = 240 K, in good agreement with the one
obtained by magnetic characterization. This sample has a Curie temperature of Tc = 287 K.
Additional Curie temperatures, belonging to a y phase , have been also detected . Mossbauer
spectroscopy performed at different temperatures monitored all these transformations and
the fitting of the obtained spectrum at the highest temperature allow us to give percentages
of the different phases in the sample.

Key words ferromagnetic shape memory alloys -martensitic transformation­
Mossbauerspectroscopy

1 Introduction

Fe-based Ferromagnetic Shape Memory Alloys (FSMAs) have attractive mechanical
properties as compared with the classical Ni-Mn-Ga ones . Their enhanced ductility opens
new ways for technical applications such as new magnetic sensors or actuators .
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The Ni-Fe-Ga Heusler alloys [I] are particularly promising FSMAs but so far, they
have been little studied compared to those containing Mn.

Mossbauer spectroscopy is a useful tool to provide information about microscopic
aspects of the martensitic transformation in these Fe-based alloys [2-4]. In this work, we
present the results of an extensive Mossbauer study of the magnetic and martensitic
transformation at room temperature of a polycrystalline alloy with a NissFel9Ga26 nominal
composition.

2 Experimental methods

The alloy with a NissFel9Ga26 nominal composition was prepared by arc melting and
suction casting from pure elements. Samples were polycrystalline and their average
composition, as determined by EDX, matched the nominal one within 0.2 %at. Previous
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Table I Fitted average hyperfine field (BH F) , average isomer shift (IS), and relative area of low BH F for
Ni55Fe19Ga26 sample at different temperatures

T(K) IS(mm/s) Bm-(mm/s) ReI. area(%)

150 0.13 ± 0.02 16.7 ± 0.2 8 ± 1

200 0.10 ± 0.01 14.0 ± 0.2 20 ± 1

225 0.046 ± 0.004 12.5 ± 0.1 28 ± 1

260 0.022 ± 0.004 9.9 ± 0.4 44 ± I

350 0.083 ± 0.003 5.6 ± 0.6 74 ± I

calorimetric measurements showed a martensitic transformation temperature Ms 240 K.
Magnetic measurements performed by a SQUID magnetometer at temperatures ranging
from 150 to 350 K and by AC methods up to 450 K, showed a Curie temperature Te = 287 K
and TM in agreement with DSC results . In addition, two higher Curie temperatures T'e = 360
K, T"e =420 K are revealed by the magnetic measurements, which indicates the coexistence
of (at least) two additional ferromagnetic phases in the alloys. These are likely to be y
phases that do not show martensitic transformation. 57Fe Mossbauer spectroscopy
measurements were carried out in the 150 to 350 K temperature range, in transmission
geometry using a conventional spectrometer with a 57Co-Rh source. Fittings with the
obtained spectra were performed with NORMOS program developed by Brand et al. [5].

3 Results and discussion

Figure 1 shows Mi:issbauer spectra, recorded when warming the sample, below and above
the martensite temperature transformation. The spectrum recorded at 150 K shows a six-line
contribution arising from the ferromagnetic ordered martensitic phase, plus a certain
contribution coming from the y phases. At 350 K, the spectrum shows a typical single peak
of the austenite phase in its paramagnetic state, plus a background contribution which still
indicates the presence of some magnetically ordered phase(s). A continuous evolution
occurs between these two temperatures. The spectra are fitted with a distribution of
magnetic hyperfine fields, P(BHF) . From these fits, the existence of a paramagnetic phase
corresponding to the L2, austenite phase, detected by other techniques like neutrons [6], is
clearly evidenced (see Figure 1, right) . Moreover, the amount of this phase in the sample
continuously increases when temperature increases, monitoring so the transformation. The
measured change ranges from 8% at 150 K to 74% at 350 K. On the other hand, at
temperatures below 260 K, there is also a high hyperfine field value phase corresponding to
the martensite plus y phases. In fact, at the highest temperature of our measurements (over
the Curie temperature of the L2 1 austenite phase) , there is still about 26% of ferromagnetic
contribution arising from the y phase(s), as it was previously evidenced from our magnetic
measurements. Table I summarizes the main results obtained from the fitting of the
Mi:issbauer spectra.

4 Conclusions

The martensitic and magnetic transitions of the shape memory alloy with Ni55Fe'9Ga26
nominal composition have been investigated using bulk magnetization and Mi:issbauer
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spectroscopy techniques, Mossbauer spectroscopy is particularly useful to monitor the
transitions and to determine the evolution with temperature of the percentages of the
different phases coexisting in the sample. This alloy has two phases: one of them transforms
from a 14M martensite phase to a L2[ austenite phase in a fraction of a 74%, plus other
y-fcc phase that remains unchanged during the heating process.
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Abstract Syntheses performed in the A3B/MSez (A = Sb, Ga, Sn) (B = Nb, V, Ta) (M =
V, Nb, Ta) systems lead to the formation of B(MlAhSe9 phases which could be
ferromagnets or superconductors . It has been shown that the presence of V modifies the
superconducting exchanges and allows ferromagnetic couplings. Mossbauer spectroscopy
of both 1Z1Sb and 119Sn gives local electronic structure of the SbNbsSe9 superconductor
and the SnO.94Gao.06VO.30Nb4.70Se9 ferromagnet. For the latter compound, a complete study
as a function of temperature is carried out showing that the Sn environment is not modified
when the ferromagnetic transition occurs. The Debye temperature is calculated and
compared to those obtained for other selenide compounds .

Key words 119Sn and 1Z1Sb Mossbauer spectroscopy ' Mossbauer temperature ·
superconductor ferromagnet · selenide

1 Introduction

New superconductors, such as ferromagnets, could be obtained by dissolution of some Al5
phases in lamellar metallic dichalcogenides, i.e. 2H-NbSez and IT-VSez [1, 4]. The
susceptibility of the SnNbsSe9 superconductor in the 2-300 K temperature range and the
evolution of He l , Hez and Tc values obtained in zero field-cooling mode at different field
strengths have been measured with a SQUID magnetometer from Quantum Design Co.
They exhibit a transition to the superconductor from 17.5 K under a 100 G field strength,
and a significant anisotropy (1.2) when the applied field is .1 c or II c. This anisotropy is
smaller than the one observed in a pure 2Ha-NbSez but much bigger than that ofNb3Sn [1,
4]. From the susceptibility measurements , an anomaly is noticed around 85-90 K, probably
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Figure 1 11 9Sn Mossbauer
spectra of sample
SIIo.94Gao.06Nb4.7oVO.30Se9
recordedat various temperatures.
Absorptionand velocity scales
are the same of all spectra.
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indicating a condensation of conduction electrons in a charge-density-wave (CDW) state, as
seen in 2Ha-NbSe2. However when non-stoichiometric NbSe2 is used for the synthesis,
non-superconducting SnNbsSe9 is obtained [4]. ShNb-Se, is also a superconductor, but
GaVSSe9 is a ferromagnet like all BMsSe phases containing few V atoms, for example
SnO.94Gao.06Nb4.70V0.30Se9' For the SnNbsSe9 superconductor [2], three types of site exist
which is corrected to two species of Sn. One site is for an Sn in an Nb environment (site I),
the two others for Sn" in an Se environment (site 2 symmetrical and site 3 asymmetrical) . A
reversible dynamic process between sites 2 and 3 has been observed and is correlated to a
modification of site I at 90 K. Thus given the susceptibility anomaly at 85-90 K and the
temperature behaviors .of the Mossbauer parameters, a possible CDW has been proposed
[2].

The purpose of this work is to present the 119Sn and 121 Sb Mossbauer studies of the

SnO.94Gao.06VO.30Nb4.70Se9 ferromagnet and the Sbblb.Se, superconductor.

2 Experimental

119Sn Mossbauer spectra were recorded in constant-acceleration mode using an ELSCINT­
AME40 spectrometer, equipped with a cryostat for the low temperature measurements. The
y-source was Ba 119mSn03' The velocity scale was calibrated with the magnetic sextet

~ Springer



The BMsSe9 phases
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spectrum ofa high purity iron foil absorber, using 57CO(Rh) as source . The recorded spectra
were fitted to Lorentzian profiles by the least squares method and the fit quality was
controlled by the classical X2 tests [3]. The origin of the isomer shift was determined from
the center of the BaSn03 spectrum recorded at room temperature.

The 121Sb Mossbauer measurements were carried out in standard transmission geometry
using as the source, the 121mSn isotope included in a BaSn03 matrix. During the
measurements, both source and absorber were simultaneously cooled down to liquid helium
temperature to increase the fraction of the recoil-free absorption and emission processes.
The velocity scale was calibrated with the standard spectrum of an iron absorber obtained
using a 57COsource . The zero isomer shift was defined from the spectrum of the reference
InSb (-8.70 mm/s relative to the BaSn03 source) .

3 Results

3.1 SnO.94Gao.06Nb4.70VO.30Se9 (ferromagnet)

11 9Sn Mossbauer spectra have been recorded at different temperatures (Figure I) in order to
determine the vibrating effective mass and the Mossbauer temperature of the

SnO.94Gao.06Nb4.70VO.30Se9 compound.
This compound shows one asymmetric site with hyperfine parameters which is a feature

of Snell) surrounded by Se. Its isomer shift variation according to temperature (Figure 2)
shows no modification at Tc transition. So the Sn environment is not modified even if
ferromagnetic couplings occur without any transferred field on Sn.

The temperature dependence of isomer shift leads to a value of dJi dT =

-3,65897.10-4 mm S-l K- 1 and gives an effective mass Meff = 4.141.10-2/3.65897 .10-4 =

113.7 u.m.a. which is close to tin atomic mass (118.9 u.m.a .). The slope of absorption
temperature dependence as shown in Figure 3 leads to a value of d InA!dT =

-6.18.10- 3 K- 1 and gives a Mossbauer temperature 8M = (3.104 ! (113.7 X 6.18.10-3» 1/2 =
207 K. These values are compared to those observed for various reference materials in
Table 1.
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Figure 3 Variation of the
absorption vs temperature in
logarithmic scale.
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Table I Hyperfine parameter s of some selenide compounds presented in this work and reported in the
literature

Compound Merr(u.m.a)

SnNb5Sl:<j [4] 172
150

"SGVN" 113
SnSe [5] 130
SnO [6] 168
CrZSn3Se7 [7]

Nb3Sn [8] 119

207
159
229
151
234
228

8 (mm/s) ~ (mm/s)

3.46 0.77
3.63 0
3.68 0.18
3.25 0.73
2.64 1.31
3.40 0.46
1.46 0.35
1.52 0

~ and 8 (relative to BaSn03) are those observed at room temperature

SG VN S1I(1.94Gao.06VO.30Nb4.70Sl:<j compound

3.2 SbNbsSe9 (superconductor)

For the SbNbsSe9 superconductor phase, dynamical study of the observed process is
excluded since, with this isotope, Mossbauer spectrum is recorded at 4 K (both source and
sample) in order to get valuable information. For this phase we observed a relative simple
spectrum composed of only one site with a 6 = -3.55 mm/s isomer shift and a ~ =
+8.5 mm/s quadrupole splitting. These values are close to those reported for Sb2Se3 (6 =

- 6.28 mmls and ~ = +6.8 mmls) and are rather far from the values observed in
intermetallics like MnSb (6 = - 0.38 mmls and .6. = 0 mmls) or CoSb3 (6 = - 0.28 mm/s and
~ = +9.3 mmls) [9]. In our case, hyperfine parameters for antimony suggest Sb(III) species
surrounded by Se atoms. Another point is the non-zero value of the quadrupole splitting in
agreement with the stereoactivity of the lone pair located on the Sb(III) specie. Since only
one type of environment is observed, at this low temperature (4 K), a Sb-Nb environment
are excluded. However it is difficult to draw conclusions on the possible exchange between
the two sites (2) and (3) as observed in the case of Sn(lI) for the SnNbsSe9 compound . In
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addition, the quite high value of the line width (1.81 mm/s) does not allow us to make a
distinction between the two Sb-Se which might be located in the structure.

4 Discussion

In the case of the Sno.94Gao.o6Nb4.7oV0.30Se9 ferromagnet compound, the temperature
behavior is rather different from that of the SnNbsSe9 compound . The presence of
additional elements (Ga and V) seems to block the transition observed in the case of non­
supraconducting SnNbsSe9. This behavior allows us to determine the Mossbauer
temperature and the effective mass of tin in this compound. This compound is isostructural
to the previously studied SnNbsSe9 phase [4]. All these features are compared to those
obtained for the SnO.94Gao.06V0.3oNb4.70Se9 ferromagnet compound whose vibrating mass
exactly corresponds to Sn. The determined values are in agreement with those reported for
the Sn-Se environments . The effective mass is in line with vibrating modes which are not
as high as those of selenidcs. The bonds are more metallic than those observed for the SnSe
compound .

Regarding the SbNbsSe9 compound, the recorded l21Sb spectrum at 4 K do not clearly
evidence the possible transition observed in the case of SnNbsSe9'

5 Conclusions

From 119Sn Mossbauer data analysis of the SnO.94Gao.06Nb4.70VO.30Se9 ferromagnet, only
the contribution of Sn" due to a Sn-Se environment is observed independently from the
measurement temperature. From temperature dependence of both isomer shift and
absorption, a 113.7 u.m.a . effective mass and a 207 K Mossbauer temperature have been
determined. These values are in a good agreement with those previously obtained for
reference materials such as SnSe or Nb3Sn.

Finally, at 4 K, the SbNbsSe9 superconductor shows a Sb-Se environment that cannot be
detected at higher temperatures since it is not possible to obtain a spectrum at room
temperature for 121 Sb.
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Abstract The Mossbauer technique has been used to measure hyperfine magnetic fields,
isomer shifts and relative areas of 57Fe atoms located at various sites in Fe3AlxSil-x series
with x=O, 0.3, 0.5, 0.7. Four samples were crushed; then they were annealed for 10 h at
1,023 K and cooled down at 3°/min in order to recover the 003 stable phase. Mossbauer
studies revealed that annealed samples have a D03 structure, whereas deformed samples are
partially disordered, with both ordered D03 and disordered A2 structures, even though X­
rays measurements do not show superstructure peaks. The amount of disordered structure
decreases with Si content.

Key words Fe-AI-Si alloys- D03 ordered phase Mossbauer spectroscopy

1 Introduction

IntermetaIlic Fe-AI alloys have D03 structure at room temperature over the 23-37 at.% Al
range [I]. Figure I shows the D03 unit cell of Fe3AI structure. It consists of four face­
centred-cubic sublattices, A, B, C and D. Iron atoms occupy A, Band C sublattices while D
is occupied by Aluminium. Iron atom at the A sublattice is denoted by Fe[A] and is
equivalent to that at the site C, Fe[C]. Therefore, in the case of the stoichiometric
composition studied in this work 003 structure has two Fe inequivalent positions which
will be referred to as B8 (Fe surrounded by 8 Fe as nearest neighbours atoms) and A4 (Fe
surrounded by 4 Fe and 4 Al as nearest neighbours atoms).
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Figure 1 Unit cell of the ordered
D03 structure.
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Fe-AI alloys have been extensively studied. Fnidiki et al. [2] found that it is possible to
induce a magnetic splitting caused by atomic disorder by implantation of Al ions into
Feo.6AloA alloys. More recently, Amils et a!. [3] show that a paramagnetic to ferromagnetic
transition linked to an order-disorder transition between ordered B2 structure (paramag­
netic) and disordered A2 structure (ferromagnetic) can be observed after mechanical
deformation in Feo.6AloA. On the other hand, in Feo.7Alo.3 an enhancement of the
magnetism of the intermetallic alloy after order-disorder transition has been found [4, 5].

The phase diagram of Fe-AI alloys [I] shows that for Fe3AI at temperatures above
833 K the equilibrium phase is B2 and above 1,023 K disordered A2. However, for Fe3Si
alloys the phase diagram [I] does not show B2 structure. Therefore, AI/Si substitution is
expected to promote the stabilization of D03 structure in ternary alloys in respect to binary
Fe-AI alloys.

Mossbauer spectroscopy is a powerful tool for studying local environment of Fe atoms.
Therefore it is a good candidate to study the local environment of Fe and the magnetic
properties of the alloys.
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Figure 3 Mossbauer spectra of a deformed and b annealed Fe3Si and Fe3Alo.7Sio.3 alloys.

Table I Values of the internal fields, isomer shifts and relative areas of the annealed samples

Percent Si Number of nearest neighbours Fe atoms

B8 A4

BHF (T) IS (mm/s) Area ('Yo) BIIF (T) IS (mm/s) Area ('Yo)

0.3 29.5 0.039 40 21.1 0.195 60

0.5 29.8 0.055 41 20.9 0.208 59
0.7 30.4 0.062 40 20.5 0.229 60
I 31.4 0.082 38 20.2 0.251 62

The purpose of this work is the systematic study of the influence of Al/Si substitution on
the disordering of the alloys by Mossbauer spectroscopy and X-ray diffraction.

2 Experimental

Four Fe3AlxSil-x alloys with x=O, 0.3, 0.5, 0.7 were prepared by induction melting in
alumina crucibles and cast into ingots under a 40 kPa pressure of high purity argon . Iron,
Aluminium and Silicon with a purity of99.99, 99.99 and 99.999%, respectively were used.
The mechanical deformation has been performed crushing the samples to obtain
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Table II Valuesof the internal fields, isomer shifts and relative areas of the deformed samples

Percent Si Number of nearest neighbours Fe atoms

B8 B7 A5 A4

BHF IS Area Bm· IS Area BIIF IS Area BHF IS Area

0.3 29.5 0.048 29 27.1 0.035 15 24.8 0.097 13 20.9 0.179 43
0.5 29.6 0.055 30 27.2 0.026 10 24.8 0.104 10 20.6 0.202 50
0.7 30.0 0.058 31 27.5 0.002 8 24.6 0.120 9 20.3 0.224 52
I 31.2 0.080 31 28.0 0.031 5 25.1 0.187 7 20.1 0.250 57

homogeneous powders (with a diameter of about 10 11m). The ordered phases were
obtained after annealing the samples for 10 h at 1,023 K and cooling down at 3D/min to
room temperature to recover the D0 3 stable structure .

57Fe Mossbauer spectroscopy measurements were carried out at room temperature in
transmission geometry using a conventional spectrometer with a 57Co_Rh source. The
measured spectra were fitted using the NORMOS program developed by Brand et al. [6].
All the isomer shift values presented in this work are relative to metallic iron at room
temperature.

XRD measurements were carried out in a Philips PW 1710 powder diffractometer using
CUKlX radiation .

3 Results and disc ussion

Figure 2 shows that X-ray measurements for Fe3Alo.7Sio.3 annealed alloy exhibits well­
defined superstructure peaks, whereas, for the deformed alloy, they do not appear. This is a
clear indication that D0 3 structure has been recovered after annealing. This behaviour is
also seen in the rest of the samples .

Figure 3 shows Mossbauer spectra obtained for annealed and deformed Fe3Si and
Fe3AIQ.7Sio.3 samples at room temperature, which are the samples with extreme
compositions of this study.

3.1 Annealed samples

The spectra of Fe3AlxSil-x annealed samples have been fitted with two subspectra related
with the two inequivalent positions of the structure D0 3 (A and B positions in Figure 1).

Mossbauer parameters obtained from the fittings of the annealed samples are shown in
Table 1. Table I indicates that hyperfine fields at A positions increases linearly with
increasing Al concentration, whereas the hyperfine fields at B positions decreases . This is in
agreement with the results reported by Lin et al. [7].

The values of the isomer shifts at both positions decrease with increasing Al
concentration (see Table I). Since Al has one p electron less than Si, as Al substitutes Si
the charge transfer is reduced and this results in reduced shielding of s-like electrons .
Therefore, the isomer shift becomes more negative as Al concentration increases.
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Figure 4 Evolution of the disor­
dered structure with the amount
of AtlSi.
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3.2 Deformed samples

In order to fit the Mossbauer spectra of the deformed samples we make some assumption s
about the expected disordering process of the alloys. The simplest assumption one could
expect about disordering is that some Fe atoms in B8 positions are displaced to AVSi
positions and vice versa (see Figure I). If this was true, instead of two inequivalent
positions, there would be four inequivalent positions: B8, A4, B7 (Fe atom surrounded by 7
Fe and I (AI, Si) as nearest neighbour atoms) and AS (Fe atom surrounded by S Fe and 3
(AI, Si) as nearest neighbour atoms).

Table II shows the data obtained from the fittings of the Mossbauer spectra of the
deformed alloys with four subspectra. The largest and the smallest BHF values are roughly
the same as those obtained for the annealed alloys, so they must correspond to A4 and B8
positions; therefore under our assumption the new subspectra have BIIF related to the AS
and B7 positions. The quality of the fittings is fairly good and this points out that our
assumption is also good.

Relative areas of these subspectra do not correspond neither to the binomial distribution
expected for a disordered A2 structure nor to an ordered D03 structure, so it must be a
mixture of both. X-ray measurements of deformed samples do not show superstructure
peaks, however, Mossbauer spectra show that order has not completely disappeared . This is
in agreement with Martin-Rodriguez et al. results reported in Feo.7Alo.3 [4].

In order to obtain the amount of disordered structure in deformed alloys it has been taken
into account that the ratio of the areas of the two Fe inequivalent positions in the ordered
samples. The extra amount of B8 has been considered due to the disorder and therefore it
has been added to the AS and B7 relative areas. Figure 4 shows the amount of disordered
structure versus AVSi composition. As we expected in Fe3Si the relative amount of
disordered structure is small, this can be also observed from Mossbauer spectra (see
Figure 3) where annealed and deformed spectra are quite similar; on the other hand
annealed and deformed spectra of Fe3Alo.7Sio.3 are quite different.
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4 Conclusions

E. Legarra, F. Plazaola, et a!.

Even X-ray diffraction does not show superstructure peaks corresponding to ordered phase,
Mossbauer spectroscopy shows that the mechanical deformation given to the samples is not
able to produce a complete disorder of the alloys. The main part of the spectra still has a
D03 phase and the disorder appears with two inequivalent positions with Fe surrounded by
7 Fe and I (AI, Si) and 5 Fe and 3 (AI, Si). Moreover, Si substitution prevents the
disordering of the alloys.
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Abstract BaFel2-2xMxSnxOI9 compounds, where M=Sn2
+, Ni2

+ or Zn2
+ ions, were

synthesized by mechanical milling and partially by citrate precursor methods. Analysis of
magneto-crystalline structure has been carried out by Mossbauer spectroscopy. The Sn4

+

ions replace Fe3
+ ions on 2b and slightly on 2a+4fl sites, Zn2

+ ions strongly prefer 4f,
sites, Sn2

+ ions prefer 4fl sites too and Ni2
+ ions occupy 4f2 and 12k or 2a sites. The

magnetic properties were evaluated by the vibrating sample magnetometry and the ther­
momagnetic analysis. A large variation of the intrinsic coercivity He (330 to 78 kA/m) and
of temperature coefficient of coercivity of !1He /!1f) (0.39 to 0.22 kA/m°C) were achieved
as a function of the (Zn-Sn) and (Sn-Sn) substitutions, respectively. The Curie temperature
Te decreased with the (Ni-Sn) substitution from 447 to 399°C.

Key words magnetic properties -substitutional effects · Mossbauer spectra -hexagonal
ferrites
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Figure I Mossbauer spectra for samples BaMNi_Sn (Sk) (a) and BaMNO-Sn (Mx) (b) for x=O.3, respectively.

1 Introduction

The fine particles of cationic substituted BaM are widely anticipated to be a suitable
candidate for high-density perpendicular and magneto-optical recording in the near future
[1]. High magnetic polarisation J and adequately low coercivity He is required for these
materials. The magnetic properties of the final product are strongly dependent on the
conditions of synthesis [2]. In our case He was controlled through the substitution of Fe3

+

ions by the pair of the divalent and the tetra-valent ions. Several of combinations of
substituents such as Zn-Zr, Co-Ti, Zn-Ti, Ni-Ti and others have been investigated and
reported [3-6] . Co-Sn substituted BaM is a new kind of very promising particulate material
for magnetic recording [7]. The different cationic combinations with Sn4

+ ions were tested
in our earlier research works [8, 9]. The goal of this paper is to compare the micro-structural
and magnetic parameters of hexaferrites having substituted pairs of Sn4

+ ions with SnH
,

Niz+ or Znz
+ ions, prepared by mechanical milling and the citrate precursor methods.

2 Experimental

Samples of BaFeIZ-uMxSnxOJ 9 with O:sx:SO.3 , where M=Sn z
+ or Niz+ ions, further

denoted as BaMsn-sn (Mx) or BaMNi- Sn (Mx), were produced by mechanical milling.
BaC03, FeZ03' (SnO or NiO), and s-o; all of purity of98% and the Fe/Ba ratio of 10 [8]
were used. After mechanical milling, the samples were annealed at 1050°C for 1.5 h.
Samples of BaFe12-2tMxSnxOJ 9 with 0:Sx:S0.3, where M=Niz+ ions, denoted as BaMNi- Sn
(Sk) and further samples with M=Zn z

+ ions with 0:sx:S0.6, denoted as BaMzn-sn (Sk),
were prepared by using of an organometallic precursor. Ba(OH)z.8HzO Fe(N03)3 .9HzO,
Ni(N03h.6HzO or Zn(CH3COO)z, SnClz.2HzO and citric acid, all of purity of99% and the
Fe/Ba ratio of 10.8 [10] were used. The samples were subsequently annealed at
temperatures of 700 and 1050°C for 1.5 h. The magnetic properties were studied using a
vibrating sample magnetometer (VSM) with a maximum intensity of external magnetic
field of 540 kA/m. The phase constitution was analysed by Mossbauer spectroscopy using a
conventional constant acceleration mode with y ray source of 57Co/Rh. The spectra were
fitted using the NORMOS software package. The temperature dependencies of the
magnetic susceptibility x ('19) were measured by the bridge method, while the samples were
heated at a constant rate of 4°C/min. The Philips XL 30 scanning electron microscope
(SEM) was used to obtain data on microstructure and morphology of particles.
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Figure 3 Temperature dependencies of X(t9) for BaMN i_ Sn (Sk) (a) and BaMN i_ Sn (Mx) (b) samples.

3 Results and discussion

An example of the Mossbauer spectrum of the sample with x=0.3 which has been prepared
by precursor method (Sk) and was measured at room temperature, is given in Figure 1a.
This spectrum was fitted by five sextets (4f2, 2a+4f], 12k, 12k' and 2b). The Mossbauer
spectrum of the sample prepared by mechanical milling (Mx) is in Figure 1b, for x=O.3.
The evaluation shows that there is one more sextet, indicating the presence of an undesired
phase. The third sextet from the six sextets this sample has; has the value of hyperfine
splitting of Bhf (3)=45 .9 T. Probably it is the position of Ni ferrite or magnetite (Fe304)'

From the analysed Mossbauer spectra the values of the occupancy factor F, as described
in [10] for the Ni2+-Sn4+ ions have been estimated using the formula, given in [3]. In the
Figure 2 it can be seen, that for the given substitution, the 2b, 4f2 and 12k positions are
preferred for both methods of preparation. It should be noted, that there are quantitative
differences in above-mentioned occupation sites. The latter probably could be caused by the
fact, that the samples (Mx) contained also the secondary phase existing above the Curie
temperature of 450°C of the BaM ferrite. The temperature dependencies of x(19), given in
Figure 3b, confirm that secondary phase has Tc around 585°C [8]. The amount of this phase
raised with increasing of x, as evidently can be seen in Figure 3b. The X(19) dependencies
for the samples (Sk) are depicted in Figure 3a and can be interpreted as significantly
simple-phase systems in the whole range of substitution (for x up to x= O.3). The Curie
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Figure 4 Curie temperature Tc
vs substitution x of the BaM Ni_Sn

(Sk) and (Mx) samples.

Figure 5 SEM micrograph of
BaMNi_Sn sample with x=O.3 .
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temperature Tc of BaMNi- Sn ferrite decreases with x, (Figure 4). Almost linear drop for the
samples (Sk) is connected with weakening of the superexchange interactions between Fe3+
ions and 0 2

- ions and rather milder drop in Tc (x) dependence for the samples (Mx) is most
probably connected with the presence of the secondary phase.

The morphology and the particle size distribution of BaMNi- Sn sample can be seen on
the micrograph in Figure 5. The grain size is well below I 11m at x=0.3 . The Mossbauer
spectra of BaMsn-sn ferrites are analysed in [9]. With the x rising, the site of 12k was
splitting to 12k and 12k' and this may be connected with changes in proximity of
neighbouring Fe3

+ ions in 12k, if the substitution is performed in R block. At considering of
variations in ionic diameters of Sn2

+ (0.112 nm) and Sn4
+ (0.083 nm) it can be assumed,

that the Sn2+ ions are replacing the Fe3+ ions in octahedral sites (4f2 and 2a), while the Sn4
+

preferably occupy tetrahedral 4fl site and bipyramidal 2b site. The presence of substitution
in the 4f2 site is evident also from increasing of the occupancy factor Fsn-sn, as given in
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Figure 6 Factor of occupancy of
Fsn-sn vs x for the BaMsn-sn
(Mx) samples.
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Figure 6. The measured temperature dependencies of magnetic susceptibility X(19) depicted
in Figure 7 exhibit rather sharp Hopkinson maximum, especially for the substitution
measure up to ofx=O.3. On the basis of analysis of Mossbauer spectra of BaMzn-sn ferrites
it can be assumed, that the Sn4

+ ions enter preferably into bipyramidal site of 2b and 4f2
and into the spinel block of 2a+4f], while the Zn2

+ ions preferably enter into 4f1 site. In
given combination of substituents, the Zn2

+ ions can enter also into 4f2 site, due to their
larger ionic diameter (0.074 nm), as compared with Sn4

+ ions. The preferences in entering
of particular ions into various sites is confirmed by the occupancy factor Fzn-sn, (Figure 8),
where the substitution manifests itself most expressively especially in 2b site, but in the 4f2
site as well. The values of the Curie temperature Te determined from x( 19), (Figure 9)
decrease as a function of x. It can be explained by the substitution of the Fe3+ ions by the
nonmagnetic Zn2+, Sn4

+ ions.
The experimental values of saturation and remnant mass magnetic polarisations (ls--m.

.!.H)' and of coercivity He and of Mclb.19 for the samples of Ni-Sn, Sn-Sn and Zn-Sn
substituted BaM samples are collected and given in Table I. It is obvious, that the maximum
value of J s- m for samples of BaMNi- Sn (Sk) and BaMNi- Sn (Mx) is reached at substitution
value of x=0 .2. Increasing of the values of .!.,-m for BaMsn-sn (Mx) sample within the
whole substitution range, up to x=0.3, can be connected with the preference in the
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Figure 8 Factor of occupancy of
60

Fzn-sn vs x for BaMzn-sn (Sk)
samples. 50

40

~
30

c 20
~
N 10u,

+
0

~/-10

-20

0.0 0.1 0.2 0.3 0.4 0.5 0.6

x (-)

Figure 9 Temperature depen- 10
dence of x( 19) for BaMzn-sn (Sk)
samples .

8

6-~
~

4N

2

300 400 500 600 700

3CC)

substituting of Sn2+ and Sn4
+ ions into 4f, and 4f2 sites, which are characteristic with

inverted orientation of spins of Fe3
+ ions with respect to other sites. Enhancing of values of

Js- m within the whole substitution range up to x=0 .6 can be seen also for Mzn-sn (Sk)
samples. The values ofmass remnant magnetic polarisation Js- r for BaMN i- Sn (Sk), BaMNi_

Sn (Mx), BaMsn-sn (Mx) and BaMzn_sn (Sk) samples reach maxima already at substitution
level of x=O.l. The existence of these maxima is presumably caused by the substitution of
the nonmagnetic Sn4+ ions and Zn2+ ions into 4f, site and by Sn2+ ions and the less­
magnetic Ni2

+ ions into 4f2 sites. The value of coercivity He decreases very rapidly to the
value of 100 kA/m for the BaMNi- Sn (Mx) sample at x=0 .3. This drop could be a
consequence of magnetic anisotropy Aa and the presence of the secondary phase. The
expressive drop in value of coercivity He for the BaMsn-sn samples can by connected with
the decreasing of value of the Aa. The substitution of Fe3

+ ions in the 2b bipyramidal sites
has the largest contribution to the anisotropy [9]. The most expressive change of coercivity
He has been observed for the BaMzn-sn (Sk) samples, where the value of coercivity He
decreased from 330 kA/m down to 78 kA/m at x=0.6. Drop in values of bJle/t:),:O with
rising measure x of substitution has been measured according to [11] and it manifested itself
for all measured BaMNi- S", BaMsn-sn and BaMzn-sn samples.
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Table I Measured magnetic parameters of Ni-Sn, Sn-Sn and Zn-Sn substituted BaM samples

Sk Mx

x Js- m i : He MljM X Js- m i .; He MljDJJ
(-) (lO-6Tm3 (lO-6Tm3 (kA/m) (kA/m 0c) (-) (10-6Tm3 (lO-6Tm3 (kA/m) (kA/m "C)

kg-I) kg-I) kg-I) kg-I)

Ni-Sn Ni-Sn

0.0 73.64 39.12 330 0.59 0.0 80.77 42.91 350 0.39

0.1 78.22 42.42 302 0.48 0.1 80.21 41.21 220 0.27

0.2 84.04 39.33 189 0.28 0.2 84.48 40.92 153 0.25

0.3 80.10 37.01 146 0.22 0.3 83.59 36.27 100 0.24
Zn-Sn Sn-Sn

0.0 73.60 39.10 330 0.59 0.0 80.77 42.91 350 0.39
0.2 86.90 42.58 202 0.38 0.1 88.75 43.74 236 0.34
0.4 87.80 38.51 120 0.31 0.2 88.81 40.89 161 0.32
0.6 90.78 32.34 78 0.24 0.3 89.77 35.36 93 0.22

4 Conclusions

We succeeded to synthesize Sn-Sn and/or Ni-Sn substituted barium hexaferrites by
mechanical milling (Mx). The maximum mass magnetic polarisation Js- m was increased
slightly by -9% for small levels of substitution of Sn-Sn and by -3% for small levels of
substitution of Ni-Sn. The increment of Js- m was presumably due to the Sn4+ cations
substituted Fe3

+, mainly on the bipyramidal 2b and partially on tetrahedral 4f] site, whilst
the Sn2

+ ions preferably occupy the octahedral 4f2 and 2a sites. The expressive drop of He
(fall of -73%), as x increased was related to reduction of the magneto-crystalline
anisotropy, due to the replacement of iron ions in bipyramidal sites. The measurements of
magnetic susceptibility showed that with increasing of value of x, mass susceptibility X
increased, which is believed to be related to the disappearance of some of superexchange
interactions. The diminution of Te (drop of -21 %) demonstrates the gradual weakening of
magnetic ordering. It was possible to synthesize Ni-Sn and/or Zn-Sn substituted Ba
hexaferrites by citrate precursor method (Sk) while changing the substitution level ofx. The
coercivity He could be easily controlled without a significant reduction of the J.,-m value.
The Sn4

+ cations substitute Fe3
+ ions mainly in the bipyramidal 2b and partially in

tetrahedral qf, sites, whilst the Ni2
+ ions prefer the octahedral 4f2 and 2a+4f, sites at low

and high as well substitution rates, respectively. Zn2
+ ions strongly prefer the 4f] sites. The

12k site splits into two sublattices of 12k and of 12k', with the substitution of different ions.
This may be a result of changes of the neighbours of the Fe3

+ ions in the 12k site, when the
substitutions take place in hexagonal blocks. The value of Js- m reached a maximum at the
value of x=O.2, as a consequence of substitution of the Sn4

+ ions into the 4f] and of less­
magnetic ions of Ni2

+ into the 4f2 sites, respectively. The lower value of temperature
coefficient of coercivity of M el~'l9=O.22 kA/moC has been achieved in this case. The
Zn2

+-Sn4
+ substitution in the BaM ferrite results in a considerable diminution of particle

size and decreasing of value of coercivity down to 78 kA/m at x=O.6, while the Js- m values
remain almost constant. Obtained results of samples with Sn2

+-Sn4+ substitution in the
BaM ferrite, prepared by mechanical milling (Mx) show, that such materials can be useful
for magnetic recording. The Ni2

+_Sn4
+ substitution in BaM ferrite (Mx) has shown similar

affecting the magnetic properties of samples as Sn2+- Sn4+ substitution, at low measure of
substitution of x=O.3. For the samples with the Ni2+- Sn4+ and Zn2+- Sn4+ substitutions into
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BaM ferrite, prepared by the precursor method (Sk), similar magnetic properties can be
achieved up to value ofx=O.3, without the presence of the undesired phase, which was, on
the other hand, observed in samples of BaMNi- sn (Mx).
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Abstract Fe-AI alloys around the concentration of 30 at. % Al present re-entrant
spin-glass behaviour at low temperatures. This behaviour is not completely under­
stood and Mossbauer spectroscopy, combined with other experimental techniques,
is useful to describe and explain this behaviour. Results show that the Mossbauer
spectra coincide with the magnetic behaviour showed in literature and they can be
explained as a magnetic cluster system whose magnetic clusters are getting smaller
when the temperature is decreasing. When the temperature is reaching to the spin­
glass transition at 92 K the spins in the paramagnetic matrix are moving slower and
below this transition the spins are completely frozen .

Key words Mossbauer spectroscopy- spin-glass behaviour- magnetic cluster system

Fe7oAl3o alloy presents an interesting magnetic behaviour. First, Cable et al. [1]
showed the presence of magnetic clusters in this alloy using diffuse neutron scat­
tering. The origin of these clusters was explained using the local environment effect.
According to this work, the clusters are formed by Fe atoms with four or more Fe
atoms as nearest neighbours, which have a larger magnetic moment than those with
less than four Fe atoms as nearest neighbours. The reported cluster size had a mean
diameter of 25 A.

Alloys around 30 at . % Al also show re-entrant spin-glass behaviour at low tem­
perature, when the spin-glass phase comes from a ferromagnetic phase. There are
various models explaining the re-entrant spin-glass behaviour, e.g., the random
field model proposed by Aeppli et al. [2]. In this model the ferromagnetic order
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weakens due to a random field , causing the formation of magnetic clusters until the
ferromagnetic order disappears. Motoya et al. [3] showed that this model is the one
that fits best for Fe7oAho re-entrant spin-glass alloy. Mitsuda et al. [4] also observed
the same fact using neutron depolarization technique.

Mossbauer spectroscopy, combined with other experimental techniques is very
useful to describe and understand the re-entrant spin-glass behaviour in these alloys .
However, there are few Mossbauer spectroscopy studies in these alloys [5,6]. In this
work Mossbauer spectroscopy was used at various temperatures in order to have a
better insight of the re-entrant spin-glass phenomenon.

Alloy with 30 at. % Al was prepared by induction melting and cast into ingots
in an Ar atmosphere; then a powder was obtained by mechanical crushing until the
particles reach a mean diameter of 5 /lm . In order to obtain D03 long range order, a
long time heat treatment was applied. Powders were annealed at about 1,200 K for
2 h in order to homogenize them. After, they were cooled down at a rate of 20 K/h
up to 825 K and from this temperature down to 625 K they were cooled at a rate of
1 K/h. Finally they were left to cool down to room temperature (RT).

57Fe Mossbauer spectroscopy measurements were carried out for these powders at
room temperature in transmission geometry using a conventional spectrometer with
a 57Co-Rh source. Fittings with the obtained spectra were performed with NORMOS
program developed by Brand et al. [7]. For the fittings a continuous hyperfine field
distribution was used. In the fitting procedure we considered that the quadrupole
splitting is zero due to the cubic symmetry of the crystalline structure of the sample.

Figure 1 shows Mossbauer spectra taken at diffe rent temperatures and their cor­
responding hyperfine field distributions. At RT the Mossbauer spectrum shows an
important nonmagnetic contribution together with a broad magnetic contribution.
When temperature decreases the magnetic contribution becomes smaller and be­
tween 150-200 K the magnetic contribution disappears almost completely. However,
the spectrum at about 100 K shows that the broad magnetic contribution appears
again and in the spectru m at 77 K a discrete sextet starts to appear.

Hyperfine field distributions show two peaks at low magnetic fields (around 2
and 10-15 T). Evidently, the peak located at about 2 T must correspond to the
nonmagnetic contribution while the other one at about 10-15 T must correspond
to the broad magnetic contribution. The contribution at 10 T decreases as the
temperature decreases while the contribution at 2 T increases. The broad magnetic
contribution never disappears completely and between 100 and 150 K starts to
increase again. The hyperfine field distribution of the Mossbauer spectrum at 77 K
is completely different. The contribution at 2 T is much smaller than in the other
spectra and new magnetic contributions at higher hyperfine fields (20 and 25 T) are
present.

According to the work by Shull et al. [8], the magnetic behaviour of Fe7oAho alloy
at low temperatures shows two transition temperatures. The first one is at about
170 K, when the magnetic susceptibility starts to decrease. Shull et al. [8] called it
inverse Curie temperature (T~nv) and assign it to a phase tr ansition from ferromag­
netic to superparamagnetic-like one. The second phase transition occurs at about
90 K, the freezing temperature (Tf) , and corresponds to the spin-glass transition. At
this temperature, spins start to freeze without any long range order.

The magnetic state of the Fe 7oAho can be explained as a magnetic cluster structure
in a paramagnetic matrix [1]. Clusters' trend is to decrease in size with temperature
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Figure 1 Mossbauer spectra of Fe7oAbo sample at selected temperatures and their corresponding
hyperfine field distribution.

decrease. As the clusters are getting smaller, some of then are so small that start to
behave superparamagnetically. The fraction of those superparamagnetic clusters
increases as indicated by the increase of the nonmagnetic contribution and the dec­
rease of the broad magnetic contribution. However, between 100-150 K the broad
magnetic contribution increases while the nonmagnetic one decreases. This fact
seems contradictory taking into account that the magnetization is still decreasing [8].

Spin-glasses have a short-range magnetic coupling between spins creating some
kind of magnetic clusters that do not have to be fully ferromagnetic entities [9].
When the temperature is reaching to Tf the freezing of this kind of clusters makes
the appearance of magnetic contributions. The results indicate that the freezing start s
at higher temperatures than Tf . Canonical spin-glasses as Au-Fe diluted alloys also
present the same behaviour [10] in which the freezing represents the appearance of
magnetic contributions. When the temperature reaches Tf the magnetic contribu­
tions are greater and sextet-like features start to appear. This could be due to the
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freezing of spins in paramagnetic matrix, but it could also be due to magnetic clusters
not behaving superparamagnetically. However, Mossbauer spectroscopy do not dis­
tinguish those two facts, so it is needed to use another experimental techniques.

Finally, below Tf, and according to the random field theory [2], it is expected that
the ferromagnetic clusters are getting smaller with decreasing temperature until they
disappear.

The magnetic state of this alloy is a magnetic cluster structure embedded in a
paramagnetic matrix . When temperature is decreasing, the magnetic clusters also
decrease in size. When T~nv is reached the clusters become so small that behave
superparamagnetically and Mossbauer spectroscopy almost cannot detect those clus­
ters. However, decreasing the temperature further (between 100-150K) the magnetic
contribution in Mossbauer spectra starts to appear again although the magnetization
is still decreasing. This is interpreted as the spin motion in paramagnetic matrix is
getting slower than the Mossbauer characteristic sensing time and finally, when Tf
is reached, the spins in paramagnetic matrix are completely frozen. However, it is
impossible to distinguish by Mossbauer spectroscopy if the matrix is freezing or if
the magnetic clusters are freezing too . Below Tf it is expected that there is a mixed
ferromagnetic-spin glass state in which the magnetic clusters are getting smaller due
to a random molecular field until they disappear.
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Abstract We have investigated the spin dynamics of a distorted perovskite EUO.6SrOAMn03
by means of Mossbauer spectroscopy. Below 70 K the exchange interaction grows
gradually, and below 42 K the spins tum into a cluster glass state. The magnetic field­
induced insulator-to-metal (1M) transition at low temperature is a transition from cluster
glass to ferromagnet. The induced metallic phase seems to be still in non-uniform electronic
state. On the other hand, at 80 K, just above Tc of the induced ferromagnet, a metamagnetic
transition was observed .

Key words EUO.6SrOAMn03 · magnetic field-induced insulator-to-metal transition
cluster glass - ferromagnet · metamagnetic transition

1 Introduction

A distorted perovskite EUO.6SrOAMn03 is an insulator down to 5 K [1] but it shows
magnetic field-induced insulator-to-metal (1M) transition at low temperature [2, 3]. The
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Figure 1 Mossbauer spectra
of slightly 57Fe-substituted
EUO.6Sro.4Mn0 3 specimen at
several temperatures. The smooth
curves for the sextet spectra are
the result of P(Hhf) analysis.
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transition field is about 2.1 T at 5 K. Once it has occured, the induced metallic and ferro­
magnetic state remains stable even in the absence of magnetic field, and is retained up to its
Curie temperature (Tc) 75 K. There is no evidence in the resistivity (P) - temperature (1)
curve that the charge order occurs. The 1M transition is also accompanied by a transition
from a low magnetization phase (1.1 JlB) to a high magnetization phase (3.51 JlB) ' The latter
value is indicative of the ferromagnetic arrangement ofMn moments. In the insulator phase,
the thermomagnetic curve in a weak magnetic field shows a cusp around 42 K (Tcusp) after
being cooled without magnetic field (ZFC), while the curve shows a branching from the
ZFC curve below Tcusp after being cooled with magnetic field (FC). This may be suggestive
of a spin glass like state [2, 4]. On the other hand, above Tc, in the temperature range
between 80 K and 160 K, a metamagnetic behavior is observed, which is also accompanied
by a colossal magnetoresistence effect (CMR). The transition field is about 2 T at 80 K.

Synchrotron X-ray powder diffraction study [5, 6] also indicates that the charge order
does not occur at low temperature. Both the insulator phase (in zero magnetic field) and the
induced metal phase (in a magnetic field) have orthorhombic structure with the Pnma space
group and thus, a change in the crystal symmetry does not occur through the 1M transition.
However, the lattice constants abruptly increase and the reflection intensities abruptly
change through the 1M transition, which suggests a rotation of the Mn06 octahedron so as
to increase Mn-O-Mn angles.

In order to further clarity the mechanism of the 1M transition, an investigation on the
spin dynamics is necessary. However, neutron scattering measurements could not be
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Figure 2 Temperature depen- 60
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correctly performed due to large absorption by Eu atoms . Here, we have applied 57Fe
Mossbauer spectroscopy to investigate the spin dynamics.

2 Experiments

A Slightly 57Fe-substituted specimen (0.5% in Mn site) was used for the measurements.
The specimen was prepared by using EU203, srCo3, Mn02, and 57Fe203 powders as
starting materials. These powders were mixed, pressed into disks, and fired at 1,673 K for
12 hrs in air. The crystal structure is the same as the pure one, i.e., orthorhombic (Pnma)
with a=5.438(5) A, b=7.663(6) A, and c=5.428(4) A at room temperature. The magneto­
transport properties were also confirmed to be almost identical to those of the pure one:
transition field at 5 K, saturation magnetic moment at 5 K, and Curie temperature of the
induced ferromagnetic phase are about 2.6 T, 3.52 ).lB, and 75 K, respectively. The resis ­
tivity of the induced metallic phase is several 10 ncm at 5 K. It is worth noting that further
Fe-substitution drastically changes the magnctotransport properties, which indicates that the
substitution significantly affects the electronic state of Mn ions.

Mossbauer spectra were obtained with usual transmission geometry by using 57Co-in_Rh
as the y-ray source. The spectra in a magnetic field (up to 7 T) were also measured. The
direction of the applied magnetic field was parallel to the incident y-ray direction. Doppler
velocity was calibrated with respect to Fe-metal foil. Loren tzian line shapes were assumed
for the spect ra analysis.

3 Results and discussions

In Figure I, the Mossbauer spectra at several temperatures are shown. The room tem­
perature values of isomer shift and quadrupole splitting are 0.364 mm/s and 0.322 mm/s,
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Figure 3 Mossbauer spectra in
a magnetic field at 5 K. Simple
Lorentzian line shape is tenta­
tively used for the fitting.
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respectively, indicating that 57Fe ions are in 3+ states and successfully substituted in the Mn
site. Thus we assume that the magnetic behavior of the 57Fe3+ spins well represents that of
Mn ion spins. Below 70 K, the absorption lines become noticeably broader. The hyperfine
field is easily observed below 60 K. It grows slowly with decreasing temperature and then
increases rather abruptly below around 45 K (just above Tcusp)' Since the absorption lines of
the sextet spectra are rather broad, the spectra were analyzed by a distribution of hyperfine
field (Hesse method). The spectra can be well fitted assuming constant isomer shift and no
quadrupole shift at each temperature. Temperature dependence of the average hyperfine
field, estimated from its distribution P(Hhf) , is shown in Figure 2. The insert shows P(Hhf)

at several temperatures. The average hyperfine field and the isomer shift at 5 K are 50.3 T
and 0.49 rnm/s, respectively. The absence of the quadrupole shift in the sextet spectra may
suggest that the angle between the magnetic moment and the principal axis of EFG is
random.

The spectral change against applied magnetic field at 5 K is shown in Figure 3. Here,
simple Lorentzian line shape is tentatively used for the fitting. In the insulating state (Hex<
2.6 T), the application of magnetic field broadens the absorption lines only, and does not
change the absorption intensity of the 2- and 5-lines (3:2:1:I:2:3). Taking also into account
that the quadrupole shift is absent, we conclude that the spins of the insulator phase are in a
cluster glass state below 42 K (Tcusp)' At Hex=3 T, just above the transition field, the
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Figure 4 Mossbauer spectra in
a magnet ic field at 80 K. The
smooth curves are the result of
P(Hhf) analysis.
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spectrum breaks down into two subspectra and the absorption intensity of the 2- and 5-lines
decreases (3:1.5:1:1:1.5:3). The intensity ratio of the two subspectra is about 3:2. In the
fully metallic state at Hex=7 T, the two subspectra correctly break down and their 2- and 5­
lines disappear. These subspectra correspond to the Fe3

+ moments aligning antiparallel
(observed field Hobs=58.0 T) and parallel (Hobs=43.7 T) to the external magnetic field,
respectively. Bearing in mind that all Mn moments align parallel to the magnetic field and
Fe3

+ spins do not contribute to the double exchange interaction, we consider that there are
two types of clusters (or regions) which have different superexchange interactions, or
electron densities. Such non-uniform electronic state may be responsible for the rather high
resistivity (several rlcm at 5 K) of the induced metal phase.

The spectral change against applied magnetic field at 80 K is shown in Figure 4. The
spectrum is noticeably broadened by the applied magnetic field, and at Hex=7 T a hyperfine
sextet is clearly observed. Moreover, by hyperfine field distribution analysis, Hhf is proved
to range from 5 T to 40 Tat Hex=7 T. This indicates that the ferromagnetic state is induced
by the applied magnetic field. Thus we can observe the metamagnetic transition at 80 K by
Mossbauer effect.

In summary, the spins of EUo.6SroAMn03 are in a cluster glass state below 42 K. The 1M
transition at low temperature is a transition from cluster glass to ferromagnet. The induced
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metal phase seems to be still in non-uniform electronic state. The metamagnetic transition
just above Tc is also observed.
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Abstr act EUo.gSrO.2FexCol-x03-z CMR perovskites with different iron concentrations (x=
0, 0.025, 0.075, 0.15, 0.3) were investigated by X-ray diffraction, AC magnetic
susceptibility, magnetotransport, as well as 57Fe and 151Eu Mossbauer spectrometry. The
valence state of europium ions was found to be trivalent, independently of the iron
concentration . 57Fe Mossbauer spectra and magnetic susceptibility of the investigated
perovskites presented complementary results for the magnetic transitions.

Key words magnetoresistance · perovskite . doped transition metal compounds -Mossbauer
spectrometry

1 Introduction

Colossal magnetoresistance (CMR), a promising key mechanism for the new generation of
magnetic storage devices and magnetic sensors was found and extensively investigated in the
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last decade e.g., in several chalcogenide spinels, double perovskites and doped perovskite
oxides . Examples for the latter family of compounds include Lao.67CaO.33Mn03-z manganate
perovskites, in which the CMR effect was observed [1], and Lao.SSrO.2Co03-z cobaltate
perovskites, which showed high magnetoresistance not only around the Curie temperature,
but the magnitude of their MR at low temperatures (below about 50 K) was also found to be
colossal [2]. Moreover, mixing the different cations (i.e., cobalt, iron, manganese) at the
transition metal site of these perovskite systems significantly altered the magnitude as well
as the temperature at which magnetoresistance appeared (see e.g., [3] or [4]).

Recently it was suggested that the key mechanism of the colossal magnetoresistance
around the magnetic transition temperature is the formation of nano-scale metallic and
superparamagnetic clusters surrounded by an insulating and paramagnetic matrix (see e.g.,
[5, 6]). According to this theory, the size of the clusters and the intercluster magnetic
interaction can be altered by an external magnetic field, thus resulting in the colossal
change of electric resistance [5]. The effect of doping the transition metal site in the
perovskite structure seems to play the dominating role in the formation of these clusters.
However, the effect of rare earth site doping has not yet been investigated. Moreover, the
observed low temperature magnetoresistance was attributed, on the basis of 57Fe Mossbauer
spectrometry [7], to the appearance of a spin cluster glass phase .

In the present work we report the results of magnetic transport, AC magnetic
susceptibility, as well as 151Eu and 57Fe Mossbauer investigations on a novel family of
cobalt perovskites: EUo.SSrO.2FexCol-x0 3-z (x=O, 0.025, 0.075, 0.15, 0.3), and we compare
the present results with the properties of the analogous Lao.SSrO.2FexCol-x03-z (0::Sx::S0.3)
CMR perovskites [7, 10].

2 Experimental

The EUo.sSr0.2C003-z sample was the same as investigated in [8]. The EUo.sSro.2Fex
CO I - x0 3- z (x=0.025, 0.075, 0.15, 0.3) samples were prepared as follows : The respective
amounts of EU203, srCo3, Fe203 and C0304 were milled in a suspension of 2-propanol
with zirconium dioxide balls (diameter 2 rom) in a planetary mill for 120 min. After
removing the zirconium dioxide balls by a sieve the suspension was centrifuged and the 2­
propanol was decanted. The remaining mixture was dried for 2 h at 150°C and then
calcined in an alumina crucible at 800°C for 24 h. The product was then ground in an agate
mortar. Into discs ofa diameter of 10 mm, 0.4 g of the material was compacted at 750 MPa.
The samples were sintered for 24 h at 1,100°C in air. Heating and cooling rates were 5 K
min-I . The phase purity was checked by X-ray diffractometry.

The temperature dependence of the real part of AC magnetic susceptibility (X') of the
EUo.SSrO.2FexCol-x03-z samples was measured at frequencies of 133 Hz, 1 kHz and 10 kHz
using an AC magnetic field of 365 Aim in the temperature range of 7-250 K.
Magnetotransport measurements were performed by the standard four point contact
method .

57Fe and 151Eu Mossbauer measurements were carried out on powdered samples in
transmission geometry. The low temperature 57Fe Mossbauer spectra were recorded as a
function of temperature in the range of 4.2 to 300 K. The samples were cooled down in a
temperature controlled flow-through type liquid nitrogen cryostat (Leybold) , and in a tem­
perature controlled helium bath cryostat (Oxford). The y-rays were provided by a 57CO(Rh)
source with 109 Bq activity and a 151SmF3 source with 109 Bq activity. In the case of the
spectrum of EUo.SSrO.2FexCol-x0 3-z taken at 40 K, the 57CO(Rh) source was cooled to the
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Figure 1 X-ray diffraction pat­
tern of EUo.sSro.zFeo.3Coo.703-z'
The hump of the baselinebe­
tween 15and 40° occurreddue to
glass substrateduring recording.
The peaks marked with an aster­
isk do not appear in the X-ray
diffractogram of the analogous
Lao.SSrO.2FexCol-x0 3-z (OSxS
0.3) perovskites.
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same temperature. In all other experiments the source was maintained at room temperature.
57Fe and 151Eu isomer shift values are given relative to a-iron and EuF3 at room
temperature, respectively. Mossbauer spectra were analyzed with version 3.0 of the
MossWinn program [9].

3 Results and discussion

Figure I shows a typical X-ray diffractogram of the produced EUO.8SrO.zFexCol-x03-z
perovskites. Independently of the iron concentration x the relative intensities and the angles
of the diffraction peaks were found to be quite similar. On the other hand, comparing the X­
ray diffractogram of the EUO.8SrO.zFexCol-x03-z (O:sx:SO.3) family of compounds with
those of the analogous Lao.8Sro.zFexCol-x03-z (O:Sx:SO.3) perovskites [3, 7], a tendentious
difference can be observed. Namely, in the case of the europium based perovskites some
new peaks (marked with asterisks in Figure 1) appeared in the X-ray diffractogram but were
absent in the lanthanum based perovskites. As the X-ray pattern of the investigated
materials is not yet published in common databases, the origin of these new peaks is not
clear yet. Thus, either the existence of a minor by-product in each sample or a change of the
crystal structure due to the La-Eu exchange cannot be excluded. Further investigations are
necessary to clarify this difference.

The AC magnetic susceptibility results are displayed in Figure 2b. The iron-free
Euo.sSro.zCo03-z perovskite shows a narrow peak at around 96 K with a slightly broader
left wing showing spin glass like behaviour below 96 K, and a small peak at 117 K.
Samples with an iron stoichiometry of ~0.025 shifted the susceptibility peaks to higher
temperatures (e.g., the temperature of the main peak is Tpeak~130 K for x=0.025), but the
further increase of x from 0.075 to 0.3 led to a decrease of Tpeak and disappearance of the
minor peak. Although the relation of decreasing magnetic transition temperature (here
marked as Tpcak) with increasing iron content may also be observed in the case of the
analogous lanthanum based perovskites, the Lao.8Sro.zCo03-z sample showed higher
characteristic magnetic transition temperatures than its iron doped derivatives. This
behaviour is in contrast with the present case of the analogous europium based perovskites.
Moreover, in the case of the EUo.8Sro.zFexCol-x03-z (x=0.075 , 0.15, 0.3) perovskites, only
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Figure 2 Magnetoresistance (a) and real part of the AC magnetic susceptibility recorded at I kHz (b) of
Euo.SSrO.2FexCol-x03-z (O:ox:OO.3).

one magnetic transition can be observed in the AC magnetic susceptibility data, while
Lao.gSro.2FexCOI-x03-z (0:::x:::0.3) showed two transitions [7, 10]. The reason for the
different magnetic properties of the europium based cobalt perovskites is still unclear and
needs further research.

The investigated EUo.gSrO.2FexCo l-x03-z (x=O, 0.025, 0.3) perovskites showed strong
magnetoresistance (MR, defined as MR =(Ro-RH) /Ro, where Ro is the resistance without
external magnetic field, and RH is the resistance in an applied external magnetic field, H),
most pronounced in the low temperature regions, where MR decreases with decreasing
temperature and increasing iron content (Figure 2a). Beside this MR, a smaller CMR peak
around the magnetic transition temperature can also be observed. The temperature
dependence of the magnetoresistance of the studied EUo.gSrO.2FexCol-x0 3-z perovskites is
very similar to that of the lanthanum based analogous materials, but for a similar iron
content the lanthanum based perovskites exhibit a higher negative MR than the europium
based samples. For example, the lowest MR for EUo.gSrO.2Feo.3CoO.703-z is about -30%,
while for Lao.sSro.2Feo.3CoO.703-z it reaches about - 80% [7, 10].

151 Eu Mossbauer spectrum of each EUo.gSro.2FexCot-x03-z (x=0.025, 0.075, 0.15, 0.3)
sample was adjusted with one quadrupole multiplet with 0.66 mrn/s::: <5:::0.69 mrn/s,
- 4.7' 1021 V/m2::::Yzz:::-4.3·1021 V/m2 and 0.54:::1]:::0.69, where <5 is the isomer shift, Vzz

is the component of the diagonalized electric field gradient with the highest absolute value,
and 1] is the asymmetry parameter. A typical spectrum recorded at room temperature is
displayed in Figure 3a. The above mentioned isomer shifts reveal that europium ions are
exclusively in 3+ oxidation form. Moreover, the Mossbauer parameters of the examined
europium ions did not exhibit a consistent dependency on the iron content, thus alteration
of the transition metal network does not seem to affect the electronic structure of the ions in
the rare earth site of the examined perovskite systems.

Room temperature S7Fe Mossbauer spectra of the EUo.gSro.2FexCol-x03-z (x=0 .025,
0.075, 0.15, 0.3) samples show a broadened doublet with typical high-spin trivalent s7Fe
Mossbauer parameters. The isomer shift values (8) are between 0.27 and 0042 mrn!s, while
those of the quadrupole splitting (L1) are between 0.28 and 0040 mrn!s. These values of the
Mossbauer parameters are in accordance with those of the analogous lanthanum based
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Figure 3 Room temperature 151Eu Mossbauerspectrum (a) and 57Fe Mossbauerspectrumrecordedat 77 K
(b) of EUo.8Sro.2Feo.3Coo.703-z' Above the right spectrum, the residual is displayed.

perovskites [7, 10], thus the change of the rare earth metal does not cause significant
changes in the electronic state of the iron ions. A clear trend in the change of the 57Fe
Mossbauer parameters of the Euo.SSrO.2FexCol-x03-z (x=0.025, 0.075, 0.15, 0.3) samples
as a function of Fe content x was also not observed.

The evolution of the 57Fe Mossbauer spectra shows that in contrast to the lanthanum
based cobalt perovskites, where the magnetic transitions revealed by the magnetic
susceptibility measurements were in good accordance with the temperature dependence of
the 57Fe Mossbauer spectra [7, 10], well below the magnetic transition temperature of
EUO.8SrO.2Feo.3CoO.703-z (obtained by magnetic susceptibility measurement: Tpcak :::::109 K,
Figure 2b) e.g., at 77 K the 57Fe Mossbauer spectrum of this europium perovskite contains
still only a paramagnetic doublet (Figure 3b). A magnetic structure with strong relaxation
effect appears first at 60 K in the 57Fe Mossbauer spectrum ofEuo.sSro.2Feo.3Coo.703-z, and
it transforms into a broadened magnetic sextet at 4.2 K, which can be best fitted by a
distribution ofhyperfine magnetic fields (Figure 4). The magnetic transition shown by 57Fe
Mossbauer spectrometry resembles that of the analogous Lao.SSrO.2Feo.05CoO.9503-z
perovskite, where the strong relaxation effect and so the observed evolution of the
distribution of hyperfine magnetic fields was explained by a transition to a spin glass or
spin cluster glass phase [7]. However, a more detailed series of 57Fe Mossbauer
measurements is required to elucidate this phenomenon . In the same way, a deeper
understanding of the difference between the magnetic structures of the europium based and
lanthanum based cobalt perovskites needs further detailed investigations.

In summary, Euo.SSrO.2FexCol-x03-z (x=O, 0.025, 0.075, 0.15, 0.3) samples were
investigated by magnetic transport, AC magnetic susceptibility, as well as 151Eu and 57Fe
Mossbauer spectrometry. The electronic state of europium and iron was determined as
trivalent for both ions. Although the 57Fe Mossbauer parameters related to the electronic
structure of iron ions and the temperature dependence of the magnetoresistance of
EUO.8SrO.2FexCol-x0 3-z (O :sx:SO.3) were found to be similar to those of the analogous
lanthanum based perovskites, the differences between the AC magnetic susceptibility
response and X-ray diffraction pattern of the europium based and lanthanum based CMR
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Figure 4 57Fe Mossbauer spectra of EUo.sSro.2Feo.3Coo.703-z at different temperatures.

perovskites, as well as the anomalies found in the magnetic transition of Euo.SSrO.2FeO.3
COO.70 3- z require further studies on this new family of CMR perovskites.
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Abstract The results of investigations of V1-yFeyRx and Zr,-yFeyHx alloys by 57Fe
Mossbauer spectroscopy are presented and discussed in view of hydrogen ability to create
ferromagnetic properties of the alloy. The results indicate two different possibilities of
hydrogen influence on the hyperfine magnetic field. Hydrogen absorption causes the
ferromagnetic behaviour of the alloys at significant lower iron concentration compared to
the concentration of magnetic transition in binary alloys. The main reason for such
behaviour is the anisotropic lattice expansion in hydrogenated V-Fe and Zr-Fe alloys as
well as the decomposition of paramagnetic Zr-rich intermetallic compounds in the aftermath
of the strong electron affinity of hydrogen for zirconium. These trends give rise to growth
of magnetic clusters of Fe atoms so strong that they can participate in the overall magnetic
properties of the system under investigation.

Key words 57Fe Mossbauer spectroscopy -iron alloys -hydrogen absorption ­
magnetic ordering

1 Introduction

Discussing on the magnetic properties of metallic alloys two aspects have to be
distinguished - the presence and the magnitude of atomic magnetic moments and the
magnetic interactions between them. If the 3d transition metal is alloyed with a non­
magnetic partner one can still speak of localised magnetic moments. However, the presence
or absence of such localised moments in a given situation depends on the local environment
of the magnetic atoms or partner atoms under consideration. The onset of magnetic
moments localisation due to hydrogen absorption has been already observed in V, -yFeyRx
alloys (y:SO.25) by positron annihilation spectroscopy [1]. Taking into account the data of
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Figure I Mossbauer spectra at 4.2 K of 57 Fe in (a) VO.96Feo.Q4Hx, (b) VO.90FeOIOHx, and (c) Vo.SOFeO.20,
VO.8oFeo.20Ho.23 and VO.76Feo.24Ho.J8·

magnetic susceptibility measurements [2] this phenomena was explained by assumption of
localised d-like electron states in the vicinity of the Fermi energy capable of being occupied
beyond a certain electron concentration of 4s- and 3d-like electrons equal to about ne=5.6
electrons per atom, called thereafter the critical concentration. Unfortunately, contrary to
expectation the hyperfine magnetic splitting was not observed in the room temperature 57Fe
Mossbauer spectra [3] probably because of the disturbance of interactions between
magnetic moments of Fe atoms or iron clusters by thermal excitations. To exclude this
effect the spectra were measured at 4.2 K for the samples with the mean electron
concentration near the critical one.

Another problem is the material degradation phenomena. In the ternary hydrides of
AmBIlH2x type they would be decomposed into a hydride AHx, B metal or ABII compound
and hydrogen gas. If B is a ferromagnetic metal, the formation of ABII ferromagnetic
compound can be easily monitored by Mossbauer spectroscopy. Regarding a strong
electron affinity of hydrogen for many transition metals, the tendency to decomposition of
AmBIl (m >n) compounds into AH2 and ABII (n= 1,2, 3) should determine the disclosure of
ferromagnetism in initially paramagnetic system such as Zrl -yFey (y~0.6).

2 Experimental details

All specimens of the binary alloys were prepared by melting appropriate amounts of alloy
components in an arc furnace under argon atmosphere. To obtain Me--H (metal-hydrogen)
system the alloys were exposed to hydrogen gas at a pressure up to _105 Pa during slow
cooling in the temperature range 1200-300 K. Finally, II different samples of hydrogen
free and hydrogen charged V1 _)Fe)Hx alloys (y = 0.04 -;- 0.24 and x = 0.18 -;- 0.60) as
well as 24 samples ofZrl -yFeyHx alloys (y = 0.05 -;- 0.60 and x = 0.14 -;- 1.26) were meant
for the 57Fe Mossbauer spectra (MS) measurements. In the case of the vanadium alloys the
57Fe MS were measured at 4.2 K. All spectra have been measured in a transmission
geometry using a standard constant-acceleration spectrometer. The monoenergetic 14.4 keY
y-ray was provided by a 50 mCi activity source of 57CO in a Cr matrix.
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Figure 2 Mossbauer spectra at 300 K of 57Fe in Zrl_yFeyH, alloys in the range of iron concentration:
(a) y=0.05+0.30 and (b) y=0.35 +0.60.

3 Results and discussion

Some of measured 57Fe MS are presented in Figure 1_As seen the obtained results confirm
the property of the assumptions . The low temperature 57Fe MS of hydrogenated VI_yFey
alloys clearly show a wide hyperfine splitting. Additionally, structural investigations by x­
ray diffraction method supported the Mossbauer results. It was found that tetragonal
deformation of the lattice is the main effect of hydrogen on the crystal structure of the alloy.
It is worthwhile to add that an essential change of the lattice from cubic symmetry to
tetragonal one takes place just above the critical electron concentration. The relative change
in the atomic volume of hydrogenated alloys attains 11%. So, the anisotropic deformation
of the lattice due to hydrogen absorption gives rise to increase in V-Fe distance and
substantially loses the mutual contact between them. It is in agreement with the increase of
the degree of 3d-like electron localisation at Fe atoms in the alloy estimated on the base of
positron annihilation data [3] and can to explain the local ordering of magnetic moments .

Moreover, the simultaneous reduction of hybridization of the valence atomic orbitals of
vanadium and iron atoms can be expected in the aftermath of volume effect. This is
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Figure 3 The 57Fe isomer shift
with respect to u-Fe in Zrl_yFey
alloys before (filled square) and
after (square) hydrogenation vs
iron concentration (y) . The stan­
dard deviations of data presented
are shown as vertical bars.
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attributed to the intra-atomic exchange coupling or Cou lomb repu lsion of d-like electrons in
Fe and shou ld give rise of the energy splitting of localised d-like opposite spin orientation
electron states, which eventually lowers the Fermi level and generates the local magnetic
order. On the other hand, if the magnetic mome nts or magnetic clusters are formed as a
result of the anisotropic rearrangement of Fe atoms , they may not have a distinct
contribution to the average hyperfine magnetic field until the concentration of the magnetic
impurity is too low. For this reason the growth of hyperfine magnetic splitting is most
spectacular for the alloys with 20 and 24 at.% of Fe (Figure Ic) .

The 57Fe MS of the Zr l-yFeyHx alloys (Figure 2) were analysed in compliance with possible
phases formation in Zr-Fe alloys . It is worth to emphasize that for uncharged alloys the x­
ray investigation reveals mainly the u-Zr (hcp ZrFe solid solution) and Zr2Fe (D) (the
diamond structure of NiTi2 type) along with the trace of Zr2Fe (CI6), an orthorhombic
Zr3Fe and ZrFe2 (CIS) phases. After hydrogenation the increase in amount of ZrFe2 was
detected as the main phase along with a -Zr and ZrH2 phases. In [4-Q] has been already
discussed that in hydrogenated Zrl -yFey alloys there is a distinct growth of the ZrFe2 phase
(ZrFe2 is a ferromagnetic at room temperature with the hyperfine field of 18.0±0.S T [4]).
Apart from the non-magnetic components the MS were also fitted with a view of ZrFe2
intermetallic phase existence. They were analysed in terms of two sets of the six-line
patterns corresponding to the low-field (B< I8 T) and the high-field (B> 18 T) components
to determine the hyperfine field distribution. It was reasonable to consider the high-field
component in PCB) as the contribution of ZrFe2 compound that is enlarge in hydrogenated
alloys through the commitment of zirconium atoms from Zr2Fe and/or Zr3Fe intermetallic
compounds to ZrH2 formation.

A severe problem that however closely concerns the overa ll magnetic prope rties of the
system is the origin of the low-field contributions in hyperfine magnetic field distributions
[7]. Now, it was assumed that hydrogen partly dissolves into u -Zr phase. This phase
crystallize in a hexagonal lattice and hydrogen can lead to its anisotropic volume expansion
which plays an essential role in rearrangement of the NN of certain Fe atoms in distorted
matrix . It is well established that in metallic alloys and binary intermetallic compounds the
isomer shift is almost a linear function of the fractional change in volume [8, 9]. Since the
isomer shift reflects the change of interatomic distances it is useful to compare its
concentration dependence in the case of hydrogen-free and hydrogenated Zr-Fe alloy
(Figure 3). In most metallic compounds in which metal partners have a relatively high
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electronegativity the atomic volume increases usually of order 20% upon hydrogen
absorption [10]. Such volume effect corresponds to the positive change in the isomer shift.
This change equals approximately 0.30 mm/s in relation to a-Fe [11] and it is only
somewhat smaller than the average shift of (~IS>::::: 0.35 mm/s estimated in this work.
Consequently, anisotropic lattice expansion is likely to help Fe-Fe pairs to generate
localised moments and would give rise to growth of magnetic clusters, so strong that they
can participate in the overall magnetic properties of the system under investigation.

4 Conclusion

In the alloys with too low Fe content to be ferromagnetic - as in the case of V-Fe alloys
«20 at.% Fe) - the local magnetic ordering can be induced owing to an increase of the
magnetic interaction between magnetic moments of iron atoms as a result of anisotropic
expansion of the lattice caused by hydrogen interstitials. The low temperature Mossbauer
spectra revealed ferromagnetic properties of hydrogenated alloys. This result allows to
confirm the d-like electron localisation phenomenon at Fe atoms in hydrogenated V-Fe
alloys studied by positron annihilation spectroscopy. Apart from the volume effect the
ferromagnetic behaviour of the system containing many intermetallic compounds, such as
Zr3Fe, Zr-Fe, ZrFe and ZrFez in Zr-Fe alloy, is generated by hydrogen due to
decomposition of paramagnetic zirconium-rich compounds into the ferromagnetic Zrf'e,
one and the hydride ZrHz respectively.

Acknowledgements This work was supported by the University of Wroclaw under the grant number 2016/
IFD/2004-2005 .
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Abstract In this work the magnetic and structural propertiesare investigatedby Mossbauer
spectrometry, Vibrating Sample Magnetometry and X-ray diffraction of Nd2(FeIOO-x
Nbx)14B powdered alloyswithx=O, 2 and 4 prepared by arc melting. The Mossbauer spec­
tra of the samples were fitted with several contributions from: Nd2FeI4B, «-Fe and a para­
magnetic phase associated with NdI.J Fe4B4 for x=O and additionally from NbFeB and
Nd2Fe17 for x=2 and x=4. The relative fractions of co-Fe and Nd2Fel4B are smaller for x=4
than for x=O, indicating that the amount of these two phases is reduced with increasing Nb
content, whiletherelative fraction ofNd2Fe17 increases. The cc-Fe grain size slightly decreases
while that of the Nd2Fel4B phase is increasing, when the Nb content increases. The hysteresis
loops indicate that these samples behave as hard ferromagnets, with a coercive field which
decreases when the Nb content increases, but with rather low remanent magnetization.

Key words hardandsoftmagnetic phases Mossbauerspectrometry.
permanent magnet ironS7

1 Introduction

A possible method to improve the magnetic properties in permanent magnets is to use
nanocomposites consisting of a mixture of hard and soft magnetic phases, where the soft
phase contributes a high saturation magnetization and the hard phase a high coercive field.
Kneller and Hawig [1] claim that a strong magnetic interaction between the hard and soft
phases is achieved when the mean grain size of the phases is of the order of 10 urn,
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x=4

28 32 36

28
40 44

Figure 1 XRD pattenrs ofNd2(FelOo-xNbx)14B withx=O, 2 and 4. The insets show the whole 28 range. The
non indexed peaks are those of the Nd2Fel4B phase.

corresponding to the ferromagnetic correlation length. Recently, Chen et al. [2] and Ahmed
et al. [3] reported that the addition ofNb in the NdFeB system prevents the increase of the
grain size of the a-Fe phase produced by the heat treatments.

Previous works report that the Nd-Fe-B system presents the phases Nd2FeI4B, major
phase, aNd-rich intergranular phase, in small quantity and the non-magnetic Ndl.lFe4B4
phase in a small quantity [4]. Further, when Nb is added the phase Nd2Fe17 is present [5].

In this paper, we report the magnetic and structural properties of Nd2(FelOo-xNbJI4B
powdered alloys with x=O, 2 and 4 prepared by arc melting.

2 Experimental procedure

Alloys of the Nd2(FelOo-xNbx)14B system with x=O, 2 and 4 were prepared by arc melting
using Nd, Fe, Band Nb powders. The starting elements used were at least 99.9% pure.
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Table I Mean grain sizes and proportions of the different phases estimated from XRD patterns and 300
and 17 K Mossbauer spectra

Phase RX Mossbauer

300 K 17 K
Mean grain Volume Percent Fe Percent±5 Percent±5
size (nm)±5 percent±IO content± IO

x=O Nd2Fel4B 51 79 61 73 71
ex-Fe 47 17 38 23 27
Ndl.lFe4B4 40 2 1 4 2

x=2 Nd2Fel4B 96 72 62 70 60
lX-Fe 45 9 22 12 20
Nd2Fe17 55 13 14 15 18
NbFeB 48 4 2 3 2

x=4 Nd2Fel4B 96 45 41 41 40
lX-Fe 40 4 10 3 7
Nd2Fe17 72 39 44 50 49
NbFeB 56 9 5 6 4

Initially the appropriate amounts of powders were compacted to 2500 psi, then were melted
by arc melting in a high purity argon atmosphere. To ensure homogeneity the alloys were
annealed in vacuum at 1000°C for 4 days followed by quench ing into water. The
Mossbauer spectra at 300 and 77 K were obtained with a conventional constant acceleration
transmission spectrometer equipped with a 57Co_/Rh source . The Mossbauer spectra of
these samples were fitted with the Mosfit program [6] using (X-Fe foil as calibration sample.
X-ray-diffraction (XRD) experiments were performed at room temperature on powder
samples using a diffractometer with the Cu Ka radiation and the diffractograms were fitted
using the Maud program [7], to determ ine the phase structure and the lattice constants . The
hysteresis loops of the samples were obtained using vibrating sample magnetometer
(VSM).

3 Results and discussion

The X-ray diffractograms of the Nd2(FelQo-xNbx)14B sample s with x=O, 2 and 4 are shown
in Figure 1. When x=O, the Nd2FeI4B, the Nd(OHh, the Ndl.\Fe4B4 and the (X-Fe phases
are unambiguously identified. The presence of the Nd(OH)3 phase is considered due to the
quenching in water, like it reports in [4]. For the Nb containing samples, the X-ray
diffraction pattern indicates the additional presence of the NbFeB and Nd2Fe17 phases while
Nd l.\Fe4B4 is not detected , in agreement with a previous work [5]. In spite of the
complexity of the X-ray patterns a quantitative analysi s can be carried out and the results
are reported in Table I. To better describe the broad line shape of the Bragg peaks, we have
also refined carefully the size of the crystalline grains of each phase, assuming a spherical
shape. It is clearly concluded that (1) the proportion and the mean grain size of the (X-Fe
phase decrease, (2) the proportion of the Nd2Fel4B phase decreases, and (3) the proportion
of the Nd2Fe17 phase increases, when the Nb content increases, (4) the (X-Fe mean grain
size slightly decreases of 40 to 47 nm while that of the Nd2Fe14B phase is increasing of 51
up to 96 nm, when the Nb content increases.
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Figure 2 300 K (a) and 77 K (b) Miissbauer spectra of Nd2(FelOo-xNb,)1 48 samples prepared by arc
melting.

Both the 300 and 77 K Mossbauer spectra of the Nd2(FelOo-xNbx)14B samples with x=O,
2 and 4 are shown in Figure 2a and b, respectively. They exhibit a complex hyperfine
structure mainly composed of magnetic sextets. They can be well described using a model
based on the presence of the components identified in the X-ray pattern. It is important to
emphasize that the Nd2Fel4B and Nd2Fe17 phases exhibit crystallographic structures with
six and seven different Fe sites, respectively. Thus, they give rise to rather complex
hyperfine structures, preventing a refinement of all hyperfine parameters from the present
experimental spectra. Hence in the fitting procedure, the values of isomer shift, quadrupole
shift and hyperfine field were fixed with those found in the literature and the relative areas
were constrained in agreement with the ideal crystallographic structures, assuming thus no
lattice distortions due to atomic substitution but similar j-factor values for all Fe sites for
each phase. We have here considered only lorentzian lines, and the values of hyperfine
parameters proposed by Grandjean et al. [8] and by Long et al. [9] for the Nd2Fe14B phase
and Nd2Fe17 phases, respectively, whereas the Nd l.lFe4B4phase is fitted with a quadrupole
doublet (Q=0 .7 mm/s, IS=0.04) and the NbFeB phase with a single line.
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Figure 3 Typical hysteresis loop
ofNd 2(FelOo-xNbx)14B samples
withx=O prepared by arc melting.
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For x=O, both the 300 and 77 K Mossbauer spectra were well fitted with three
contributions: assigned to Nd2Fe14B, Ndl.lFe4B4 and cc-Fe, This resu lt suggests that the
different phases exhibit ideal crys tallographic structures. For the x=2 and 4 samples, the
Mossbauer spectra were satisfactorily fitted with four contributions assigned to: Nd2Fe I4B,
cc-Fe, Nd2Fe17 and NbFeB. A good agreement was achieved providing that the hyperfine
field values slightly differ from published values and lines are broadened. One thus
concludes that Nb preferentially enters into Nd2Fe17 and Nd2Fe14B. However, its presence
at the periphery of the crystalline grains cannot be completely excluded. Finally, the
Mossbauer percentages obtained at 300 and 77 K are compared in Table I to those obtained
from X-ray diffraction after conversion into Fe atomic percent. The reasonable agreement
supports our fitting procedures of both the X-ray patterns and the Mossbauer spectra.

A typical hysteresis loop for x=O at 300 K is shown in Figure 3. The coercive field and
the remanence are 22 kA/m and 9 emu/g, respectively, whereas for x=4, they are 11 kA/m
and 5 emu/g.

4 Conclusions

Arc melting procedure has been used to produce Nd2(FelOo-xNbx)14B powdered samples,
with x=O, 2 and 4. This system which contains hard, Nd2Fel4B and Nd2Fe17' ifx=2 and 4,
and soft, cc-Fe, magnetic phases, behaves as a semi-hard ferromagnet and exhibits high
coercive field but low remanence. The addition of Nb atoms favors the occurrence of the
Nd2Pe17 phase. To improve the hard magnetic properties, the search for a better
composition and optimal crystalline grain size of each phase is curre ntly in progress.
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Abstract Interesting differences were noticed in the alloying process during ball milling of
Fe-lO wt.% Cr and Fe-20 wt.% Cr alloys by 57Fe Mossbauer spectroscopic studies. In both
cases, there is almost no diffusion of Fe in Cr or vice versa up to 20 h of milling time. As
the powders are milled for another 20 h substantive changes occur in the Mossbauer spectra
showing atomic level mixing. But the two compositions behave differently with respect to
alloying. Fe-20 wt.% Cr sample does not differ much in the hyperfine field distribution as it
is milled from 40 to 100 h. On the other hand, the hyperfine field distribution keeps on
changing with milling time for Fe-IO wt.% Cr sample even up to 100 h of milling. The
average crystallite size is found to be 7.5 nm for Fe-IO wt.% Cr and 6.5 nm in Fe-20 wt.%
Cr after milling.

Key words Mossbauer spectroscopy' mechanical alloying ' ball milling '
iron-ehromium alloy

1 Introduction

A variety of equilibrium and non-equilibrium phases can be produced in alloys by
mechanical alloying of elemental metallic powders. The mechanism of alloying during the
mechanical milling process has been studied in great details [1--4] . The heavily dislocated
structure formed due to the large scale deformation of individual or layered particles during
their cold welding enhances the mutual solubility of elements and leads to their mixing at
the atomic scale by progressively eliminating the concentration gradient between cold
welded layered structures. Therefore, mechanical alloying is capable of producing powders
in a non-equilibrium state by either accumulating mechanical energy or accelerating
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diffusion across the interface between unlike elements [4-6] . The grain size of the alloyed
material also simultaneously decreases as a function of milling time and eventually reaches
a nano-scale. In some cases the continuous milling of the powder may also lead to the
formation of amorphous phase [1--4, 7]. The formation of mechanically alloyed end
product, however, depends on many parameters such as milling conditions and
thermodynamic properties of the milled system.

Several researchers have prepared different compositions of Fe-Cr alloys, starting from
elemental powders by mechanical alloying approach [8-10]. These studies show that the
mechanical alloying is indeed capable ofproducing a nano-scale structure with grain size of
-10 nm [10, 11]. Due to different magnetic properties of Fe and Cr and a strong
composition dependence of magnetic properties in the Fe-Cr system, Mossbauer
spectroscopy can be used to find the chemical inhomogeneity in the alloys synthesized
and thus the progress of mechanical alloying. Mossbauer spectroscopy has thus been used
by several research groups [8, 12-14] to study mechanically alloyed systems. In addition,
SEM imaging technique suited to morphological studies such as dependence of grain shape
on milling time, and of lamellar spacing on milling time. While SEM gives information at
micron scale, the Mossbauer spectroscopy gives information at atomic scale in the
immediate surrounding of 57Fe atoms. We have earlier reported XRD, Mossbauer
spectroscopic, SEM and AFM studies of Fe-1O wt.% Cr alloys produced by mechanical
alloying [14]. In the present article we report our studies on Fe-20 wt.% Cr alloy made by
the same procedure.

2 Experimental procedures

Iron and chromium powders of purity greater than 99.99% were used for the purpose of
mechanical alloying. Powders had been sealed and stored in the argon glove box to ensure
no oxygen contamination during their storage. Charge to ball ratio for each milling
operation was maintained as 1:8 in a Retsch type planetary ball mill. The milling speed was
kept at 250 rpm and size of the balls taken was 10 rom. To study the nature of milling and
alloying we have taken out a portion of powder after 5, 10, 20, 40, 65 and 100 h.

To see the effect of milling on crystallite size we have used X-ray diffraction technique.
X-ray diffraction was performed on a Seifert Iso-Debyeflex 2002 diffractometer with Cu
target. The tube was operated at 30 kVand 10 mA. The radiation used was Cu Ka having
wavelength of 1.54 A. The peak broadening was used to estimate the crystallite size. In
order to remove the effect of broadening due to instrumental interference, XRD pattern of a
well crystalline silicon piece was recorded in the same experimental conditions as used with
the milled powder samples. The FWHM obtained after removal of instrumental broadening
effect, was input to Scherrer's equation to determine crystallite size.

Powder samples were sandwiched between two layers of cello tape in a copper ring of
13 mm inner diameter for the purpose of transmission mode Mossbauer spectroscopy. The
data were recorded at room temperature in a transmission geometry using a conventional
57Fe constant acceleration Mossbauer spectrometer employing a 25 mCi 57Co/Rh source.
The spectra were analyzed using least squares method assuming Lorenzian line shapes and
the Magnetic Hyperfine Field (P-B) distribution were obtained using Windows approach
[15]. Powder morphology of mechanically alloyed Fe-Cr powders was analyzed under a
JOEL JSM 840A Scanning Electron Microscope (SEM). The milled powder morphologies
were observed by dispersing the powders with acetone on finely polished brass stubs
prepared especially for this purpose.

~ Springer



Fe-20 wt.% Cr ball milled alloy's Mossbauer spectroscopic studies 1261

Figure 1 Crystallite size versus
milling time for the ball
milled alloys. • -.- Fe 10 wt% Cr10 , -e- Fe 20 wt% Cr
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3 Result s and discussions

3.1 X-ray diffraction

Milling time (h)

The effect of milling time on the crystallite size of Fe-20 wt.% Cr powder is shown in
Figure 1. For comparison we have also included the data on Fe-IO wt.% Cr [14]. It can be
seen that crystallites of the size as small as 10 nm are formed in the first 10 h itself.
Subsequently the rate of decrease of crystallite size was found to be less rapid. Beyond the
milling time of 40 h, the crystallite size was found to be almost constant. For the same time
of milling the decrease of crystallite size in Fe-20 wt .% Cr is more rapid as compare to that
in Fe-IO wt.% Cr. For 40 h of milling the crystallite size becomes around 6.5 nm for Fe­
20 wt.% Cr samples, whereas it decreases only up to 7.5 nm for Fe-IO wt.% Cr sample.

3.2 Particle morphology

From the SEM micrographs the structural changes during milling can be visualized. The
morphology of the 5-h milled samples show different particles sticking over one another
and cold welded to form composite granules. The sizes of these granules are several tens of
micrometers. In fact it increases initially with milling because of impact welding of
particles. As the powder is milled for 20--40 h, these granules become elongated, work
hardened and therefore they fracture. The shape of these granules changes drastically
between 40 and 65 h of milling. Both for 65 and 100 h of milling, the shape of these
granules are very flat and flaky (Figure 2). As the flattened granules become work hardened
they resist further impact welding and the impact results only in further flattening and
fracture.
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Figure 2 SEM micrographs of
100 h ball milled Fe-20 wt.% Cr
powder.

3.3 Mossbauer spectroscopy

B. Pandey, M.A. Rao, et al.

Figure 3 shows the Mossbauer spectra of the milled Fe-20 wt.% Cr powders. It is seen from
that there is almost no interdiffusion of Cr and Fe into each other's crystal up to 20 h of
milling as only a single six-line pattern characteristic of pure iron phase appears.

There is a drastic change in the shape of the spectrum as the milling time is increased to
40 h. A number of other six-line patterns appear showing that chromium has started
entering in the Fe matrix on milling between 20 and 40 h. These observations are very
similar to what has been seen with Fe-IO wt.% Cr alloys [14]. However there are
differences in the few areas once the alloying started. The Mossbauer spectra of 100 h
milled powder of Fe-20 wt.% Cr does not differ much from that of 65 h, whereas in Fe­
10 wt.% Cr sample the spectra differ significantly, showing that alloying is faster in Fe­
20 wt.% Cr than in Fe-IO wt.% Cr.

The above discussion is based on qualitative visual appearance of Mossbauer spectra. To
get more quantitative information we have analyzed all the Mossbauer data in terms of a
continuous variation of hyperfine magnetic field (HMF) B. The probabilities for different
values of B were calculated using Window's approach [15]. The p-B distributions for
different samples are shown in Figure 4.

As expected, the p-B distributions for samples up to 20 h of milling time show only a
single peak at 33.0 T corresponding to no diffusion of chromium in the Fe matrix. The p-B
distributions of 40, 65 and 100 h samples show multipeak structures showing that some of
the other possible environments of Fe are growing. To further study the differences in the
p-B distributions, we have fitted five Gaussians to each of the p-B distribution curves
using PEAKFIT programme. The Gaussians are centered roughly around 33.0, 29.0, 24.0,
19.0 and 14.5 T. The first of these correspond to no chromium diffusion in the nn and nnn
cell of iron and others correspond to gradually more chromium atoms diffusing in Fe
matrix. The results are shown in Figure 5. For 5, 10 and 20 h milled samples of both the
samples Fe-IO wt.% Cr and Fe-20 wt.% Cr only 33.0 T component exists corresponding to
the fact that despite structural changes such as impact welding and fracturing, no significant
mixing has occurred at the atomic level. Beyond 20 h, alloying takes place at different pace
in the two systems. During 20-40 h of milling of Fe-20 wt.% Cr sample, the relative area
under the 33.0 T Gaussian is reduced drastically (from 100 to about 20%) and all the other
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Figure 3 Mossbauer spectra of
Fe-20 wt.% Cr ball milled alloys
at various time of milling.
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Figure 4 p-B distributions of
Fe-20 wt.% Cr ball milled alloys
at various time of milling. 0.15
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Figure 5 Relative area of differ­
ent environments plotted against
their HMF.
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environments have grown, in almost equal proportion. On further milling there is not much
change in the relative area showing no further mixing at atomic level. In contrast in Fe­
10 wt.% Cr [14] the alloying is more gradual and continued till 100 h of milling.

However, even the p-B distributions of 100 h milled samples in both the cases are not
very close to the simulated p-B distribution assuming a completely random solid solution,
may be because of lots of defects introduced during the mechanical milling.
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3.3.1 Preferential diffusion of Chromium atoms

B. Pandey, M.A. Rao, et al.

Mossbauer spectra of the milled Fe-Cr sample do not show any single line component
which should appear if Fe atoms diffuse in Cr lattice [8-10, 12, 16]. Though both Fe and Cr
particles undergo the structural deformation such as flattening and fracturing, Cr atoms are
preferentially diffusing in Fe lattice as against Fe atoms diffusing in Cr lattice.

4 Conclusion

A complete picture of the processes during mechanical alloying of Fe, Cr powders has been
revealed by the complimentary information obtained through XRD, Mossbauer studies and
SEM. It is observed that as the Cr concentration increases, the alloying process becomes
easy. Most of the iron environments are created between 20 and 40 h of milling in the Fe­
20 wt.% Cr alloy. In contrast to Fe-IO wt.% Cr alloy the environments keep changing over
full range of milling time [14]. It is much easier for Cr to diffuse in the Fe lattice than the
vice versa.
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Abstract Cr-based chalcogenide spinels, which do not have heterovalency and distortion­
induced ions such as manganese oxides with perovskite structure, have demonstrated the
existence of colossal magnetoresistance. In order to investigate the magnetotransport pheno ­
mena and magnetic properties of sulfospinels Zn.Fel-xCrZS4, polycrystalline Zn.Fe l-xCrZS4
samples were synthesized in the 0:Sx:S0.2 range by a solid reaction method . The crystal
structure for x=0.05, 0.1, and 0.2 turned out to be cubic at room temperature by X-ray
diffraction measurement. In magnetoresistance measurement, ZnxFel-xCrZS4 samples
indicate that this system is semiconducting below about 150 K. The temperature of
maximum magnetoresistance is almost consistent with Curie temperature. The isomer shift
and the electric quadrupole shift of ZnxFel-xCrZS4 samples by Mossbauer experiment show
that Fez

+ ions occupy the tetrahedral site in the spinel structure. As the Zn ions are
substituted for Fe ions, the Jahn-Teller relaxation slows down and the electric quadrupole
shift increases . The magnetotransport phenomena of ZnxFel-xCrZS4 is related to Jahn-Teller
effect and half-metall ic electronic structure, which are different from the double exchange
interactions of the manganite La-Ca-Mn-O system or the triple exchange interactions of
sulfospinel CuxFel-xCrZS4.

Key words sulfospinel magnetotransport . Mossbauer spectroscopy

1 Introduction

Since von Helmolt et al. published the colossal magnetoresistance (CMR) in thin films of
La2l3Ba2l3Mn03 in 1993, intensive interest has arisen from both experimental and
theoretical points of view in studying the mechanism of CMR property [I]. Recently,
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Fig. 1 X-ray diffraction
patterns of Zn,Fel-xCrZS4
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CMR effect has been reported not only in manganite perovskites but also in sulfospinel
CuxFel-xCrZS4 [2-4]. CMR effect of manganites with perovskite structure is known to be
associated with a double-exchange mechanism. On the otherhand CMR effect in the
sulfospinel CuxFel-xCrZS4, which is neither oxide nor perovskite, has opened a renewed
interest for the further exploration of the magnetoresistance effect.

Mossbauer and magnetic properties on sulfospinel FeCrZS4 have been studied by many
workers . FeCrZS4 is a ferrimagnetic semiconductor, crystallizing in the normal spinel
structure . The Curie temperature T; is about 177 K [5-8] . Both the metal-insulator transition
and a negative magnetoresistance are observed around Te• Much research on the conduction
mechanism of sulfospinel compounds has been performed . And several models to explain
CMR effect of these compounds have been suggested: the magnetic polaron model in
FeCrZS4 [9], the half-metallic model [10], and the triple-exchange interaction [4]. The
crystal structure of ZnCrZS4 is a normal spinel. ZnxFel-xCrZS4 has no heterovalence, which
is different from both manganite perovskites and CuxFe\ -xCrZS4. Moreover, there is no
appreciable structural discontinuity around Te• Here we investigate that Zn ion substitutions
for Fe ions have effects on the magnetic properties and magnetoresistance properties of
sulfospinel ZnxFe\-xCrZS4 with X-ray diffraction (XRD), magnetoresistance measurement
and Mossbauer spectroscopy.

2 Experimental

ZnxFel-xCrZS4 compounds (x=O-O.2) were prepared by the following solid state reaction
method [II]. Mixtures of the proper portions of the high-purity elements (Fe, Zn, Cr, and S)
sealed in evacuated quartz ampoules were heated to 480°C for a day and to I,OOO°C for
4 days, and then slowly cooled down to room temperature at a rate of 10°C/h. In order to
obtain homogeneous materials it was necessary to grind the samples after the first sintering
and to press the powder into a pellet before annealing it for a second time to I,OOO°C for
4 days in a evacuated and sealed quartz ampoule .

The crystal structure of ZnxFe\-xCrZS4 samples was monitored by X-ray diffractometer
in 8-28 geometry with Cu Ka radiation . The electrical resistivity p and magnetoresistance
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Fig. 2 Temperature dependence
of the electrical resistivity p in
magnetic field H=O, 2 Tand
magnetiresistance MR for
ZnxFe'-xCrZS4: (a) x=O.05,
(b) x=O.2

0.9
o H = oT
6 H = 2T 0.8

were investigated by the 4-point probe method. The Mossbauer spectrawere recorded using
a conventionalspectrometerof the electromechanical type with a single-line 57CO source in
a rhodium matrix.

3 Results and discussion

As shown in Fig. I, the XRD results ofZnxFel -xCr2S4 exhibit the cubic spinel phase for all
our samples, where both Zn and Fe ions occupy the tetrahedral sites and the Cr ions the
octahedral sites. The lattice parameter for each composition was found by plotting aCe)
against the Nelson-Riley function and extrapolating to e=90°. The lattice parameter is
9.993,9.985, and 9.990 A for x=0.05, 0.1, and 0.2, respectively. Zn substitutions have no
strong effect on the crystal structure of sulfospinelZnxFel -xCrZS4. This is explicable in the
view of the fact that the ionic size of 0.74 Afor Zn2

+ ions is almost equal to that of 0.76 A
for Fe2+ ions.
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Fig. 3 Mossbauerspectra of
ZnoOSFeO.9SCr2S4 at various
temperatures
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Figure 2 exhibits the temperature dependence of the electrical resisnvity p and
magnetoresistance MR =[p(O T) - p(2 T)] / p(2 T) of ZnxFel-xCr2S4 in the magnetic field
H=O, 2 T. The spinel system is semiconducting below about 150 K. The metal­
semiconductor transition can be found around Te, which is due to polaron by Jahn- Teller
effect [12]. MR of Zno.2Feo.8Cr2S4 is about 20%, which is relatively less than that of
manganites. However, the temperature of maximum magnetoresistance is almost consistent
with the Curie temperature. The magnetoresistance MR increases with increasing Zn
composition.

Mossbauer spectra of ZnxFel-xCr2S4 were measured at various absorber temperatures
from 16 K to room temperature. All samples are the pure spinel phase in the range O:Sx:S
0.2. Some of them are shown in Figs. 3 and 4. It is noted that the quadrupole shift vanishes
above the Neel temperature TN, indicating that Fe2

+ ions occupy the tetrahedral site in the
spinel structure because the local symmetry of a tetrahedral site is cubic Td while that of an
octahedral site is trigonal D3d [6, 7]. On the other hand , the quadrupole shift below TN
increases steadily with decreasing temperature, implying a crystallographic distortion or a
magnetically induced electric field gradient. The isomer shift 0.52±0.01 mrn/s with respect
to Fe metal indicates that the valence state of Fe ions is ferrous . The Neel temperature TN
increases with Zn composition x, suggesting that the superexchange interaction for the Zn­
S-Cr link is stronger than that for Fe-S-Cr link. In the tetrahedral site, the ground state of
Fe2

+ ions is a degenerate orbital doublet 5Eg . This state is unstable and must be resolved via
a Jahn- Teller distortion, which may explain the appearance of the quadrupole shift below
TN' A dynamic Jahn-Teller distortion brings about the asymmetrical line broadening in
Figs. 3 and 4. The results of asymmetrical line broadening is clearly seen around 15 and
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Fig. 4 Mossbauer spectra of
Zno.ZFeO.8CrZS4 at various
temperatures
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Fig. 5 Schematic energy
diagram of half-metallic FeCrZS4

1J---2g
EF--~Httt--------:;::::-~::t-----

50 K. The difference between the first and sixth line, T (l)-r (6), for x=0.05 and 0.2 is
0.3 and 0.4 mm/s around 15 K, respectively. It suggests that Jahn- Teller relaxation with
increasing Zn composition slows down at low temperature.

As shown in Fig. 5, the eg electrons ofFez
+ ions transit to the empty eg level ofC~+ ions

in half-metallic band structure [12]. Such hopping is likely to happen due to the non-spin­
flip nature of the transition. This CMR property could be explained in terms of the Jahn­
Teller effect and half-metallic electronic structure, which are different from both the double
exchange interactions of the manganite La-Ca-Mn-O system [10] and the triple exchange
interactions of sulfospinels CuxFel-xCrZS4 [4].
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4 Conclusion

J.Y. Park, K.J. Kim

Zn substitutions have no effect on the crystal structure of sulfospinel ZnxFel-xCr2S4
samples. It is found that Zn2

+ ions substitute Fe2
+ ions at the tetrahedral site of the cubic

spinel structure. As the Zn composition increases, the electric quadrupole shift, Jahn-Teller
effect and the magnetoresistance effect increase. The CMR property might be interpreted in
terms of the dynamic Jahn-Teller effect, and half-metallic electronic structure, which are
different from manganites and sulfospinels CU,Fel -xCr2S4.
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Abstract Mossbauer spectra of a powdered TiFe2 sample were measured under different
applied fields and the results were compared to simulated spectra obtained by minimizing
the total energy of a two-sublattice antiferromagnet. In order to reproduce experimental
results a highly textured distribution had to be assumed, the local anisotropy axis lying
mostly perpendicular to the applied field. Thus, magnetic alignment of AF grains by an
external field was demonstrated. In addition, exchange and anisotropy fields for TiFe2 at
T-O K have been determined.

1 Introduction

The intermetallic Laves phase compound TiFe2 crystallizes in the CI4 hexagonal structure
and orders antiferromagnetically below TN=280 K [1, 2]. Fe atoms occupy two sites in this
structure, 6h and 2a. The Mossbauer spectrum below TN is a superposition of a magnetic
sextet and a quadrupolar doublet in the 3:1 ratio; from this result it was concluded that Fe
(2a) is nonmagnetic [3]. We have recently undertaken a Mossbauer study of TiFe2 in
applied magnetic fields in order to determine whether Fe atoms at the 2a site carry a
paramagnetic moment; the results have been reported elsewhere [4]. In this paper the
magnetic hyperfine interaction of the 6h Fe site will be separately discussed. Mossbauer
spectra of a powdered TiFe2 sample were collected at T=4.2 K in various fields up to 12 T.
The sample was prepared by arc melting, at the slightly nonstoichiometric composition
TiFel.95 in order to prevent ferromagnetic clustering. Its single-phase quality was checked
with X-ray diffraction. Some spectra are shown in Figure 1.

At increasing applied fields only a slight line broadening was observed and the sextet
lines remained well resolved. Figure 2 displays the measured effective field vs applied field.
The data accurately follow the relationship BelT = (B1.J + aB2 ) 1/2, where Bh.r9.73 T is the
intrinsic hyperfine field, B is the applied field, and a=O.867(4). Geometrically, this result
implies that the Bhf vector was nearly perpendicular to the applied field. Such behavior
would be expected for a single-crystalline AF sample with its anisotropy axis oriented
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Figure I Mossbauer spectra of
TiFe2 at T=4.2 K and B=O
a, 3.9 T b, 7.8 Te and 11.6 T d.
Fitted curves correspond to Fe
(6h) site (dotted) and Fe(2a) site
(dashed) .
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transversally, but not for a randomly oriented powder [5]. To understand this result, we
carried out numerical simulations of the behavior of an AF polycrystal in arbitrarily large
applied fields.

2 Model calculations

The total magnetic energy U of a two-sublattice antiferromagnet in applied field B is given
by the classical expression:

~ Springer
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Figure 2 Effective hyperfine 15
field vs applied field at 6h Fe site
of Til'c, (T=4.2 K). Dotted line is
a fitted curve. 14
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Figure 3 Calculated effective field distributions (top) and Mossbauer spectra (bottom), for a isotropic and b
strongly textured powder. Parameters used for both calculations were BE=72 T, BA=2.2 T, B= 11.6 T. For
simplicity, spectra were calculated with null quadrupole interaction and Fe(2a) was not included.

In Eq. I, u = U / Mo where Mo is the sublattice magnetization at T=O K. Parameters BE, BA

and () are, respectively, the inter-sublattice exchange field, the anisotropy field, and the
angle between B and the anisotropy axis. The free variables (a J,a2) are the angles between
the axis and the magnetization vector of each sublattice. For a fixed set of parameters, the
system's magnetic ground state is given by the angles that make the total energy a
minimum. The minimization procedure was implemented with the gradient method. Once
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al and a2 have been found, the effective hyperfine field for Fe nuclei in each sublattice can
be obtained as a vector sum,

(2)

and a Mossbauer sextet can be constructed, proper account being taken of the line intensity
ratios. To simulate the spectrum of a powder sample, such elementary spectra are summed
over an ensemble of space orientations, weighted with a distribution function w(O) [5]. The
effective field distribution P(Beil) was also calculated, as an altemative way of displaying
the results.

The best choice of parameters, which yielded average Befrvalues agreeing with the data
of Figure 2 within experimental error, was BE=72 T and BA=2.2 T. These values are
consistent with the spin-flop critical field BSF = [(2BE - BA)BA] 1/2 which is approximately
18 T for TiFe2 [2]. The simulated spectra, however, showed exceedingly broad Beff
distributions if the distribution of crystallite orientations was assumed to be isotropic [i.e., if
w(0) = ~ sin 0]. This is illustrated in Figure 3a.

Satisfactory simulations could only be achieved if, instead of random crystallite
orientations, a narrow angular distribution around 0=90° was assumed. Specifically, w(O)
was taken to be a Gaussian function of width IJo=5°, yielding results such as those
displayed in Figure 3b. The qualitative resemblance to the experimental spectra is much
improved, for B= 11.6 T (as shown) and for all other applied field values.

3 Discussion

The physical meaning of the result above is that our powder sample was substantially
oriented by the external field. Magnetic alignment of ferro- or ferrimagnetic powders by
application of a static field is a routine step in permanent magnets manufacturing . In such
case, the magnetic torque on a particle of volume V is 'l'F = MsVB sin e. For an
antiferromagnetic particle, the torque originates from the susceptibility anisotropy [6] and
is given by

(3)

(in this case, the perpendicular orientation has lowest energy). Thus, antiferromagnetic
grains will rotate if the magnetic field is sufficiently large to overcome friction forces. This
condition could be fulfilled in our experiments because the absorber sample was a loose
powder. Incidentally, our measurements were done in order of decreasing fields, so the
maximum alignment occurred at B= 11.6 T and did not change during the subsequent
experiments at lower fields.

The latter conclusion was corroborated by a later Mossbauer measurement in zero field,
which showed that the magnetically induced texture persisted (at least partially) long after
the first series of experiments, even upon heating to room temperature and moving the
sample (Figure 4). The fitted Fe(6h) sextet had a 3:q:l line intensity ratio with q=3.13,
from which <sin2e>=0.878, or 0av-z70°, was obtained. It is also noticeable that the
components of the Fe(2a) doublet (,1=0 .386 mm/s) have unequal intensities, which is an
additional indication of preferred orientation. From the crystal symmetry it can be inferred
that the Fe(2a) Vzz axis is parallel to the Fe(6h) magnetic axis. Thus, the doublet intensity
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Figure 4 TiFez spectrum at T=
4.2 K and zero applied field,
measured after exposure to high
fields . Dotted curve Fe(6h),full
curve Fe(2a).
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ratio could be calculated by the expression [8] la /lIT = (~+ < sirr' » / (2- < sirr' ()»;
the obtained ratio was 1.38, in good agreement with the experimental value lAO.
Furthermore, the fact that the higher-velocity component had the larger intensity allows its
identification as the (J (i.e., I±D---+ I±!)) transition; hence, Vzz <0 at the Fe(2a) site of
TiFc2, a previously unknown result [7].

4 Conclusions

We have measured Mossbauer spectra of a powdered sample of antiferromagnetic TiFe2
under different applied fields, and the results were compared to simulated spectra. A
theoretical model was constructed, by means of which the angular orientation of the two
sublattice magnetizations was determined by minimizing the total energy. Spectra
calculated by assuming random crystallite orientations failed to reproduce the experimental
results. In order to obtain simulated spectra with the required narrow effective field
distributions, a strongly textured distribution had to be assumed, the local anisotropy axis
lying perpendicular to the applied field within ±5°. Thus, magnetic alignment of
antiferromagnetic grains by an external field was demonstrated. Additionally, the exchange
fieldBE=72 Tand the anisotropy field BA=2.2 T have been determined for TiFe2at T;::;O K.
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Abstract Mossbauer spectra have been recorded for sodium, guanidinium, barium and
lithium nitroprussides single crystal cuts. The temperature dependence of the Lamb-­
Mossbauer fraction f, respectively, the mean-square nuclear displacement (xz) and the
mean-square (of the total) velocity of the iron nucleus (vz) were analyzed on the basis of the
Debye and Einstein lattice-vibration models . The characteristic temperatures of the two
models , BD and BE, fitted to (xz) are considerably lower than those fitted to (vz). This effect
seems to be typical for the iron complexes and was explained with the presence of low and
high frequencies in the phonon vibration spectra and of low-temperature anharmonicity.
The Lamb-Mossbauer fraction at 77 K in all principal crystal direction s of sodium ,
guanidinium and barium nitroprussides has been determined. These values will be used for
more precise studies of the population and the properties of the light-induced molecular
states of the nitrosyl [Fe(CNhNOf- anion.

Key words nitroprusside single crystals ' Lamb-Mossbauer factors lattice dynamics­
Debye and Einstein characteristic temperatures

1 Introductlon

Two long-lived, light-induced molecular states (SI and SII) have been observed in the
sodium nitroprusside Naz[Fe(CNhNO]'2HzO (SNP) [I]. The decay temperatures are
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low: about 140 K for S11 and about 200 K for S1. There is evidence that new materials with
decay temperatures around room temperatures could be found and that such controlled and
reversible photo -switching materials could be used for optical information storage with
extremely high capacity. The structural changes related to SI and S11 have been
controversially debated in the recent years . For example, SI was described as inverted Fe­
O-N bond compared to the Fe-N-O bond in the ground state . For S11 a side-on bonding of
the NO group to the iron atom is proposed [2]. These structural changes are not widely
approved because other studies [3] do not indicate such changes. This controversy remains
a challenge for future investigations. A summary of investigations on photo chromatic
effects and on SI and S11 carried out by resonance methods can be found in [4] and a more
general review in [5].

The nitroprussides (CN3H6h[Fe(CNhNO] (GuNP), Ba[Fe(CNhN0]-3H20 (BaNP), and
Li2[Fe(CNhNO]'4H 20 (LiNP), available as single crystals, are suitable for a study of the
physi cal nature of SI and SI1. Mossbauer parameters of the first two nirtoprussides are
measured at room temperature (GuNP in [6] and BaNP in [7]). Population experiments and
investigations of SI and SII are usually performed at 77 K. In the present contribution
temperature dependent measurements of Mossbauer parameters with single crystal a-, b-,
and c-cuts are described. The Lamb-Mossbauer factor! at 77 K has been determined. The
temperature dependence of! and the isomer shift (second-order Doppler shift Vo) were
analyzed on the basis of the Einstein and Debye lattice-vibration models [8, 9].

2 Experimental details and calculations

The raw material for the crystal growth was obtained by double cation exchange reaction
from sodium nitroprusside as described in [10]. Dark red, well-faced single crystals with
dimensions of several centimetres were grown by slow evaporation of saturated aqueous
solutions at about 305 K. For the measurements single crystal a-, b-, and c-cuts with
thickness in the range 240-500 urnhave been used . Because of the high electron absorption
in BaNP and the existence of an excellent cleavage plane the thinnest crystal, 240 urn, was
used to study BaNP, and it was glued to a 1 mm supporting Plexiglas layer. All spectra were
recorded with a spectrometer in constant acceleration mode and a 57Co[Rh] source of about
20 mCi activity. The isomer shifts were related to the cc-Fe standard at room temperature.
The temperature dependent measurements were performed in a continuous flow cryostat
from Oxford Instruments. The sample temperature was maintained stable in the range of
±0.2 K.

In the case of a single crystal the cross-sections for nuclear resonant absorption of the
two absorption lines of the quadrupole doublet are polarization dependent [6]. In our
analysis of cross-sections ((factors) we have considered this effect. The first nitroprusside
single crystal studied in this way was Na2[Fe(CNhNO]'2H 20 (SNP) [11]. Within the
harmonic approximation of lattice dynamics the mean-square displacement <x2

) along the
vector k can be derived from! = exp (_k2(x2 ) ) . The mean-square velocity of the nucl eus
<v2

) can be extracted from the source velocity at resonance, Vo= 80 - (V2) /2c,where 80 is
the isomer shift that exists between the chosen standard and absorber at a definite
temperature, c is the speed of light. Einstein (8d and Debye (8D) temperatures, respectively,
have been derived from the temperature dependence of <x2

) and <v2
) as described in [8, 9].
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Figure I (x2
) results (polarization and saturation effects are neglected) together with Lamb-Mossbauer

factors f at room temperature for nitroprusside single crystal cuts (left); temperature dependence of the
resonant source velocity Vo together with Debye (BD) and Einstein (BE)temperatures for sodium nitroprosside
single crystal cuts (right). The mean values are BD=747(20) K and BE=548(20) K. For the guanidinium and
barium nitroprussides the mean values are BD= 716(20) K, BE= 527(20) K, and BD=717(20) K, BE =528
(20) K, respectively.

3 Results and discussion

Temperature dependent measurements of Mossbauer parameters of single crystal a-, b-,
c-cuts of SNP, GuNP and BaNP were performed. Figure I (left) presents <x2

) results
(polarization and saturation effects, both about 5%, were neglected). In the harmonic
approximation a linear behaviour of <x2

) versus T is expected at high temperature with the
straight-line asymptote intersecting the <x2)-axes in the origin. Only SNP shows an
approximately linear decrease of <x2

) with decreasing temperature. For GuNP this
behaviour is not linear. The vibrational anisotropy observed at room temperature remains
down to 77 K. BaNP exhibits three significantly different <x2

) values at room temperature
for the three different crystal cuts. We want to emphasize that this vibrational anisotropy
becomes axially symmetric with only two values of the Lamb-Mossbauer factor at 77 K.
Such behaviour indicates low-temperature anhannonicity in the solid. After polarization
and saturation effect corrections the set of values of <x2

) as a function of temperature for
each single crystal direction of the nitroprussides were fitted on the basis of the Debye and
Einstein models, respectively. Both models have yielded practically the same fits. The
calculated characteristic temperatures BD and BEare summarized in Table I.

The analysis of the temperature dependent <v2
) data yields different BD and BEvalues,

Figure 1 (right), compared to those derived from <x2
) (Table I) by up to a factor of about 5.
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Table I Characteristic tempera-
tures liD and liEobtained from ~ Crystal Crystal direction --->

analyzing (x2) -data (Figure I left)
taking into account polarization a-axis b-axis c-axis
and saturation effects. The error
margin expressed in brackets SNP

corresponds to one standard liD 203(3) 189(3) 205(3)
deviation. liE 117(2) 109(2) 118(2)

GuNP

liD 142(3) 157(3) 166(3)

liE 82(2) 91(2) 96(2)

BaNP

liD 208(3) 180(3) 280(3)

liE 120(2) 104(2) 161(2)

Table II Lamb-Mossbauer fac-
tors f at 77 K. The error margin ~ffactor Crystal direction --->

expressed in brackets corresponds
to one standard deviation a-axis b-axis c-axis

SNP 0.71(1) 0.66(1) 0.70(1)

GuNP 0.53(1) 0.59(1) 0.65(1)

BaNP 0.75(1) 0.77(1) 0.94(1)

The <x2)-data present the mean value along the wave vector k and therefore are direction
dependent, whereas <v2)-data are averaged in all directions and therefore can have only a
single value. The general trend in the behaviour of the characteristic temperatures is that (}D

and (}E extracted from <x2
) data are always many times lower than those extracted from <v2

)

data. This behaviour is due to the existence of two vibrational frequency regions: low­
energy acoustical lattice vibrations with energy up to 30 meV, which affect more strongly
<x2

) values, and high-energy optical molecular vibrations with energy in the range 60­
100 meV, on which the <v2

) values depend considerably. This vibration specificity is
especially true for Fe-complexes and indicates that results derived on the basis of Einste in
and Debye models for nitroprussides have to be taken with caution. From the average value
of the second-order Doppler shift between 77 and 293 K an effective recoil mass of about
138 glmol was calculated, which as expected is nearly equal to the mass of the iron atom
and its first neighbours (five carbon and one nitrogen atom) i.e. 131 g/mol [10].

The f factors derived at 77 K for SNP, GuNP and BaNP are summarized in Table II
compared to those at room temperature listed on Figure I for nitroprussides with inorganic
cations (Na, Ba) they are at least two times higher for all principal crystal directions , for the
organic guanidinium cation about three to four times higher.

The LiNP is chemically unstable at room temperature (looses its crystal water). It was
measured in the form of a powder sample with a nondefinite quantity of crystal water and
therefore was not used in this presentation.

4 Conclusions

Temperature dependent Mossbauer studies have been performed on sodium, barium,
guanidinium and lithium nitroprussides single crystal cuts. Lower sensitivity to temperature
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than that expected from the harmonic approximation of lattice dynamics and low­
temperature anharmonicity have been observed. Strongly differing characteristic temper­
atures BD and BE have been found from analyzing (x2

) _ and (v2)-data, respectively, which
clearly indicates that results derived on the basis of the Einstein as well as Debye model
have to be considered with caution. The Lamb-Mossbauer fraction at 77 K in all principal
crystal directions of sodium, guanidinium and barium nitroprussides were determined.
These values will be used for more precise studies of the population and properties of the
light-induced molecular states of the nitrosyl [Fe(CNhNO]2- anion.
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Abstract The cation distribution and magnetic structure of CuxFel-xCrZS4 (x=O.l, 0.2, 0.3,
0.4, and 0.5) has been studied by X-ray and neutron diffraction, vibrating sample
magnetometer (YSM), and Mossbauer spectroscopy. The charge state of Fe is found to be
ferrous (FeZ» for the x=O.l sample; ferric (Fe3+) for the x=0.5 sample; mixed state (Fez+,
Fe3+) forthe x=0.2 , 0.3, and 0.4 samples. The Mossbauer spectra of the x= O. 1 sample show
asymmetric line broadening, which is considered to be due to the Jahn- Teller effect of Cuz

+

ions, and a symmetrical six-line pattern is shown for the x=0.5 sample. The valence state of
the Cu ions for the x= O. 1 and 0.5 samples is found to be divalent and monovalent,
respectively. The magnetic structure of the samples was determined to be a ferrimagnetic
structure with antiparallel alignment of the Fe and Cr ion magnetic moments.

Key words neutron diffraction -Mossbauer spectroscopy' sulphur spinel

1 Introduction

The discovery of the colossal magnetoresistance (CMR) phenomenon on sulphur spinel has
been of great interest, due to its potential for technological applications and the interesting
physical properties of materials [1, 2]. Ferroelectricity and colossal magnetocapacitive
coupling in Cd-doped sulphur spinel have recently been reported. Cd-doped sulphur spinel
has also been considered for its physical properties [3]. Studies on sulphur spinel
compounds (Fel-xCuxCrZS4; x=O.Oand 0.5) have suggested that the conduction mechanism
in these materials may not be the double exchange (DE) of carriers [4]. According to the
octahedral (B) site preference of Cr3

+, the Mossbauer spectra of FeCrZS4 is believed to arise

8. S. Son ' S. J. Kim ' 1.-8. Shim ' C. S. Kim (f:8J)
Department of Physics, Kookmin University, Seoul 136-702, South Korea
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Figure 1 Refined X-ray diffrac­
tion patterns of CuxFel-xCrZS4 at
room temperature, (a) x=O.I , (b)
x=O.2, (c) x=O.3 , (d) x=O.4, and
(e) x=O.5, respectively.
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from the tetrahedral (A) site of the Fez
+ spectra. However, the Mossbauer spectra of

FeCrZS4 were found to be dependent on the sample ; furthermore some of the papers
reported line broadening caused by an excess ofB-site Fez

+. Samples of CuxFel-xCrZS4 (x:s
0.5) have been studied extensively [5]. Lotgering et al. developed a monovalence model of
Cu+ ion, while Goodenough postulated the existence of divalent Cuz

+ for the 0.5<x:s1.0
concentration range [6]. Also Palmer et al. and V. Fritsch et al. reported the triple exchange
model and suggested the coexistence of Fez

+ and Fe3
+ iron ions in the tetrahedral sites [7].

Therefore, it is essent ial to determine the valence state of iron ions in various sulphur spinel
compounds to properly understand the underlying mechanism. We herein present the results
for the temperature dependence of the Mossbauer experiments and compare them with the
results of the X-ray, neutron diffraction and vibrating sample magnetometer (YSM)
magnetization measurements for the sulphur spinel compounds of CuxFel-xCrZS4 (x=O.O,
0.1,0.2, 0.3, 0.4, and 0.5).

2 Experiments

Cu-substituted CuxFel-xCrZS4 (x=O.1 , 0.2, 0.3, 0.4, and 0.5) were synthesized in highly
evacuated quartz tube. The X-ray diffraction (XRD) measurements were performed with Cu
Ka radiation. Neutron diffraction was obtained at the Korea atomic energy research institute
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Table I Results of parametersof X-ray diffraction refinementon CU,Fel-xCrZS4 (x=O.I , 0.2, 0.3, 0.4, and
0.5)

x=O.1 x=0.2 x=O.3 x=0.4 x=0.5

0 0 (A) 9.988 9.962 9.941 9.927 9.866
u (S) 0.741 0.741 0.741 0.741 0.741
dre-s (A) 2.312 2.306 2.301 2.298 2.299
dcu-s (A) 2.312 2.306 2.301 2.298 2.299
dcr- s (A) 2.414 2.406 2.403 2.399 2.376
Rexp (%) 4.28 6.08 5.32 5.29 4.64
Rn (%) 4.16 5.30 4.96 5.16 7.09

Figure 2 Temperature depen-
4dence of Bohr magnetization

curves of CuxFel-xCrzS4 under
5 kOe external magnetic field.
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reactor HANARO HRPD (high resolut ion powder diffractomerter, A= 1.8348 A). The
magnetic properties were measured using vibrating sample magnetometer (VSM) in the 50::;
T::;380 K temperature range and in the 100 Oe and 5 kOe external field. The Mossbauer
spectra were recorded using the conventional spectrometer with a 57CO source in a rhodium
matrix at temperatures ranging from 4.2 to 300 K.

3 Results and discussion

The XRD data of the single phase samples can be successfully fitted by the Rietveld
refinement method , which gives the lattice constants ao, anion parameter u, bond lengths d
for the sulphur spinel system. It also indicates that the CuxFe\-xCrZS4 system crystallizes in
normal spinel structure as shown in Figure I, in which CufFe and Cr occupy the tetrahedral
(A) and octahedral (B) sites, respectively. The crystal space group is Fd3m (Fe, Cu (8a); Cr
(I6d); S (32e) (u,u,u». The determined lattice constants ao, anion parameter u, bond lengths
d, and R-factor are listed in Table I. It is observed that the lattice constant decreases linearly
when the Cu concentration increas es (Vegard 's law) . As expected, the Cu/Fe-S (referred as
A-S) and Cr-S (refereed as B-S) inter-atomic distance decrease remarkabl y due to the
reduction of unit cell size.
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Figure 3 Neutron diffraction
patterns of Cu ,Fel -xCr2S4 com­
pounds , (a) at 10 K, (b) at 300 K,
for the sample x=O.I; (c) at 10 K,
(d) at 300 K, for the sample x=
0.3; (e) at 10 K, (t) at 300 K, for
the sample x=O.5, respect ively.
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The temperature dependence of the magnetic moment at a constant H=5 kOe magnetic
field is indicated in Figure 2. The Neel temperature TN increases with the Cu concentration
x. Here, the Neel temperature is defined as the temperature of the maximum slope in dM/dT.
According to the VSM results, both the magnetic moment and the Nee! temperature
increased with increasing Cu substitution . It is noticeable that the Neel temperature
increased with the enhancement of superexchange interaction . The strength of super­
exchange interaction is inversely proportional to the bond length between the magnetic
ions. So, an increase in the Neel temperature is due to the bond lengths as shown in Table I.
It is observed that saturation magnetizations increase when Cu concentration increases.
From this result, we can conclude that the relative spin arrangement of Fe ions in the A site
and Cr ions in B site are coupled to be antiferromagnetic, whereas the A-A and B-B
interactions are arranged to be ferromagnetic. In order to clarify the magnetic structure and
microscopic interaction , we studied them with the neutron diffraction and Mossbauer
spectroscopy.

Figure 3 shows some of the neutron diffraction patterns for CuxFel-xCr2S4 (x=O.I, 0.3,
and 0.5) at 10 and 300 K. The neutron diffraction for CuxFel-xCr2S4 (x=O.l , 0.3, and 0.5)
above 10K showed that the magnetic peaks were overlapping on the nucleus peak. The
magnetic peak decreases when temperature increases and it disappears at Neel temperature .
According to the Neel theory two-sub lattice model, both Fe and Cr sublattices are
ferromagneticaly ordered, while the magnetic moment of Fe sublattice is antiparallel to that
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Figure 4 Mossbauerspectra
ofCuxFel-xCrZS4 at 4.2 K,
(a) x=O.I , (b) x=O.2, (c) x=O.3,
(d) x=O.4, and (e) x=O.5,
respectively.
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of the Cr sublattice due to the magnetic coupling between these two sublattices. This is due
to the fact that the net magnetic moment of the Cr sublattices is larger than that of the Fe
sublattices. The results agree with those obtained by VSM.

The Mossbauer spectra were collected at temperatures ranging from 4.2 to 300 K.
Figure 4 shows the Mossbauer spectra of the CuxFel-xCr2S4 samples (x=O.l , 0.2, 0.3, 0.4,
and 0.5) at 4.2 K with various Cu concentrations. The large asymmetrical line broadening
of Mossbauer absorption line is shown for the x=O.1 samples at 4.2 K. It is related to the
dynamic Jahn-Teller effect. The distorted line shape is due to the Jahn- Teller active ion.
Bearing in mind that Fe2

+ with 3d6 electrons is a Jahn- Teller active ion in the tetrahedral
sites, the energy splitting of the ground state is due to a Jahn-Teller effect at the Fe sites
corresponding to a degenerate orbital doublet Eg state of Fe2

+ [9].
Asymmetrical six-line pattern is shown for the x=0.5 sample in Figure 4. It is interesting

to note that nonzero quadrupole shift in FeCr2S4 is observed despite the fact that spatial
symmetry of the Fe2

+ ions is Td [10]. The obtained magnetic hyperfine field and isomer
shift value of the x=O.1 and 0.5 samples are 170, 378 kOe at 13 K and 0.43, 0.20 mmls at
room temperature, respectively, which are typical values of Fe2

+ and Fe3
+ in Cr based

sulphur spinel. We notice that the degree of asymmetrical line broadening is high up to x=
0.1 but it decreases above x=0.3. Then, a nearly symmetrical six-line pattern is shown for
the x=O.4 sample. As for x=0.5 sample, a sharp sextet is observed. Furthermore, the
magnetic hyperfine field is quite large compared to that of the x=O.l sample. Remembering
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that ferrous ions show largequadrupoleshifts due to a large orbitalangularcontribution and
that the ferric ion has a small quadrupole shift, we can carefully conclude that the charge
states of the iron ions in the x=O.l and 0.5 samples are ferrous and ferric, respectively.
Moreover, the valence states of copper ions of the x=O.l and 0.5 samples are divalent and
monovalent, respectively, from charge neutrality. From the above discussion, we can
conclude that the CuxFel-xCrZS4 samples (x=0.2, 0.3, and 0.4) are mixed system of Fez+

and Fe3
+. The portion of Fez+ and Fe3

+ ions for CuxFet-xCrZS4 (x=0.3) is 80.7 and 19.3%,
respectively, by Mossbauer absorption ratio.

4 Conclusion

In summary, samplesofCuxFet -xCrzS4 (x=O.I, 0.2, 0.3, 0.4, and 0.5) have been studied by
using Mossbauer spectroscopy, X-ray diffraction, magnetization, and neutron diffraction.
The magnetic structure is ferrimagnetic, the spins of Fe ions in the A sites and Cr ions in B
sites are coupled to form an antiferromagnetic arrangement. The charge states of iron ions
for the x=O.1 and x=0.5 samples are ferrous and ferric, respectively, while it is concluded
that the CUxFcl -xCrZS4 samples (x=0.2, 0.3, and 0.4) are mixed system of Fez+ and Fe3

+.

The Mossbauerspectra of the x=O.l sample show an asymmetric line broadening, which is
due to dynamic Jahn-Teller relaxation.
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Abstract The s7Fe Mossbauer effect study at 5.0 K and in an external magnetic field of
9.0 T on a high-quality stable decagonal quasicrystal AI6sCo1sCuJ 9.9Feo.1 is presented . It is
shown that the iron atoms are located in two distinct classes of sites. The values of the
principal component of the electric field gradient tensor and the asymmetry parameter at
these sites are, respectively, -1.90(10) x 1021 V/m2, 0.97(15) and -3.95(12) x 1021 V/m2,

0.00(17).

Key words quasicrystal · decagonal alloy . electric field gradient

1 Introduction

One of the open questions in studies of quasicrystals (QCs) is to determine their atomic
structure, which is a prerequisite to understand many unusual physical properties of these
alloys [1]. In spite of significant progress in recent years, the complete determination of the
structure of QCs has not yet been accomplished [2].

The first, and until now, the only quantitative X-ray diffraction (XRD) study of the
structure of the decagonal AI-Co-Cu QC using the five-dimensional description of the
structure of a decagonal QC was carried out by Steurer and Kuo [3,4] . The difficulty with
the five-dimensional approach is that only an average structure can be determined because
disorder, which is clearly present in the decagonal AI-Co-Cu QC [5], cannot be treated
properly. A relatively smal1 number of Bragg reflections available [2] leads to some
spurious atoms with unphysical inter-atomic separations in structural models. In addition, a
problem of XRD analysis is that it is not possible to distinguish between the different
transition metal (TM) atoms in the ternary AI-Co-Cu QC. It appears that the XRD

Z. M. Stadnik«(8])
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investigations alone might not be able to solve the structure of the decagonal AI-Co-Cu
QC.

Complimentary to the diffraction methods of structure determination are the local
probes, such as extended X-ray absorption fine structure (EXFAS), nuclear quadrupole
resonance (NQR), or Mossbauer spectroscopy (MS), which are element selective and
sensitive to the local atomic structure. It has been recently demonstrated [6] how the
combination of the complete set of the MS data and the calculations of the electric field
gradients (EFGs) for several XRD-based structural models of the icosahedral AI-Cu-Fe QC
led to the solution of the structure of this QC.

The main objective of the present study is to provide a complete set of the EFG
parameters at the Cu sites in the decagonal AI-Cu-Co QC.

2 Experimental procedure

An ingot of nominal composition AI65CoI5CuI9.9Feo.l was prepared by melting in an argon
atmosphere of high-purity constituent elements using an arc furnace; the Fe metal used was
enriched to 95.9% in the 57Fe isotope. The ingot was annealed in vacuum at 1073 K for
48 h.

57Fe MS measurements were performed using a standard Mossbauer spectrometer
operating in a sine mode. Mossbauer spectra in zero external magnetic field and in an
external magnetic field of 9.0 T parallel to the v-ray propagation direction were measured
with the 57CO(Rh) source held at the same temperature as that of the sample. The
spectrometer was calibrated with a 6.35-Jlm u-Fe foil (the surface density of 107x 10- 3

mg 57Fe/cm\ and the spectra were folded. The full line width at half maximum of the inner
pair of the n-Fe Zeeman pattern was 0.224(4) mrn/s and this value can be regarded as the
resolution of the Mossbauer spectrometer. The Mossbauer absorber was prepared by mixing
the powdered alloy with powdered BN to ensure a uniform thickness of the absorber and
the random orientation of sample particles. This mixture was then put into a plastic sample
holder. The surface density of the Mossbauer absorber was 36 x l 0- 3 mg 57Fe/cm2.

3 Results and discussion

The XRD analysis of the studied QC showed [7] that all the Bragg peaks could be indexed
to the decagonal structure, with a quasilattice parameter a=7.l85 Aperpendicular to the 10­
fold axis and a quasilattice stacking periodicity c=4.l29 Aalong the lO-fold axis.

The low-temperature Mossbauer spectrum of the decagonal AI65COI5CuI9.9Feo.l QC
(Figure 1), in contrast to Mossbauer spectra of icosahedral QCs which are in a form of a
somewhat broadened single quadrupole doublet [8], exhibits a clear structure. It can be
fitted unequivocally with two symmetric quadrupole doublets (Figure I). Each doublet is
characterized by a full line width at half maximum r, a relative area A, a centre shift 8
(relative to u-Fe at 298 K), and a quadrupole splitting .:1 = 1eQI Vzzi(1 +trf)1/2 where eis
the proton charge and Q is the electric quadrupole moment of the nucleus. The asymmetry
parameter is TJ = I(Va - Gy) / VzzI' (0 < TJ :s: I), where VW G·Y' and Vzz are the
eigenvalues of the electric field gradient (EFG) tensor in order of increasing magnitude.
The values of T, A, 8, .:1 determined from the fit (X2

= 1.09) for each quadrupole doublet are,
respectively, 0.313(9) mrn/s, 63.0(2.6)%, 0.299(2) mrnIs, 0.389(7) mrnIs and 0.258
(10) mrnIs, 37.0(2.5)%, 0.235(3) mrn/s, 0.706(7) mrnIs. The fact that the Mossbauer
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Figure 1 The 57Fe Mossbauer
spectrum of the decagonal
A165Co15Cu1 9.9Feol quasicrystal
at 5.0 K fitted (solid curve) with
two symmetric quadrupoledou­
blets which are shown above the
spectrum. The zero of the veloc­
ity scale is relative to the 57Co
(Rh) source at 5.0 K. The resid­
uals are shown above the spec­
trum.

Figure 2 The 57Fe Mossbauer
spectrum of the decagonal
AI65COI5CuI9.9Feo.l quasicrystal
at 5.0 K in an externalmagnetic
field of 9.0 T fitted (solid line)
with two components which are
shown above the spectrum. The
zero velocity scale is relative to
the 57CO(Rh) sourceat 5.0 K. The
residuals are shown above the
spectrum.
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spectrum of the decagonal AI6sCo i s CuI9.9Feo. I QC is indisputably composed of two
quadrupole doublets (Figure I) proves the existence of two distinct iron sites in this QC.

The fit of the zero-field Mossbauer spectrum in Figure I gives information on the
magnitude of .1, but not on the sign of the main component of the EFG, Vzz, or the value of
T). The complete information of the sign of Vzz and the value of T)can be obtained from the
Mossbauer spectra measured in external magnetic fields such that the magnetic dipole
interaction becomes of a similar magnitude as the electric quadrupole interaction. To
determine the sign of Vzz and the value of T) in the studied QC, a Mossbauer spectrum was
measured in an external magnetic field of 9.0 T (Figure 2). The Mossbauer spectra
exhibiting mixed hyperfine magnetic dipole and electric quadrupole interactions must be
treated using the exact Hamiltonian. If texture effects are negligible one can assume,
similarly to the case of powder samples, that the principal axes of the EFG tensor are
randomly oriented with respect to the external magnetic field. The algorithm for calculating
the spectra in such a case was given by Blaes et al. [9] and was used to fit the spectrum in
Figure 2. As there are two classes of iron sites (Figure I), it is clear that there are four
possible combinations of signs for q = ~eQVzz : (+,+), (+,-), (-,-), and (- ,+). The
Mossbauer spectrum in Figure 2 was fitted with two components corresponding to these
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four combinations of q signs ; the value of r of two component subspectra was taken from
the zero-field fit (Figure 1) and was fixed in the fit. The best fit (X2=1.24) (Figure 2) was
obtained for the following values ofA, 8, q, 'rJ corresponding, respectively, to two iron sites:
59.5(2.7)%,0.312(10) mm/s, -0.316(13) mm/s, 0.97(15) and 39.5(2.6)%, 0.236(12) mm/s,
-0.658(15) mm/s , 0.00(17) . Thus, Vzz is negative at two iron sites and has the value of
-1.90(10) x 1021 and -3.95(12)x 1021 V /m2

• In converting from the measured q to Vzz we
have used the value Q= 16 frrr', which is based on a systematic comparison of
experimentally determined quadrupole splittings and calculated EFGs [10] and which has
been confmned by a nuclear shell-model calculations [11].

The analysis presented above enabled us to determine precisely the values of the EFG at
the two classes of iron sites in the decagonal AI6sColsCuI9 .9Feo.1 QC. What is now
required are ab initio calculations of the EFGs for the AI-Cu-Co QC for several available
structural models of this QC. Comparing these calculated EFGs with the experimentally
determined EFG here, similarly as has been done for the icosahedral AI-Cu-Fe QC [6],
could lead to the solution of the structure of the decagonal AI-Co-Cu QC.

4 Conclusions

The s7Fe Mossbauer effect study at 5.0 K and in an external magnetic field of 9.0 T on a
high-quality stable decagonal quasicrystal AI6SC01SCuI9.9Feo.l has been presented. The
iron atoms are shown to be located in two distinct classes of sites. The values of the
principal component of the electric field gradient tensor and the asymmetry parameter at
these sites are determined to be, respectively, -1.90(10) x 1021 V/m2

, 0.97(15) and -3.95
(12)x 1021 V/m2,0.00(17).
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Abstract The 151Eu Mossbauer effect study in the temperature range 2.2-299.5 K on
pulverized single crystals of EuCu2Si2 synthesized from an indium flux is presented. In
contrast to previous studies on polycrystalline samples in which valence fluctuations for Eu
were reported, we find that the Eu atoms are divalent in the whole temperature range.
Therefore, there are no charge fluctuations of Eu in EuCu2Si2'

Key words valence fluctuation · divalent Eu

1 Introduction

The ternary alloy EuCu2Si2 is one of the first europium-based alloys in which intermediate
valence behaviour was observed [I]. It is also one of the most well studied [2-5]. Previous
151Eu Mossbauer studies of EuCu2Si2 [I, 4, 5] found that the effective valence of Eu
changes from -2.6 at room temperature to -2.8 at lowest temperature.

Recently, single crystals ofEuCu2Si2 were synthesized from an In flux and studied again
[6, 7]. Surprisingly, magnetic susceptibility, electron-spin-resonance, and specific heat
results [6, 7] are consistent with Eu being in stable divalent state. Here, we present the
preliminary 151Eu Mossbauer spectroscopy results on the single crystals of EuCu2Si2. We
demonstrate that Eu in EuCu2Si2 is in the divalent state in the temperature range 2-300 K.
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Figure 1 151Eu Mossbauer
spectra of EuCuzSiz at various
temperatures above the magnetic
orderingtemperature. The zero of
the velocityscale is relativeto the
15ISm(SmF3) source at room
temperature. The solid line is a
least-squares fit, as described in
the text.
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2 Experimental procedure

VELOCITY (mm/s)

Single crystals of EuCuzSiz were synthesized from an In flux, as described in [7]. They
were found to be single phase , crystallizing in the tetragonal ThCr2Si2 structure with lattice
constants a=4.l 0 A and c=9.93 A [7].

151 Eu Mossbauer measurements were performed in the temperature range 2.2-299.5 K
with a standard Mossbauer spectrometer operating in a sine mode using a 330 mCi 151Sm
(SmF3) source kept at room temperature . The spectrometer was calibrated with a 6.35-l.lm
oc-Fe foil, and the spectra were folded. The Mossbauer absorber was prepared by mixing the
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Figure 2 Temperature depen­
dence of the normalized area
under the resonance curve. The
solid line is a least-squares fit
based to the expression for the
Lamb- Mossbauer factor within
the Debye model of lattice
vibrations.
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pulverized crystals of EuCuzSiz with powdered BN to ensure a uniform thickness of the
absorber and the random orientation of sample particles. This mixture was then put into a
plastic sample holder. The surface density of the Mossbauer absorber was 18.0 mg Eu/crrr',
which corresponds to the effective absorber thickness 8.lfa, where fa is the absorber Lamb­
Mossbauer factor.

3 Results and discussion

The Mossbauer spectra of EuCuzSiz at selected temperatures above the antiferromagnetic
ordering temperature TN= 8.5 K [8] are shown in Figure 1. In contrast to the Mossbauer
spectra ofa polycrystalline EuCuzSiz [1,4,5], the spectra of the studied specimen consist
of one line located at - - 8.65 mm/s. This shows that Eu is divalent and there are no signs of
valence fluctuations in the temperature range 77.5-299.5 K.

The spectra in Figure I result from a pure electric quadrupole interaction. They were
fitted with the transmission integral and the positions and relative intensities of absorption
lines were calculated by numerical diagonalization of the hyperfine Hamiltonian [8]. The
source 15ISm(SmF3) used is not a monochromatic source as 151Sm nuclei are located in the
SmF3 matrix at the site of noncubic symmetry. By measuring the spectra of the cubic EuSe
we determined [8] that the electric quadrupole coupling constant eQg Vzz in our source is
- 3.98(13) mm/s (Qg=0.903 b [9]), which is very close to the value found in [10]. The
precise shape of the source emission line was taken into account in the fits of the spectra in
Figure 1.

The values of the electric quadrupole coupling constant eQgVzz and the asymmetry
paramer 7] obtained from the fits of the spectra in Figure I are temperature independent [8]
and are, respectively, 6.11(8) mm/s and 7]= 1.0(1). The temperature dependence of the area
under the resonance curve (Figure 2) derives from the temperature dependence offa. The fit
of the relative area to the expression forfa within the Debye theory of lattice vibration gives
the Debye temperature 8 D =236(4) K. This value is close to the value of21O K found from
the specific heat data for the polycrystalline EuCuzSiz [2].

The Mossbauer spectra of EuCuzSiz at selected temperatures below and around TN are
shown in Figure 3. It is evident that these spectra are the spin relaxation spectra, even at the
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Figure 3 151 Eu Mossbauer
spectra of EuCu2Si2 at various 100
temperatures below and around
the magneticordering tempera-

98ture. The zero of the velocity
scale is relative to the 151Sm
(SmF3) source at room tempera- 96
ture. The solid line is a least-
squares fit, as described in the
text. 94
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lowest temperature of 2.2. K. They were fitted (Figure 3) using the line shape function
given by Blume and Tjon [11]. The analysis of these relaxation spectra are discussed in
detail elsewhere [8]. Here we notice that the isomer shift 8 of these spectra is - -8.68 mm/s.
This demonstrates that the Eu atoms in the studied alloy are divalent.

The temperature dependence of 8 of the spectra in Figures 1 and 3 is shown in Figure 4.
It is evident that 8 changes very little with temperature and its value proves that Eu in
EuCu2Si2 is divalent in the temperature range 2.2-299.5 K. Consequently, there are no
charge fluctuations of Eu in EuCu2Si2'
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Figure 4 Temperature depen- -8.5
dence of the 15 1Eu isomer shift in
EuCuzSiz·
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4 Conclusions

The 151Eu Mossbauer effect study in the temperature range 2.2-299.5 K on a ternary alloy
EuCuzSiz synthesized from an In flux has been presented. The values of the electric
quadrupole coupling constant eQgVzz and the asymmetry paramer 7] are, respectively, 6.11
(8) mm/s and 7]= 1.0(1). The Debye temperature of the studied alloy is 236(4) K. The Eu
atoms are in stable divalent state in the temperature range 2.2-299.5 K.
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Abstract 57Fe Mossbauer measurements are reported for the series KxBal-xFe2S3,
x :S 0.3, at temperatures between 4.2 K :s T :s 294 K. A decrease of the Debye
temperature from 435 to 405 K with x, indicates a weakening of the stiffness of the
Fe sublattice. The ordering temperatures, taken from the appearance of magnetic
hyperfine splitting in the spectra, are approximately 40 K lower for x 2: 0.1. The
values of the centre shift and the small temperature dependence of the quadrupole
splitting strongly supports that similar to the border compound BaFe2S3 also the K
containing samples should be characterised as mixed valence compounds.

Key words 57Fe Mossbauer measurements- Debye temperature- thioferrates

Polyanionic infinite [Fe2S3]2- double chains formed by edge-sharing [FeS4] tetrahe­
dra are characteristic for the crystal structure of the thioferrate BaFe2S3 (space group
Cmcm [1]). The Ba 2+ cations are interspersed between these chains. Crystallograph­
ically only one Fe site is present, which should be divalent, Mossbauer investigations
revealed, however, an isomer shift pointing to a mixture of di- and trivalent Fe
atoms [2]. For isostructural KFe2S3, with cation charge +1, for Fe a valence state
of 2.5 is expected, which may be realised by a random distribution of Fe2+ and Fe3+

at the same crystallographic site [3]. Quite unique for partially ionic compounds,
BaFe2S3 and KFe2S3 form a continuous solid solution (Boller, unpublished) . This
offer the possibility to study the influence of the cation distribution on the magnetic
properties and to gain information on the presently not well established character
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Table I Lattice parameters and Debye temperatures of KxBal - xFe2S3

x a [A] b [A] c [A] 8D [K]

0.00 8.795(2) 11.228(3) 5.285(2) 435
0.05 8.790(2) 11.216(3) 5.294(5) 418
0.1 8.808(2) 11.193(3) 5.305(1) 427
0.3 8.824(4) 11.171(5) 5.323(2 405

of the bonding between Fe and S within the tetrahedra. We started therefore with a
systematic 57Fe-Mossbauer investigation of the series KxBal-xFe2S3 [4,5], a part of
which is presented in this report.

The samples were prepared from stoichiometric mixtures of powdered BaS,
KFeS2, Fe, and S. Because of the high moisture sensitivity, they had to be handled
under inert conditions (glove box). The educts were slowly heated up to 900°C in
evacuated quartz tubes and then cooled to 300°C at a cooling rate of 20°C/h. The
resulting samples consisted from compact reguli, which were highly oriented along
the [001] direction . Phase purity of the products was checked by X-rays (Guinier
photographs). The main contribution in the diffraction spectra belongs to reflection
of the space group Cmcm, with lattice parameters increasing with x in a, c and
decreasing in b direction (Table I). Depending on the K content, the presence of
impurity phases is recognised . However, especially if not so well crystallised and in
view of the relatively high background caused by iron fluorescence the determination
of their structure and amount was not possible. The final concentration of the
samples was checked by micro-probe analysis. Maximal deviations of 3 at % from
the nominal composition (with no general trend for one of the constituent elements)
were obtained. Generally it seems that avoidance of impurity phases in synthesising
alkali thioferrates is extremely difficult [6].

57Fe Mossbauer spectra were recorded in standard transmission geometry at
temperatures between 4.2 and 300 K using a 57CoRh source, relative to which
all centre shift data, CS, are given. Because of the sensitivity on moisture the
powdered samples were embedded in wax and kept in helium atmosphere during
the measurements. The temperature stability during measurement was ±0.5 K. The
spectra were analyzed by solving the full Hamiltonian with both magnetic and
quadrupole splitting taking sample thickness into account.

Despite of the impurities (shown by thin full lines in Figure 1) present in the
sample of BaFe2S3 (relative intensity 0.16 [4]) the spectra recorded at 4.2 K could
be described with only one well resolved subspectrum, pointing to a rather simple
type of magnetic structure. For the K substituted compounds, however , complex
spectra were obtained, which, after taking into account the different contributions
of secondary phases (relative intensity of these subspectra 0.08, 0.25, and 0.03 for
x = 0.05, 0.10, and 0.30, respectively) , could only be analysed in a consistent way
over the complete measured temperature interval by a superposition of several
subspectra accepting still some remaining deviations (Figure 1). The appearance of
magnetic order (characterised by a broad temperature interval in which the presence
of subspectra with and without magnetic hyperfine splitting was obtained, for details
see [4, 5] is strongly determined by the K content (Figure 2). Investigations on
a sample with x = 0.2 are currently in progress to gain information on the steep
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Figure 1 57 Fe Mossbauer
spectra of KxBal - xFezS3
recorded at 4.2 K.
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Figure 2 Temperature
dependence of the mean
hyperfine field in
KxBal-xFe zS3. The lines
are guides for the eyes.
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decrease of the ordering temperature, although both X-ray and CS results strongly
support the solid solution of K and Ba.

At higher temperatures for the K containing samples a superposition of at least
two subspectra, with relative intensities roughly in accordance with the Ba to K
ratio , was sufficient to obtain reasonable fits. For all samples the quadrupole splitting
(mean values at room temperature leQVzzl41=0.28, 0.29, 0.286, and 0.295 mm/s
for x = 0.00, 0.05, 0.10, and 0.30, respectively) exhibits only a small temperature
dependence, which can be explained by the change in interatomic distances with
temperature. The value of the quadrupole splitting in the border compound KFeZS3
is practically the same [3]. Thus the difference in the electronic charge and size of
the cations in the neighbourhood leads only to small asymmetries of the charge
density around the Fe nucleus, although a strong dependence of the Fe-S polyhedron
distortion parameter on the cation ionic radius was observed [6].
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Figure 3 Temperature
dependence ofthemean
centre shift ofKxBal-xFezS3.
Full lines: fits according to
theDebye model.
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The decrease in CS with x reflects the alteration in charge density caused by
the K substitution (Figure 3). Decomposing CS in a temperature independent term
representing the charge density at the nucleus and the second order Doppler shift,
allows the determination of the Debye temperature eo from the latter. eD decreases
with x (Table I), which indicates a weakening in stiffness of the Fe sublattice with
increasing K concentration and might be a hint to a change of the Fe-S bonds.

To sum up, for the presently investigated compounds of the series KxBal-xFe2S3
a decrease of approximately 40 K for x 2: 0.1 is found for the magnetic ordering
temperature. Both the value of CS and the small dependence of the quadrupole
splitting on temperature are indications, that, similar to the border compound
BaFe2S3' the K containing samples should also be characterised as mixed valence
compounds .
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Abstract s7Fe Mossbauer measurements are reported on a cubic spinel with nominal
composition Feo.sInI.5S3 in the temperature range 4.3 K to 295 K. An occupation
ratio of 0.05:1 was determined for Fe in the tetrahedral A and octahedral B positions.
Below 10 K evidence for the appearance of a spin glass state is obtained.

Key words Feo.sInI.5S3· inverse cubic spinels. site occupation . magnetic order ·
quadrupole splitting. centre shift

The discovery of ferromagnetic order in semiconductors has renewed the research
interest on iron containing thiospinels because of both the capability to develop
devices in spintronics for signal processing as well as magnetic memories and the
inherent magnetic properties of these compounds like site-dependent ferro- and
antiferromagnetic exchange interactions, which allow the detailed study of the
interplay between charge carriers and magnetic ions (e.g. [1D.

At ambient pressure stoichiometric InzS3 exists in three modifications. The dis­
ordered cubic a-phase (space group Fd3m) is a defect spinel structure in which
all the octahedral (B) sites are occupied, and 1/3 of the tetrahedral positions (A)
remain empty in random arrangement. Thus the atomic configuration of In3+ can
be represented by (Ino.67Do.33)A(Inz)BS4, where 0 denotes a vacancy. In cooling at
420°C a transition into a body-centred tetragonal supercell, containing 16 InzS3
formula units and an ordered arrangement of vacancies, the ,B-phase (space group
I41/amd) appears. At 754°C the transition into the trigonal y-phase (space group
P3m1) takes place [2-5]. For Feln-S, an almost complete cation inversion in the cubic
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Figure 1 57Fe Mossbau er spectra of Feo.5In1.5S3.

spinel-structure was observed with Fe occupying the B-sites and In present at both
the A- and the B-sites. From magnetic susceptibility measurements a spin-only value
for divalent Fe was obtained, which is also confirmed by the isomer shift data [6-9].
The existence of a quadrupole splitting (eQVzz12 =3.23 mmls at room temperature)
in an octahedral environment was taken as an indication for a trigonal distortion,
which splits the trip let orbital ground state of Fe2+ in a doublet and a singlet [6, 9].

Very recently we could substitute approximately 25% of In by Fe in In2S3.
Details of the sample preparation routine are described elsewhere [11]. The magnetic
measurements revealed a spin glass state with freezing temperature of 5 K and
X-ray and neutron diffraction investigations point to a description of the structure of
this compound as a cubic spinel corresponding to (FeO.04 Ino.89DO.07 )A(Feo.nInl.2 x)BS4
with an almost complete cation inversion [11]. In parallel to those experiments we
performed a detailed Mossbauer study , the result of which are presented in this
report.

The spectra were recorded between 4.3 K and 295 K in transmission geometry
with a constant acceler ation spectrometer using a 57CoRh source (relative to which
all centre shift, CS, data are given) and a continuous flow cryostat (temperature
stability ± 0.5 K).

A small amount (mean relative intensity over all measurement s for this subspec­
trum 0.025) of an impurity phase, although not det ectable in the X-ray investigations,
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is present in the recorded spectra (Figure 1). Despite this contribution, above 8 K all
spectra could be satisfactorily analysed by a superposition of only two subspectra
(mean area ratio over the whole temperature range 1:0.05) with room temperature
values of eQVzzl2 =3.20 and 1.30mmls and CS =0.75 and 0.60 mmls, respectively .
The line width of 0.26 mmls for the subspectrum with the large relative intensity
was only 8% larger than the one obtained for the Fe calibration spectra. For the
spectrum with the small relative intensity the width was 0040 mmls, indicating a
strong influence of the different Fe surroundings on this contribution. Considering
the inverse spinel structure, on the A-site Fe is bonded to four sulfur anions , which by
themselves are each bonded to three metallic cations on the B-sites, resulting in total
to 35 different configurations. Since the distances to the tetrahedrally coordinated
cations are only approximately 5% larger, the 15 possible different surroundings of
the third neighbour shell should in addition be taken into account. On the other
hand, it was observed [6-9] that the various possible environments of Fe located on
the B-sites, influence eQVzzl2 and CS only to a less extent. The main contribution
to the quadrupole splitting of these sites results from a trigonal distortion of the
sulfur octahedra, which for space reasons are pushed somewhat away along the four
[111] directions. Thus the spectrum with the small relative intensity ratio and the
large line width can be allocated to Fe embedded on the tetrahedral A-sites and the
one with the large intensity and small line width to Fe on the octahedral B-sites.
The observed values of eQVzzl2 and CS (Figure 2) are in line with this allocation
and agree well with those reported in literature [6-9]. From neutron and X-ray
investigations a ratio of 0.055:1 is found for the occupation of Fe on A:B sites [11],
which is in full agreement with the ratio determined in the present analysis of the
Mossbauer spectra neglecting a possible difference in the f-factor as observed for
these two sites in isostructural Fe304 [10]. Similar to the results found for FeIn2S4 [6]
the temperature dependence of eQVzz/2 for Fe on the B-sites is very small (Figure 2).
The same small dependence is also present for the A-sites , although this subspectrum
can only be seen as a superposition of the contributions resulting from different
numbers of vacancies and In atoms in the Fe environment as discussed above. The
lack of resolution (the experiments were performed with unenriched samples) allows,
however, no decomposition of this subspectrum.
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Figure 3 Mean hyperfine field
versus temperature for
Feo.s1nl.5 S3. 10
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Below 10 K magnetic hyperfine splitt ing appears (Figure 1). The spectra could
only be analysed by a superposition of several subspectra (th e chosen number is
arbitrary), representing a hyperfine field distribution and strongly supporting the
presence of a spin glass ord er as observed in the magnetic measur ements. Th e
appearance of hyperfin e splitt ing (Figure 3) above the magnetically determined
freezing temp erature can be attributed to the different time windows of the two
expe riments and is typical for spin glasses [12]. The spin glass ground state is caused
by the high degree of disorder present in this spinel structure , which does not allow
that all nearest neighbour antiferro magnetic exchange interactions (indicated by the
high Curie-Weiss temperature of - 50 K [11]) are satisfied.

To sum up, in compl ete accord with the recent X-ray, neu tron, and mag­
netic investigations [11] the present Mossbauer experiments confirm the classifi­
cation of the prepared Feo.sIn1.5S3 compound as inverse cubic spinel of the form
(Feo.04Ino.89Do.Q7 )A(Feo.nIn 1.28)BS4 and the app earance of spin glass order below
10K.
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Abstract Mossbauer spectra of Feo.osNio.9sCh were recorded at temperatures between 4.5
and 50 K and fitted by a sum of two sub-spectra as was done previously for FexNi1- xCl2
with x=0 .034, 0.068 or 0.079. We have found that temperature variations of the hyperfine
magnetic field Hhf and the quadrupole splitting (l/2)e2qQ of one of the sub-spectra are
similar for the different compositions while some changes are observed for the other sub­
spectrum. A particularly interesting result is found for Feo.osNio.9sCl2 which clearly shows
the effect of a spin growth when temperature decreases.

1 Introduction

A theoretical study of a mixed magnetic system of two kinds of magnet with orthogonal
spin easy axis was initiated in the mid-1970s. A new magnetic order phase was predicted
on a concentration temperature (c-t) magnetic phase diagram by Aharony and Fishman as a
'mixed ordering phase' [I] or as an 'oblique antiferromagnetic (OAF) phase' by Matsubara
and Inawashiro [2].

Many experimental studies on the mixed systems were intensely performed by several
groups [3-8]. Mossbauer studies were reported for the Fel -xCoxCI2'2H20 [5], FexCo1- x
Ti03 [7] and Fel-xCoxCl2 [8] systems, i.e. magnetic ions with strong anisotropies. On the
contrary, we took the FexNi,-xCIz system, which has both weak and strong anisotropies.

FeCl2 as well as NiCl2 have a CdClrtype crystal structure. In FeCI2, the Fe2
+ spins are

arranged ferromagnetically intra the c-plane and antiferromagnetically inter the c-plane. The
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Fig. 1 Temperature variations of
the Mossbauer spectra obtained
for FeoosNio.9sClz- The sub­
spectra I and II are shown by a
smooth and dotted line,
respectively
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Fe2+ spin has a strong Ising-type anisotropy towards the hexagonal c-axis and the Ni2
+ spin

has a weak XY-type anisotropy in the c-plane.
The new phase of FexNi t - xCl2 appeared in the 0.02<x<0.15 concentration region [9].

From the Mossbauer study of many concentrations, we have found that when x~0.068

most of the Fe2+ spins approach the c-axis at 4.5 K [10]. Temperature variations of the
Mossbauer spectra showed that the above-mentioned Fe2

+ spins increased as temperature
decreased for the x=0 .034, 0.068 and 0.079 samples [11]. In the systematic Mossbauer
study of the new phase, we found a sharp phenomenon for the x=0 .05 sample. Therefore
we hereby report the result of the Mossbauer study of the x=0 .05 sample and compare it
with those of the x=0 .034, 0.068 and 0.079 samples.
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Fig. 2 Temperature variationsof r-t-t
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A single crystal sample of Feo.osNio.9sCl2 was made by the Bridgeman method. The
enriched isotope s7Fe was introduced at a concentration of 2 at.% of the total amount of
magnetic ions. The Fe concentration is in line with that calculated for the sample
preparation.

The absorber was mounted in a cryostat so that the incident y -rays were perpendicular to
the sample plane, i.e., paralle l to the c-axis. A constant-acceleration Mossbauer
spectrometer was used in a transmission arrangement. The temperature of the sample was
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Fig. 4 Temperature variations of 80 +1:x=O.034
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measured with a thermocouple of Au(2%Co)-Cu and was controlled by an electrical
controller - with accuracy higher than ±0.05 K.

3 Results and discussions

In Fig. I we show the Mossbauer spectra ofFeo.osNio.9sCI2 recorded at different temperatures
between 4.5 and 50 K. The same computer program was used for both the fitting of the
spectra and that of the x=0.034, 0.068 and 0.079 samples. In the program, the Mossbauer
parameters are Hhf, ( I/2)e2qQ, (8hf, P hf) and T/, i.e., the hyperfine magnetic field, the
quadrupole splitting, the polar and azimuthal angles of Hhf to the x, y, z principal axes of the
electric field gradient (EFG) tensor and the asymmetry parameter, respectively. We made the
following assumptions. (I) The z-axis of the EFG tensor coincides with the c-axis. (2) The

~ Springer



Mossbauer study of FeoosNio.9SCh 1313

value of Phf equals 0°; this is based on the results of the computer calculations. The Phf

dependence of the Mossbauer spectra is very small in our case.
As shown in Fig. I, the Mossbauer spectra were fitted by the sum of two kinds of sub­

spectra labelled I and II, respectively. The Fe2
+ spin giving spectrum I has a tilting angle of

Ghtl (Gr )=20° from the c-axis. On the other hand, the Fe2
+ spin giving spectrum II has a

tilting angle of Ghf U (Gu) larger than that of type I. The relative absorption areas of the
sub-spectra I and II are referred to as WI and Wu, respectively.

Temperature variations of WI and Wn are shown in Fig. 2. The ratio of WI :WU equals
0.6:0.4 at 4.5 K and becomes 0:1 at 50 K. WI (Wu) decreases (increases) smoothly as the
temperature increases.

In Figs. 3, 4 and 5, we show the temperature variations of (I/2)e2qQ, Hhf and Ghf,

respectively, for the sub-spectra I and II obtained from the different samples.
The values of (l /2)e2qQ, Hhf and Ghf are related to each other. For example, at 4.5 K, if

a spin directs near the c-axis (GhF200), (l /2)iqQ is 1.52 mmls and Hhf is 28 kOe. On the
other hand, if a spin exists in the c-plane (Gh F 900), these values are 1.17 mmls and
92 kOe, respectively [10]. The values of (I/2)e2qQ and Hhf for the sub-spectra I show
similar trends in the temperature variations of the different compositions: x=0.034, 0.05,
0.068 and 0.079. This is a reasonable result if we consider that the value of GhF 20° was
fixed for the different values of the concentration and of the temperature. On the other hand,
the values of Ghf for the sub-spectra II are different from each other regarding the
concentration or the temperature as shown in Fig. 5. In the case of the x=0 .05 sample, WI :
Wu equals 0.5:0.5 at 23 K. Below this temperature, WI becomes larger than Wn, where (1/2)
e2qQ increased significantly and Hhf decreased rapidly. At the same time, Ghf decreased
from 80 to 60°.

The number of type I spins increases as the Fe concentration x increases. It was
simulated that an increase in the number of Fe-Fe bonds leads to an increase in WI. namely
the number of type I spins [12]. As for the temperature variations, we consider that the spin
growths with the increase in the number of type I spins as clearly shown for the x=0 .05
sample.

Acknowledgement The author T. Tamaki gratefully thanks Ochanomizu University for giving her the
opportunity to perform Mossbauerexperiments over the years .
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Abstract We report on the detect ion of Fe,-B pairs in heavily B doped silicon using 57Fe
emission Mossbauer spectroscopy following implantation of radioactive 57Mn+ parent ions
(TI/2=1.5 min) at elevated temperatures >850 K. The Fe,-B pairs are formed upon the
dissociation of Fe,-V pairs during the lifetime of the Mi:issbauer state (TI12= 100 ns). The
resulting free interstitial Fe, diffuses over sufficiently large distances during the lifetime of
the Mi:issbauer state to encounter a substitutional B impuri ty atom, forming Fe,-B pairs ,
which are stable.up to - 1,050 K on that time scale.

Key words Fe;-B· p++ B doped silicon Mi:issbauer spectroscopy

1 Introduction

The physics of interstitial iron, Fe., in silicon has been investigated extensively [I]. In p­
type material Fe; is known to form stable and meta-stable pairs with substitutional acceptor
impurit ies, e.g. Fe,-B pairs. In irradiated material also pair formation with vacancies, Fe,-V,
has been observed by electron paramagnetic resonance [2] and Mi:issbauer spectroscopy [3].
In the latter experiments ion implantation of radioactive 57Mn+ has been employed. The
Mn+ ions are predominantly located on substitutional sites for implantations at temperatures
?:450 K. However, an average recoil energy of 40 eV in the decay to the Mossbauer state of
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Figure 1 Left: Mossbauerspectra obtained after implantation at the temperatures indicated into the type of
Si single crystalmaterialindicatedtogether with difference spectra (top). Right: Temperature series of spectra
indicatingthe positionsof spectral lines. The velocityhas been adjustedto the second order Doppler shift to
show velocityat room temperature. The spectraat 495 K and 701 K were measuredusing an o-Fe resonance
detector due to its superb energy resolution and the six line pattern has been convoluted into a single
emission feature.

57Fe expels the majority of the daughter atoms into tetrahedral interstitial sites and creates a
vacancy in the lattice. At temperatures >600 K a few diffusional jumps of the interstitial Fe;
lead to the formation of Fc,-V pairs [4].

2 Experimental

Radioactive, 60 keV 57Mn+ (TII2 = 1.5 min) ions were implanted at the ISOLDE facility at
CERN at temperatures of 600-1 ,100 K to fluences <1012 ions/em/ to assure single ion
implantations. Si single crystals with B doping concentrations of 1018_1 02%m3 (p'-p++

type) were employed. Mossbauer spectra were measured with resonance detectors,
equipped with either 57Fe-enriched stainless steel or o-Fe, mounted on a conventional
drive system outside the implantation chamber. Velocities and isomer shifts are given
relative to o-Fe at room temperature.

3 Results and analysis

The spectra could be analysed simultaneously with two single lines, which are well-known
to be due to interstitial and substitutional Fe, respectively [3], and two quadrupole-split
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Figure 2 Left : Site populations of the different components in B doped p++ type Si. The results depend
significantly on the Debye temperatures used. Here is applied 246 K for Fe., 460 K for Fes, 244 K for Fe,-V
and 260 K for Fe,-B . Right: The relative fraction of Fe,-B pairs to the sum of free interstitial Fe, and Fe,-B
pairs as a function of temperature; the fit with the dissociation model of [7] is indicated and yields a binding
energy of 0.6(1) eY.

doublets . One doublet has been identified previously as due to Fe,-V pairs [4]. When these
are formed at -630 K and reach a fraction >70% of the probe atoms at 700-850 K,
simultaneously the line from interstitial Fe; disappears in the spectra. The occurrence of the
second doublet at higher temperatures is attributed to the gradual dissociation of the Fe,-V
pairs and to the formation of Fe,-B pairs. Figure I illustrates the spectral differences at two
temperatures between p++ material, where Fe,-B pairs are observed, and p+ material, where
the formation of Fe,-B pairs does not take place in measurable amounts.

The isomer shift for the Fe,-B pair extrapolated to room temperature is found to be 0.93
(3) mm/s and the quadrupole splitting is 1.6(1) nun/s at 893 K. The isomer shift is in
accordance with an interstitial Fe location and a quadrupole splitting is to be expected due
to the axial symmetry of the pair. The values are, however, not in good agreement with
previously published values for 57e o doped p-type material [5].

To obtain site populations p(T,c) as a function of temperature for a spectral component
labelled c, in the analysis we take the relative spectral areas, A(T,c), for component c at
temperatures T and solve

A(T ,c) = Ao x f (T, Bo(c)) x p(T ,c). (I)

Ao is a constant depending on the experimental setup, f(T,8o(c» are the Debye-Waller
factors depending on the Debye temperatures, 80 , of the site. At temperatures below 650 K,
applying this relationship with the constraint L.p(T,C)=I, leads to the determination of site
fractions and Debye temperatures [3, 4]. For substitutional Fe, the Debye temperature has
been found to be 460(30) K [3], in good agreement with the value expected from the mass
defect approximation; for interstitial Fe; defects roughly half this value has been found. In
the temperature range of this study, however, the interstitial Fe diffuses so fast that the
corresponding line broadening exceeds the velocity scale and the line disappears practically
from the spectra. Therefore, to solve Eq. I a "missing" fraction is introduced to account for
the presence of the invisible inte rstitial Fe., Assuming the Deb ye temperature of the Fe,-B
component to be in the typical range for interstitial impurities, it is possible to determine
approximately its fraction as is shown in Figure 2.
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4 Discussion and conclusions

H.P. Gunnlaugsson, K. Bharuth-Ram, et a\.

At T>650 K, the diffusion of interstitial Fe, leads to the formation of Fe,-V pairs and a
moderate increase of the missing fraction. At T>850 K the Fe,-V fraction decreases
suggesting the dissociation of the pairs. Using the methods from [3] we can estimate the
dissociation barrier energy to 1.1 eV, corresponding to a binding energy of the Fe,-V pair of
Eb=(OA-O.5) eV when adopting the free Fe, migration energy of 0.67 eV from [6].
Simultaneously, the formation of the FC,-B pairs is observed . During the lifetime of the
Mossbauer state the Fe; diffusion length at 900 K is R = (Dr)1 /2 = 16 A. This is larger
than the average distance to a B atom in the p++ material (-10 A), whereas it is shorter than
that in the p+ type material (-40 A). The diffusion length of the Fe; atoms is <30 A at
1,050 K, which is probably the reason why Fe,-B pairs are not observed in p+ material. At
temperatures >1,000 K an increase in the missing fraction is seen while the Fe,-B fraction
may dissociate. As done for the Fe,-V pair, the dissociation barrier is estimated to 1.3(1) eV,
yielding a binding energy of 0.6(1) eY. It is interesting to note that assuming the Fe,-B
fraction to be in thermal equilibrium and using the method described in [7], the same binding
energy value is obtained for the Fe,-B pair (cf. right side of Figure 2). Furthermore, this value
is consistent with that derived under thermal-equilibrium conditions in [7] (0.65(2)eV). Thus,
although on the time scale of the present experiments thermal equilibrium may just be
reached, this experimental method allows to observe Fe,-B pairs at 1,000K, where they are
stable for just ;::;200 ns. It is noteworthy that the physics of pair formation/dissociation
apparently does not change on a temperature scale of300-1,000 K, corresponding to changes
in the association constant by nine orders of magnitude.
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Abstract Iron impurities on interstitial (Fe.) and substitutional sites (Fes) in SiC have been
detected by 57Fe emission Mossbauer spectroscopy following implantation of radioactive
57Mn+ parent ions. At temperatures <900 K two Fe, species are found, assigned to quasi­
tetrahedral interstitial sites surrounded by, respectively, four C (Fei.C> or Si atoms (Fei,s;).
Above 900 K, the Fei,si site is proposed to "transform" into the Fei,C site by a single Fe;
jump during the lifetime of the Mossbauer state (TI/2= 100 ns). Fei,C and substitutional Fe,
sites are stable up to > I,070 K.

Key words SiC · Fe defects -57Mn· Mossbauer spectroscopy

1 Int roduction

Defects in semiconductors are an issue of increasing importance both for the well­
established, technologically dominating Si material as well as for promising new
(compound-) semiconductor materials [1]. Among the latter, SiC, a wide band gap
material, may become useful for high temperature and high power applications, owing to its
thermal and electrical properties . Lattice defects and impurities in this material are presently
by far not as well understood and controlled as for Si. The 3d transition metals play
particular roles in all group IV semiconductors, ranging from generally harmful, deep-level
centres (Si, Ge) to beneficial catalysts in the growth of diamond crystals. The physics of
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Figure 1 Spectra obtained after
implantation into SiC at the tem­
peratures indicated. The solid
lines indicate the fitting compo­
nents and their sum. The velocity
scale has been adjusted by the
second order Doppler shift to
show the velocity at room tem­
perature.
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interstitial Fe, has been investigated in detail in Si [2]. Recently, both interstitial Fe; and
substitutional Fe, have been identified by Mossbauer spectroscopy in diamond [3], Si [4]
and Ge [5]. Here we report on the identification interstitial Fe, on two different sites and of
substitutional Fes in SiC.

2 Experimental

Radioactive, 60 keY 57Mn+ ions (T1/2= 1.5 min) were implanted at the ISOLDE facility at
CERN at temperatures of300-1,100 K into 6H SiC crystals to fluences <1012/cm2 to assure
single ion implantations. In the ,B-decay to the 14 keY Mossbauer state of 57Fe (T1/2=
100 ns) an average recoil energy of 40 eV is imparted on the daughter atoms, which may
lead to a relocation of a fraction of the atoms . Mossbauer emission spectra were measured
with a 57Fe-enriched stainless steel resonance detector mounted on a conventional drive
system outside the implantation chamber. Velocities and isomer shifts are given relative to
o-Fe at room temperature.

3 Results and discussion

The spectra obtained are shown in Figure I. The spectra have been analysed with three
single lines and a quadrupole split component. The single lines are assigned to two
interstitial sites, Fei,I,Z, and a substitutional site, Fes, and the asymmetrically broadened
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Table I Hyperfine parameters from the simultaneous analysis of the spectra in Figure I: isomer shifts (8),
quadrupole splitting at room temperature (~EQ)' Gaussian broadening of lines (0-) (having subtracted the
detectors line width), and Debye temperatures (BD)

FeD Fes Fe/,I Fel,2

(j (mm/s) 0.15(1) -0.16(2) 035(1 ) 0,81(4)
~EQ (mm/s)" 1.57(3)
0-(mm/s) 031 (2)/0041 (2) 0,16(2) 0.03(2)
BD (K) 720(150) 270(50)

The numbers in the parentheses give 10- errors in the last digit and confidence limit on Debye temperatures

a Tk= 1,860(50) K and ~EQ,o= 1.68(2) mm/s

doublet (FeD) is assigned to a damage site. Simultaneous analysis was performed under the
constraint that the position of spectral components fol1ow the second order Doppler shift. As
the line widths did not vary, temperature independent Gaussian broadenings were applied;
these were fixed to the same constant for the two interstitial lines. The observed
temperature dependence of the FeD quadrupole splitting, ~EQ' was interpreted as a T 3/2

dependence and the splitting was constrained to fol1ow ~EQ=~EQ ,o (1-(T/Tk)3/2) in the
analysis, where ~EQ,o and Tk are fitting variables. Having obtained an adequate analysis,
the area fractions were assumed to fol1ow a Debye behaviour to determine Debye
temperatures (eD) and to extract site populations . Only rough eD values resulted, not
distinguishable for FeD and Fes or the two interstitial components independently. They
were assumed to be equal pair wise, akin to the case in Si and Ge. The obtained parameters
are gathered in Table 1. The isomer shifts and the quadrupole splitting are displayed in
Figure 2a; the extracted site populations in Figure 2b.

The FeDcomponent has strikingly similar properties as those in other group IVelements
(cf. Figure 2A), where both the isomer shifts and the average quadrupole splittings are seen
to increase or decrease, respectively, in a systematic way with the bond length. This
component is attributed to Fe atoms located in smal1 amorphous pockets, resulting from the
implantation damage. Despite the line broadening, which is attributed to the variation of
local surroundings in amorphous material, the basic atomic configurations must be
relatively well defined and similar in all group IVelements. Fe in the FeD components has
been proposed to be four-fold coordinated, however, in a locally non-cubic structure, akin
to a bond defect, which gives rise to the large quadrupole splitting and the same Debye
temperature as for substitutional Fe [6]. Upon the gradual annealing of the damage,
increasing Fe fractions are found in sites of higher symmetry, leading to only slightly
broadened single lines. The resulting approximate Debye temperatures for the FeD and Fe,
components are roughly twice as large as for the Fei,/ and Fei,2components. This suggests,
in analogy to the results for Si, that the Fes component is due to substitutional Fe and the
Fe; components due to interstitial Fe, having much weaker bonding to the lattice.
Analogous also as for other group IV elements, the isomer shift for the Fes component is
lower than that for interstitial Fei,I,2, however, none of these values fal1 exactly on the lines
drawn for these components for the group IV elements in Figure 2a. The value for Fes in
SiC is in fact close to that for substitutional Fe, in Si, suggesting a very similar local
surrounding, i.e. bonds to four Si nearest neighbour atoms as is expected for substitutional
Fe on C sites in SiC. The Fei,I,2 isomer shift values are close to those for Fe, in diamond or
Si, respectively. Thus, neglecting minor structural and symmetry differences among various
possible interstitial sites in hexagonal SiC, this indicated a location on quasi-tretrahedral
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Figure 2 a Quadrupole splitting of FeD at room temperature and isomer shifts of FeD, Fe; and Fe, as a
function of bond length in group IV semiconductors. SiC data are from this work (others adapted from [3]).
b Site populations obtained using the Debye temperature given in Table I.

interstitial sites surrounded by four C or Si atoms, respectively. Accordingly these are
denoted as Fei,C (Fei,l) and Fei,Si (Fei,Z)'

Figure 2b shows the site populations versus temperature. Two pronounced annealing
stages of the FeD component at 300-500 and >900 K can be seen. These give rise to,
respectively, an increase in the Fei.C fraction only and both the Fej,c and the Fe, fractions.
In the temperature range 600-900 K, where the FeD fraction does not change appreciably,
the Fei,Si fraction disappears and is apparently transformed into the Fei,C fraction. In a
recent attempt to establish a hierarchy of annealing reactions in irradiated or implanted SiC
poly-types [7], annealing effects at temperatures <-500 K were generally attributed to the
recombination of close Frenkel pairs on both sublattices and reactions mediated by mobile
C or Si interstitials. The carbon vacancy, Vc, anneals [8], whereas the VSi vacancy persists
up to >900 K, where it presumably transforms into a Vc-Sic antisite defect and anneals
finally at ::::: 1,500 K. In more detail, annealing reactions depend on the Fermi-level of the
material. These annealing models are based on low temperature irradiations/implantations
and subsequent annealing , however, strong dynamic annealing effects are seen in
implantations already at moderate temperatures [9]. A detailed understanding of the
annealing effects in the present study appears therefore rather difficult and will remain
speculative, although the results for the Fe site populations are quite clear. However, these
sites are partially inherited from annealed Mn related parent defects during the 57Mn
lifetime and partially from the recoil in the nuclear decay, which may relocate the Fe
daughter atoms. E.g., in Si and diamond, respectively, 70 or 20% of substitutionally
implanted probe atoms are displaced into interstitial sites upon the decay [3, 4]. On the
other hand, interstitially implanted probe atoms should be relocated predominantly again
into interstitial sites. Then the constancy of the Fe, fraction in SiC (:::::0.1) up to :::::800 K
suggests that a likewise constant fraction of the same order of magnitude of interstitial Fe
on either quasi-tetrahedral site should be created by the recoil effect. The Fei,Si fraction
remains about constant up to 650 K, whereas the FeiC fraction increases strongly in that
range in proportion to the annealing of the FeD fraction. Thus most of the FeiC fraction
appears to result from the annealing of the FeD fraction, which then is (partially) relocated
into Fei,C sites again. A site preference in an athermal recoil effect is difficult to reconcile,
however. The FeD annealing behaviour at ::::: 1,000 K, i.e., a simultaneous increase of the Fe,
and the Fei,C fractions, is rather similar to that observed in Si at lower temperature. It is in
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accordance with the creation of interstitial Fe by the recoil from substitutional Mn parent
sites. Furthermore, interpreting the transformation of the Fei,si into a Fei,c fraction at
:::0800 K as a single jump from a quasi-tetrahedral Fei,si site to a Fei,c site during the lifetime
of the Mossbauer state, an activation energy of 0.8 eV is estimated. This value is lower than
the known activation energy for macroscopic interstitial Fe diffusion, US eV [10]. The
latter value would then be due to the reverse jump of an Fe atom and is in accordance with
the stability of the Fei,c fraction up to :::01,100 K. This model is thus consistent with the
assumption that the FeD annealing stage at >900 K results in substitutional Mn, while a
fraction of the daughter atoms is displaced into either interstitial sites, however, only the
Fei,c site is stable within the lifetime of the Mossbauer state. That substitutional Fe is only
found to be located on C sites may be attributed to the interactions ofMn with mobile Vein
the damage cascades at high temperatures. Finally, although no comprehensive annealing
model seems achievable yet, the present results might contribute to future more satisfactory
model developments. It is also noteworthy that the deduced diffusional barrier energy for
interstitial Fe in SiC is intermediate between those determined or limited by similar
experiments for interstitial Fe in Si and diamond [3, 4].
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Abstract Chromium and manganese co-substituted spinel magnesioferrites of the
composition Mgl-xMnxFez-2xCr2x04 (x=O .O, 0.1, 0.2, 0.3, and 0.5) were investigated with
X-ray diffraction (XRD), Mossbauer spectroscopy and magnetic measurements. The cation
distribution inferred suggests that Mnz+ and Cr3+ ions dominantly occupy the A- and B­
sites respectively . The gradual decrease of the hyperfine fields and Curie temperatures with
increasing x reflects a gradual weakening in the AB exchange interaction . Mossbauer data
of the sample with x=0.5 is suggestive of cation clustering and/or superparamagnetism. The
magnetization data is suggestive of Yafet-Kittel-type canted magnetism.

Key words Mossbauer spectroscopy ' spinel ferrites . magnetization

1 Introduction

The magnetic properties of Mn-substituted spinel magnesioferrites of the composition
Mg1-xMnxFez04 are technologically attractive and explicable in terms of Neel 's model of
ferrimagnetism [1-3]. The basic idea is that the magnetic spins in the tetrahedral (A) and
octahedral (B) sites of the spinel structure are coupled antiferromagnetically [3]. Co­
substitution of these materials with a magnetic cation, such as Cr3+, can thus lead to
different spin configurations and magnetic interactions. Here we present a structural and
magnetic study of Cr3+-substituted Mg1-xMnxFez04 samples of the form Mgl -xMnxCrzx
FeZ-zx04'
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Figure 1 The Mossbauer spectra recorded form the Mg l-xMnxFez-2xCr2x04 sample s at 300 K (a) and 78 K
(b). The 300 K Mossbauer spectrum of MgFe z04 is shown for comparison.

2 Experimental

Polycrystalline samples of the composition Mgl -xMnxFe2-2xCrz.,D4 (x=O .O, 0.1, 0.2, 0.3,
and 0.5) were synthesized using the standard ceramic method from appropriate quantities of
high purity a-Fe203, MnO, MgO, and Cr203 as described elsewhere [I]. XRD data were
recorded with a Philips PEI820 diffractometer using CuKa radiation. 57Fe Mossbauer
spectra were recorded at 300 K and 78 K using a 25 mCi 57Co/Rh source. Isomer shifts are
quoted relative to metal Fe. The thermal variation of the saturation magnetization was
recorded using a DMS-1660 vibrating sample magnetometer (VSM) in a magnetic field of
13.5 kOe.

3 Results and discussion

The XRD patterns of the various Mgl-xMnxFe2- 2xCr2x04 samples revealed them to be
monophasic cubic spinels (space group Fd3m). The lattice parameters were found to
increase linearly with x. This sheds light on how the substitute cations are distributed. It is
known that Cr3+ has a larger octahedral ionic radius (76 pm) relative to the substituted Fe3

+

(69 pm) and preferentially occupies the B-sites [4]. Mn2+, on the other hand, has a larger
tetrahedral ionic radius (80 pm) relative to both Mg2

+ (71 pm) and Fe3
+ (63 pm) and is

likely to occupy the A-sites. This scenario is generally consistent with the cationic
distributions of both MgFe204 and MnFe204 which are (Fe~tMg~t) [Mg~~Fe~t]04 and
(Fe~iMn~~) [Mn~iFe~~]04 respectively, where 0 and [] refer to the A- and B-sites
respectively [3]. Assuming similar cation distributions and that all Cr3

+ reside in the B-sites,
we propose for our Mgl-xMnxFez-2xCr2x04 samples a structural formula of the type:

(M 2+ M 2+ F 3+ ) [M 2+ C 3+M 2+ F 3+ ] 0g(O.I-O.lx) n O.8x e(O.9-0.7x) gO.9{1-x) r2x nO.2x e{l.I _l.3x) 4· (I)

The Mossbauer spectra of the Mgl -xMn,Fe2-2xCr2x04 samples at 300 and 78 K are
shown in Figures la and lb respectively. The spectra show broadened six-line magnetic
patterns except at 300 K for the sample with x=0.5 that exhibits a central doublet
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Table [ The Mossbauer parameters of the Mgl -xMnxFe2- lxCrlx04 samples at 300 and 78 K (between
parentheses)

x Sub-spectrum 1.S. (mm/s) Q.S. (mm/s) r (mm/s) He ff (mm/s) A (%) (exp.) A (%) (theo .)

0.0 A 0.26 0.02 0.47 47.1

B 0.35 0.00 0.56 49.7

0.1 A 0.28(0.33) 0.02(0.00) 0.47(0 .63) 44.9(50.2) (47) 46
B, 0.31(0 .39) 0.00(0.02) 0.48(0.61) 47.1(52 .2) (53) 53
B2 0.30 0.00 0.61 42.3

0.2 A 0.29(0.34) 0.00(0.01) 0.53(0.65) 41.7(49 .2) (50) 48
B, 0.31(0.40) 0.01(0.01) 0.58(0.62) 44.3(50 .8) (50) 52
B2 0.31 0.00 0.70 38.3

0.3 A 0.30(0.38) 0.02(0.02) 0.66(0.63) 41.0(48 .9) (52) 49
8 1 0.34(0.38) 0.02(0.01) 0.71(0.54) 37.9(50 .5) (48) 51
B2 0.31 0.00 0.80 33.0

0.5 Doublet 0.27 0.81 0.64
A 0.30(0.38) 0.02(0.04) 2.27(0.81) 15.1(46.9) (53) 55
B 0.33(0.39) 0.10(0.04) 1.86 (0.62) 26.2(49 .0) (47) 45

A and B refer to sextets due to Fe3+at tetrahedral and octahedral sites respectively.

I.S. isomer shift, Q.s. quadrupo le splitting, r line broadening; Heff hyperfine field, A (%)(exp .)=fitted
experimental spectral area; A (%)(theo.)=calculated spectral area from Eq. I.

superimposed on a relaxing magnetic sextet. However, the well resolved six-line magnetic
pattern recorded from the same sample at 78 K is indicative of a short range magnetic
cation ordering (clustering), and/or superparamagnetic relaxation due to small particle size
with blocking temperature <300 K [5]. The magnetic components of the spectra were fitted
assuming the superposition of two or more magnetic sextets due to Fe3

+ ions in A- and B­
sites. The criterion used to assign the sextets to either site is that the higher values of isomer
shift and hyperfine field are due to Fe3

+ in B-sites, whereas the lower values of the same
parameters refer to Fe3

+ in A-sites [6]. This resulted in the A-site Fe3+ always having one
sextet. However, two sextets, BI and B2, were required to fit the 300 K spectral component
due to the B-site Fe3

+ for x=O.I, 0.2 and 0.3. These sextets can, respectively, be attributed
to B-site Fe3

+ ions having low and high concentrations of nearest-neighbor cation
substitutes. The Mossbauer parameters obtained from the different fits are presented in
Table I.

The values of the isomer shifts at both sites show, within experimental errors, no
appreciable change with increasing x. This implies that the s-electron density at the nucleus
of the Fe3

+ remains largely unaffected by the increasing numbers of the Mn2
+ and C~+

nearest neighbors [2, 7]. Also, we note that the isomer shifts at both sites are of comparable
values. This indicates similar covalence effects of Fe3

+ ions at both sites [2]. The electric
quadrupole splitting values of all sextets are nearly zero. This suggests that both sites retain
their cubic symmetry, as inferred from the XRD patterns regardless of the value of x [7].

At 78 K a better resolution for the Mossbauer sub-spectra at both sites is attainable
relative to 300 K. Thus, we opt for the 78 K spectra to infer reliable information about the
cation distribution in the various compounds. The lines of the A-site sextets (Table I)
broaden faster relative to those of the B-site as x increases. In accordance with the Neel's
model, such broadening reflects the strength of the magnetic linkages of the Fe3

+ ions [3].
In spinels, each A-site ion is surrounded by 12 B-site ions whereas each B-site ion is
surrounded by 6 A-site ions. The AB super-exchange interaction is known to be stronger
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Figure 2 Saturationmagnetiza­
tion (Ms) vs temperature (7) for
the various Mgl - xMnxFez-2x
Cr2x04 compounds.

than both AA and BB ones [7, 8]. Thus, the larger line broadening of the A-site sextets
relative to that of the B-site ones is suggestive of the presence of more non-Fe ''" cations at
the B-site than at the A-one. This is consistent with our proposed cation distribution ofEq. I
where all Cr3+ (i.e., two thirds of the substituent cations), most of Mg2+ and 20% of Mn2+
ions occupy B-sites . The different magnetic moments of Fe3+(SJ.lB), Cr3+(3J.lB), Mn2\ SJ.lB)
and Mg2\ 0J.lB) lead to different exchange interactions among which the Fe~+ - 0 - Fe~+ is
the strongest relative to Fe3+ - 0 - Mn2+ Fe3+ - 0 - Cr2+ and Mn2+ - 0 - Mn2+ [2]A B ' A B ' A B '
Consequently the magnetizations experienced by Fe3+ nuclei at both sites weaken with
increasing x, resulting in the gradual decrease in the magnetic hyperfine fields.

Assuming the recoilless fractions.jj, and/B, of the A- and B-sites are equal at 78 K [9],
the relative Mossbauer spectral areas for both sites will be proportional to their respective
Fe3+ ions numbers . It can be easily shown that if the Cr3+ ions were only to replace Fe3+
ions at the B-site, then the ratio of A-site spectral area to that of the B-site would sharply
change from I:1 to 1:9 as x changes form 0.1 to 0.5. This is, however, not the case as seen
in Table I. It is thus evident that while the B-site Fe3+ ions are being replaced by C~+ions,

an appreciable and concomitant decrease in the number of the A-site Fe3+ ions takes place ,
keeping the ratio of spectral areas in the region of I :1. This again agrees with Eq. 1, which
shows Fe3+ ions to decrease at both sites subsequent to substitution with Mn2+ and Cr3+.
Indeed the last two columns of Table I, show that the ratios of numbers (spectral areas) of
Fe3+ ions at both sites derived from the 78 K Mossbauer spectra remarkably agree with
those calculated using Eq. 1.

Figure 2 shows the temperature variation of the saturation magnetization IMsl of the
samples (including x=O.O). According to Neel's model of ferrimagnetism, IMsl per chemical
formula unit at 0 K is given by the difference of the magnetic moments at the B- and A-sub­
lattices 1MBI and IMAI respectively. Using our cation distribution of Eq. 1, which is
consistent with XRD and Mossbauer data, it is easy to show that Neel 's model yields a
constant value of the magnetization (I J.lB) at 0 K for all the values of x. However, it is
apparent from Figure 2 that, the different samples do not have the same extrapolated IMsl
value at 0 K. Rather, the value increases with x reaching a maximum at x=O.2 and then start
to decrease at higher values of x. The discrepancy can be explained assuming canted spins
with in both A- and B- sub-lattices as proposed by Yafet-Kittel in their extended Neel's
model [3]. With increasing x value , the AA and BB interactions fail to hold all the magnetic
spins paralle l in their respective sub-lattices, thus leading to spin canting. The resultant
magnetic moments are again antiferromagnetically aligned leading to ferrimagnetism. So
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the variation of IMsl value with increasing x reflects different effective magnetic moments at
both sub-lattices. Finally, we see from the M; vs T curves (Figure 2) that the Curie
temperature, Tc' decreases as x increases. Again, as we argued for the hyperfine fields, this
is attributable to weakening of magnetic bonds with increasing x.
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Abstract The magnetic critical behavior of the manganese perovskite series Lao.67- y

(Sr, S a, Ca)o.33+yMnt- xSnx03 (x=O.Ol , 0.02, y=O, 0.07) is studied by means of de
magnetic measurements and 119Sn Mossbauer spectroscopy. The structure can be described
by a rhombohedral unit cell (space group R-3C) for the samples where the A-site is
occupied by La and Sr or La and Sa ions and orthorhombic unit cell (space group Pnma)
for the samples where the A-site is occupied by La and Ca ions. Arrott and scaling plots
show that the samples, where the A-site is occupied by La and Sr or La and Sa ions, follow
the behavior of a conventional second-order ferromagnetic transition. In contrast, the
samples that contain La and Ca ions in the A-site show anomalous behavior around Curie
point. Mossbauer measurements show two magnetic phases below Te. One of them exhibits
stronger exchange interactions with more rapid electron transfer between Mn3+IMn4+,
compared to the other.

Key words Mossbauer spectroscopy ' critical exponents -manganese oxides
magnetic measurements

1 Introduction

Researchon perovskitemanganites ofthe formLa~~x A;+Mn~~xMn~+O~- (where A can be Ca,
Sr or Sa) has revived during the last decade, after the discovery of the colossal
magnetoresistance (CMR) phenomenon, associated with simultaneous ferromagnetic to
paramagnetic and metal insulator transitions [I]. Several studies have focused on the critical
behavior in the temperature range near these interdependent magnetic and electronic phase
transitions in order to investigate their nature (first or second order) and to derive critical
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Figure 1 (a) Arrott plots (HIM YS. M). Solid lines stand for best fits. (b) Modified Arrott plots, (c) Scaling
plot Mi lT - Tc ll1 YS. HilT - Tc ll1+' for the sample Lao.67SrO.33Mn0 99SnO.0I03 with ,8=0.453, y= 1.10 and
Tc=365.4 K. The numbers inside the frames indicate the temperature of the isotherms.

exponents in the latter case. Scaling plots based on the measurement ofmagnetic isotherms near
the critical temperature have been used in order to derive the critical exponents and verify the
second order type of the transition [2, 3]. Using 57Fe Mossbauer spectroscopy, it was found
recently that the ferromagnetic (PM) metallic phase in Lat -xCaxMn03 (x-0.3) has a rather
complex character, since at least two spatially separated FM regions exist, which possess
temperature-dependent volumes and different internal hyperfine fields [4]. The long-range
ferromagnetic ordering breaks down into small magnetic clusters exhibiting superparamagnetic­
like behavior below Te. It was reported that in the series Lat-xSrxMn03 (x-OJ), using NMR
spectroscopy, two different ferromagnetic phases with mobile holes coexist below Tc [5]. In this
work we present a study of the structural and critical magnetic properties of the manganese
perovskite series Lao.67- y(Sr , Ba, Ca)o.33+vMnt- xSnx03 (x=O.OI, 0.02, y=O, 0.07). We report
a Mossbauer study of the samples doped with 1% Sn. The aim is to observe microscopically the
evolution of the phases that appear as the temperature varies. The Sn ions substitute for Mn4

+

and serve as a probe for the magnetic state of the host lattice as the transferred hyperfine
interactions rise from their neighbour Mn magnetic ions.

2 Experimental

Lao.67-y(Sr , Ba , Ca)033+yMnt-xSnx03 (x=O.OI, 0.02, y=O, 0.07) samples were prepared
by standard solid state reaction from stoichiometric amounts of high purity LaZ03' srCo3,
BaC03, CaC03, MnZ03 and SnOz (enriched in 11 9Sn) powders, sintered at 1,350°C for
6 days with several intermediate grindings. X-ray powder diffraction (XRD) diagrams were
collected with a Broker D8 Advance Diffractometer using CuKa ('\=1.5418 A). Magnetic
measurements were performed on a Lakeshore 3700 VSM magnetometer. Magnetization
isotherms at various temperatures around the critical region have been measured in applied
fields of 1.85 T at temperature steps I K apart. Mossbauer spectra were recorded with a
conventional constant acceleration spectrometer. The source was moving at room
temperature (RT), while the absorbers were kept fixed at a variable temperature (80-250 K).

3 Results and discussion

The refinement of the XRD patterns was carried out by the FullprofRietveld program [6].
All samples were found to be single phase and the structure can be described by a
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Table I Unit cell volume, critical exponents ({3, y) and To in the series of samples Lao.67-y(Sr, Ba, Ca)O.33+y
Mn,_,Sn,03 (x=O.OI, 0.02, y =O, 0.07)

Volume(A3) (3 y t; (K)

Lao.67Bao.33Mn099Sno.O,03 358.861(2) 0.483(3) 1.17(2) 329

Lao.67Bao.33Mno.98SnO.OZ03 359.747(2) 0.531(2) 1.07(2) 314

Lao6oBaoAoMno.99SnO.O,03 358.685(2) 0.492(2) 1.28(3) 332

Lao.6oBao.40Mno.98SnO.OZ03 359.586(2) 0.511(3) 1.10(2) 308

Lao.67SrO.33Mno.99Sno.O,03 350.574(1) 0.453(1) 1.10(1) 366

Lao.67SrO.33Mno.98Sno.OZ03 351.271(2) 0.479(3) 1.26(2) 352

Lao.60SrO.40Mno.99Sno.O,03 347.560(2) 0.523(2) 1.19(1) 360

Lao.60SrOAOMno.98Sno.OZ03 349.155(2) 0.607(3) 1.38(2) 354

Lao.67Cao.33Mno.99Sno.O,03 230.714(1) 238

Lao.67Cao 33Mno.98SnO.OZ03 231.252(2) 228

Lao.6oCao.40MnO.99SnO.O,03 229.142(2) 253

Lao.6oCaoAoMno.98SnO.OZ03 230.910(1) 244

Numbers in parenthesis are errors of the last significant digit.

rhombohedral unit cell (space group R-3C) for the samples where the A-site is occupied by
La and Sr or La and Ba ions and orthorhombic unit cell (space group Pnma) for the samples
where the A-site is occupied by La and Ca ions . An increase in the lattice constants and the
cell volume is observed in the series L<IQ.67_y(Sr , Ba, Ca)o.33+yMnl-xSnx03 (x=O.OI, 0.02,
y = O, 0.07) as the six-coordinated smaller Mn ions (r Mn4+=0.53 A) are substituted by the
larger Sn ions (r Sn4

+=0.69 A), in all samples. Magnetization curves were measured as a
function of temperature (M vs. T) in an applied field of H= 100 Oe. The transition
temperature was determined from the inflection point of the M vs. T curves and it was found
to decrease with increasing the amount of tin doping.

The ferromagnetic behavior at temperatures around Te can be studied with the use ofM2

vs. HIM plots (Arrott plots) . In the mean-field approximation, M2 and HIM are related by
HIM = 20: +4bM2 [7]. From this linear relation the M2 vs. HIM curves should be straight
lines, the intercept of which on the HIM axis, determines the magnetic state, which should
be negative below Te , originating from a ferromagnetic state, and positive above Te ,

originating from a paramagnetic state. This mean-field approximation can be generalized to
the so-called modified Arrott-plots expression

(I)

which combines the relations for the spontaneous magnetization below Te, M "-' (T - Tei3

and the inverse susceptibility above Te, X-I "-' (T - Te)Y.
According to Eq. I and with an appropriate choice of f3 and y, the (HlM) lIrvs. M Il f3plots

should give parallel straight lines. The critical exponents of the transition can be
equivalently determined by scaling plots of the form Mlltl f3 = f ±(Hlltl i3-r) where t=
IT - TeI,f ± is a scaling function and the plus or minus sign correspond to the
ferromagnetic and paramagnetic regions, respectively. By appropriate selection of the
parameters Te, f3, and y the data should collapse on two different branches for T> Te and T<
t; (Figure lc; Table I).

It can be seen that for samples with higher Te, like the series LaO.67- ySrO.33+yMnl- xSnx03
and Lao67- yBao33+yMn' _xSn<03, most of the data fall on straight lines. In contrast the
samples that contain La and Ca ions in the A-site show anomalous behavior around Curie
point. By fitting the HIM vs. M curves using Eq. I we determined the T; and critical
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exponents ((3, y). Based on these parameters the modified Arrott and scaling plots can be
constructed, proving therefore the validity of the resulting (3, y, and Te values (Figure Ib, c).

At 80 K the Mossbauer spectrum is fitted with two magnetic components (Figure 2).
Their hyperfine magnetic fields is the result of the overlap between the 5s orbitals of the Sn
and the 3d orbitals of the Mn ions. The component with the higher spectral area (main
component) has the larger hyperfine field (Hhr28 T) originating from a ferromagnetic
environment where all the Mn moments are parallel and add up to a large transferred

~ Springer



Critical behavior of a manganese perovskite 1335
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hyperfine field at the Sn nucleus, in agreement with previous resu lts [8, 9]. The value of the
hyperfine field of the second component is Hhf :::;20.8 T. The area of this magnetic
component increases with temperature up to the vicinity of Te and then vanishes at Curie
point whereas the area of the main ferromagnetic component decreases as the temperature
increases and disappears at the same Te point. The analysis of the Mossbauerspectra shows
that the material consists of magnetic clusters with different average exchange interactions
within each cluster. At low temperature, the strong coupling cons tant dominates, but as the
temperature increases clusters with smaller coup ling cons tants develop, due to the evo lution
of regions with different electronic densities. The size of these clusters is estimated to be
-25a, where a-OA nm is the Mn-Mn distance [10]. It is expected that by applying an
externa l magnetic field at temperatures below Te, these magnetic clusters will reduce
drastically, as it has been observed by Fath et al. [11] using scanning tunnelling
spectroscopy, giving a satisfactory explanation to the CMR effect. The above mentioned
breakdown of the long-range ferromagnetic order is an intrinsic property of magneto­
resistive manganites as it is also reported for similar samples [4, 5].

Figure 3 shows the temperature variation of hyperfine fields of the two magnetic
components of the Mossbauer spectra. It is observed that the magnitude of the hyperfine
fields of each component decreases as the temperature increases and finally, disappears in
the Curie point. The hyperfine magnetic fields do not follow the relation H(T) ,...., M(T) ,....,
(1 - T/ Te )(3 where Te is the Curie point and (3 is a constant with values between 0.3
(Heisenberg's model) and 0.5 (mean field theory) [12].

4 Conclusi ons

In short, we have studied the critica l behavior of the series Lao.67- y(Sr , Ba , Ca)O.33+.v.
Mnl - xSnx03 (x=O.OI, 0.02, y=O, 0.07). Though the introduction of non -magnetic Sn4+
impurities leads to a decrease of the transi tion temperature in all samples, the ferromagnetic
transition retains its second-order character in Sr or Ba containing samples. In contrast the
samples that contain Ca show anomalous behavior around Curie point. From Mossbauer
study we find that all samples exhibit two distinct (spec tral components) electronic phases
below Tc, in the whole temperature interva l studied, one of them exhibits stronger exchange
interactions with more rapid electron transfer between Mn3+/Mn4+, compared to the other.
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Abstract Exchange-spring TbFeCo/YFeCo multilayers exhibit interesting magnetic and
magnetostrictive properties that are rather promising for application in microsystems. In this
paper, we present a study of the effect of the exchange coupling on the magnetic properties
of these magnetostrictive multilayers. An exchange bias phenomenon, revealed by a shift of
the minor hysteresis loop along the applied field axis, is found as the result of the creation
of interfacial domain walls. This effect strongly depends on the magnetic properties of the
soft YFeCo layer, and becomes more pronounced at low temperatures due to the
enhancement of the magnitude of the exchange coupling between the layers.

Key words RE-MT multilayers . magnetostriction . magnetization process
microstructure · Mossbauer

1 Introduction

When two grains are directly in contact with each other, the magnetic moments at the grain
interface cause exchange-coupling interaction between the two grains. The fundamental
understanding of the exchange-coupling mechanism has been successfully applied to the
so-called low-field giant magnetostrictive exchange-spring TbFeCo/YFeCo multilayers, in
which giant magnetostrictive (e.g., TbFeCo) and soft magnetic (e.g., FeCo) layers alternate
[I , 2]. The structural, magnetic and magnetostrictive properties of TbFeCoIYFeCo
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Fig. 1 Bright field TEM (a) and electron diffraction pattern (b) of TbFeCoNo§eo.s multilayers

multilayers have been previously studied in relation with concentration as well as the
annealing treatments [2]. Most of recent results for such magnetostrictive materials have
attracted much attention mainly in magnetic and magnetostrictive softness improvement.
However, the exchange bias phenomenon caused by the formation of the interfacial domain
wall has not been taken into account.

In this article, we have focused on the interfacial exchange-coupling interaction and
exchange bias phenomenon and their correlation with magnetization and magnetostriction
process in the sputtered Tb(FeO.5 SCOOAS)l.sNO.2Feo.&and multilayers.

2 Experimental procedures

{Tb(Feo.SSCoOAS)I.sN0.2FeO.S} so and {Tb(Feo.SSCoOASksN0.2(FeO.7C00.3)0.s}so multilayers
with the individual layer thicknesses tTb FeCo = 12 nm and tY FeCo = 10 nm were alternately
deposited by RF-magnetron sputtering method on glass microscope cover slips with a
nominal thickness of 200 Jim. The typical power during sputtering was 200 W, the high­
purity argon gas was used and deposition pressure was 10-2 mbar.

Structure analyses were done using transmission electron microscopy (TEM) and
magnetization curves were measured with a superconductor quantum interference device
(SQUID) in applied fields up to 5 T. Magnetic behavior of layers was also observed by the
conversion electron Mossbauer spectroscopy (CEMS) and magnetic force microscopy
(MFM). Magnetostriction was measured by using an optical detlectometer (resolution of
5 x 10-6 rad).

3 Results and discussion

The bright-field cross-sectional TEM image of the as-sputtered TbFeCoNo.2Feo.s sample in
Fig. la shows clearly the layered structure with well-defined boundaries between TbFeCo
(bright) and YFe (dark) layers. A high degree of smooth stripe periodicity, smooth
interfaces and no evidence of the existence of any crystalline phase are visible in the
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Fig. 2 Parallel magnetostriction
of TbFeCoNo.ZFeO.8 and
TbFeCoNo.z(Feo.7COO.3)O.8
multilayers

·0.6 ·0.4 ·0.2 0.0 0.2

~oH<n

0.4 0.6

micrograph. This indicates that the amorphous state exists in the whole sample, i.e., in both
the magnetostrictive TbFeCo and the soft magnetic YFe layers. The amorphous structure of
sample is further revealed in Fig. lb by bright spread rings from the inside diffraction spot,
the first one characteristics of the amorphous TbFeCo layers and the others of the
amorphous YFe layers . The same behavior was also observed in the TbFeColYo.iFeCo)o.8
film.

Although the microstructure is the same, these two samples exhibit a significantly
different magnetostrictive behavior (Fig. 2) . For the TbFeColYFe multilayer, the
magnetostriction curve has a parabolic shape and does not reach saturation in the field
range of magnetostriction measurement. This behavior is characteristic of films with
perpendicular magnetic anisotropy [3]. In the case of the TbFeColYFeCo multilayer, a first
enhancement of low-field magnetostriction, which is characteristic of in-plane anisotropic
materials, is followed by a highly negative slope at high magnetic fields . Such behavior is
ascribed to the formation of interfacial extended domain walls (EDW) . The difference
between the two systems is due to the different magnetic behavior between YFe and YFeCo
layers. Amorphous Yo.2FeO.8 alloy is paramagnetic at room temperature [4]. Thus , the
coupling between successive TbFeColYFe layers is weak and the magnetostrictive layers
preserve their intrinsic perpendicular magnetic anisotropy, as already found in TbFeCo
single layer films [5]. On the other hand, partial substitution of Fe by Co makes the
Y0.2(FeCo)O.8 layers becoming magnetic at room temperature and the exchange coupling
between the layers is strengthened. In this case, the effective spring-magnet configuration
results in an enhancement of the low-field magnetostriction.

The difference in the magnetic anisotropy between TbFeCoIYO.2FeO.8 and TbFeCo/
Yo 2(FeCo)O.8samples is also evidenced in MFM images (Fig . 3). For the TbFeColYo.2Feo.8
sample, a stripe domain structure indicates the presence of magnetic domains with dif­
ferent directions of magnetization oriented perpendicular to the film plane (Fig . 3a). In
contrast, for the TbFeCoIYO.2(FeCo)O.8 specimen, the existence of perpendicular stripe
domains is no longer clearly revealed (Fig . 3b) reflecting the in-plane magnetic anisotropy
in this sample .

Further evidence for above statement is given by the Mossbauer analysis of the TbFeCo/
Yo.2FeO.8 sample (Fig . 4). The spectrum was fitted with three components: (I) a doublet (<5=
0.2 mm S-l, <Bhf>=1.5 T and 40% of the total spectrum area) attributed to a non-magnetic
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(a) (b)

Fig.3 MFM images of ThFeCoNo.2FeO.8 (a) and ThFeCoNo.2(FeCo)O.8 (b) multilaycrs in zero field
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Fig. 4 Mossbauer spectrum (a) and hyperfine -field distribution (b) of the ThFeCoNozFeo.8 multilayer at
300 K

part ofYFe phase (Fe-poor), (2) a broad sextet (8=0.094 mm S-I, < Bhf> =32 Tand 13% of
the total spectrum area) attributed to a magnetic part ofYFe phase (Fe-rich) and (3) a broad
distribution of sextet with same isomer shift « 8>=0.094 mm S- I, < Bhf> = 16 T, and 47%
of the total spectrum area) attributed to the different Fe environments in amorphous
TbFeCo layers. The value of the average "cone-angle" between the direction of y-ray and
Fe spins is 35°, evidencing for out of plane magnetic anisotropy.

For a better understanding of the exchange-coupling in the TbFeCoNFeCo multilayer,
the magnetization data measured at 5 K are presented in Fig. 5. When sweeping the field
from high positive to negative field, the hysteresis loop exhibits the field-induced
magnetization transitions. The corresponding magnetization configurations in the magne­
tization process are illustrated in the inserted figures. The magnetization process in this
system is governed by the competition between three energies: exchange coupling,
magnetic anisotropy and Zeeman energy [6]. For a very high applied field, the Zeeman
energy dominates and the sample is saturated. In this state, the FeCo moments of TbFeCo
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1.0
Fig. 5 Hysteresis loops and
magnetization process at 5 K for
TbFeCoNFeCo multilayers
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Fig. 6 Magnetization (dotted line) and minor loop (closed circles) at 5 K (a) and 25 K (b) for TbFeCo/
YFeCo film

(dominated by Tb) and YFeCo layers are directed in opposite directions and EDW is
formed at the interfaces (state a). When the field is decreased, the EDW vanishes by the
reversal of the YFeCo layer (state b). In this case, because KTbFeCo is very large compared
to KYFcCo, meanwhile MTbFeCo is comparable to MYFcCo, the TbFeCo-layers would be still
more strongly pinked along the field direction than FeCo-layers when the applied field
decreases. Only the YFeCo magnetization rotates easily by antiferromagnetic interaction
between these two layers. As the field is further decreased, a EDW in which TbFeCo
moments rotate out of the external field direction is formed (state c). This results in a
negative contribution to the parallel magnetostriction and a decrease of magnetostriction at
high fields [7].

The minor hysteresis loops have been recorded at 5, 25 and 50 K for TbFeColYFeCo
multilayer (Fig. 6). The measurement was obtained by sweeping the field from 5 T to a
small negative value (lloH= -O.3 and - 0.4 T for 5 and 25 K, respectively) in the hysteresis
loops that corresponds only to the reversal of the soft layers (state b; see in Fig. 5). The
width of the loops can be roughly considered as the coercive field of the soft magnetic
YFeCo-layer. The shift of the minor hysteresis loop is defined as the exchange bias field HE
that is usually found in antiferromagnetic (AF)/ferromagnetic (F) bilayer systems [8]. HEis
found to decrease from 165 to 115 and 36 mT when the temperature increases from 5 to 25
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and 50 K, respectively. This observation is in good accordance with the decreasing
tendency of magnetization and magnetic anisotropy of constituted layers [6].

4 Conclusion

In this work, we have studied the magnetization and magnetostriction in the spring-magnet
TbFeColYFe and TbFeColYFeCo multilayers. Among them, the later system with the soft
YFeCo layer exhibits an exchange-bias phenomenon and interfacial domain wall as a result
of antiferromagnetic exchange-coupling interaction between layers.
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authors would like to thank Dr. S. Schulze from Institute of Physics, Chemnitz University of Technology
(Germany) for his help in TEM investigations.
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Abstract Magnetic multilayers of 57Fe with nominal thickness, Tnom ' between 0.4 and
1.0 nm separated by 3.0 nm Al spacer layers were prepared by alternate deposition of the
constituents in high vacuum. The samples were investigated at 4.2 K in external magnetic
field. A fraction of Fe atoms corresponding to about 0.3 nm equivalent Fe-thickness was
found to mix into the Al spacer. The extremely strong magnetic anisotropy observed for
Tnom <0.8 nm is attributed to Fe layers of approximately two atomic planes thick. The
anisotropy decreases considerably after the building up of the third Fe atomic layer starts at
Tnom=0.8 nm, but full saturation was not achieved even for Tnom= I nm and 3 T magnetic
field applied perpendicularly to the sample plane.

Key words multilayers -magnetic properties

The Fe-AI system is well suited for the study of thin Fe layers by Mossbauer spectroscopy
since both the magnetic moment and the hyperfine field of Fe depend strongly on the Fe
nearest neighbour environment. Fe is nonmagnetic when five or more of the eight bee
nearest neighbour sites are occupied by Al (nAI::::5) . It has a magnetic moment of about
1.8 J.lB for nAI=4, and 2.2 J.lB for nAI:'S3 [1,2]. The dependence of the Fe hyperfine field on
nAI is somewhat more complicated because of the conduction electron polarization and/or
transfer contribution of the nearest and farther magnetic neighbours beyond the core
polarization contribution of the hyperfine field. The latter contribution is proportional
(about 6.8 T/J.lB) to the own magnetic moment of the Fe atom; the former will depend on
the magnetic moments of the surrounding Fe atoms. As a result, nonmagnetic Fe atoms
may also have hyperfine fields in the 0-12 T range when they are in the neighborhood of
magnetic Fe atoms. The hyperfine field is in the approximate range [3-8] of 15-26 T for
nAI=4 and above 25 T for nAI:'S3.

The samples were evaporated onto Si(lll) wafers in a vacuum of 10-7 Pa with
evaporation rates around 0.1 nm/s, The substrate was first covered by 10 nm Ag and the
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Research Institute for Solid State Physics and Optics, 1525 Budapest, P.O. Box 49, Hungary
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Figure 1 Mossbauer spectra of
57Fe(Tnom)/A l (3 nm) multilayers
measured at 4.2 K. The nominal
57Fe layer thickness values (Tnom )

of the samples are indicated in the
figure. The paramagnetic quadru­
pole doublet corresponding to Fe
atoms diffused into the AI layers
is shown by dotted line. Its
relative area in the spectra is
marked by /p.

J. Balogh, D. Kaptas, et al.
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6

topmost layer was 200 run Al to ensure that the samples could be removed from the
substrate. The Ag and Al were evaporated by two electron guns, the 57Fe was evaporated
from a heated W crucible. The layer thickness was controlled by a quartz oscillator and the
nominal layer thickness is given using bulk density data. The thickness of the Al layers
(3.0 nm) was kept constant in this multilayer series, while the thickness of the Fe layers was
varied from Tnom=OA to 1.0 run. The number of 57Fe layers varied from 15 to 6 as the layer
thickness increased. 57Fe Mossbauer spectra at 4.2 K in various external magnetic fields
were recorded by a standard constant acceleration spectrometer using a 50 mCi 57CoRh
source at room temperature . The magnetic field was applied parallel with the y-beam
(perpendicular to the sample plane) using a 7 T Janis superconducting magnet. Standard
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Figure 2 Relative area of
the paramagnetic doublet
corresponding to Fe atoms dif­
fused into the AI layers.j, (dots) ,
and the equivalent iron-deposited
thickness,hTnom (empty circles)
are shown as a function the
nominal thickness, Tnom of the
Fe-layers. The lines are guides to
the eye.

Figure 3 Hyperfine field distri- p(B) [10-2 r 1]bution of the magneticallysplit 10 30component of the Mossbauer
0.6 nm <Bh> [T] espectra at 4.2 K for Tnom=0.6 and 8

25 e/
0.8 nm, respectively(a) . The

I
lightly shaded area marks the 6
high field componentof the fitted 4 20
binomial distribution. The aver- e_e,e
age hyperfine field of the high 2 15
fieldpart of the distribution, <B,> 0
(dots) , and the average hyperfine 0.8 nm .'l ~
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procedures were used for the evaluation of the spectra, the hyperfine field distributions
were obtained by the binomial distribution method [9].

The large paramagnetic fraction observed at 4.2 K for all the samples, see Figure I,
indicate that many Fe atoms mix into the AI spacer layers. The Fe atoms surrounded by
nAI2:5 AI in the spacer layer are nonmagnetic, and show an average quadrupole splitting of
0.54(2) mm/s. The relative area of this component, i.e. the relative number of these Fe
atoms, fr, is shown in Figure 2 as a function of the nominal Fe thickness, Tnom. The
thickness decrease of the Fe layer due to atoms mixed into the AI spacer, To=JrTnom is
roughly constant for the whole investigated Tnom range and To::o:O.3 nm. Thus the effective
Fe layer thickness should be Tnom-To. The formation of magnetic Fe layer was not
observed for Tnom<0.4 nm, which supports this assumption.

Intermixing at the Fe/AI interfaces has already been found by room temperature
conversion electron Mossbauer spectroscopy e.g., in [10, II). Its magnitude obviously
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Figure 4 Mossb auer spectra of
the Tnom=0.6 and 0.8 nm samples
at 4.2 K in external magnetic
fields, Bext applied perpendicu­
larly to the sample plane . Arrows
mark the positions of the 2-5
lines of the spectra . The dotted
lines show the paramagnetic
quadrupole dublet component of
the spectra broadened by the
applied field. Note the significant
decrease in the intensity of the 2­
5 lines of the Tnom=0.8 nm sam­
ple, but also that they do not
disappear even in Bext=3 T.

1. Balogh, D. Kaptas , ct al.

-5 a 5 -5 a
velocity [mm/s]
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depends on the deposition method: much larger for laser deposited than thermally
evaporated samples. However, the recent result [12] of X-ray absorption spectroscopy
investigation, that the equivalent of an iron-deposited thickness of 0.9 nm is mixed at the
interface of a thermally deposited sample, should be explained by experimental differences.

Up to Tnom =0.7 nm the hyperfine fields indicate the formation of Fe layers containing
no more than two atomic planes. In two atom thick planes the Fe neighborhood consists of
four AI, and four Fe first neighbors and correspondingly the Fe hyperfine fields terminate
below ;:::25 T, as seen in Figure 3a. Similar hyperfine field distribution was found [13] in
ball-milled stochiometric bee FeAI alloys where ferromagnetic antiphase grain boundaries
consisting of two atomic layers of Fe were formed, The large magnetic anisotropy was
characteristic to these two Fe atom thick grain boundaries. Magnetization measurements
[14, IS] on cold-worked Fe-AI alloys also report large magnetic anisotropies.

The high field tail at Tnom=0.8 nm in Figure 3 corresponds to the appearance of a third
atomic plane of Fe. In a perfect three Fe atom thick layer, atoms in the middle Fe-layer
have eight Fe first neighbors and thus a significantly higher hyperfine field. Figure 3b
shows the average hyperfine field of the high field component of the distribution, <B,>,
together with the average hyperfine field of the full hyperfine field distribution, <Bhi>,
respectively. Note the jump in both values between Tnom=0.7 and 0.8 nm which signifies
the formation of Fe layers consisting of at least three atomic planes. If the Fe layer consists
of exactly three atomic planes, the ratio of the areas under the high vs low field part of the
distribution should be I :2, which is quite close to the observed ratio for the Tnom=0.8 nm
sample. (We note that nonmagnetic Fe atoms of the interface with magnetic neighbors may
as well contribute to the low field part through the conduction electron polarization.) This is
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in line with the effective thickness (Tnom-To)=0.5 nm of this sample. The agreement
between the number of Fe atomic layers deduced from the shape of the hyperfine field
distribution and the effective Fe layer thickness is reassuringly good.

The magnetic anisotropy of the Fe layers decreases with increasing thickness as it shows
in the spectra of Figure 4 measured in applied magnetic field. The relative intensity of
the 2-5 lines with respect to the 3--4 lines of the six-line patterns is given as
h -s = 4 sirr' (J/ (I + cos- (J), where e is the angle between the magnetic field applied
parallel with direction of the y-rays and the magnetization of the sample. The Fe layers
consisting of two atomic planes are practically not affected by the 3 T external magnetic
field. It is in line with the observation [13] of a large magnetic anisotropy for similar grain
boundary thickness values. The addition of the third Fe atomic plane results in a
considerable decrease of h-s, but the magnetic moments are still not fully parallel with the
external field. Complete saturation (i.e., disappearance of the 2-5 lines) was not observed
even at Tnom= 1.0 nm and well above the demagnetization field of a bulk Fe layer.

There is a strong correlation between the shape of the evaluated hyperfine field distribution
and the h-s line intensity due to the overlap of the six-line patterns. The hyperfine field
distributions of the samples with TnomSO.7 nm are less influenced by this correlation than
those above this thickness. In all cases h -s=2 was found to provide the best fit for Bext=O T,
indicating a random distribution of the direction of the Fe magnetic moments. In external
magnetic field of 3 T the decrease of 12- s was negligible for the Tnom=0.6 nm sample, and
was about 20% for the Tnom=0.8 nm sample.

The present results show that a large magnetic anisotropy is present in Fe layers of two
atomic plane thickness when they are separated by Al spacer. The Fe layer thickness where
the anisotropy begins to decrease remarkably coincides with the one where the appearance
of an appreciable high field component of the hyperfine field distribution, i.e. complete Fe
first neighbor coordination (nAI =O) was observed.

Acknowledgements This work was supported by the Hungarian Research Founds aTKA T031854 and
T048965.
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Abstract The interfaces between Fe and different high-K oxides are investigated by means
of conversion electron Mossbauer spectroscopy (CEMS). Information on the magnetic
ordering at the interface is obtained from the magnetic hyperfine splitting of the Mossbauer
spectra. The reactivity of the Fe atoms at the interface (intermixing) is also estimated by
CEMS. X-ray diffraction (XRD) and X-ray reflectivity (XRR) provide additional
information on the intermixing and different phases present at the interface. CEM-spectra
show the presence of both ferromagnetic and paramagnetic phases. CEMS and XRD results
show that the Fe/HfD2 and Fe/AI203 interfaces are the least reactive. The degree of
intermixing between Fe and the high-K oxide is determined by the oxide surface roughness.

Key words interfaces· conversion electron Mossbauer spectroscopy' intermixing

1 Introduction

The interfaces between ferromagnetic layers and oxides play a crucial role in the
performances of novel spin-based electronic devices such as ferromagnetic tunnel junctions,
which have attracted considerable interest due to their potential applications in Magnetic­
RAM [I] . The achievement of an ideal "flat-interface" is of paramount importance in order
to enhance the performances of such devices. In the present work, we investigate the
structural and magnetic properties of the Fe/AI203, Fe/Zr0 2, Fe/HfD2, and Fe/Lu203
interfaces, by performing conversion electron Mossbauer spectroscopy (CEMS). We
estimate with CEMS the reactivity of Fe atoms at the different interfaces (intermixing).
Complementary information are obtained by X-ray diffraction (XRD) and X-ray reflectivity
(XRR).
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Figure 1 CEMS results at RT for the Fe/oxide interfaces . The spectra can be analysed in terms of a fraction
that yields to a magnetically split sextet (component a), a fraction represented by a broad magnetic
component (component b), and contributions from paramagnetic doublets (c and d). The hyperfine field
distributions related to the components b are reported as well.

2 Experimental

The Alz03, zrOz, HtDz, and LUZ03 oxides (in the 7 to 20 run thickness range) are
deposited by atomic layer deposition (ALD) on a Si(IOO) substrate. Their surface
roughnesses, as measured by atomic force microscopy (AFM), are 0.1, 1.1, 0.6, and
2.4 nm, respectively. In order to perform an interface investigation by CEMS, a thin layer
«2 nm) of 57Fe is deposited on the top of the oxides by pulsed laser deposition (PLD) at
room temperature (RT), followed by the deposition of 10-20 nm of 54Fe. We measure the
total Fe thickness (between 15 and 23 nm) by RBS and by using the total CEMS resonant
effect for 57Fe. CEMS measurements have been performed at RT using a 50 mCi 57CO
source in a Rh-matrix, which is moved by a standard constant acceleration drive. The
samples are incorporated as electrodes in a parallel-plate avalanche counter. The detector is
filled with acetone at 20 mbar, and the operating voltage is 700-800 V. Isomer shifts are
given relative to ec-Fe, Grazing angle XRD and XRR measurements have been performed
on Fe/ZrOz, Fe/HtDz, and Fe/Luz03' and the data are analyzed using the software package
MAUD [2].

3 Results and discussion

Figure I shows the CEMS results for the analysed samples. The CEM-spectra are fitted
with the least-squares fitting program NORMOS 90 [3].

AlI the CEM-spectra show the presence of a fraction denoted oc-Fe that yields a
magnetically split sextet characterized by a magnetic field of 33.0(3) T (component a in
Figure 1); a fraction represented by a distribution of sextets (component b); and a low
contribution «5%) from paramagnetic doublets (components c and d). «-Fe is not sensitive
to the reactions at the interface, while the band c+d components account for the atomic­
mixing at the interfaces. For all the samples, the broad magnetic component b is fitted with
a Gaussian distribution of hyperfine fields (Bhf) . The corresponding Bhf distributions are
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Table 1 Hyperfine parameters for the phases b, c, and d

Sample Phases 8 (mm/s) L1 (mm/s) r(mm/s) (Bhf >(T) dmix (nm)

Fe/Alz03 b 0.12(3) 25.4(6)

c 0.41 0.80 0.25 0.703

d 0.31 2.10 0.25

Fe/ZrOz b 0.14(2) 25.04(3) 0.900

c 0.11 1.60 0.25

Fe/HfOz b 0.09(2) 25.6(4) 0.495

c - 0.39 0.60 0.25

FeILuz0 3 b 0.09(1) 26.2(2) 1.484

c -0.09 0.50 0.25

8 is the isomer shift, L1 is the quadrupole splitting, T is the linewidth, and (Bhf>is the average hyperfine field
of the distribution.

The total intermixed fraction (dmix ) , as deduced from the CEMS relative resonant effects, is also given.

reported at the right side of the spectra in Figure 1. Table 1 summarizes the hyperfine
parameters as obtained from the fit of the CEM-spectra, i.e. the isomer shift (8), the
quadrupole splitting (.1), the line width T, and the average hyperfine field (Bhf) of the
distribution. The intermixed fractions (dmix) at the interfaces, as calculated by normalizing
the CEMS resonant effects of the b+c+d phases to the total amount of 57Fe deposited by
PLD, are reported as well.

Fe/Alz03 interface The equilibrium phase diagram of the Fe-AI intermetallic system
includes the D03-structure-type Fe3AI alloy, which is ferromagnetic at RT [4]. In Fe3AI, the
Fe atoms are distributed between two different sites : one with 8 Fe nearest neighbours
(n.n.), and the other with 4 Fe and 4 AI as n.n . They give hyperfine fields close to 30
and 21 T, respectively [5], which approximately correspond to the main peaks in the
measured Bhf distribution. The presence of a broad distribution is possibly due to a varying
Al-atoms concentration around the 57Fe nucleus. The c and d doublets show hyperfine
parameters that are consistent with those observed for Fe3

+ substituting A13+ in Alz03 [6],
and for Fez

+ in an organometallic biferrocene compound [7], respectively. The
identification of the c and d components is not trivial, also due to their low contribution
to the total spectral area . However, the organic contamination of the Alz03 surface is likely
to occur due to the air exposure of the sample before the PLD of Fe performed at RT. The
AI(CH 3h precursor used for the Alz03 growth contains C, being another possible source of
organics on its surface.

Fe/ZrOz interface Among the intermetallic Fe-Zr alloys, the crystalline Fe-Zr compound is
ferromagnetic at RT, and it shows a well resolved six-line pattern with Bhfclose to 18 T [8].
In amorphous alloys , the Fe-Zr system exhibits magnetic ordering below RT for Fe
contents ::;90 at.% and the corresponding Mossbauer spectra are characterized by a broad
sextet with a peak in the 80 K Bhf distribution, located at 22 T [9]. Hydrogenation of these
amorphous systems increases both the Curie temperature Te (up to 400 K) and the magnetic
moment at the Fe site [9]. For instance, Fe89ZrllHzo shows a distribution with an average
Bhf of 29 T. The H-absorption from the Fe-Zr (and Fe-Hf) intermetallic compounds is
likely to occur due to their large negative enthalpy offormation [10] , and a relatively stable
ternary hydride can be expected. The H incorporation possibly originates from the two­
steps process to grow the samples and in particular to air exposure of the oxides prior to the
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Fe deposition. We conclude that the component b is due to the amorphous FexZrl-x alloy
(x:S90), and its hydrogenated phase as well . The presence of the crystalline Fe2Zr phase
cannot be excluded from CEMS results . However, XRD measurement does not show
evidence for a Fe-rich Fe-Zr phase, supporting the idea of an amorphous compound present
at the interface . The L1 value for the paramagnetic doublet is higher than those reported for
such intermetallics as FeZr2 and FeZr3 [8]. Saturation of the FeZr3 lattice with O2 may lead
to an increased Ll value [II] . Both CEMS and XRD results confirm the presence of a Zr­
rich Fe-Zr phase , although its chemical composition cannot be simply determined.

Fe/Hf02 interface The magnetic properties of amorphous FexHf1- x alloys are very similar
to those of the corresponding Fe-Zr ones [12]. Compounds with 80-90 at.% Fe are
magnetically ordered at RT, and Shf values from 20 to 25 T are reported at 4.2 K [12].
Hydrogenation of the amorphous Fe-Hf alloys causes the increase of Tc above RT, and Shf

rises to 30 T [13]. We conclude that the Shf distribution is due to the presence of an
amorphous Fe-rich FexHfl-x alloy, together with its hydrogenated phase. This conclusion is
supported by the absence , in the XRD spectra, of any signal related to Fe-rich Fe-Hf alloys .
On the other hand , XRD detects a small fraction of FeHf2. Since the values of J and L1 for
this compound are similar to those of the c component in our spectra [14], we conclude that
a low paramagnetic contribution arising from the cubic FeHf2 phase is present at the
interface .

Fe/Lu203 interface The crystalline LuFe2 alloy displays Tc=6IO K and Shf -18-19 Tat
RT [15], while the corresponding amorphous alloy has Tc<100 K [16]. The lower peak in
the distribution reported in Figure I is at -20 T. From CEMS results, the majority of the Fe
atoms are located at sites characterized by higher fields (25-30 T), and this contribution
poss ibly accounts for a hydrogenated LuFe2 compound, having a higher Shf than LuFe2
[10]. XRD confirms the presence of crystalline LuFe 2' and shows a possible contribution
from the hydrogenated LuFe2Hx phase . XRD does not detect any signal from Lu-rich Fe­
Lu compound. The component c in the Fe/Lu203 CEM-spectrum could be related to an
amorphous Lu-rich Lu-Fe alloy, but the low statistics prevents any definitive conclusions.

The intermixed fraction for the Fe/H1D2 and Fe/AI203 interfaces is about half that
occurring at the Fe/Zr02 and Fe/Lu203 ones (Table I). XRR is used to estimate the
interfacial layer thickness at the Fe/H1D2, Fe/Zr02, and Fe/Lu203 interfaces, and the values
measured are I, 2, and 3--4 nm, respectively. Due to the fact that XRR measures the total
thickness of the interfacial layer (including the physical interface roughness), these values
are higher than dmix' We observe that dmix, as determined by CEMS, matches the interface
layer thickness, as determined by XRR, and the oxide surface roughness as determined by
AFM . For oxides showing similar roughness (H1D2 and AI203), the different observed
intermixed zones could be related to different enthalpies of formation for the corresponding
Fe-AI and Fe-Hf alloys .

4 Conclusions

CEMS was used to investigate with sub-monolayer resolution the interfaces between Fe and
different high-a oxides . For all samples, CEM-spectra evidence the presence of both
ferromagnetic and paramagnetic phases. A considerable contribution to the spectral total
intensity is given by broad Shf distributions, which are due to Fe-rich Fe-X binary alloys
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(X=Al, Zr, Hf, and Lu). Hydrogenation of the Fe-X phases takes place for X=Zr, Hf, and
Lu, while at the Fe/Alz03 there is a possible contamination from organics. Contaminations
of the oxides surface can originate from their exposure to the atmospheric air prior to the Fe
deposition. A low paramagnetic contribution «5%) is found at all interfaces. CEMS and
XRD results show that the Fe/HfDz and Fe/Alz03 interfaces are the least reactive. A higher
intermixing, observed by CEMS, correlates with a higher interfacial layer thickness,
determined by XRR, and a larger oxide surface roughness, measured by AFM.

Acknowledgments AFM measurements were performed by Dr. G. Tallarida, and the high-K oxides were
grown by Dr. G. Scarel at the MDM National Laboratory.
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Abstract We have grown hematite (Ii - Fe2 0 3) thin films on stainless steel and
(001)-silicon single-crystal substrates by RF magnetron sputtering process in argon
atmosphere at substrate temperatures from 400 to 800°C. Conversion Electron
Mossbauer (CEM) spectra of the sample grown on stainless steel at 400°C ex­
hibit values for hyperfine parameter characteristic of bulk hematite phase in the
weak ferromagnetic state . Also, the relative line intensity ratio suggests that the
magnetization vector of the polycrystalline film is aligned preferentially parallel to
the surface. The X-ray diffraction (XRD) pattern of the polycrystalline thin film
grown on steel substrates also corresponds to a - Fe2 0 3• The samples were also
analyzed by Atomic Force Microscopy (AFM) , those grown on stainless steel reveal
a morphology consisting of columnar grains with random orientation, given the
inhomogeneity of the substrate surface.

Key words iron oxides- hematite - thin films- CEMS

1 Introduction

Transition metal oxides have been extensively researched for their interesting phys­
ical phenomenology [1] and technological importance. There is growing interest in
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the growth of metal oxide thin films on various oxide and metal substrates to obtain
high-quality surfaces [2].

Studies into magnetic properties of surfaces and interfaces have stirred much
attention ever since the existence of magnetically dead layers was reported [3].
However, studies have revealed both increases and decreases of magnetization at
the surface of metallic iron, metals , or insulators in very thin foils or small grains
[4-6] and at interfaces of multilayered iron metal films sandwiched between thin
silver films [7]. Investigations of magnetic interactions at solid-vacuum interfaces,
at surface atoms with adsorbed impurities, or at solid-solid interfaces are essential
for the fundamental understanding of exchange interactions in magnetically ordered
materials [8].

Film production methods and procedures significantly affect the character of the
end product. In sputter depositions, the nature of the substrate, deposition tem­
perature, deposition pressure and vacuum quality are some parameters influencing
film properties [9]. These properties are key in predicting the reliability of thin film
systems and their applications.

In this case, the ferromagnetic hematite has been considered an important poten­
tial material for technological uses, primarily as thin film sensors and photoelectrodes
[10-14].

This work will focus on the determination of some physical properties of hematite
(a - Fe203) thin films, such as a structural, morphological and magnetic character­
istics, to develop these systems for corrosion protective coatings in steels and metals.
A Conversion Electron Mossbauer Spectroscopy (CEMS) detector was built to study
sub-surface film properties.

2 Experimental details

Hematite thin films were deposited by RF magnetron sputtering process in an argon
atmosphere, on stainless steel and (OOI)-silicon single-crystal substrates. The steel
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0.D7 ± 0.01 -0.14 ± 0.01

-0.45 ± 0.01 0.27 ± 0.01

Singlet Sextet
Table I Themostprobable
hyperfine interaction Hyperfine parameters
parameterscorresponding to ---------------------
the CEM spectrum of the Isomer shift (mm/s)
a - Fez0 3 thinfilm grown on
stainless steelsubstrate Quadrupole shift (mrnls)

Hyperfine magnetic field (T) 50.6± 0.5

substrates were subjected to a mirror-like polishing process with sandpaper and
abrasive products. Total pressure and RF power were held constant at 10 mTorr
and 30 W, respectively. Substrate temperatures varied from 400 to 800°C. All films
were sputter-deposited from a high-purity hematite target (99.95%) for 2 h.

Structural and magnetic properties were studied by means of CEMS at room
temperature, using a home-made CEMS chamber with parallel plate avalanche
counter (PPAC) [15,16]. Another stage of the structural characterization was made
with X-ray diffraction (XRD), using a Bruker D-8 Advanced Diffractometer with
secondary graphite monochromator and Cu-Ka monochromatic radiation of parallel
beams with scintillation counter. Low-angle incidence was used, scanning angles
from 20 to 80 (28), 2 s per step, and step as 0.02 (28) . Surface features and
morphology of the films were examined using a Park Scientific Instruments scanning
probe microscope, in Atomic Force Microscope (AFM) in contact mode, using a
v-shaped ultra lever with a square pyramidal tip of Si3N4 •

3 Results and discussion

3.1 Conversion electron Mossbauer spectroscopy (CEMS)

CEM spectra were measured at room temperature for the stainless steel substrate,
and the a - Fe2 0 3 films grown at 400 and 800°C. These experimental spectra were
fitted with program DIST3E [17].

Figure 1 shows the CEM spectrum of the a - Fez0 3 thin film grown at 400°C sub­
strate temperature. The spectrum was fitted using discrete distributions of hyperfine
fields associated to the a - Fe20 3 thin film and one singlet associated to the substrate
signal corresponding to the paramagnetic fcc iron phase (y - Fe) of the stainless
steel. We take the CEM spectrum of the substrate without film and we also observed
a sextet generated by the (a - Fe) iron nuclei that still show magnetic effects. The
presence of the magnetic phase on the stainless steel substrate is a product of the
thermal and/or mechanical deformation in the elaboration process [18]. The most
probable hyperfine parameters are illustrated on Table 1.

Within the error bars, these parameters closely match those reported for bulk
a - Fe203 phase [19]. According to the quadrupole shift, the a - Fe203 thin film
appears in its weakly ferromagnetic state. Furthermore, the relative line intensity
ratio of the six lines suggests a preferential orientation of the magnetization vector
parallel to the film surface.

The line-widths of Mossbauer components are broader than expected for bulk
crystalline oxides, indicating a dimensional change [20]. The broadening of the lines
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Figure 2 X-ray diffraction
patt ern of the a - Fei 0 3 thin
film grown on stainless steel
substrate at 400°C.
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can also be related to a distribution of hyperfine fields associated to different atomic
environments of the Fe3+ irons from the substrate surface to the film top. In fact, the
mismatch of the unit cell parameters between substrate and film, and the polycrys­
talline character of substrate could be associated to the polycrystalline growth of the
hematite film and, then, to the formation of hematite grain size distributions. These
features are also reflected in the lower magnitude of the quadrupole shift value.

The CEM spectrum of the sample grown at 800°C shows similar features suggest­
ing that substrate temperature does not noticeably affect the growth phase . In the
spectra we still observe the substrate signal and, given the re-solution of our CEMS
technique, with a maximum depth of 300 nm, film thickness is less than 300 nm [16].

At this stage it was difficult to obtain a CEM spectrum of the samples grown on
silicon, mainly due to the n-type character of the substrate.

3.2 X-ray diffraction (XRD)

Figure 2 shows the diffraction pattern of the hematite polycrystalline film grown
on the stainless steel substrate at 400°C with an incidence angle of 7°. This pattern
exhibits structural and compositional characteristics consistent with pure hematite
(a - Fe203). We were able to identify diffraction peaks detected in the sample
attributable to hexagonal hematite [21] labeled in the figure as the (hkl) plane
family. Peaks associated with other phases (e.g., magnetite, maghemite, etc.) are
not observed. Steel substrate peaks are also seen, which are the most intense . The
substrate signal corresponds to the (111) and (200) planes of the y - Fe phase [21],
characteristics of stainless steel and found at 44.5 and 50.8° in a 2-theta scale. The
diffraction pattern exhibits pronounced peaks with preferential growth in the (-222),
(-114) and (116) crystallographic planes . There is no evidence of epitaxial growth .
This result is in line with AFM data . The lack of epitaxy could be attributed to the
irregular morphology of the steel substrate.

The XRD were analyzed by Rietveld refinement method with MAUD program
[22]. We found lattice parameter values of the hematite hexagonal unit cell of a =
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Table II Diffraction peaks
associated to the ex - Fez0 3
thin film grown on steel
substrate at 400°C, the
standard values and the
corresponding crystallographic
planes [21]

2-Theta
(degrees)

24.0
33.0
35.5
40.8

43.0
54.0
57.1
62.3
64.0
72.0
74.8

2-Theta standard
(degrees)

24.298
33.389
35.833
41.117
43.768

54.457
57.801
62.845
64.395

72.868
75.943

hkl index

012
-114

110
113

-222

116
122
214
030

119
220

Figure 3 Atomic Force
Microscopy (AFM) images
of the growth stages of
ex - Fez0 3 thin films on
stainless steel at 400°C : a
30 min, b 60 min, c 90 min ,
and d 120 min .

0.50(4) nm and c = 1.38(2) nm. Table II shows all diffraction peaks related to the
sample, the standard values and their corresponding Miller indices.

Thin films grown on silicon substrates at 400°C do not show Bragg peaks,
suggesting that at this temperature hematite grains do not nucleate. Upon increasing
subs-trate temperature to 800°C, crystal effects appears.

3.3 Atomic force microscopy (AFM)

Figure 3 shows AFM images performed in an area of 0.25 tLm2 of ex - Fez0 3 thin
films grown on stainless steel at different growth times as stated herein. Images
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Figure 4 AFM images of the ex - Fez03 thin film grown on siliconsubstrate at 800°C. a
3-D viewand b frontal view.

were taken for each sample after growth. Note the morphological evolution of
the surface . The images show that the film is still discontinuous after 30 min and
finally becoming continuous around 90 min. Different grain sizes could be seen
aligned on the substrate surface, as a result of growth time. The latest growth stage
shows fibrous grain shape. Within this scheme, four stages are identified, depending
on growth time. The first stage (Figure 3a and b) show uniform distribution of
hematite grains on inhomogeneous substrate surface , generating stable layers, and
new hematite particles grow on them . As growth time increases (from 30 to 60 min),
cluster formation notably increases and grain shape is more granular - from 60 to
90 min - (Figure 3c), that is, the first hematite layers are the most appropriated
surfaces for the nucleation phenomenon. In the latest stage (Figure 3d), the structural
evolution shows a fibrous or columnar morphology, films grown at 800°C show the
same morphology. In this scale of observation, we were able to see an increase in
film roughness with growth time increase . Columnar grains are oriented randomly
on the surface. Alteration of the column inclination depends on the substrate
morphology and substrate temperature. Indeed, careful analysis of Fe and Co films
deposited under controlled conditions revealed similar effects [23]. In fact, this
structural evolution of the hematite grains in the perpendicular direction of the film
is consistent with our results on the broadening of peaks as taken from CEM spectra
of these samples . The broadening can be related to a non-homogeneous distribution
of hyperfine fields associated to different atomic environments of the Fe3+ irons in
the substrate surface and the film top.

In Figure 4 we can see AFM images of ex - Fez 0 3 films grown on silicon substrate
in an area of 5 jLmz. We observed non-columnar grain formation. Films grown on Si
substrates at low temperatures (400°C) do not exhibit crystalline structures, accord­
ing to XRD patterns, polycrystalline effects only appear at substrate temperatures of
800°C.

This is associated to the structural mismatch between the cubic silicon and the
hexagonal hematite.
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Figure 5 AFM images of the ex - Fez 03 thin filmgrown on stainless steel at different scan
areas: a IfLmz, and b 400fLmz.

Figure 5 shows AFM images of a ex - Fez0 3 thin film grown on steel substrate
during 2 h at 800°C, scan areas are 1 JLmz and 400 JLmz, permitting us to see a
continuous film with grain morphology and crevices (Figure 5b), which appear as
a result of the polishing process with abrasive grains used . At the 1 JLmz scale , films
were found to have an average grain size of 211 nm and surface roughness of 45.0 nm.

4 Conclusions

Hematite (ex - FeZ03) polycrystalline thin films were grown on stainless steel
substrates by RF magnetron sputtering deposition. The most probable hyperfine
interaction parameters extracted from the CEM spectra reveal single hematite phase.
The relative line intensity ratio suggests a preferred orientation of magnetic moments
on the film plane. XRD analysis shows that ex - Fez0 3 films grown on silicon sub­
strates have amorphous structures and only become polycrystalline at high substrate
temperatures (800°e), as revealed from XRD patterns. AFM images allowed us
to see the granular morphology of the film surface and we found columnar grain
formations with random orientation, due to the inhomogeneity of steel substrate
surface. We also saw shape and size variations of the grains during the growth
stages as functions of growth time and substrate surface morphology. Hence, grain
formation is shown for increased substrate temperature. Thin film samples grown on
silicon substrates show non-columnar grain growth, covering the substrate surface.
These formations may be due to the structural mismatch between the silicon and the
hematite.

Acknowledgements This work was supported by COLCIENCIAS contract N° 115-05-12409,
CaDI project N°24-1-009,andtheExcellence CenterforNovel Materials underColciencias contract
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Abstract Structural transformation and the related variation in magnetic and optical
properties of Co3-xFex04 thin films grown by a sol-gel method have been investigated as
the Fe composition varies up to x=2 . The normal spinel phase is dominant below x=0.55
and the inverse spinel phase grows as x increases further. Conversion electron Mossbauer
spectroscopy (CEMS) measurements indicate that the normal spinel phase have octahedral
Fe3+ ions mostly while the inverse spinel phase contain octahedral Fe2+ and tetrahedral Fe3

+

ions. For higher Fe composition (x >1.22), Co2
+ ions are found to substitute the octahedral

Fe2+ sites. The measured optical absorption spectra for the Co3-xFex04 films by
spectroscopic ellipsometry support the CEMS interpretation.

Key words spinel · structural transformation . Mossbauer spectroscopy ' optical absorption

1 Introduction

Over decades oxide compounds with the spinel structure have been under extensive study
due to their wide range of applications as various magnetic, electronic, and optical
materials. Such spinel oxides, described by the general formula ABz04 with A and B
representing tetrahedral and octahedral sites, respectively, have been found to exhibit
interesting physical and chemical properties, depending on how the cations distribute
among the A and B sites, sometimes in more than one ionic valence.
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Figure 1 Evolution of XRD
pattern of Co3- xFex04 films.
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In this work, disordered spinel compounds C03-xFex04 were prepared as thin films by a
sol-gel method and their structural, magnetic, and optical properties were investigated as
the Fe composition (x) varies up to two. As a base compound, C0304 is known as a normal
spinel in which the octahedral C03

+ ions have a d6 configuration of low-spin state with zero
magnetic moment, while the tetrahedral C02

+ ions have a d7 configuration of high-spin
state. When Fe is added to C0304, both Fe2+ and Fe3

+ ions are expected to exist in C03- x
Fex04 and whether these ions occupy either octahedral or tetrahedral sites may result in
different physical properties.

2 Experimental

The precursor solution for the present sol-gel film deposition was prepared by dissolving
Co(CH3COzh4HzO and Fe(N03)39HzO powders together in 2-methoxyethanol at 70°C.

The substrate, Si(lOO), was spin-coated by the precursor solution at 3,000 rpm for 20 s
and then heated at 260°C for 5 min after each deposition in order to remove the organic
substance. This process was repeated for increasing the film thickness. Annealing of the
precursor films at 800°C for 4 h in vacuum is found to improve the crystalline quality and
surface flatness of the resultant C03-xFex04 films.
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Figure 2 Variation of lattice
constant of C03~xFex04 films
calculated using XRD (311) peak
position . 0<-1: 8.3
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The Fe compositton of the film was determined by energy-dispersive X-ray
spectroscopy. The thickness of the films estimated by scanning electron microscopy was
close to 111m. The crystalline structure of the samples was monitored by X-ray diffraction
(XRD) measurements in B-2B geometry using Cu K" radiation. The site preference of the
Fe2

+ and Fe3
+ ions in the compound was explored by conversion electron Mossbauer

spectroscopy (CEMS) at room temperature with a single-line 50 mCi 57CO source in a
rhodium matrix. The optical properties of the films were investigated by spectroscopic
ellipsometry (SE) in the visible-ultraviolet range.

3 Results and discussion

As shown in Figure 1, XRD data indicate that the C03-xFex04 films maintain normal spinel
structure as in C030 4 for low x (S 0.55) but a new structure appears for higher x, attributed
to a formation of inverse spinel phase. The inverse spinel phase is seen to become dominant
above x=0.93. Figure 2 exhibits the variation of the lattice constant of the C03-xFex04 films
calculated using the strongest (311) peak position in the XRD spectra. The observed linear
increase of the lattice constant with x (denoted by open circle) for xSO .55 is interpreted as
due to the substitution of the octahedral sites by Fe3

+ ions, thus maintaining the normal
spinel structure as in C030 4 .

The ionic radius of octahedral C03
+ ion in its low-spin state is known to be 0.665 A,

while that of octahedral Fe3
+ ion 0.785 A in its high-spin state [I]. On the other hand, the

ionic radius of high-spin Fe2
+ ion at the octahedral site is 0.92 A, larger than that of the

octahedral Fe3
+ ion. Thus, the phase with the larger lattice constant (denoted by filled

triangle in Figure 2) for x:::: 0.76 is attributed to the Fe2
+ occupation of the octahedral sites,

leading to a formation of inverse-spinel phase. In such inverse-spinel phase, same density
of the tetrahedral sites needs to be occupied by Fe3

+ ions in order to maintain the charge
neutrality of the compound .

As seen in Figure 2, the lattice constants of both the normal and the inverse spinel phase
vary little with x where the two phases coexist. However, the inverse spinel phase becomes
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stronger with increasing x while the normal spinel phase weaker as seen in Figure 1. For
x 2:1.22, the inverse spinel phase is seen to be dominant in the films. It is also noted that a
large increase of lattice constant is observed when the Fe composition increases beyond
x= 1.22. The estimated lattice constant of the x=2 .02 sample from its XRD pattern is
8.365 A, close to the reported value of 8.380 A for inverse spinel CoFez04 in which Coz

+

ions occupy the octahedral sites [2]. The ionic radius of high-spin Coz
+ is known to be
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Table I Relevant parameters fitted to the CEMS spectraof C03-xFex04 measuredat room temperature

A (tetrahedral) sites Fe3+ B (octahedral) sites Fe3+ B (octahedral) sites Fe2+

x Hhf,A t::.EO,A DA Hhf,B !lEO,B DB Hhl~B t::.EO,B DB IT/

(kOe) (mm/s) (mm/s) (kOe) (mm/s) (mm/s) (kOe) (mm/s) (mm/s) 10

0,40 490 0,013 0,22
0,93 459 -0,035 0,20 487 - 0,042 0.26 459 0,45 0.63 1.28
1.59 476 -0.003 0.20 501 0.006 0.21 0.89
2.02 489 -0.044 0.27 507 0.011 0.20 1.04

0.885 and 0.72 Ain the octahedral and the tetrahedral sites, respectively [I]. Thus, the large
increase of the lattice constant for x > 1.22 is interpreted as due to the migration of the Coz+
ions from the tetrahedral to the octahedral sites.

Only the films having the inverse spinel phase exhibited net magnetization at room
temperature observed by vibrating sample magnetometry (VSM) [3]. Figure 3 shows the
result of CEMS measurement on the films at room temperature. The curve-fitting analyses
on the observed spectra indicate that Fe3

+- ions tend to occupy the octahedral sites in the
normal spinel phase (x=OAO) where paramagnetic signal is dominant. This is consistent
with the results ofXRD and VSM measurements. On the other hand, Fe3+ ions are found to
occupy both the tetrahedral and the octahedral sites when the inverse spinel phase appears
(x=0.93). The fact that the site preference ratio (IT/IO) between the tetrahedral and the
octahedral Fe3+ ions is found to be 1.04 while Fez+ ions occupy the octahedral sites
suggests the appearance of an inverse spinel phase. For the x=0.93 sample, the Fez+ sextet
with a quadrupole shift M o =0.63 mm/s coexists with the central doublet with an isomer
shift 8=0.27 mm/s and M o= 1.04 mm/s, indicating the existence of paramagnetic Fe3+
component at the octahedral sites. When the Fe composition increases further (x=1.59),
only the octahedral and the tetrahedral Fe3+ ions are observed, indicating that Coz+ ions
replace the octahedral Fez+ ions at such large x in the inverse spinel phase. The IT/Io of'Fe"
ions for x= 1.59 is found to be 0.89, suggesting a Coz+ migration to the octahedral sites.
Such Coz+ migration obtained from the CEMS measurements agrees with the interpretation
of the rapid increase of the lattice constant for x > 1.22. The parameters obtained from curve­
fitting of the CEMS data are listed in Table I. The used ratio of the recoil-free fractions of
A- and B-site Fe ions (fA/fB) at 298 K is 1.0 [4]. By referring to the values of magnetic
hyperfine field Hhf and b.Eo, we assigned A- and B-subspectra in CEMS analyses [5, 6].

Figure 4 exhibits the imaginary parts of the dielectric functions of the C03-xFex04
samples measured by SE at room temperature. The observed strong absorption structures of
C030 4 have been interpreted in terms of charge-transfer (CT) transitions between different
ionic sites at about 1.65, 204, and 2.8 eVas marked by arrows in Figure 4. As the Fe
composition increases, the strengths of the 1.65- and 2.8-eV transitions are reduced more
than that of the 2A-eV transition.

The 1.65-eVabsorption structure has been assigned to a d-d CT transition from the d(tzg)
states of the octahedral C03+ ion to the d(tz) states of the tetrahedral Coz+ ion, tzg(C0

3+)-+
tz(Coz+), constituting the Mott-Hubbard gap of C030 4 [7]. The absorption structures at the
higher energies are interpreted as involving the p(Oz-) states located below the tzg(C0

3+)
states of C030 4. Thus, the 204- and 2.8-eV absorptions are assigned to p-d CT transitions, p
(Oz-)-+tz(Coz+) and p(Oz-)-+eg(C0

3+), respectively [8]. Both the 1.65- and 2.8-eV
transitions involve the d states of the octahedral C03+ ion. Therefore, the reduction of the
1.65- and 2.8-eV transition strength at low x is attributed to the reduction of the C03+
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Figure 4 Imaginary part of
measured dielectric functions of
Co3-xFex04 films by SE.

density through the occupation of the octahedral sites by Fe3
+ ions. Thus, the C03-xFex04

compound maintains the normal spinel structure for low x, consistent with the XRD and
CEMS results.

For x=0.93 and above, the 2.4-eV transition also suffers from a noticeable reduction of
its strength, interpreted as due to a reduction of the tetrahedral C02

+ density through the
substitution by Fe ions. In the inverse spinel phase, the tetrahedral sites are expected to be
occupied by Fe3

+ ions and the same amount of Fe2
+ ions are expected to occupy the

octahedral sites in order to maintain the charge neutrality.
The existence of the tetrahedral Fe3

+ ions is also confirmed by the detection of a sharp
crystal-field (CF) transition structure at 1.6 eV for x=0.93 and 1.22. It is attributed to a d-d
CF transition from the 6A I (e2, tD ground state to the 4TI (e3, tD excited state of the crystal­
field-split 3d5 multiplets of the tetrahedral Fe3

+ ion [9, 10]. The increase of its absorption
strength with increasing x justifies the assignment on the peak. The increase of the
absorption strength above 3 eV compared to those of the lower-energy structures is
attributable to the CT transitions involving the octahedral Fe3

+ ions.

4 Conclusion

As the Fe composition increases in C03-xFex04, the crystal structure goes through a phase
transition from normal to inverse spinel. The two phases are found to coexist in a certain
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range of x. The normal spinel phase is dominant below x=O.55 while the inverse spinel
phase above x=O.93. In the normal spinel phase, most Fe ions occupy the octahedral sites
as Fe3

+. For the inverse spinel phase, octahedral Fe2
+ and tetrahedral Fe3

+ ions are
observed. Migration of Co2

+ ions from tetrahedral to octahedral sites, replacing the Fe2
+

ions, is detected for large x (>1.22). Analysis on the optical absorption spectra of the Co3- x

Fex0 4 films supports the results from the XRD and CEMS investigations.
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Abstract Two different Fe/MnF2 samples have been prepared bye-beam evapora­
tion on MgO(OOl) substrates. The Fe layer in the samples includes a 10 A thick 57Fe
probe layer either at the Fe/MnF2 interface (interface sample) or 35 Aaway from
the interface (center sample) . The samples are characterized by X-ray diffraction ,
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conversion electron Mossbauer spectroscopy (CEMS) and SQUID magnetometry.
57Fe CEMS has been employed to study the depth dependent hyperfine interactions
in Fe/MnF2 as a function of temperature between 18 K to 300 K. The hyperfine
field Bhf has been obtained for the interfacial and off-interfacial 57Fe layers . At the
interface, besides Bhf of bcc-Fe, the presence of a component with a distribution
P(Bhf ) is observed. The latter is assigned to interfacial 57Fe atoms , indicating some
(~15%, equivalent to ~1 Fe atomic layer) intermixing at the Fe/MnF2 interface
and a decrease of the average < Bhf > by 21%. The influence of the interface
disappears as the 57Fe probe layer is placed away from the interface. The temperature
dependence of the average < Bhf > of the interface has been measured. The Fe spins,
at remanence, are found to lie in the film plane .

Key words conversion electron Mossbauer spectroscopy- exchange bias­
Fe/MnF2 • interfacial properties. spin structure

1 Introduction

Bilayers of Fe/MnF2 are an archetype system showing exchange bias effect [1-15]
evidenced by the shift of the magnetic hysteresis loop. This effect originates from
the exchange coupling at the interface of the ferromagnet (Fe) and antiferromagnet
(MnF2) . The roughness and the intermixing at the interface are among the important
parameters which can control the interfacial coupling and hence the exchange
bias [4-6]. Therefore, for the understanding of the exchange bias effect , information
on interface parameters such as magnetic moment or hyperfine field, interdiffusion,
etc. are highly desirable along with the interfacial spin structure. 57Fe conversion
electron Mossbauer spectroscopy (CEMS) in combination with the 57Fe probe layer
method is a unique isotope selective technique in order to explore depth-dependent
physical properties such as spin structure [7], metallurgical and magnetic phases
present in the sample , temperature dependent magnetic ordering and local magnetic
moment at the interface. The change in the remanent spin structure in this exchange
biased systems below and above the Neel temperature (TN =67 K) has been reported
earlier [7]. In this work the CEMS investigation of the interfacial parameters of
Fe/MnF2 bilayers will be discussed.

2 Samplepreparation and characterisation

Two kinds of exchange biased AlIFe/MnF2/ZnF2/MgO(001) heterostructures were
prepared by sequential electron beam evaporation [8]. In both kinds of samples
a 160 A ZnF2 buffer layer was deposited in order to relax the large (8%) lattice
mismatch between the MgO substrate and MnF2. The typical thicknesses of the AI,
Fe and MnF2 layers are 30, 80 and 520 A, respectively. The samples differ only by
their ferromagnetic Fe layer. Out of the 80 A Fe layer, a 10 A 57Fe probe layer was
deposited just at the interface between the AFM (MnF2) and the FM (Fe) layer in
the first kind of sample called 'interface sample' (labeled MFEMF01). Hence , the
FM layer for the interface sample contains 70 Ana/Fe/l0 A57Fe. The other kind of
sample is called 'center sample' (labeled MFEMF03) . In this sample the 57Fe probe
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Figure 1 XRD patte rn of Fe/MnF 2 interface sample (3) and cen ter samp le (b). Inserts show the
corresponding rocking curves taken at the MnF2(110) peak. (Cu-K, radiation).
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Figure 2 Small-angle XRD scans of Fe/MnF2 interface sam ple (3) and center sample (b) . The light­
gray curve (red, in color) is the fitting to the measured curve in (3). (Cu-K, radiation).

layer was placed at the center of the Fe layer (35 AnatFe/ 10 A57Fe/35 AnatFe),
i.e. 35 A away from the interface. Prior to deposition the MgO(OOl) substrate was
heated to 450°C for 15 min and then cooled to 200°C for ZnF2 deposi tion. The base
pressure of the system was 3 x 10- 8 Torr and the pressure during MnF2 deposition
was around 6 x 10- 7 Torr . The deposition temperatures, and deposition rates for AI,
Fe, MnF2 and ZnF2 layers were 150, 150,325 and 200°C, and 0.5, 1,2 and 2 A/s,
respect ively. The thickness of the fluoride layers was monitored by calibrated quartz
crystal oscillators and the Fe layer thickness was monitored by optical sensors .

After deposition the structural and magnetic charac terizations of the samples were
performed by high and small angle XRD (Cu-K, radiation, A = 1.5418 A), CEMS
and SQUID magnetometry. The high-angle and small-angle XRD patterns for the
interface sample are shown in Figures 1a and 2a, respec tively. The high-angle XRD
pattern confirms the epitaxial nature of the film with MnF2(110) in the sample plane .
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Figure 3 The normalized SQUID hysteresis loops for the interface sample (squares) and center
sample (asterisks) taken at 80 K (3) and 10 K (b) .

The relatively sharp rocking curve (insert in Figure la) of the MnF2(llO) reflection
has a full width at half maximum (FWHM) of about 2,50. The small-angle XRD
suggests good homogeneity of the MnF2 and Fe layer. The high frequency (low
frequency) oscillations are due to the fluoride layer (Fe layer). The light-gray curve
is the least-squares fitting to the measured black curve . The fitting gives the interface
roughness (J of about 8.5 A.The epitaxial nature of the center sample has also been
verified by the high-angle XRD pattern shown in Figure lb. The relatively sharp
rocking curve (insert, Figure lb) has a FWHM of about 2.4°. In comparison to the
interface sample, the small angle scattering (Figure 2b) indicates a higher roughness
for the center sample. It is worth mentioning that the MnF 2 layers (for interface and
center sample) are growing as twinned epitaxial layers [10-13].

3 SQUID magnetometry results

SQUID magnetometry has been used to measure the exchange bias field, HE, and
the coercivity, He for the two samples. The results are shown in Figure 3a and b. Prior
to the measurement the sample was cooled from 150 K to either 80 or 10 K in an in­
plane applied field of 2 kOe . Clearly the samples show no exchange bias above T N
(at 80 K). However, below TN (at 10 K), HE of about 55 Oe has been observed for
both samples. It should be noticed that He of the two samples is different, which is
associated with the different microstructure (roughness and intermixing) of the two
samples.

4 CEMS results and discussion

The samples were also characterized by 57Fe CEMS with the y-ray either normal
to the sample plane (<I> = 90°) or at an angle <I> = 45°. Typical Mossbauer spectra
for the interface sample (MFEMFOl) taken at different temperatures are given in
Figure 4. Each spectrum clearly shows a dominant six-line pattern superimposed to
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a we ak distribution of magnetic hyperfine fields. Each spectrum ha s been fitted by a
dominant sextet (Bhf == 32.8 T ) and a subspectrum with distribution of hyperfine fields
P(Bhf). The dominant sextet is unambiguously assigned to the bee -Fe layer, and th e
distribution of hyperfine fields , which has a dominant peak at about 26 T, is attributed
to the chemical intermixing at the Fe/MnF2 interface. The typical relative spectral
area of the hyperfine field distribution is about 15% of the total area. Considering
the 57Fe layer thickness (10 A), 15% intermixing corresponds about 1.5 A of th e 57Fe
layer, i.e. , about one monolayer (ML) of Fe is chemically inte rmixed at th e interface.
It should be noticed th at th e roughness of 8.5 A obtained fro m th e simula tion of
th e small-angle XRD results (Figure 2) is larger th an th e 1.5 A intermixing at th e
interface . The CEM spe ctra (not shown ) measured with th e y-ray incident angle of
<t> == 45° with respect to th e film plan e resulted in similar hyperfine pa rameters
(isomer shift, magnetic hyperfine field, and spectral area) as those obtained at <t> ==
90°. The isomer shifts, magnetic hyperfine fields and th e spectral area contribution
for both, the dominant sextet and the distribution P(Bhf) , are shown in Figure 5. It is
worth mentioning that in all cases th e average isomer shifts of the P(Bhf) distribution
are very small and similar to that of th e dominant sex te t.

For th e center sample, the CEM spe ctra (Figure 6) are measured in the sa me
way as th at for the int erface sample . The spe ctra have been least-squares fitted by
using a single sextet typical of bee Fe. No interfacial intermixing has be en observed
because th e 57Fe-probe layer is about 35 A away from th e AFMfFM interface. It is
interesting to note that th e int ensit y ratio between th e second and third line (R23) of
th e dominant Mossbauer sextet (for <t> = 90°) is 4.0 for both samples. This indicates
that the Fe spins are in th e plane of the sa mple at all temperatures between 300 K
and 18 K.
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Figure 5 Temperature dependence of: (a) isomer shift of the bee-Fe phase relative to the 57Co(Rh)
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Figure 6 CEM spectra of the
Fe/MnF2 center sample taken
at 80 K (a) and 18 K (b). The (a)
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5 Summary

In summary, we have prepared two different Fe/MnF2 samples with an 57Fe-probe
layer at and away from the AFM/FM interface, respectively. The structure, magnetic
properties and hyperfine parameters have been obta ined by using XRD, SQUI D
magnetometry and CEMS. Our CEMS results indicate very small interfacial inter­
mixing, equivalent to ~1 ML of Fe, a reduced interfacial hyperfine field, and fully
in-plane magnetization of the Fe films.
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Abstract Mossbauer spectroscopy with 57Fe e]9S n) probe layers is a useful method to
study the local magnetic structures at buried interfaces. However interface alloying, which
always exists in the real samples, have to be taken into account for accurate interpretation of
experimental data. We developed an algorithm, which describes the interface intermixing in
the multilayers. Substituting deposited atoms by atoms of substrate and floating of
deposited atoms in the upper layers during epitaxial growth leads to the formation of
asymmetric chemical and magnetic interfaces. This asymmetry in the M]1M2 superlattices
can explain the difference between magnetic responses from M] on M2 and M2 on M1

interfaces which were observed in experiments. Applying this intermixing model to the
systems with probe layers located at different distances from the interfaces gives the natural
explanation of hyperfine fields distributions on probe atoms and helps us clarify some
discrepancies reported in the literature.

Key words interface asymmetry · interdiffusion . hyperfine fields in multilayers

Interface alloying is a common phenomenon, which always takes place to some degree
during epitaxial growth of metallic multilayers. Atomic scale intermixing is one of the main
types of interface roughness, and, therefore, it has to be taken into account for accurate
interpretation of experiments. Mossbauer spectroscopy can be used to study the local
magnetic interface structure in the superlattices with probe 57Fe (or 11 9Sn) layers. Insertion
of such layers at set distances from the interface makes it possible to obtain the distribution
of magnetic hyperfine fields (hff) in these particular layers [I]. The existence of probe
atoms with various magnetic moments and with different local environments near the
interface leads to the appearance of satellite lines in the Mossbauer spectra. However,
interpretating these data happens to be a complicated and ambiguous task. If interdiffusion
was present during the sample preparation process, the probe atoms are distributed in
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different layers. In order to infer the interface magnetic structure, it is necessary to know
their concentration profile.

In recent years various metallic multilayer systems M1/M2 (Fe/Cr [I , 2], Fe/Ag [3], FeN
[4], Cr/SnN [5]) have been studied by means of Mossbauer spectroscopy and differences in
hff distributions at the interfaces M1/M2 (M] on M2) and M2/M] (M2 on M]) were reported.
To explain these general phenomena , the intermixing process at the interface has to be
thoroughly understood.

We present an atomistic model of interface alloying which presupposes that, during the
growth of each monolayer, a determinate fraction (0 of deposited atoms exchanges with
atoms of the upper surface layer. Consequently, substrate atoms can float up a considerable
distance determined by the parameter (. Any other internal diffusion is prohibited and
deposited atoms cannot move deep inside the substrate. This leads to an asymmetric
interface in the direction of sample growth [6]. The magnitude of ( is the only parameter
which determines the intensity of intermixing. For infinite superlattice which consists of
periodically repeated n layers of element M1and m layers of element M2 the fraction of M1­
atoms in the k layer, XM\ (k) for can be expressed as

k I - ~m
xMI(k)=I-~ (I-~) + -~<5k n,

I - ~n m '

Here, <5 is the Kronecker symbol. These formulas are taking into account the possibility
for the atom to float trough several periods of superlattice. Layer by layer concentration of
M I-atoms in the superlattice M1(7ML)1M2 (5ML) with interdiffusion is shown in Fig. 1.
The profile of component concentrations in the superlattice depends on the ratio between
the nominal thickness of each layer and the characteristic length of diffusion in growth
direction. In principle, the intermixing parameter ( can be different for different interfaces.
Such a model for intermixing with subsequent self-consistent calculations of magnetic
moments on each site was applied to describe the magnetic properties of the FeN
superlattices under hydrogenation [7], for interpretation of Mossbauer spectra in FeN [8]
and Fe/Cr [6] multilayers and for explanation of the zr-phase shift of the interlayer exchange
coupling oscillations in the Fe/Cr/Fe trilayers on Fe whisker [9].

The floating model of the intermixing explains the difference in the hff distributions
from M]/M 2 and M2/M1 interfaces in various multilayers . It can also be used for the
description of experiments with probe layers. The 119Sn probe layers were used to study the
Cr magnetic structure in CrN multilayers. It was found that the hff on 119Sn atoms drops
faster near the V-on-Cr interface than at the Cr-on-V interface [5]. Floating algorithm
explains this phenomenon: when Sn atoms flow from the V-on-Cr interface they enter inner
magnetic Cr layers, whereas from the V-on-Cr interface they come to the non-magnetic V­
slabs. Quite significant differences in the hff distributions for the sample with 11 9Sn probe
layers nominally placed at a distance of loA from interfaces shows that the typical scale of
intermixing achieved in these multilayers is six to seven atomic layers.

In the Fe/Ag superlattice 57Fe monolayer was utilized as a probe layer in molecular-beam­
epitaxy-grown Ag/Fe(OOI)/Ag(OOI) structures [3]. The isomer shift (IS) and quadrupole
splitting (QS) depend on the local environment of particular 57Fe atoms and, therefore,
Mossbauer spectra can be used to find the interface structure. Six subspectra with different IS,
hff and QS were found for the structure Agj57Fe(1.4ML) j""tFe(5.4ML) /Ag(lOML) /Au.
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Fig. 1 Profile of M) concentration for superlattice M) (7ML)/ M2( 5ML) with interdiffusion modeled by
floating algorithm with different intermixing parameters ( . Arrows show growth direction

They were identified [3] as atoms at different sites on the stepped interface. This interpretation is
based on the assumption that roughness is associated only with steps and, moreover, atoms with
larger IS values (smaller hff) have more Ag (first, second?) nearest neighbors (nn). It was
concluded that after the deposition of 1.4 monolayer (ML) ofFe on the Ag substrate only 54% of
the substrate was covered by Fe atoms. In contrast, in the multilayer Ag/[Fe(5.4ML) /
57Fe(1ML)/ Ag( IOML)h / Au, the top Fe/Ag interface is very sharp with 90% of the
deposited I-ML 57Fe atoms actually making the contact with Ag. The hff value for the step­
edge atoms at Fe/Ag and Ag/Fe interfaces were found to be significantly different: for the
lower (Fe-on-Ag) interface it is about 10 kOe larger than that of the upper interface. The
authors [3]proposed that the difference in hff for top and bottom Fe/Ag interfaces is connected
with spin-polarized quantum well states responsible for the interlayer exchange coupling in the
multilayers. However, this statement, looks quite artificial, whereas supposition of the floating
mechanism of epitaxial growth removes most of discrepancies and gives a straight-forward
explanation of experimental data. Indeed, subspectra with enhanced IS and reduced hff
originate from 57Fe atoms inside the Ag layers. Obviously the number of such atoms has to be
larger at the upper (Ag-on-Fe) interface, because 57Fe atoms float into the Ag slab. These 57Fe
atoms have a larger number of nn Ag atoms, and this is the reason why their hff is not as large
as that of 57Fe atoms at lower (Fe-on-Ag) interfaces. 57Fe atoms from the lower interface float
into the slab of natural Fe, and about half of them has no Ag among nn atoms.

Such a physical picture agrees with an earlier study of Fe/Ag multilayers, where 2-ML
thick 57Fe probe layers were placed in different samples at the upper or lower interfaces, or
in the middle of the Fe slab [10]. These authors obtained a broad distribution ofhff, but for
the upper interfaces the average hff measured at 6 K was found to be smaller than for lower
interfaces.

In summary, our floating algorithm of epitaxial growth , combined with self-consistent
calculations of atomic magnetic moments , allows us to give a new interpretation of
Mossbauer experiments with 57Fe and 11 9Sn probe layers in Fe/Cr, Fe/Cr/Sn, V/Cr/Sn, and
Fe/Ag superlattices , as reported in the literature. This leads to a revision of the reasons for
the suppression of Cr magnetic moments in Fe/Cr/Sn and V/Cr/Sn and of the interface
structure in Fe/Ag heterostructure s.

The possibility of interpretation of various experimental data on different samples
demonstrates that our intermixing model is quite general and can be used as an initial
approach for the deduction of chemical and magnetic interface structures. However, steps at
the interface, islands and other large-scale defects can essentially change the effective

1d Springer



1382 Y.G. Semenov, Y.M. Uzdin

parameters of our algorithm; this can be important for a quantitative comparison with
experimental results.
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Abstract Fe-AI alloy with Fe/AI ratio of 3:1 was first prepared by argon arc melting. It
was subsequently coated on glass slide and cellophane tape using an electron beam gun
system to have a thickness of 2,000 A. X-ray diffraction spectrum of the coated sample
indicates a definite texture for the film with a preferential growth along the Fe(ll 0) plane.
SEM micrographs of the film showed the presence of nano islands of nearly 3 x 1OIZ/mZ

surface density. Composition of different parts of the film was determined using EDAX.
Room temperature Fe-57 Mossbauer spectrum of coated sample showed the presence a
quadrupole doublet with a splitting of 0.46 mm/s, which is typical of AI-rich iron
compounds. MOKE study shows an in-plane magnetic moment.

Key words Fe-AI film -57Fe Mossbauer -hyperfine fields

1 Introduction

Magnetic behavior of bulk and nano Fe-AI systems has been the subject of numerous
theoretical and experimental studies because of the subtle relation between their structural
and magnetic properties. On the Fe rich side, the system has two ordered phases based on
the bee u-Fe lattice, around the stoichiometric structure of Fe3AI and FeAI with the D03
and 8 z type structures respectively. FeAI in the ordered state is non-magnetic while Fe3AI
is ferromagnetic [I]. Evolution towards a ferromagnetic state at room temperature is seen in
disordered systems prepared by non-equilibrium techniques like ball milling [2, 3] and
rapid solidification [4] for up to 50 at.% Fe. On the Al rich side of the phase diagram, the
stable orthorhombic FezAI5 phase is non-magnetic. However, in ball-milled AI-34 at %Fe
and AI-25 at %Fe, formation of metastable bee solid solutions, which are ferromagnetic at
room temperature, have been reported [5]. Fe/AI multilayers and single layer thin films are
also of great interest because phase formation in thin nanometer-scale systems often differs
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Figure I X-ray diffractogram of 2,000 A Fe-AI alloy coated on glass.

Figure 2 SEM micrograph of
film showing Fe-AI nano islands
in film.

from the bulk material. While there have been many studies on Fe/AI multilayers [6-8],
only a few studies have been made on Fe-AI thin films [9, 10].

In the present study, we report the preparation of Fe-AI thin films by electron beam
evaporation and their characterization by X-ray diffraction, Scanning electron microscopy
(SEM) and EDAX, magneto-optical Kerr effect (MOKE) and Mossbauer spectroscopy.

2 Experimental methods

Pure AI and Fe metals (of99.99% purity) in the ratio 1:3 were arc melted in argon atmosphere
to form an alloy. The ingot formed was melted two more times to ensure homogeneity. Weight
loss after melting was observed to be less than I%. The as prepared alloy was then used to
deposit films of thickness 2,000 A onto glass and cellophane substrates using electron beam
evaporation at 20 rnA current, under a vacuum of 4 x 10- 5 Torr.

The thin films thus obtained were characterized using X-ray diffraction, SEM and
EDAX, Fe-57 Mossbauer spectroscopy and magneto-optical Kerr effect (MOKE). XRD
spectrum of the film coated on glass substrate was recorded at room temperature with a

~ Springer
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Figure 3 SEM micrograph
showing enlarged view of one of
the bright islands.

Figure 4 MOKE of Fe-AI film.
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Rigaku miniflex diffractometer using Cu Ka radiation. SEM was done using a Hitachi S­
3000N machine and EDAX was taken using JEOL-JSM-5600 with a Si(Li) Oxford
detector.

Mossbauer spectrum of the film coated on cellophane substrate was recorded at room
temperature in the transmission mode. A 25 mCi 57Co in rhodium matrix was used as
source along with a standard Austin drive and controller assembly in the constant
acceleration mode. Velocity calibration was done using metallic iron. The data was
analyzed using a standard program that fits for Lorentzians [II]. EFG distribution fitting
was made using the WMOSS program (version 2.5).

3 Results and discussion

The structure of the arc-melted Fe3Al sample used for depositing the film has been
confirmed by X-ray diffraction. XRD of the thin film coated on glass substrate is shown in
Figure I, which shows the presence of a broad peak at 28=43° and no other clear peaks.
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The absence of other peaks in the XRD spectrum indicates that the film has a definite
texture. Both EDAX and Mossbauer studies of the film show the formation of an AI rich
Fe-AI phase, which does not correspond to the original Fe3AI composition. This indicates
that during the evaporation process, differential evaporation of the constituents has
occurred. Hence, the single peak in the XRD spectrum can be attributed to the preferential
growth of the film the Fe (110) direction. Such preferential growth of Fe layers along the
(110) direction has also been observed in Fe/AI multilayers [12]. The shift in the peak
towards lower 28 values is because of the expansion of the lattice due to the high amount of
incorporated AI.
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The SEM micrograph (Figure 2) of the film shows that it is made up of a number of
nano islands that are distributed almost uniformly. On an average, the density of these
islands is 3 x 1012/m2.Figure 3 shows an enlarged view of a typical island, the size of which
is about 311m. Sizes of the larger and smaller clusters are about 588 and 382 nm.
Composition of different parts of the film was determined using EDAX. The even
background corresponds, on an average, to a composition of36.6 at.% Fe and 63.5 at.% Al.
The bright clusters correspond to a composition of 27.6 at.% of Fe and 72.4 at.% of Al,

MOKE study (Figure 4), shows a nearly square hysteresis loop with a coercive field=
53.12 Oe. The shape of the hysteresis loop suggests that the net magnetic moment is in the
plane of the film. The observed magnetic moment can be attributed to the oxidation of the
surface layer.

The room temperature Mossbauer spectrum of the sample is given in Figure 5. Although
the spectrum appears to have a sextet along with a doublet, meaningful fitting of the sextet
is not possible due to the very low percentage transmission effect, even with the high
statistics that has been obtained (>10 million). Hence no attempt was made to fit the
spectrum with a sextet. It was first fitted for a single quadrupole doublet, with a quadrupole
splitting of 0.4604(±0.0155) mm/s and isomer shift 0.138(±0.01) mm/s (with respect to
metallic iron). The peak width of the doublet (0.45 mm/s) is large, compared to metallic
iron width of 0.24 mm/s. Hence, the central quadrupole doublet can be considered to be
consisting of a number of close-lying Lorentzians corresponding to a distribution in the
EFG. On fitting this doublet with a distribution corresponding to two distinct Fe sites,
quadrupole splittings of 0.4478 and 0.476 mm/s are obtained. These distributions are close
lying and the FWHM of the Gaussians in the probability distribution (Figure 6) are 0.2364
and 0.1065 mm/s respectively. The average quadrupole splitting derived from the
theoretical fit is that obtained on fitting a single broad doublet. When the number of
nearest Al neighbors to s7Fe is 25, no magnetic splitting is observed and so a singlet is
obtained if the nucleus is in a cubic environment or a doublet if the cubic symmetry is
distorted. The observed average quadrupole splitting of 0.4604 mm/s is typical of Al rich
Fe-AI systems [7] and compares well with the 0.46 mm/s reported for the non-cubic Fe2AIs
phase [13]. The analysis suggests that the formation of Al-rich Fe-Al, non-cubic phase is
thermodynamically favored during the condensation process. This conclusion is supported
by EDAX results which show that the average Fe/AI concentration does not exceed 1:2.6.
The formation of Fe-Al, phase has been observed in Al-rich Fe-AI systems prepared by
other non-equilibrium process also [7, 14].
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Abstract Light-induced spin crossover has been observed for the first time by means of
Mossbauer spectroscopy for a Fe(ll) complex embedded in a Nafion membrane . The results
obtained confirm other independent observations we have made, which point to the
possibility of generating a long-lived HS state by means of laser irradiation of the same
system (c. Brady, PhD thesis Queens University, Belfast 2002; lA. Wolny, H. Toftlund,
lJ. McGarvey, C. Brady, manuscript in preparation).

Key words light induced spin crossover- Nafion membrane

1 Introduction

The spin-crossover complex [Fe(lI)(btpa)J(PF6h (btpa = N,N,N',N' -tetrakis(2-pyridy­
methyl)-6,6'-bis(aminomethyl)-2,2'-bipyridine, see Figure I), that had previously been
shown to undergo a complicated stereochemical rearrangement [2, 3] involving two distinct
high-spin states, was investigated under various conditions by means of Mossbauer
spectroscopy. We have addressed the question whether this complex is a suitable candidate
for a photonic molecular switch. For this purpose, in particular to allow the homogenous
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Figure 1 The cation [Fe(btpa)f+.
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Table I Isomer shifts (IS) and quadrupo le splittings (QS) for various preparations of [Fe(btpa)]2+ at T=80 K
and T=290 K

80 K 290 K

IS (mm/s) QS (mm/s) IS (mm/s) QS (mm/s)

LS HSI HS2 LS HSI HS2 LS HSI HS2 LS HSI HS2

[Fe(bpta)](PF6h solid powder 0.40 1.08 1.38 0.44 3.01 3.21 0.32 0.99 1.08 0.45 2.44 3.07

[ZnFe(bpta)](PF6h 0.44 1.09 - 0.50 2.92 - 0.35 0.99 - 0.46 2.78 -

[Fe(bpta)](PF6h in Nation 0.38 1.05 1.41 0.4 1 2.77 3.02 0.34 0.97 1.20 0.47 2.35 3.29

without light

[Fe(bpta)](PF6h in Nation with 0.38 1.02 1.33 0.45 2.86 3.11 0.39 0.94 1.17 0.47 2.22 3.14
light

The error margins of the parameters are estimated to be about ±2%.

illumination of the sample with light, the molecules have been embedded in a membrane of
Nafionw, which is a poly(tetrafluoroethylene) based ionomer developed by DuPont in the
1980s. The sample was illuminated by means of an array of 12 blue LEDS ('x::::::450 nm).

2 Results

Comparison of the Mossbauer parameters of solid [Fe(btpa)](PF6h powder with those of
the embedded species reveal no significant differences (see Table I). Two distinct high-spin
states (HS1 and HS2) can be distinguished by differences in their hyperfine parameters. In
the spectra taken from [Zno.9Feo.l(btpa)](PF6)2, however, only the high-spin doublet with
the lower isomer shift and the lower quadrupole splitting is visible. This observation leads
to the conclusion that these parameters are attributable to sixcoordinate Fe(II)
corresponding to the C2 symmetry of the zinc complex [3], while the larger values of
both parameters correspond to quasi sevencoordinate Fe(II) (for a more detailed description
of the two molecular conformations see ref. [4D.

Prior to illumination the sample displays a spin-erossover equilibrium, similar to that
already reported for the complex in solution [2]. In Figure 2 the temperature dependence of
the Mossbauer spectra taken with and without light irradiation are presented and the relative
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Figure 2 Temperature dependence of the Mossbauer spectra of [Fe(II)(btpa)(PF6hl embedded in Nation
with light irradiation (left) and for a dark sample (right). The solid lines represent the two subspectra
corresponding to low-spin (LS) and high-spin (HS) Fe(II).
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fractions of low- and high-spin iron are given . These fractions are determined by evaluating
the spectra, taking into account a proper distribution of the electric field gradients for the
two spin isomers. The distribution for the high-spin Fe(II) is chosen such that it
encompasses both distinct high-spin states and the two solid curves in Figure 2 represent
the contributions of either isomer. Continuous illumination of the sample during the whole
temperature series with blue light obviously promotes the dynamics of the interconversion
processes between the low- and high-spin isomers, as seen from the line broadening at
temperatures above 250 K. Simultaneously, the spin equilibrium is shifted by the light in
the direction of the high-spin (HS) isomer so that a depletion of the low-spin subspectrum
(LS) is seen with decreasing temperature. There seem to exist two tentative explanations for
this situation : either the continuous irradiation results in an enhanced population of the two
HS states, of which one is trapped as the long-lived state while the other is in fast exchange
with the LS one, or we deal with an example of the so-called paradoxical effect of light as
described in [5]. In that work, the seemingly contradictory character of the photo-effect is
suggested to become manifest by inducing the LS-HS conversion on the molecular scale
while, under some conditions , speeding up the HS-LS cooperative relaxation in the solid
due to the destruction of correlations.

3 Conclusion

The results obtained confirm other independent observations we have made by means of
laser irradiation of the same system, i.e. that it is possible to switch the system partially into
a long-lived high-spin state by means of visible light [I] (lA. Wolny, H. Toftlund, J.J.
McGarvey, C. Brady, manuscript in preparation).
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