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Synchrotron Méssbauer reflectometry using
stroboscopic detection

L. Dedk - L. Bottyan « R. Callens « R. Coussement «
M. Major + I. Serdons - Y. Yoda

Published online: 7 December 2006
© Springer Science + Business Media B.V. 2006

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 [*'Fe/Crl,y multilayer are shown and discussed.
Principles and methodological aspects of stroboscopic synchrotron Mdssbauer reflectom-
etry are briefly reviewed.

Key words magnetic multilayers - Mossbauer reflectometry - nuclear resonant scattering
of synchrotron radiation

1 Introduction

Synchrotron Méssbauer 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
Massbauer spectroscopy to_hyperfine interactions with the depth information yielded by
reflectometry. The specular SMR measurement is performed in the 6-26 geometry, in either
the time integral (TISMR) or the time differential regime (TDSMR). TISMR means
recording the total number of delayed photons within a time interval lasting from ¢ to #; as
a function of the incident grazing angle 6.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. ¢, is a value somewhat below the bunch repetition time of the storage ring. As a

L. Dedk (B<) « L. Bottyan - M. Major
KFKI Research Institute for Particle and Nuclear Physics, P.O.B. 49, 1525 Budapest, Hungary
e-mail: deak@rmki kfki.hu

R. Callens - R. Coussement * I. Serdons
K.U. Leuven Instituut voor Kern — en Stralingsfysica, Celestijnenlaan 200 D, 3001 Leuven, Belgium

Y. Yoda
SPring-8 JASRI, 1-1-1 Kouto Mikazuki-cho Sayo-gun, Hyogo 679-5198, Japan

@ Springer



710 L. Dedk, L. Bottyan, et al.

Figure 1 Experimental setup for reference sample APD
stroboscopic synchrotron Moss- on Mdéssbauer drive

bauer reflectometry.
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rule, a 6-26 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 6-26 geometry, performed at different values of 6. Like in the
forward scattering case, the presence of hyperfine interactions gives rise to quantum beats
in the time response.

2 The stroboscopic synchrotron Mossbauer 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 M&ssbauer absorber, the latter acting as
reference sample. The reference sample is mounted on a Mdssbauer drive, as shown in
Figure 1. 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 Mdssbauer 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
t, of the observation time window is specially chosen so that

5=h/tp, (1)

ie., the Planck constant /s times the observation frequency 1/¢,, 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 A/, 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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considerably influenced by the interference between the nuclear and the electronic
scattering [10].
The intensity expression of heterodyne/stroboscopic SMR [10] reads

I1(v,8) i Sm / dETE [T (E + me,E,) — TL]-[T(E,E.) — Twlp}, (2)

m=—oQ

where m is the integer number indicating the stroboscopic order, s, 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 fotal 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 Méssbauer nuclei.
Therefore, scattering matrices have a resonant nuclear and nearly energy-independent
electronic contribution. Consequently, for energies being far from the Maossbauer
resonances, £ — oo on a hyperfine scale, the individual scattering matrices approach
their non resonant electronic contribution, 7. 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; + me [8-10]. For the interpretation of the
stroboscopic spectra, it is useful to express € in units of mm/s:

e[mm/s] = 1000%, 3)

where A is the wavelength of the radiation in units of nm. For the Mdssbauer transition
of >’Fe in «-iron at room temperature, A ~ 0.086nm, the outer line separation of the
Mossbaver lines is 10.62 mm/s. It follows from Eq. 3, that choosing #,=8 ns, €
approximately overlaps with the separation between the outer Mdssbauer 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 *"Fe/Cr AF multilayer for By parallel to the wave vector k
(dotted line) and By parallel to the o-polarization (solid line) at three different grazing angles. The right side
axis corresponds to the By parallel to direction of the o-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 [1, 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/[>'Fe(2.6 nm)/Cr(1.3 nm)],, 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, Byr being parallel/anti-parallel to the propagation of the SR (direction k)
and Byy parallel/anti-parallel to the direction of the o-polarization (perpendicular to k),
respectively. Both TISMR spectra have the peak at the critical angle (§=3.67 mrad) [15]
and at the structural Bragg position (at §=12.04 mrad), the latter being the result of the
nuclear/electronic contrast between the Fe and Cr layers. In the case of By being parallel/
anti-parallel to the direction of the og-polarization, or in general, for any orieutation being
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Figure 4 Simulations for stroboscopic SMR spectra of *’Fe/Cr AF multilayer for By parallel to the wave
vector k (dotted line) and By parallel to the o-polarization (solid line) at three different grazing angles. The
right side axis cotresponds to the By parallel to direction of the o-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 €) indicates the different stroboscopic orders.

perpendicular to &, there is no AF-Bragg peak at #=6.81 mrad. The reason of this is the
special angular dependence of the coherent forward scattering amplitude f. An AF-Bragg
peak exists only, if there is a contrast in the susceptibilities according to the AF symmetry.
The only contribution in f may result AF contrast is its dependence on the angle of k and
Byr [16], that is the same 90 degree for any direction perpendicular to k. However, in the
case of By being parallel/anti-parallel to the propagation of the SR those angles are 0 and
180°, respectively, and a strong AF contrast is present.

Figure 3a— show the TDSMR spectra for the same orientations, at the critical angle (6=
3.67 mrad), at the AF-Bragg position (§=6.81 mrad) and at the structural Bragg position (6=
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 small 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 6, 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 £ (see Eq. 3) indicate the different stroboscopic orders. For the
simulations, an observation period of #,=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=
0 mm/s, extending from v=—5.31 mm/s to v=5.31 mm/s, is the Oth order resonance (also
called heterodyne spectrum). The —1st and 1st orders are shifted by € and —¢, respectively.
In panels (a) to (c) the four resonance lines of the +1 and —1 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), precipitated from
Fe(Il) lactate and sodium hydroxide, in the presence of sodium formate to promote the
formation of the corresponding green rust. The evolution of the precipitate 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, (6=1.28 mm s™', A=2.75 mm s ") and D> (6=1.28 mm s ', A=
2.48 mm s ') that correspond to Fe(ll) and D5 (6=0.49 mm s~', A=0.37 mm s') that
corresponds to Fe(IIT). The relative area of D;, close to the proportion of Fe(Ill) in the GR,
was found at 28.5+1.5% (~2/7). Raman spectroscopy confirmed that the intermediate
compound was a Fe(II-1II) 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(OH), obtained by mixing solutions of
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NaOH and a Fe(II) salt. When the initial ratio of reactants [Fe*"][/[OH ] is larger than 0.5, an
intermediate green rust (GR) compound is obtained between the initial Fe(OH), and the end
products. GRs are Fe(II-III) hydroxysalts characterised by a crystal structure that consists of
the stacking of Fe(OH),-like layers carrying a positive charge as due to the presence of Fe(lIl),
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 FeCly-4H,0 leads to GR
(CI) [1]. 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 of rust was simulated by the oxidation of aqueous suspensions of Fe(OH),. Since
Fe(Il) formate was not available another Fe(II) 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 providle HCOO™ ions. Various formate concentrations,
from 0.3 to 1.2 M, were considered, whereas the Fe(C;HsO3), and NaOH concentrations were
set at 0.18 and 0.3 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 £y, 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 Mdssbauer spectroscopy
(TMS) using a constant-acceleration Mdssbauer spectrometer calibrated with a 25 pum foil of
a-Fe at room temperature, a 512 multichannel analyser (Halder, Elektronic GMBH), and a
50 mCi source of >’Co in Rh. Spectra were computer-fitted with Lorentzian shape lines and
errors on the Mdssbauer parameters determination were estimated by analysing three samples.
Measurements were performed at 15 K, a temperature allowing us to discriminate GRs from
Fe(OH), and Fe(lll) oxyhydroxides [1, 2]. The GR obtained was also analysed by Raman
spectroscopy by using a Jobin Yvon spectrometer (LabRAM HR), with a resolution of about
2 cm'. Excitation was provided by a He-Ne laser (632.33 nm) through an Olympus
microscope with a 50x 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 Ey, and pH vs time curves

The shape of E;, and pH vs time curves proved to be independent of NaHCOO concentration.
As an example, the curves obtained with [NaHCOO]=0.3 M are displayed in Figure 1. Until
reaching point 1, pH decreases from 12 to 8.5 whereas E;, increases from —0.54 to —0.33 V.
This corresponds to a progressive precipitation of Fe(OH),. Since Fe(Il) lactate is only slightly
soluble in water (~20 g/L at 10°C and 85 g/L at 100°C [3]), it is not completely dissolved
when adding the NaOH solution. Fe(OH), is much less soluble (pK,=12.94 at 25°C [4]) and it
precipitates from the initial dissolved Fe(Il). The solution becomes undersaturated with respect
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Figure 1 E), and pH vs time [HCOO]=03M E [ E
curves recorded during oxidation i (V/SHE)
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to Fe(Il) lactate that dissolves progressively while Fe(OH), 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 £y, and pH stay constant. Potential Ej,
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 ]=0.3, 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 E}, and pH vary continuously and
stabilise after about 15 min when the oxidation of Fe(I)-containing phases into Fe(lII)
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 1, 2 and 3 on the E}, vs time
curve of Figure 1. Spectra are displayed in Figure 2a—c and hyperfine parameters listed in
Table 1. 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), 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 .,, with large isomer shift 4 and quadrupole splitting A, is due to Fe(ID)
whereas D, with smaller  and A values, is due to Fe(Ill). This compound results from the
oxidation of Fe(OH),. At point 1, Fe(II} lactate is not detected by TMS, confirming that the
precipitation of Fe(OH), is achieved and that the excess Fe(Il) is present as dissolved species
according to:

6 Fe(C3Hs0;), + 10NaOH = 5Fe(OH), + 10Na* + Fe** + 12C;Hs0; (1)

Since the precipitation rate of Fe(OH), that is linked to the dissolution rate of Fe(Il) lactate is
slow, the oxidation of Fe(OH), has already produced some GR before the end of precipitation.

The precipitate obtained at point 2 on the E}, or pH plateau is still composed of a mixture
of Fe(OH), with GR. The spectrum is fitted with the same components, FH, D, ., and Ds.
The only difference with the previous spectrum is that the relative areas have changed,
since Fe(OH), 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 Ey, vs time curve (Figure 1). Experimental curves (filled circles), elementary components (solid line),
global computed curve (broken line). (d) Raman spectrum of the precipitate sampled at point 3. [NaHCOO]=
0.6 M.

Then at point 3, right after the plateau, the spectrum reveals that Fe(OH), 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 D>, 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,/D, area ratio is about two. It was
found larger (~3) in GR(CO%‘) and smaller (~1) in GR(CI"). The relative area of D;, that
corresponds approximately to the proportion of Fe(Ill) in the green rust, is found at 28.5+
1.5%, taking into account the analyses of the GRs obtained with [HCOO ]=0.3 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(OH), depends on the HCOO ™ concentration, it must be a Fe(II-
I1) hydroxy-formate. From the proportion of Fe(Ill) close to two of seven (~28.5%), the
chemical formula Fe!'Fel'(OH),,(HCOO), - ntH,0 can be proposed for GR(HCOO). Its
formation by oxidation of Fe(OH), should then be written as follows:

6 Fe(OH), + Fe?* + 2HCOO™ + 150, + (n 4 1)H,0 = Fel'Fe} (OH) ,(HCOO), - nH,0
(2)

Equilibrium conditions between Fe(OH), and GR(HCOO™) would thus correspond to:
7Fe(OH), + 2HCOO™ + nH,;0 = Fe{Fe}'(OH),(HCOO), - nH,0 +2¢~  (3)
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Table I TMS analyses at 15 K of samples 1-3, at various stages of the oxidation of Fe(OH),, as described in
Figure 1

Sample 1 Sample 2 Sample 3

) A H RA ¢ A H RA é A RA
FH 14 3.0 190 48 1.4 3.0 190 42 D, 128 275 47
Di., 132 267 - 4 131 267 - 45 D, 128 248 23
D, 053 039 - 11 052 039 - 13 Dy, 049 037 30

The accuracy is 0.02 mm s~ for the isomer shift § and the quadrupole splitting A and +5 kOe for the
hyperfine field A.

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

5=Isomer shift with respect to metallic o-Fe in mm s™'; A=quadrupole splitting in mm s.”'

and are given by Nemst’s law:
Eeq = E° —0.0591 log [HCOO™] 4)

As observed experimentally, the equilibrium potential E;, 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 GR compounds at about 430 and
500 cm ' [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™' 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(Il), it proved possible to prepare a Fe(II-III)
hydroxy-formate green rust by oxidation of aqueous suspensions of Fe(OH),. 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 GR formation than the lactate anion. Mossbauer spectral parameters, as well
as the vibration bands displayed on the Raman spectrum, are typical of a GR compound, but
slightly different from those of any other known GR compound. The interpretation of the slight
modifications induced by the intercalated anion should allow us a more detailed knowledge of
the structural properties of GRs [10].
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Abstract The activities of bacterial consortia enable organisms to maximize 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(SO3™) through the bioreduction of lepidocrocite by S. putrefaciens
and secondly to investigate if sulfate anions intercalated in the biogenic GRZ(SOi‘) 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(SO3") 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 of GR2(SOﬁ*) is the consequence of iron chemistry in seawater, then its presence
could promote a microbial activity. Indeed, GR2(SOﬁ*) 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 H, atmosphere serving as the
sole electron source. The GR2(SO§_) alteration experiments by D. alaskensis were
conducted with the biogenic GR2(SO2") as the sole electron acceptor and lactate as the
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Figure 1 XRD diffractogram of the product during the incubation period. a, b, ¢, and d correspond to t=0,
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 of GRZ(SOi‘), 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, GRZ(SOﬁ‘), was used as an electron acceptor for SRB metabolism.
These bacteria (D. alaskensis) were incubated in a defined mineral medium containing
K,HPO, (0.5 g L™"). Sodium lactate served as the electron source (3.5 g L™h.

Three methods were used to characterize the products: DRX, TMS and TEM. Mgssbauer
spectra were measured by means of a constant-acceleration spectrometer with a 50 mCi
7Co 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 Méssbauer hyperfine

parameters Incubation time & (mm/s) with A or H RA

(days) and respect to «-Fe at  2¢ (kOe) (%)
temperature RT (mm/s)

=0 GR D1:1.27 292 36

D2 : 048 0.44 21

77K Lepido : 0.47 0.62 43

t=3 GR DI : 124 2.87 16

D2:0.53 0.39 10

Lepido : 0.46 0.73 46

100 K Vivianite : 1.33 32 7

1.24 2.54 6

Greigite : 0.47 -0.14 475 9

0.84 002 277 6

t=20 GR D1:1.18 2.6 34

D2:04 0.5 32

Lepido : 0.47 0.5 5

215K Vivianite : 1.2 2.96 13

Greigite : 0.41 -0.09 419 11

0.85 -0.5 387 4

=300 GRDI1:124 2.67 29

D2 : 045 0.43 17

13K Vivianite: 1.27 3.1 14

Greigite : 0.49 0 280 20

0.88 -0.5 355 8

Iron oxide : 0.48 —0.15 504 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(SOﬁ*) and lepidocrocite (Figure 1a). 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, D5, and Dy epidocrocite (Figure 2a). The doublets
D, (ferrous state) and D, (ferric state) correspond to GR2 (57%) and the doublet Dy is
assigned to paramagnetic Fe*" in lepidocrocite (43%), with small isomer shifis & (0.47 mmy/s)
and quadrupole splitting A (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. GR1 incorporate planar or spherical anions (CI°,
CO?) whereas GR2 inserts three-dimensional anions (SO4” ") [4]. GR1 compounds have a
trigonal structure with sequence AcBiBaCjCbhAKA..., where A-C designate OH ™ planes, a— ¢
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 Maossbauer spectra of the products with various incubation periods.

with a primitive hexagonal cell) along the C axis than for GR1 (a three-layer repeat yielding a
rhombohedral structure). The XRD discriminate unambiguously both poly-types (GR1, GR2)
when one has a mixture of these two phases. The monitoring versus time of the interaction of
GR2(SO§_) with the SRB is carried out by characterising the precipitates by XRD, TMS and
TEM. Figure 1 shows the diffractograms measured at various incubation periods.

The XRD patterns of products obtained after 0 and 3 days of incubation (Figure 1a and
b) exhibit lines of GR2 and lepidocrocite. However, the lines of GR2 are always observable
but their intensity strongly decreased. A new reflection probably corresponding to vivianite
appears. After 20 days (Figure 1c), one observes the total extinction of the peaks
corresponding to the GR2 and lepidocrocite and growth of new lines ascribable to the GR1
whose intensity increases with the time of incubation (Figure 1d).

Massbauer 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(Il) ascribable to vivianite, the total amount of
Fe(Il) is smaller than that of Fe(Ill) which correspond to two overlapping doublets
(lepidocrocite and ferric of GR). 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 2¢). 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 GR 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 (FesS,), from the values of
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the hyperfine fields of its two sextets (280 and 350 kOe). Greigite, Fe;S,, the sulphur
analogue of magnetite Fe;0, has a similar inverse spinel structure [6]. In spite of its clear
observation by TMS, XRD does not indicate any additional phases other than GR! 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 GR1(CO3™) to the
detriment of the GR2(SO§’) but the TMS and TEM identified, in addition of GRl(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 GR1(CO3").

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 of lactate to the reduction of sulphate
tons 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 [1]. Microbiologically Influenced Corrosion (MIC) proceeds in two
steps: the reduction of ferric oxyhydroxides by DIRB to produce Fe**, 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 Fe** to form
ferrous sulphides.
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Abstract The electrochemical reactions of Li with ¢-Mg,Sn have been investigated by in
situ Mossbauer spectroscopy of ''°Sn 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 Li,MgSn 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 ''*Sn

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 ''’Sn 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, ''Sn Mossbauer spectrometry has allowed us to establish
that lithium insertion induces a displacement reaction with Mg extrusion. Such

L. Aldon (P4) - C. M. Ionica + P. E. Lippens - J. Olivier-Fourcade * J.-C. Jumas
Laboratoire des Agrégats Moléculaires et Matériaux Inorganiques (UMR 5072 CNRS),
Université Montpellier II, CC 15, Place E. Bataillon, 34095 Montpellier Cedex 5, France
e-mail: laldon@univ-montp2.fr

D. Larcher - J.-M. Tarascon
Laboratoire de Réactivité et Chimie des Solides (UMR 6007 CNRS),
Université de Picardie Jules Vernes, 33 Rue St Leu, 80039 Amiens Cedex, France

@ Springer



730 L. Aldon, C. Ionica, et al.

Figure 1 Evolution of ''*Sn
Maossbauer spectra recorded un-
der in situ condition during the
first discharge and charge (C/10
rate, 1 spectrum/h).

Transmission (%)

displacement reaction definitively explains the well-defined plateau observed in the
electrochemical potential curves.

2 Experimental

A batch of cubic Mg,Sn 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 PLIon™
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 1.5+
curves of pristine c-Mg,Sn upon 1
Li-insertion compared to in situ
198n 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 1s 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 Li,MgSn from Li,Mg,Sn
with extrusion of Mg (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].

1) Mg,Sn + xLi — Li,Mg,Sn
2} Li;Mg,Sn+(2 — x) Li — Li;MgSn + Mg
3) Mg +-xLi — 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—Mdéssbauer
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 (Li,MgSn) 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 Mg,Sn, the electrochemical insertion of lithium in the pristine material leads
to a topotactic insertion producing Li,Mg,Sn. Then, this alloy is not stable and forms a new
phase Li;MgSn 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 Mdssbauer 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'°Sn
Masssbauer spectroscopy. Tin was dispersed ex situ into a matrix formed from B,03:P,0s.
XRD and ''?Sn Méssbauer spectroscopy show the formation of an interface between the
active species (Sn”) 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-ionbatteries - 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 [1, 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 BPO,
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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In this work, we report a study of such Sn-based composite materials based on X-ray
diffraction, electrochemical tests and in situ''°Sn Méssbauer spectroscopy.

2 Experimental

The Sn/BPO, composite was prepared by a conventional melt-quenching method. The
active species (3Sn) were homogeneously dispersed into the matrix formed by B,05:P,05
with an optimized composition [4]. Stoichiometric amounts of $Sn (Aldrich, diameter
<10 pum) and BPO, (synthesized from NH4H,PO4 and H3BO; 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
CuK,; radiation (A=1.54051 A). ''°Sn Massbauer 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 119mgn in a CaSnO; 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 1 M LiPF, 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'/Li°.

3 Results and discussion

The XRD pattern of Sn/BPO, is shown in Figure 1. The observed diffraction peaks
correspond to crystalline 3-Sn and BPO, and the broad halo between 10 and 17° 6 to an
amorphous phase. The lattice parameters of the observed crystalline phases for BPO,
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Figure 2 1°Sn Méssbauer spec- 112
tra at room temperature of
Sn/BPO,4 composite obtained
by (a) CEMS and (b) TMS.

10 4 (kl)
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0.990
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Table I Hyperfine parameters obtained for the Sn/BPO, composite at 300 K: isomer shift & relative to
BaSnO;, quadrupole splitting A and line width at half-maximum I”

Tin sites Contribution (%) & (mm/s) A (mm/s) I (mm/s)
T™MS Sn® 60 237 0 0.889

Sn™ 40 3.39 1.47 0.889
CEMS Sn® 17 225 0 0.985

Sn™ 83 3.38 1.54 0.985

(a=b=4.341 A and c=6.635 A) and B-Sn (¢=5.830 A and ¢=3.181 A) are in good
agreement with previously published values [5, 6].

1981 Massbauer 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 Mdssbauer spectra recorded in transmission mode (TMS, Figure 2a)
and in emission mode (CEMS, Figure 2b). The hyperfine parameters are given in Table 1.

The spectrum obtained in transmission mode (Figure 2a) was fitted by considering two
different contributions: Sn' and Sn°. The hyperfine parameters of the Sn' doublet (6=
3.39 mm/s, A=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 Sn® are close to those of $Sn, which confirms the existence of 3Sn in the
composites as observed by XRD. The relative quantities of the two species have been
evaluated from the values of the Lamb-M&ssbauer factor at 300 K (f=0.4 for Sn" and f~
0.04 for B-Sn) [8]. The composite is formed by about 95% of $Sn and 5% of Sn"-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 Sn® 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 I). The
relative amounts obtained by considering the f factors are 80% for 3Sn and 20% for the
Sn'-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 BPO, with 3Sn, we
conclude that the composite is formed by particles of BPO, and BSn with an interface
formed by the Sn" based amorphous phase.
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Figure 3 Voltage profile of Sto/yBPO, composite between 1.2 and 0.1 V. The cell was cycled at a rate of C/20.

Figure 3 shows discharge/charge profiles of the Sn-BPO, composite at C/20 rate. The
material exhibits a capacity of 712 mAh/g at the end of the first discharge. The capacity
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 Mdssbauer 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 sifu''® 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 Sn°. At the end of the discharge (point c), most of the 3 Sn particles
were transformed into Li;Sn, nano-alloys and at the end of the first charge (point d), the
Li;Sn, alloy is back-transformed into 3 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 BPQO, matrix improving its conductivity [10]. During the charge, the
successive potential plateaus observed in Figure 3 are similar to those observed for 3 Sn [11].
Thus, the proposed mechanism for Sn/BPQ, composite materials consists in two steps:

1) Reduction of the Sn" atoms of the amorphous interface between BPO,4 and 3Sn and
restructuring of the composite,
2) Reversible formation of Li,Sn alloys:

Sn+3.5Li L5 Li;Sn,
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Figure 4 In situ'"® Sn Mossbauer spectra of Sn/BPQ, 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 (Sn’) 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 BPO, 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 W and 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 (y FeOOH; hereinafter, it may be referred to as simply L), goethite («FeOOH;
G), feroxyhite (6'FeOOH; F), hematite (oFe,0s; H) and magnetite (Fe;04; 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 1 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 SO, 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
[1, 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) 1 mass% Cu and (4)
1 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 Al sol Cu Cr Ni
Weathering (WS) 0.1 037  0.009 0.07 0.36 _ 0.37 0.56 0.33
Matrix (M) 0.043 030 0.015 0019 0.024 0.047 0.003 0.018 0.015
Cu-alloy (Cu) 0.048 028 0020 0019 0.024 0.045 1.01 0.007 0.017
Ni-alloy (Ni) 0.040 027 0.015 0.020  0.020 0.050 <0.02  <0.02 1.000

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

Steels Ni Cu w M
Corrosion rate/mm year ' 0.02 0.022 0.026 0.032
Thickness of the rust layer/um 59 66 82 126

XRD (Rigaku Geigerflex with CoK« radiation and nickel filter at 40 kv/30 mA), 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 Méssbauer (conventional transmission mode, with a >’Co/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 («Fe) 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 of Cu and Ni at the interface. However in the Ni-alloy the distribution of Ni
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 Mdssbauer spectra at 110 and 4.2 K, respectivély. Once again,
the spectra are very similar for all steels. In the RT (not shown) and 110 K Mdssbauer
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 Mdssbauer 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 Fe** probably due to lepidocrocite. The fitting
parameters of the 4.2 K Mdssbauer 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

1

Steel Oxide &/mms' g Amms ' ByT Dmms' A%  f Ar/f CAr/%

WS L 0.501(3)  0.033(7) 45.5(2)  031° 39.92) 0.82(5) 48.66(6) 36.567(2)
G 0.498(2) —0.23° 50.6(5) 0.32° 452(2) 0.80(5) 56.50(6) 42.459(2)
F 0.494(7) 0° 51.688) 0.503)  125(2) 049(3) 25.51(6) 19.170(3)
H 0.49° 0.39° 54.1 0327) 2402 242)  1.80(8)
Cu L 0.506(5)  0.035(9) 45.4(3) 033 422(2) 0.82(5) 51.46(6) 39.658(2)
G 0.505(2) —0.234(6)  50.5(3) 0.30° 46.6(2) 0.80(5) 58.25(6) 44.890(2)
F 050(1) 0 512(2)  042(6)  8.5(2) 0493) 1735(7) 13.371(4)
H 0.49" 0.39° 5412)  030(8)  2.7Q2) 27Q2)  2.08(7)
Ni L 0.507(7)  0.04(2) 45.0(6)  031° 33.7(2) 0.82(5) 41.10(6) 31.110(2)
G 0.502(2) -0.229(4)  503(4) 0.30° 49.02) 0.80(5) 61.25(6) 46.363(2)
F 0482(9) 0O° 512(1)  051(4)  11.0Q2) 0493) 2245(6) 16.9933)
H 0.49" 0.39° 53.8(2)  031(1)  1.7(2) 172) 131
F*t 0.52° 0.52° 0.56* 46(2) 0823) S61(6) 425(1)
M L 0476(4) 0.02009°  454(2) 031° 412(Q2) 0.82(3) 5024(6) 37.334Q2)
G 0477Q2) 023 503(3) 0.32° 42.6(Q2) 0.80(5) 53.25(6) 39.570(2)
F 047(1) 0 5L6(1)  056(5  143(2) 0493) 29.18(6) 21.684(3)
H 0.49° 0.39 54.1 037(1)  1.9Q) 192) 141

?Fixed parameter during the fitting procedure. WS=weathering steel, Cu=Cu-alloy steel, Ni=Ni-alloy steel
and M=matriz steel. L=lepidocrocite, G=goethite, F=feroxhyte and H=hematite, §=the isomer shift relative
to the oFe, e=quadrupole shift, A=quadrupole splitting, By=maximum probability magnetic hyperfine
field, I'=line width; Ar is the Mdssbauer subspectral area, fis the recoilless fraction [12] and CAr=(Ar/f )/
S(Ar/f ); 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 ¢ the proportions of feroxyhite 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 }
T kg ' 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 Mdssbauer 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 [1, 14]: lepidocrocite is the main compound present in the orange rust
layer, followed, in a lesser extent, by goethite (Figure 5a). In the light gray area, where Cu
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Figure 5 Raman spectra of a red island; b light-gray area and edark-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 5¢) showed a
broad band, centered at ca. 680 cm™' 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-Fe,Os;, Fe;0,4, and FeO, as solid
solutions of iron in ZrQ, 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% Sn-1% Fe-0.5% Cr-0.12% O alloy was tested at 360°C in
autoclave conditions (6=16.8 MPa), in water with 10 ppm Li and 650 ppm B (as boric
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Figure 1 Fitings of *’Fe CEMS spectra, taken at room femperature.

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 «-Fe absorber. The isomer
shifts are given relative to o-Fe.

3 Experimental results
3.1 Spectra obtained after corrosion of alloys in water with B and Li

The spectra of oxide films of Zr-1.3% Sn-1% 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 1 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 pm thick oxide films the paramagnetic
phases Zr(Fe, Cr), (with IS=—(0.15-0.25) mm/s, QS§=0.22-0.32 mm/s), Fe’~ (with IS=
0.35-0.45 mm/s, QS$=0.9-1.1 mm/s), and Fe** (1S=0.6-1.1 mm/s, QS=0.9-1.3 mm/s)
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Figure 2 *"Fe Mossbauer transmission spectra of oxide film of sample after 47 days of oxygenation
(1.6 pm), taken at room temperature.

were found. Thus, in the initial corrosion stage in oxide film with the existence of Fe** and
Fe®', the Zr(Fe,Cr), particles are presented.

The traveling path for the conversion electrons of iron atoms is close to 0.3 pm.
Therefore, for the 0.3 um-thick oxide film, the Zr(Fe,Cr), lines can be assigned to the
precipitates which are located in the oxide film as well as in the metallic a-Zr matrix.

When the oxide film thickness increases, the intensities of both Fe?" and Zr(Fe,Cr),
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 Fe** and Fe*" ions in ZrO, 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 Bey; = (33.0 £ 1.0)7, and lines with B, = (30.5 4+ 1.0)T and
By = (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 a-Fe.

When the thickness of the oxide film increases, the intensity of metallic iron lines
decreases and the lines of hyperfine magnetic splitting of Fe;O, appear. It has been noticed
that a-Fe lines are visible from the 1.2 um thick oxide film, whereas the lines of a Fe;0,4
compound are visible only after the thickness of the oxide film reaches 2.0 um.

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 pm, have been collected. The spectra
of 1.6 (Figure 2) and 6 pum (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,Cr), intermetallic particles. These particles were separated
from the metallic part of the sample with oxide film.
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Figure 3 >’Fe Mossbauer transmission spectra of oxide film of sample after 370 days of oxygenation
(6.0 um), taken at room temperature.

The 6 um thick oxide film (Figure 3) was removed mechanically. Fitting shows the
existence of Fe;0,, metallic a-Fe with Cr atoms. Fe™ and Fe'? ions are probably in solid
solution in ZrO,. The lines of the Fe;04 compound have quite large intensities, and lines of
the solid solution Cr in a-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 -
Fe, 03, FeO and solid solutions of iron atoms in ZrO,.compounds are formed. A decrease in
temperature down to 450°C decreases the speed of corrosion, but in oxide films
complementary metallic particles of a-Fe are formed. Low pressure (p=1.37 Pa, t=750°C)
corrosion test of Zr-1.21 mass% Fe and Zr-1.21 mass% Fe-0.81 mass% Cu-0.42 mass% W
alloys shows that in oxide films, «-Fe is formed, and its concentration increases with
increasing oxide film thickness. After 17 h of corrosion, we can see the lines of Fe;04 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 Fe;O,, 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 ZrQO, exists. The high a-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 a-Fe, 0-Fe,03, phases and the lines of paramagnetic
phases, corresponding to FeO and solid solutions of Fe*' and Fe*' in ZrO, compounds [8].
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The concentration of all phases, except Fe** solid solution in ZrO,, increases. It was
found that in binary alloys, the concentration of o-Fe is lower than in a multicomponent
alloy.

It was shown that after transition to catastrophic corrosion, the concentration of a-Fe
decreases and the concentration of a-Fe,Os increases. Once again, these data show that
there is an interrelation between the corrosion behavior of alloys and redistribution of iron
atoms in ZrO,. It was noted that in multicomponent alloys there is more o-Fe in ZrO,, 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(OH);, o-Fe,0,;, and Fe*' solid solutions in ZrO, compounds. The Fe(OH);
compound is unstable and under high temperature decays to a-Fe,0; oxide and water. The
great difference between water steam and autoclave corrosion is the following: in water
steam, the Fe;0, 1s formed on oxide film; in the autoclave, Fe,0; is formed. It was found
that the interrelation between redistribution of iron atoms in ZrO, and the alloy corrosion
resistance exists both in autoclave and water steam corrosion.

4 Conclusion

1. 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 Fe?', Fe*", Fe*" in ZrO,.

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-Fe,O;; the
presence of B and Li increases the probability of formation of Fe;0,.

3. The correlation between the iron atoms redistribution in oxide films and the alloy
corrosion resistance was established. The alloys with more a-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 Mdssbauer 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 1,700 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 SO,,
which converts to sulfuric acid, and lesser amounts of H,S, NO,, NH; 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 possible and offers a unique opportunity to study the influence of the
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Figure 1 XRD spectra of Al-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 Mdssbauer spectroscopy and X-ray diffraction techniques.

2 Samples preparation and experimental methods

The commercial mild steel coupons of type C1010 were exposed Al-Hail (marine) site
which is very close to Oman Gulf shore and at Al-Rusail (industrial area) site which is
about 20 km off the shore. The formed corrosion products were carefully scrapped off from
the surface of the coupons and prepared for XRD and Méssbauer measurements. However,
due to hard filing considerable percentage of a-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 Ko source. Mdssbauer
measurements were performed on the samples in a continuous liquid nitrogen flow cryostat
using a 50 mCi *’Co(Rh) source with a spectrometer in the transmission mode. The
spectrometer was calibrated with o-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 1). 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 Mdssbauer spectra of the corrosion products on mild steel coupons exposed in
Al-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 Mdssbauer 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 I

The RT (295 K) spectra of Al-Hail site (Figure 2 left) consist of broadened magnetic
component and a dominant paramagnetic doublet. The Mossbauer parameters of the
doublet (6=0.34 mm/s and AE;=0.65 mm/s) are in good agreement with those published
for lepidocorcite and superparamagnetic component of goethite and maghemite at RT [1, 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 /two of the
subspectra are assigned to magnetic goethite o-FeOOH and the third to magnetic
maghemite y-Fe;0;. 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 [1]. 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 magnetic sub-spectra assigned as follows: magnetic goethite,
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Figure 3 295 and 78 K Mossbauer 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, P1 is attributed to lepidocorcite which is paramagnetic
at both 295 and 77 K, while S1 is due to superparamagnetic (SP) goethite with particle size
less than 8 nm [3]. The percentage of P1 is decreasing with time while S1 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 Al-Hail coupons there are no magnetic y-Fe,O; detected in Al-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 11% 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-Fe,O; component. The
identification of the iron oxide phases in the samples as determined by the analysis of 78 K
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Table I 295 K Mossbauer parameters of Al-Hail and A-Rusail sites corrosion products

4 (x0.02) A (20.01) B(=0.1) 4 (1) §(=0.02) A 0.01) B0.1) 4 (1)
(mm/s) (mm/s) (T) (%) (mm/s) (mm/s) (T) (%)

3m Al-Hail site Al-Rusail site
a-FeooH, v-FeooH 0.35 0.67 100 0.34 0.66 100
7-Fe;0,
6 m
«-FeooH, , 0.35 0.66 70 0.35 0.66 83
~-FeooH -Fe,0;3
a-FeooH (m1) 0.38 ~0.13 338 9 0.37 —0.13 322 14
a-FeooH (m2) 0.30 —0.09 25.0 17 0.37 —0.09 255 3
~¥-Fe,04 0.39 -0.14 48.6 4
9m
a-FeooH, , 0.35 0.66 45 0.35 0.66 64
~v-FeooH ~-Fe,0,
a-FeooH (ml) 0.30 -0.12 44.6 8 027 —0.17 332 13
a-FeooH (m2) 0.30 -0.13 27.0 36 0.28 —0.21 26.2 23
~-Fe,05 0.39 ~0.14 48.8 11
12m
a-FeooH, , 0.35 0.66 44 0.35 0.66 64
~-FeooH +-Fe,0;
a-FeooH (ml) 0.31 —-0.11 42.8 7 0.35 -0.17 319 25
a-FeooH (m2) 0.33 -0.13 26.5 37 0.34 -0.21 20.4 11
~v-Fe,04 0.32 -0.14 48.6 12

Table I Area percentage of Al-Hail and Al-Rusail coupons calculated from 78 K Mdossbauer spectra

vFeOOH Pl  «-FeOOH S1 (SP) «-FeOOH S2  a-FeOOH (magnetic) -Fe,0s

Field range (T)* 0 0 39-42 43-46 48-51
Al-Halil site
3m 13 8 24 55 0
6 m 9 8 31 41 11
9m 0 9 33 15 43
12m 0 8 35 13 44
Al-Rusail site
Im 47 11 15 27 0
6 m 16 11 34 27 12
9m 00 11 32 38 19
12m 00 11 27 40 21

* 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 «-FeOOH and
v-Fe,05 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.
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Abstract The electrochemical reactions of Li with Mn,Sb and small amounts of MnSb
have been investigated by Mdssbauer 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 Li;Sb. 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 Li;Sb 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 - nanocrystalline material

1 Introduction

A commercial 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. I situ
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X-ray diffraction study of lithiated MnSb and Mn,Sb was performed by Fransson et al. [1]
followed up by a Mdssbauer and X-ray study of MnSb 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 Li;Sb. 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 Mn,Sb a direct transformation to Li;Sb and on delithiation
MnSb was formed and not Mn,Sb [1].

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

2 Experimental

Mn,Sb was synthesized by heating Mn and Sb metals with purities higher than 99% in
alumina crucibles at 900°C under Ar for 25 h [1]. Mn,Sb 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 (LVLiPFs (1M, PC:EC:DMC=1:1:3, v/v)/Sb-mixture)
Swagelock cell. Discharges and charges were carried out for each cell under galvanostatic
condition using a Mac Pile II system at 1/20 Li atom per mol Mn,Sb 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 1). 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, Mdssbauer absorbers and X-ray samples were
prepared under Ar atmosphere. Mixtures of the electrode material and cellulose were placed
in absorber holders, transparent for y-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 Mn,Sb 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 Mdssbauer measurements the
absorber was made with the powder mixed with grease.
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121Sh Mossbauer measurements were done in constant acceleration and transmission
mode with both the source Ba'*'™SnO; (0.2 mCi) and absorber held at 4.2 K. The isomer
shifts & later presented are referred to that source.

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

3 Results and discussions

The voltage profile for the first discharge and charge is shown in Figure 1. 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. [1]. The cell is fully discharged for a Li content of about 3.5
atoms per Mn,Sb unit. The charging curve follows the same behaviour as found in [1] 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 Mdssbauer 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 all lorentzian lines and fitted to on average 1.75 mm/s. In
the fitting the electric quadrupole splitting 4 is defined as eQ,V,,, where Q, is the electric
quadrupole moment of the '*'Sb nucleus in its ground state and V,, the electric field
gradient. Figure 5 show the intensities of the different phases, as found from the fits of the
the Mossbauer spectra.

3.1 Sample A

The X-ray diffractograms as shown in Figure 2 reveal that the pristine sample A can be
composed of Mn,Sb, MnSb and Sb. There is a strong overlap between the lines for MnSb
and Sb and in the study by Fransson et al. [1] the MnSb specific line at 20=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 26=41.8 and 47.3° which however overlap with closely
lying lines from Mn,Sb. This means that the presence of Sb reported by Fransson et al. [1]
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 # equal to 0. Thus in the fitting procedure the angle between
the magnetic hyperfine field By and the efg z-axis was fixed to 90°. The isomer shift 4,
quadrupole splitting A and magnetic hyperfine field B,y were found to be —7.86(9) mmys,
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 (6=
—9.2(2) mm/s, A=2.6 (9) mnv/s and By,;=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 pristine sample A) is
completely non-existing for all these samples. The intensity of the Li;Sb 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. [1] 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 Li;Sb by Fransson et al. [1] 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 ' I S
the sample G in the charged state. 1.00 B R
p g P P e I O
) o
=, &

0.95 9 & _
& 4 F
7] R d Mn,Sb 49%
E 0.90 1 o 4 MnSb26%
@ % 7 LiMnSb 25%
& % Bud G : Charged
= 085 v £® i
g 3 s
2 A ¢
K Y ¢
@ 0.80 b i .
o % 4 .

ol
0.75 1
T rJ+T '3 T . T v T T T T T T T
3 -25 -20 15 -0 -5 0 5 10 15 20 25 30
Velocity (mm/s)

The Méossbauver spectra for the samples B—E show patterns from Mn,Sb, Li;Sb and
LiMnSb. The amount of pristine phase Mn,Sb decreases, while the amount of the other
phases increases as a function of Li content. Since the phase LiMnSb was not seen in the X-
ray diffractograms but only in the Mdssbauer spectra this phase must be amorphous with
local ordering over short distances. The hyperfine parameters found for LiMnSb were 6=
—8.0(2) mm/s and 4=8.7 (9) mmys.

The fully discharged sample F with nominally x=3.5 Li shows a simple X-ray
diffraction pattern and a Mossbauer spectrum representative of LisSb (Figures 2 and 3).
Besides the rather broad X-ray peaks from LizSb a very broad structure was found at 20=
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 0 of —7.65(5) mm/s in good agreement with the value —7.8 mny/s reported by Ionica
et al. [2] for Li;Sb.

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 Li;Sb. 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 Li;Sb on further lithiation and in the final stage
when the discharge is complete all Sb atoms are in the phase Li;Sb 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. [1] that the transformation of Mn,Sb to
LiMnSb is more difficult to achieve than the MnSb-to-LiMnSb transition is thus proved by
the present result.

Delithiation process 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=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 Li;Sb, twice as much of the Mn,Sb phase is formed as compared to MnSb.
This may be due to the crystalline similaritics between Li;Sb and Mn,Sb [1]. A
transformation between Li;Sb 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 Mn,Sb is absent [1].

4 Conclusions

Mn,Sb (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 Mn,Sb part. This may be due to that the transformation of Mn,Sb
into LiMnSb also involves metal extrusion. In the fully lithiated cell the phase LisSb is
observed but also the extruded metal Mn as nanocrystalline material.

Upon further delithiation from Li;Sb a completion between the formation of Mn,Sb and
MnSb seems to occur besides that all Li are not extruded being in the phase LiMnSb.
Remaining traces of the Mn,Sb structural framework results in twice as much Mn,Sb phase
as compared with the MnSb phase. Further cycling process however break up the Mn,Sb
structural skeleton and with 20 cycles only MnSb remains besides LiMnSb.
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Abstract Crystalline LiFePO, 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 Mdssbauer 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 LiCoO,, LiNiO,, LiMn,0O,
and Lij,;MngsCrys0O,, 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 (LiFePO,)
could be an acceptable replacement [2]. Electrochemical studies of LiFePO, 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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Figure 1 Room temperature
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The olivine-based structure of LiFePO, consists of a polyoxyanionic framework
containing FeOg octahedra and PO, tetrahedra. In addition, vacant interstitial sites available
in the structure provide the Li" 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 of LiFePO, 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 LiFePOy, a pure
compound must first be synthesized. It has been previously reported that LiFePO,4 can be
prepared by hydrothermal or solid-state methods. LiFePO, 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 LiFePO4 was
obtained by annealing the amorphous sample at high temperature under an inert atmosphere
[3]. In some reports, a pure and crystalline form of LiFePO, could be synthesized directly by
the solid-state reaction method at high temperatures [10]. Unfortunately, the sample
conductivity was measured to be between 107" and 107 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 LiFePO,4 materials [4-7]. Chung et al. [9], alternatively,
found that doping LiFePO, with supervalent ions (Mg>", A", Ti*', Zr*", Nb>" and W*")
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 LiFePO, 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 parameters of sample A Sample IS (mm QS (mm I'(mm Relative area
(solid state reaction), sample B s7) s s (%)
(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
B 1.21 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* 043 0.91 0.40 100.0
justment of the spectra after ex- c* 0.40 091 0.41 60.5
traction of the bivalent 0.53 1.23 0.41 39.5
component.

In the present study, LiFePO, 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 Mdssbauer study was carried out and some results of the room
temperature study are presented and discussed.

2 Experimental section

A LiFePO, sample was prepared by solid-state reaction using LiOH, Fe(I1)C,0Q,. 2H,O and
(NH,4),HPO, (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% H,
and 95% Ar and then cooled to room temperature. The sample was then reground and
reheated at 700°C under the same conditions [11]. Sample B was synthesized by the spray
pyrolysis method using the procedure reported by Bewlay et al. [12]. Amorphous FePQO, was
synthesized by spontaneous precipitation from an equimolar aqueous solution of Fe
(NH,4)2(504),6H,0, NH,H,PO, and hydrogen peroxide as reported by Prosini et al. [13].
Amorphous LiFePO, (sample C) was obtained by chemical lithiation of amorphous FePO, by
using Lil as a reducing agent. Crystalline LiFePO, was obtained by heating the latter
amorphous compound in a tubular furnace at 550°C for 1 h under a reducing atmosphere.

All samples were characterized by XRD using a SCITAG (X1) diffractometer with Cu K,
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 *’Fe Massbauer spectra were collected with a *’Co y-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/cm’.

3 Results and discussion

For each sample, XRD indicated a pure single phase of LiFePQ,4 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 Fe** Velocity (mm/s)
component in samples A and C. B 0

10.3095 (7) A, 5=5.9993 (4) A and ¢=4.6932 (3) A obtained from the Rietveld refinement
are in good agreement with previously reported values [11].

Infrared spectra are similar for the different samples and are in agreement with the
structural data. The main absorption bands concern the PO, groups, with a strong split band
appearing at ~1,060 cm ™', 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 .

Mossbauer spectroscopy measurements at room temperature of all samples are shown in
Figure 1. The spectra were fitted with two or three doublets; a dominant symmetric doublet
is observed in the case of naturally occurring mineral triphylite LiFePO,'>. In the room
temperature data for paramagnetic LiFePO,, 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, present in each sample, is typical for Fe** in ionic
compounds.

The exceptionally large quadrupole splitting value observed (QS=2.96-3.00 mm s is
primarily explained by the asymmetry of the electrons surrounding (d® 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 of Li et al. [15] (IS=1.22 mm s,
QS=2.98 mm s~ ') and Andersson et al. [16] (IS=1.22 mm s~ '; QS=2.96 mm s ') obtained
for natural triphylite.

In addition to the Fe** doublet, a small absorption area in the center of each of the
Mossbauer spectra was also observed, with an isomer shift typical for Fe’" (Table I). The
nature of this Fe’>* 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 FePO, or Li;Fes(PO4);. 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 Fe>* nuclei (d° 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 Fe*" 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(1), 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'; Q$=1.283 mm s ') and (IS=
0.423 mm s '; QS=0.614 mm s~') attributed, respectively, to M(1) and M(2) sites in
LiFePO,. Although it is presumed that LiFePO, has a very narrow composition range, Li
vacancies can be accommodated in the olivine structure [18]. The Fe*can arise in the
LiFePQ, structure by composition variations such as 3Fe**—2Fe®’, leaving an iron
vacancy in the M(2) site, or LiFe® ' —Fe®', leaving a vacancy of Li in the M(1) site or Fe in
the M(2) site [19] and Fe occupation of the M(1) site. The ionic radius of the high spin Fe**
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 Li® 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 LiFePO, 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 Fe* subspectra
could account for Fe** 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, '>'Sb Méssbauer 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 Li;Sb.

Key words intermetallics - lithium reaction mechanism - '*'Sb Méssbauer 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 of a MnSb electrode tested in a Swagelok™ cell between 0.2 and 1.4 V
versus Li"/Li 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 Méssbauer spectroscopy and X-ray
absorption spectroscopy at the Mn K edge in order to complete data from X-ray diffraction.

2 Experimental aspects

MnSb was synthesised by heating a stoichiometric mixture of the elements in an alumina
crucible under an Ar (5% H,) 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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Figure 2 Evolution of the '2'Sb
Méssbauer spectrum of MnSb
during a complete discharge run
down to 0.2 V at a C/20 rate. The
velocity scale has not been cor-
rected for InSb reference (6=—
8.72 mm/s relative to the source).
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The electrochemical behaviour was tested using two-electrode Swagelok™ cells of the
Li IM Li PFg (PC:EC:DMC=1:1:3, v/v) | 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 Li/MnSb equal to unity was reached in 20 h) for both charge and
discharge between 0.2 and 1.4 V versus Li*/Li. The clectrode 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 v and x-rays.

2'Mpssbauer 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 Ba'*'™Sn0,. 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(111) 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 '2'Sb Massbauer parameters obtained from spectra recorded at points A to D of the discharge curve
of Figure 1

Sample Composition Li;MnSb & (mm s '} eQV,, (mms ") I'(mms ') Hy (T) C (%) Identification

A x=0(2.84 V) -949 (3) 188 (8) 121(8) 379 100 MnSb

B x=0.8 (0.70 V) -941(5) 191 1.52 342 73 (2) MnSb
-842 (1) 2.84 1.52 - 12 (1) LiMnSb
~11.80 2) 1048 152 - 8(1) LiMnSb,
0.68° -3.68° 1.52 7(2) Sby0s

C x=1.1 (0.59 V) -9.49 341 (2) 143 (1) 364  49(2) MnSb
-840 (2) 2.80 (4) 143() - 34 (1) LiMnSb
~11.84 (2) 10.62(1) 143(1) - 12 (1) Li,MaSb,
0.68° -3.68° 1.43 (1) 5@2) Sby0s

D x=3 (020 V) 7182 () - 181Q2) - 88 (2) MnSb
-10.42 (9) 19.22 (1) 1812 - 12 (2) LisSb

All isomer shifts are relative to the Ba'?'™ SnO5 source
4 isomer shift, eQV,, quadrupole coupling, I" linewidth, H, hyperfine magnetic field, C relative contribution.
2Sb,05 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 Li'/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 Li; o;MnSb.

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

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

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 B and 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, 6=—8.42 m sL eQV,,=2.84 m s—l, 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 Sb,Os in small
amounts is attributed to oxidation during sample transfer from the glove box to the
Méssbauer 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
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The spectrum of the completely discharged sample D (Figure 2) reveals the occurrence
of cubic Li;Sb as the main phase, accompanied by a small amount of a second phase which
is assigned to a highly dispersed antimony-poor Li,MnSb, phase (0=—10.42 mm s
formed electrochemically.

Spectra of the X-ray absorption near edge structure were recorded at the Mn K edge
(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 ¢V is strongly
reduced. A comparison of the spectra of MnSb and elemental Mn shows that above
6560 eV a 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 —
Li;Sb + 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 Li;Sb phase via
Mn-Sb bonds, forming in this way the antimony-poor LiMnSb, phase seen in the
Mdssbauer 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 acknowledges ADEME, France and SAFT Bordeaux, France (contract N°
752295/00) for the financial support. The XAS measurements were realised in the framework of ALISTORE
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Abstract Fe-ZSM-5 samples containing a combination of *’Fe’" in framework (FW) and
regular iron in extra-framework (EFW) sites were prepared by introducing *’Fe in
hydrothermal synthesis, then exchanging Fe®' of natural isotope composition into the
lattice. The stability for one part of Fe** and Fe** < Fe®" reversibility for the other part in
catalytic decomposition of N,O is demonstrated by irn situ Mossbaer measurements.
Formation of dinuclear Fepy—O-Fegrw pairs is not prevailing.

Key words Fe?' and Fe** simultaneously - N,O decomposition

1 Introduction

Specific oxidation reactions may be carried out by applying Fe-ZSM-5, e.g., active “«-
oxygen” can be generated by loading O to specific Fe sites with decomposing N,O [1].
Presence and role of highly dispersed extra-framework (EFW) Fe?' is experimentally
demonstrated in these processes [1, 2]. Existence of higher oxidation state (Fe**) 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 Fe*". Instead, non-aqueous
solvents can be used [5] or evaporating FeCl; 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 *’Fe is introduced to FW sites in hydrothermal
synthesis (in Si/°’Fe=~200 ratio). In the second step Fe*" with regular isotope composition is
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exchanged from methanolic media to EFW position (Si/Fe~67). Since modest temperatures
are used (7<750 K) for treating the Fe-ZSM-5, the original FW and EFW siting and
oxidation states are mostly maintained. Paramagnetic Fe*" ions located in FW sites exhibit
spin-lattice relaxation phenomena (due to their low concentration in the lattice) [7, 8],
whereas diamagnetic EFW Fe?' ions do not interact with Fe®*. After oxidation of EFW
Fe?" to Fe®" 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 Fe’"). This phenomena might
particularly occur in the case of direct coupling, namely with occasional formation of
dinuclear Fepy — O —Fegprw pairs.

The Fe-ZSM-5 samples were exposed to N,O atmospheres—the catalytic property is
manifested in a test reaction of N,O decomposition. In situ Mossbauer spectra under
reaction conditions demonstrate in part the stability of Fe?*, and for the other part the Fe*"
> Fe*" reversible transformation. The anticipated collapse of the paramagnetic feature does
not prevail, thus formation of dinuclear Fegyw —O-Fegrw paits is not dominant.

2 Experimental
2.1 Sample preparation

Fe-ZSM-5 was prepared in four stages. First, hydrothermal synthesis was performed with
enriched >'Fe, with Si/°’Fe~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 NH," form was obtained by ion exchange in NH,OH. In the following step F e
of regular isotope abundance was exchanged from methanolic solution of FeSQ,, under
continuous stream of argon—to prevent formation and hydrolysis of Fe*".

Iron content was determined by total dissolution of Fe-ZSM-5 and measuring the
amount of iron by atomic absorption. Iron content of Si/Fe~=50 ratio was found, in average.
Thus, the nominal ratio of Ferw/Fegrw is 1:3. For interpreting the spectra it is important to
emphasize that the *’Fe abundances are different for the FW and EFW iron parts (100 and
2.2%, respectively), thus the apparent nominal proportion for the FW and EFW with respect
to the Mossbauer-active >'Fe is 15, i.e., approximately only 6% of spectral area might be
originated from the contribution of exchanged FW Fe*" 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 N,O. Fe-ZSM-5 samples
were evacuated at 620 and 720 K for 2 h in 107> Pa. Isomer shift values are relative to
metallic ¢-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% N,O/He mixture (40 ml/min) with a temperature ramp of 10 K/min
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 *’Fe-ZSM-5 after hydrothermal synthesis. (A} NH,™ exchange, (T,.=77 K) (a);
evacuation 670 K (T,,,=77 K) (b); same as b measured at 7,,=300 K (c) (left side). Sample A after additional
FeSO,4 exchange and after the same treatments (B) (right side).

3 Results and discussion
3.1 *"Fe isomorphous substitution

Spectra of samples (Si/>’Fe=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
NH4NO; solution are shown in Figure 1A. The main feature of the spectra is the
temperature dependent relaxation phenomena attesting the dominance of spin-lattice
relaxation of isolated Fe** jons. Removal of water and NH; from the NH," form of zeolite
(Figure 1Aa) results in weakened coupling with lattice vibrations, the spin relaxation time is
longer after evacuation, i.e., the magnetic features are more expressed (Figure 1Ab). Upon
increasing the temperature of measurement to 300 K the magnetic structure collapses to a
broad central line (Figure 1Ac).

3.2 Ton exchange of Fe*"

Spectra recorded on the sample after the FeSO, ion exchange in methanolic media are
shown in Figure 1B. The spectrum recorded after drying at 350 K can apparently be
combined from Figure 1A and an Fe*" component. Thus, as expected, there is no magnetic
interaction between the relaxing Fe®* and diamagnetic Fe? 'in spite of the four-fold increase
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of the iron content in the sample. The contribution of the Fe*" to the spectral area is 7%
(very close to the expected ~6% as mentioned in the Experimental part). This component
exhibits IS=1.30 mny/s and QS=3.60 mm/s. Similarly to Figure 1 Ab, the evacuation results
in the decrease of the intensity of the central singlet. The environment of Fe’" is also
modified, IS=1.40 mm/s and QS=3.01 mm/s can be obtained from the spectrum of
Figure 1Bb. Collection of the spectrum at 300 K results in a collapse of magnetic side peaks
to a broadened central line. The separate dominant Fe*" contribution is characteristic (IS=
1.27 mm/s, QS=2.90 mnv/s).

3.3 Catalytic performance

The catalytic performance of FeZSM-5 was tested in the temperature-programmed-reaction
of decomposing N,O. Namely, 10% N,O in He was flown above the sample in ramping the
temperature in the 450-820 K range. The conversion of N,O in dependence of temperature
is shown in Figure 2. The highest activity for the decomposition of N,O is found around
600 K, attesting that the Fe-ZSM-5 studied exhibits noticeable catalytic activity. The
presented dependence of activity on temperature is similar to that reported in other
communications for Fe-ZSM-5 (see e.g., [10]).

3.4 Effect of N,O as reflected in the in situ spectra

In order to study the effect of N,O on iron a second series of measurements was performed
on an other portion of the Fe’" exchanged sample. The spectrum of the starting sample
(evacuated at 720 K) is similar to that shown in Figure 1Bb - it is composed from a
broadened relaxing Fe’ and a separated Fe*" doublet (IS=1.35 mm/s, QS=3.05 mm/s in
14% spectral area, Figure 3a). Decomposition of N,O via 2 N;O — 2 N, +0, is prevailing
in 570-620 K region [1]. Hence, in situ spectrum was collected at 620 K during a 6 h
treatment in N,O (Figure 3b). A broad Fe*" relaxing component is present with Fe*
superimposed (IS=1.07 mm/s, QS=2.46 mm/s in 6.5% spectral area). This spectrum
directly demonstrates that Fe?' exists at reaction conditions. After cooling the sample to
77 K in N>O/N, mixture the spectrum of Figure 3c is collected with Fe’* in 9% spectral
area (IS=1.38 mm/s, QS=3.05 mm/s). A repeated evacuation at 720 K practically restores
the starting spectrum (Figure 3a), Fe*" is present in 16% spectral contribution (IS=
1.39 mm/s, QS=2.99 mm/s) besides Fe’*. It is worth referring here to the change of the
Fe** portions in the series measured at 77 K: 14% in vacuum at the start, 9% in N,O and
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Figure 3 Series of subsequent
spectra of Fe-ZSM-5 with com-
bination of framework Fe*" and
extra-framework Fe®", obtained a ) f
after Fe** exchange and evacua- \ m ‘
tion at 670 K (a); in situ spectrum evac. | !
recorded during N,O decomposi- 77K f {
tion at 620 X (b); cooled to 77 K
in N,O (¢); after evacuation at i o { ity
670 K and cooled to 77 K in PN v il " nu,u',-..n"‘“r';"‘** A
IRt KN
vacuum (d). \ ﬁ',' u M
i g | LI
b) insitu "
620 K/ NQO |
in N.O [
2 f"‘ '
7K I
|
evac Tall
77K "
|
e T

-2 9 6 3 0 3 6 9 12
velocity, mm/s

16% at the final evacuation. These numbers show that reversible Fe** — Fe®* — Fe?"
conversion proceeds on a significant part of EFW iron.

With regard to the other aspect, the occasional formation of dinuclear Fegpyw—O-Fegrw
pairs, the process is not manifested in a significant extent. Namely, treatment in N,O
resulted in Fe** — Fe®" oxidation for a significant part of EFW iron. At the same time
however, the relaxing background originated from the isolated FW Fe’" ions is retained,
i.e., the number of dinuclear Fepy —O—Fegpy pairs with directly coupled spins should be
limited.

Acknowledgements The anthors are indebted to Gabriella Pal-Borbély for the determination of iron content
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Abstract ''°Sn Méssbauer spectrometry has been carried out on Ni-Sn alloys (NisSn LT,
Ni3Sn, LT and NisSny) and combined with ab initio calculations. Lithium insertion/
extraction mechanisms of the most interesting compound (Ni;Sn,) have been studied from
'"9Sn Mossbauer measurements. The first discharge shows a plateau close to 0.0 V, which
can be attributed to the formation of the Li,Sn, alloy.

Key words ''°Sn Massbauer 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, acrospace 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 Ni;8n, [8] or copper in CugSns [9].

1981 Méssbauer 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.
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Figure 1 SEM picture of
Ni3Sn4.

2 Experimental

The pristine materials, NizSn LT, Ni;Sn, LT were synthesized by direct synthesis from pure
elements in silica tubes sealed under vacuum. After annealing 10 days at 800°C for Ni;Sn
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 Ni;Sny, 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 characterized by X-ray diffraction, for phase identification and
purity. The powder morphology was investigated by Scanning Electron Microscopy (SEM).
19Gn Méssbauer spectra were recorded by transmission in the constant acceleration mode
using an EG&G spectrometer, the source was ''®™Sn in a CaSnO; matrix. The velocity
scale was calibrated using the magnetic sextuplet of a high purity iron foil absorber as a
standard, using >’Co (Rh) as the source.

Electrochemical lithium insertion/extraction tests were performed in Swagelok™-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 mm diameter pastilles. The electrolyte was 1M LiPF¢ in EC/PC/DMC (1:1:3 v/v). The
lithium insertion/extraction experiments were performed galvanostatically, using a Mac
Pile 1I system, within a voltage window of 0.0-1.2 V. ''°Sn 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 Ni;Sn LT with =5.298 (4) A and ¢=4.250 (2) A
as compared with the literature data [11] and to orthorhombic NizSn, LT with a=7.118
(5)A, b=5.194 (2) A and c¢=8.132 (8) A, which is in good agreement with the data reported

@ Springer



119Sn Méssbauer study of nickel-tin anodes for rechargeable lithium-ion batteries 787

Figure 2 Room temperature 1.00
11°Sn Mossbauer spectra of o
Ni;Sn LT, Ni;Sn, LT and NisSn,. 0.95
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0.92 -

Relative transmission

110 e A
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Table I '"?Sn Méssbauer parameters for NizSn LT, Ni;Sn, LT and NizSny

Compound Site Experiment Theory (£0.05)
& (mmy/s) A (mny/s) 6 (mm/s) A (mm/s)
NizSn LT 1.50 0.15 1.40 0.20
Ni;Sn, LT 1 1.75 1.03 1.70 1.20
2 1.73 1.50 1.70 1.55
NizSny 1 2.01 0.70 2.05 0.70
2 2.02 1.18 2.05 1.15

¢ is the isomer shift relative to BaSnO; and A is the quadrupole splitting.

in the literature [12]. NizSny crystallizes in the monoclinic system with a=12.187 (13) A, b=
4.055 (5) A, ¢=5.216 (7) A and 3=105.19 (5)° which is within the homogeneity range
reported in the literature [13]. The average particle size is of about 10 pm as shown in
Figure 1 for Ni;Sny.

The ''’Sn Massbauer spectra obtained at room temperature are shown in Figure 2. As
shown previously, the experimental data obtained for Ni;Sn, LT and Ni;Sn, 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
hyperfine parameters were first evaluated from LAPW calculations as in [15, 16] and were
used as starting values in the non-linear-least-square fitting procedure. The results are
summarized in Table I.

Figure 3 shows the galvanostatic first cycle of the most interesting compound (Ni3;Sny),
due to the high quantity of Sn per formula, at current density of 2.06 mA/g. 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 Ni;Sny
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 (Li/Ni,Sn,)
charge/charge of Ni;Sn, electrode 0 2 4 6 8 10 12 14
materials. Ex situ ''°Sn Mossba- 2.0 L . .

uer measurements were done at
the points a, b, ¢, d and e.
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The ex situ 1”Sn Massbauer spectra of Ni;Sn, samples recorded on the plateau cannot
be fitted with the only Ni;Sn, 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

@_ Springer



1198n Méssbauer study of nickel-tin anodes for rechargeable lithium-ion batteries 789

Table I ''°Sn Méssbauer parameters of (a) the pristine compound Ni;Sny 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 NisSny Li;Sn,

& (mm/s) A (mm/s) 1(%) 6 (mm/s) A (mmy/s) I (%)

(@) 1 2.01 0.7 50
2 2.02 1.18 50
(b) 1 2.01 0.68 50
2 2.01 1.20 50
© 1 2.00 0.64 45 1.98 1.10 5
2 1.98 1.37 45 1.86 0.24 5
(d) 1 1.95 0.63 12 2.00 0.97 38
2 1.98 1.37 12 1.88 0.29 38
© 1 2.04 0.72 50
2 2.00 1.39 50

d is the isomer shift relative to BaSnO;, A is the quadrupole splitting and [ is the relative intensity of the
component,

Figure 5 ''°Sn Méssbauer spec- 1.00
trum of the charged electrode at

75 K. 0.98

0.96

0.94

0.924

Relative transmission

0.90

0.88 4 . : . I
-6 -4 -2 0 2 4 6
Velocity (mm/s)

significant changes can be observed until 4 Li (Figure 4b) which means that the formation
of Li;Sn; occurs during the plateau. This shows that Ni;Sn, reacted with lithium to form
Li;Sn; by the reaction proposed here:

NisSny + 14Li — 3Ni 4 2Li;Sn,.

The Mdssbauer spectrum obtained at the end of the first charge (Figure 4¢) is close to
that obtained for the pristine material (Figure 4a). Similar values of the Mdssbauer
parameters are obtained in the two cases except for the quadrupole splitting A, (Table II).
Yet an asymmetry appears; experiment for the charged electrode was thus done at 75 K in
order to eliminate the hypothesis of in situ $-Sn formation (Figure 5). Due to the weak
recoilless factor of 3-Sn at room temperature ( f{300¢) = 0.045) [18], the asymmetry should
increase as temperature decreases, that not happened. This suggests that only the
contribution of Ni;Sn, 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 Ni;Sny.

4 Conclusions

We have studied alloying mechanisms in Ni-Sn crystalline phases at the nanoscale whilst
lithium insertion/extraction. First, ''°Sn Méssbauer spectrometry and ab initio calculations
were combined for an accurate determination of the Méssbauer parameters. Then, we have
found that the most attractive compound, Ni;Sny, reacts electrochemically with lithium to
form Li;Sn, with a capacity of 515 mAh/g. In a near future, we will focus on
nanostructured Ni;Sn, in order to improve the electrochemical performances.
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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 Mdssbauer 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 - Mssbauer 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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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
~1 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 CoK,, radiation, with a 0.01 26
angular step and 2 s counting time. Transmission Mdssbauer spectra (TMS) were detected
using a 20 mCi *"Co/Rh 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 (Hyy). The isomer shift
is referred to o-Fe. Raman spectra (RS) were recorded using a pu-Raman 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 FeCOQj; (siderite), and very small contributions from iron-free
compounds, i.e., (Ca,Mg)CO; (calcite) and Zns(CO5)-2H,0 (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 watet, while
hydrozincite may well be a product of zinc-water interaction. The Mdssbauer spectrum
measured for the same sample (Figure 2a) can be interpreted as the superposition of four
doublets: doublet I (IS=1.22 mm s, Ago=1.82 mm s ') due to siderite, doublet II (IS=
120 mms ™', Apg=2.22 mm ') ascribed to (Zn,Fe)CO; mixed carbonate [11, 12], doublet
I (IS=0.37 mm s~ ', Apo=0.94 mm s7") ascribed to B-FeOOH, akaganeite, and doublet
IV (IS=0.36 mm s ', Apy=0.56 mm s') attributable to y-FeOOH, lepidocrocite, and
partially to akaganeite [1, 13—15].

This interpretation is supported by the presence in the XRD pattern of low intensity
peaks at 260=16.34, 31.28 and 42.52° attributable to lepidocrocite. The low intensity and
large XRD peaks characterising the pattern measured for a commercial lepidocrocite
(Figure 3a) indicate the tendency of this oxyhydroxide to form as poorly crystallised, small-
sized particles. Akaganeite, in turn, could contribute to the XRD pattern with the very small
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Figure 1 XRD patterns for (@) 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, 4 akaganeite.

peaks at 20=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 [1, 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 20=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 1b and 2b show respectively the XRD pattern and the Mdssbauer 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 Bl 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 cristallinity and
smaller particle size) and a relatively higher contribution from goethite;

— a Mdssbauer spectrum with a magnetic contribution (« in Figure 2b, main magnetic
field Hy=205 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 1c 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 Mdssba- 104
uer spectra for (a) sample A, low
thickness tubercle, all products
analysed, and (b) sample BI,
thick tubercle, inner part. (I)
FeCOs, siderite; (II) Zn—Fe mixed
carbonate; (IIT) B-FeOOH, aka-
ganeite; (IV) y-FeOOH, lepidoc-
rocite (and, partially, akaganeite);
«) a-FeOOH, goethite in par-
ticles around 15 nm in size.

102

100 resmsrror——

98

96 4

Transmission (%)

94 4

92 -

Figure 3 XRD patterns for
commercial powders: (a) lepi-
docrocite; (b) goethite.
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The Mossbauer spectrum for the same sample (Figure 5a) can be interpreted as the
superposition of doublet V (IS=0.38 mm s~'; Agu=0.92 mm s~') and doublet VI (IS=
037 mms Apop=0.54 mm s_l). 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 (<15 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.

Figure 5 Transmission Mossba-
uer spectra for (a) sample BE,
thick tubercle, outer part, and (b)
commercial goethite. (V) -
FeOOH, akaganeite; (V1) v-
FeOOH, lepidocrocite (and, par-
tially, akaganeite); and o-
FeOOH, goethite in particles less
than 15 nm in size.
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For comparison, Figures 3b and 5b show the XRD and Mdssbauer 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, supetimposed, 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.

@ Springer



796 G. Palombarini, M. Carbucicchio

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
Méssbauer 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 Mdssbauer spectra.

A conclusive point regards some features of the corrosion process under investigation.
The presence of Fe*" 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 Fe*" can also be present within Fe;0,, especially on
steel components working in contact with very hot water [10, 19]. Subsequently, Fe*" in
iron carbonate can be oxidised to Fe*" in the form of goethite [20]. Goethite might also be
formed by transformation of akaganeite [16]. In general, oxyhydroxides of Fe’" 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.
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Bologna, Haly, 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 ''°Sn 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 Li»,Sns. Irreversibility of the first
cycle is related to the structural change (3D—2D) of this phase.

Key words ''°Sn Méssbauer 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 Li»;Sns [1], which corresponds to
a specific capacity of 991 mAh/g, considerably higher than those of graphite and coke
which are 372 and 200 mAh/g, 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 intermetallic
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, 6—6
geometry, psd detector) using a hermetically closed sample holder.

Electrochemical lithium tests were performed in Swagelok™-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 LiPF¢ (1M) in PC/EC/DMC as
electrolyte. The discharge/charge curves were measured by means of Mac Pile system
operating in the galvanostatic or potentiostatic mode.

'19Sn Mossbauer spectra were recorded by transmission in the constant acceleration
mode using an EG&G spectrometer. The source was ''"™Sn in a CaSnO; matrix. The
velocity scale was calibrated using the magnetic sextet of a high purity iron foil absorber as
a standard, using >’Co (Rh) as the source. The spectra were fitted to Lorentzien profiles by
least-squares method using the G.M.5.S.L.T program [S]. Isomer shift values are given
relative to a BaSnO; spectrum recorded at room temperature. The absorbers containing 1-
2 mg of ''?Sn 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 ''® Sn Méssbauer effect spectra for Li—Sn alloys are shown in Figure 1.
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, Lij;Sns, Li;Sn, and Liy;Sns phases are
rather pure and the structural parameters agree with those reported in the JCPDS files. The
Mossbauer spectrum of LiSns 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 BSn-like impurity. These results confirm 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,Sns,
LiSn) with a higher symmetry (A small) and a significant number of Sn—Sn bonds (0 large),
the Li-rich phases (LiSn, LisSny, Li;Sns, Li;3Sns, Li;Sn,, LixSns) with low symmetry (A
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Figure 1 ''°Sn Mossbauer spectra of Li-Sn system.

large) and a low number of Sn—Sn bonds (& 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 ball-milled Li,;Sns sample was tested in a Li-half cell that was cycled between 0.1
and 1 V at a Li/20 h rate in potentiostatic mode. As shown in Figure 2, the voltage-
composition curves of LiySns/Li cells 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 Li;»Sns/Li cell cycled between 0.1 and 1 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.
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Abstract Hydroxysulphate green rust {GR(SO;)} species were precipitated in the
presence of various anions. GR(SOj ") 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, GR(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 GR(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 Fe'-Fe'" hydroxysalts green rust of general chemical formula |Fell _, Fe'(OH), -
[(x/n) A", y H,0O]" are members of the layered double hydroxides (LDH) family and
consists of brucite like sheets separated by anions 4" 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 Fe", these compounds are very
reactive and are easily oxidized into ferric oxyhydroxides. In anoxic aqueous solutions,
hydroxysulphate green rust (GR(SO;7)) was shown to be a metastable compound
compared to mixtures of magnetite and ferrous hydroxide [4] and the transformation of
hydroxycarbonate green rust {GR(CO3 )} 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

Type of foreign anions Iron concentration Foreign anions concentrations Basic solution
Carbonate [Fe]=6.7x102 M 0<[Na,COs]<1.3x107" M Na,CO;,
Silicate [Fe]=6.7x102 M [Na,8i0;]1=102 M Na,CO5
Phosphate [Fe]=4x10"' M 0<[Na;PO4]<1.3x10"' M NaOH

coprecipitation in anoxic aqueous solution of dissolved sulphated Fe' and Fe'" 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(SOE*) is not always
chemically stable and several transformations will be observed.

2 Materials and methods

FeSO47H,0 and Fe»(SO4);:5H,0 salts were dissolved in 600 ml of demineralised water
and introduced in a gas-tight reactor. A ferric molar fraction n(Fe') / [n(Fe!') +n(Fe")] =
33% was chosen. If necessary, low quantity of Nas;PO,4 12H,0 or Na,SiO; salts were
introduced into the initial mixture and details concerning the various species present in the
solution are given in Table I. Anoxic conditions were maintained by a continuous nitrogen
bubbling. A basic solution (Na,CO; or NaOH) was added progressively into the initial
mixture at a flow of 0.5 ml min ' 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 a-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™)/n(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 la. 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(SO3 ") consists of one ferrous doublets D; and one
ferric doublet D,. Hyperfine parameters are given in Table IL

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 1b). This is in
agreement with previous thermodynamic predictions [4]: it was demonstrated that
magnetite is more stable than GR(SO3~) in alkaline solution.

Influence of the carbonate species The sulphated dissolved salts were precipitated by an
Na,COs solution. The precipitation of GR(SOﬁ’) was observed at a pH around 8.5 at the
second equivalent point of the titration curve (Figure 1c). This result was not expected
because it is often reported that carbonated LDH compounds easily form. The
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Figure 1 Mdssbauer spectra of various precipitates: (a) precipitated with NaOH, (b) Fe;O4+Fe(OH),
precipitated with NaOH, (c) precipitated with Na,CO;, (d) sample ¢ aged during two weeks in anoxic
conditions.

Table I Hyperfine parameters of the Mossbauer spectra

Figure Compound ) Aore H RA (%)
la GR{S0;") D, 13 2.93 - 65
D, 0.49 0.5 - 35
1b Fe(OH), D, 1.29 3.06 - 37
Fe;0, S 0.41 0 507 28
S 0.75 0 479 35
1c GR{SO;") D, 131 2.91 - 66
D, 0.49 047 - 34
1d GR(S0%) D, 1.29 2.85 - 18
D, 0.49 0.45 - 9
FeCO; Ds 1.31 221 - 27
Fe;0, 5 022 0 501 18
S 0.66 0 477 24

& Isomer shift (mm s~ ); A or £ quadrupole splitting or shift (mm s~/ ); H hyperfine field (kOe); RA relative
abundance (%)

transformation of GR(SO; ) into GR(CO3™) was only observed when an excess of
carbonated species was added (~pH 10.5). The Mdssbauer spectrum of GR(CO%‘) (not
shown) consists of two ferrous doublets and one ferric doublet. At lower pH (~8.5),
GR(SOi_) was transformed partially into a mixture of magnetite and siderite after a
2 weeks aging of the suspension in anoxic condition (Figure 1d).
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Figure 2 TEM images of the precipitates taken at different stages of the coprecipitation of Fe" and Fe
species in the presence of phosphate anions: (a) Badly crystallized ferric compound that contain Fe, O and P
atoms; (b) and remaining ferric compound.

111

4 Stabilization of hydroxysulphate green rust by phosphate and silicate anions

Influence of the phosphate species Various amounts of a Na;PO, salt were dissolved into
the sulphated Fe'-Fe" solution and precipitated with a NaOH solution. The precipitate was
~100% of GR(SO;~) when a ratio R = 2 — (3 x [Na;PO,]/[Fe]) was introduced into the
solution. This result suggests that the Fe species were neutralized by both basic solutions,
i.e., NaOH and Na;PQ,. For a ratio [Na;PO4]/[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, O 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 Fe'" jons. The TEM images of the sample taken at R=3/2 consist
essentially of hexagonal GR(SOﬁ’) 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, O and S atoms. Anionic exchange between POi’ and
SO3~ 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 of POi_ with GR (SOi*) occurred very slowly and several months were
necessary to convert GR(SO} ) into a mixture of vivianite Fes(PO,), 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 Na,SiO; salt and the mixture was precipitated with a Na,CO; solution. The
previously observed transformation of GR(SO;™) into the mixture {Fe;O,4, FeCO;} 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(CO3™) 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(CO3™) 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 Fe;O,4 and siderite FeCO; at lower pH. This last reaction is stopped in
the presence of silicate anions that may adsorb on the lateral faces of the GR(SOﬁ’)
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.
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of Antoine Géhin.
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Abstract Calcium ferrite oxides were prepared by calcining a mixture powder of iron- and
calcium oxide. The *’Fe-Mossbauer spectra of the calcium ferrites oxides were measured,
revealing that the products should be Ca,Fe,Os and CaFe,0,, the ratio of which was
dependent of the Fe/Ca atomic ratio of the mixture powder.

Key words calcium ferrite - Ca,Fe,05 - CaFe,0, - calcining of Fe,O3 and CaO -
>7Fe-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 Ca,Fe,O5 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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because it is by-product slug in iron-manufacture industry. In the present work, calcium—
ferrite catalysts were characterized by means of >’Fe-Mossbauer spectroscopy.

2 Experimental

The samples were prepared by calcining a physical mixture of Fe,O; and CaO with an
atomic ratio of Fe to Ca from 1/3 to 3 at 1,000°C for 3 h in air. Details of the procedure are
referred to our previous report [1]. Mossbauer measurements were performed in an ordinary
mode with Mdssbauer spectrometers of Model MD-22B and MGF-500F, fabricated by
Topologic Systems, Inc., with a >’Co(Rh) source. Measurement temperature was ranged
from 78.0 to 293.0 K regulated by using an Oxford cryostat DN-1726 with a temperature
controller ITC-601. 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 Mdssbauer
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 >’Fe-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=1/3 and 1 should
be brownmillerite-type Ca,Fe,0s with two ferric ion sites of tetrahedral and octahedral.
Calcium ferrite Ca,Fe,05 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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the sample with Fe/Ca=3. The two sextets are indicated by the markers in the figure, where
closed and open circles set for Fe’* 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 mm/s, —0.52 mm/s, and 50.7 T for the octahedral
site, and then 0.18 mmy/s, 0.72 mm/s and, 43.2 T for the tetrahedral site. These MoGssbauer
parameters at 293.0 K agreed to those at 300 K previously reported by Randhawa and
Sweety [3]; 0.37 mny/s, —0.52 mm/s, and 50.4 T for the octahedral site, and 0.18 mm/s,
0.72 mm/s and, 42.9 T for the tetrahedral site of Ca,Fe,0s.

It was suggested that other calcium—ferrite species could be CaFe,0O4, which was
recorded at 293.0 K as a doublet with IS=0.37 mm/s and QS=0.51 mm/s in Figure 1 as
pointed by triangle-markers, on the base of our recent X-ray diffraction study [1] and the
Mbossbauer data (IS=0.36 mm/s and QS=0.49 mm/s) by Simmons and Music [4]. In order
to confirm such an assignment, the Mdssbauer 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 CaFe,O,. The sextet
component (marked by closed squares) with an internal magnetic field (Hy) of 46.2 T at
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)- 100
dependence of product yield (%)

obtained from Mdssbauer spectra.

Symbol of square sets for

CayFe,0s, closed circle for

CaFe;04_and double circle for

unknown Fe®* species.

50

Yield /%

Fe/Ca

with a Neel temperature of ca. 190 K close to that (200 K) for CaFe, 0, in the literature [5],
confirming that it should be ascribable to CaFe,0,. For the samples with Fe/Ca=1/3 and
Fe/Ca=1, the Mdssbauer 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 H=45.5 T being ascribed to CaFe,0,. These observations
imply that the ferric species observed for the Fe/Ca=1/3 was not CaFe,04, unfortunately
not identifying what chemical species it is exactly now although it is clarified to be
paramagnetic Fe’" species.

The product yields of Ca,Fe>Os and CaFe,0y, 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 Fe** species but not CaFe,0, 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
Fe,05 component with an area percentage of 11.8 and 39.8%, respectively, was observed as
well as calcium ferrites, Ca,Fe,05 and CaFe,0,4. The plotted yield values for Fe/Ca=2 and
3 in the figure were corrected by eliminating the non-reacted Fe,O; component from the
total percentage. Figure 3 shows that below the ratio of Fe/Ca=1, a main product was
Ca,Fe,05 while it was CaFe,0, above the ratio=1. It should be a reasonable observation
that the iron-richer ferrite-product of CaFe,O4 was easily yielded with increasing of iron
content in the starting reaction mixture.
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Abstract Variable temperature '°Sn Mdssbauer spectroscopy was used to obtain relative
Lamb—Mossbauer factors for three tin corrosion products: hydrated stannic oxide
SnO,xH,0, abhurite Sny;04Cl;((OH),4, and tin hydroxysulfate Sn;OSO.(OH),. 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. Mdssbauer
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-—
Méossbauer factors e.g., ffactor. Therefore, reliable analysis of the corrosion layer requires
an accurate determination of both the hyperfine parameters and the Lamb—MGdssbauer factors
of the formed phases. The hyperfine parameters have been published for the principle tin
compounds. Unfortunately, only few f-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 ffactor of tin oxides.
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Table I Hyperfine parameters at RT for SnO,xH,0, Sn;0S0,4(OH), and Sn, 0¢Cl;(OH),4

Compounds 6£0.005 mm s ! I+0.01 mms™' A£0.01 mm s
Sn0,xH,0 -0.001 1.02 0.61
Sn;0S0,(OH), 3.030 1.05 2.12
Stiy,06Cl (OH), 4 3.244 0.91 1.72

Figure 1 Mossbauer spectra

at RT; (a) SnO,xH,0, Velocity (mms™)

(b) Sn;0S04(OH), and -11 0 +11

(©) Sny106C116(OH) 4. [ T ]
1.00

0.96
1.00

Absorption

0.99
1.00

0.97

The purpose of this work is to give a complete Mossbauer study of three tin corrosion
products. The hydrated stannic oxide SnO,xH,0 is formed during outdoor corrosion of
metallic tin and tin bronzes [5], the abhurite Sn,;O¢Cl;4(OH),4 has been detected as a
corrosion product of tin formed in seawater [6] and tin hydroxysulfate Sn;OSO4(OH),
which is expected to form in atmospheres containing notable amount of sulphur dioxide [7].

2 Experimental

In the ideal case, only natural corrosion products must be investigated. However, except for
natural hydrated stannic oxide, it was not possible 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- 0
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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 ''*™Sn (CaSnOs) source
(10 mCi) with a conventional constant acceleration spectrometer. The analysed samples
contain 10 mg cm 2 of natural tin nuclei. The chemical isomer shift data are quoted relative
to the centroid of BaSnOs spectrum at room temperature.

3 Results
3.1 Hyperfine parameters

The Mossbauer hyperfine parameters obtained at room temperature for SnO,-xH,O, Table I,
are in good agreement with literature data [8, 9]. The data obtained for Sn;OSO4(OH), are
slightly different from those found by Davies and Donaldson [10] (§=2.57 mm s~', A=
2.00 mm s~'). No data have been found in the literature for Sy 06Cli6(OH), 4.

A typical spectrum for each compound is shown in Figure 1. Spectrum (a) contains, in
addition to SnO,xH,O sub-spectrum, a second component at §=2.508 mm s~' which is
assigned to metallic tin. Sn;OSO4(OH), spectrum consists on a single asymmetric doublet
(b). Sny,06Cl15(OH),4 spectrum is also an asymmetric doublet. The small peak observed
around §=0.0 mm s™" indicates the formation of Sn(IV) compound (c). The relative area of
this peak is less than 2% of the spectrum.

3.2 Lamb—Méssbauer factor (f~factor)

When the corrosion products are clearly identified, Mossbauer spectroscopy can be used for
quantitative analysis. For this purpose, relative Lamb-MGéssbauer 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]:

d
daT

d —6Ey
Ind)=—(nf) =—
(md) = g (n) = 12

Where 4 is the area under the resonance curve, Er=2.572 meV is the recoil energy for
1198, By is the Debye temperature of the solid and kg is the Boltzmann constant.
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Table II Experimental ffactors

and 6y, for SnO,, Sn0O,xH,0, Compounds o (K) Jf-factor at RT

Sn3;0S04(OH), and

Sn2;04Cl16(OH), 4 Sny;Cly6(OH)140s 148.8 0.09¢
Sn;0804(OH), 147.0 0.09;
Sn0,xH,0 265.3 0.454
SnQ,industrial 3103 0.565
SnO,anhydrous 313.0 0.57*

*Deduced from 6y given in ref-  SnO,amorphous 243.0 0.40*

erence [4].

Figure 2 displays the temperature dependence of the area, normalised to the area at Ty=
15 K, for SnO,'xH,0, Sn;0S04(0H), and Sn,;O¢Cl,4(OH),4. The logarithmic dependence
of the area under the Mdssbauer 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 the ffactor. Table II recapitulates the obtained results.

The ffactor of crystalline industrial SnO, has also been determined, see Table II, the
obtained value is in good agreement with literature data [4]. The significant difference
between this value and that obtained for SnO,xH,O (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 f~factor 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 the f~factors found in this work, it appears difficult to detect small amount
of Sn;0S04(0OH), or Sn,;0¢Cl;c(OH),4 compounds if they are mixed with stannic oxide.
The detection limit of Mdssbauer spectroscopy is commonly defined as the amount
corresponding to a sub-spectrum of at least 1% of the Mdssbauer spectrum area. In this
case, the detection limit, at room temperature, of sulfate and chloride mixed with
Sn0,-xH,O can be evaluated to 1.5 mol%.

4 Conclusions
Three tin corrosion products have been investigated by Mssbauer spectroscopy. The Lamb—
Mossbauer factors of these compounds have been determined. The obtained f~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

—

. Huang, B.X., Tomatore, P, Li, Y.-S.: Electrochim. Acta 46(5), 671 (2001)

. Zapponi, M., Pérez, T., Ramos, C., Saragovi, C.: Hyperfine Interact. 148, 145 (2003)

. Muir, A.H.: Méssbauer effect and methodology. In: 1. J. Gruverman (ed), vol. 4, p. 75. Plenum, New
York (1968)

. Collins, G.S., Kachnowski, T., Benczer-Koller, N., Pasternak, M.: Phys. Rev. B 19, 1369 (1979)

. Jouen, S., Hannoyer, B., Piana, O.: Surf. Interface Anal. 34, 192 (2002)

Dunkel, S.E., Craig, J.R., Rimstidt, J.D., Lusardi, W.R.: Can. Mineral. 41, 659 (2003)

. Jouen, S.: Thesis, Université de Rouen, 2000

. Shibuay, M., Endo, K., Endo, K., Sano, H.: Bull. Chem. Soc. Jpn. 51(5), 1363 (1978)

. Lefebvre, 1., Szymanski, M.A., Olivier-Fourcade, J., Jumas, J.C.: Phys. Rev. B 58, 1896 (1998)

. Davies, C.G., Donaldson, J.D.: J. Chem. Soc., A 946 (1968)

. Herber, R.H., Hazony, Y.: Techniques of Chemistry. In: Weissberger, A., Rossiter, B.W. (eds.),vol. I,
p. 278ff. Wiley, New York, (1972)

w N

=R B K- VRN

—_

@ Springer



Hyperfine Interact (2006) 167:819-823
DOI 10.1007/s10751-006-9364-8

Study of the electrochemical properties in substituted
Li, Ti3;O7 ramsdellite

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

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

Abstract Substituting the ramsdellite compound Li,Ti;0; 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 >’Fe 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 -
3"Fe 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 Ti'“/Ti"" 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 Li,TisO,, (theoretical capacity 175 mA h g”') has already been selected for new
commercialized lithium-cells. By heating the spinel compound above 1,000°C the
metastable ramsdellite compound Li,Ti;O; is obtained. The ramsdellite structure has
channels, partially filled with Li atoms according to the (Liy 7202 28)c[ Ti3 43Li0 57],0s
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Figure 1 Discharge/charge ! ! ' ' ' ' '
curve of Fe/Ni-doped Li; T1;05, 3.0 a g
showing the different samples a,
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structural formula (0 = vacancies, c=channel, f/=framework) [2]. The vacancies in the
channels allow Li" ion insertion/extraction in agreement with a one-phase system:

(L1720 228)[Ti3 430L0.57)0s + xLi — (Li1.724x),[Ti3 43L10.57],05

The insertion of 2.28 Li" ions per formula unit corresponds to a capacity value of
198 mA h g™'. However, capacity values are limited due to electrostatic repulsions between
Li atoms in the structure [3]. Tmproved 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 Fe"/Ni"" on Ti'V/Li framework sites [4—7]. Moreover, introducing °'Fe 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 Li;Ti;O5 is based on the TitV/Ti™ redox
couple. The results of electrochemical tests of Fe doped Li;Ti;0; reveal a second redox
reaction between 2.2 and 1.8 V characteristic for the reduction of Fe'" to Fe''. Capacities
were not improved but this composition showed an excellent cycling behaviour and was
obtained at a lower synthesis temperature (<1,000°C) [4].

Aldon et al. investigated the Fe-containing Li,Ti;O; by 3"Fe Mossbauer spectroscopy.
All iron atoms are located on octahedral sites with oxidation state Fe'". During Li" insertion
they observed the total Fe'"/Fe'" reduction between 2.2 and 1.8 V [5, 6].

By substituting Fe and Ni, Fe""/Fe'' reduction is limited and improved capacities are
obtained [7]. In this paper the redox process analyzed by >’Fe Méssbauer spectroscopy will
be discussed.

2 Experimental

The ramsdellite Li,Ti;O, phase is obtained by ceramic synthesis from pure oxides (Li,CO;
and TiQ,) in stoichiometric amounts. After a high temperature treatment (above 1,000°C) the
final product is quenched in air to obtain the metastable ramsdellite phase. For the
substitution of 5% Ti'"" by Fe'"/Ni"' with ratio 1:4, a two-step process (sol-gel and ceramic)

@ Springer



Study of the electrochemical properties in Li,Ti;O; ramsdellite 821

Figure 2 3'Fe Mossbauer spec- 1.004
tra of Fe/Ni-doped Li,Ti;O7 be- |
fore Li-insertion (a), after various 0.98 -
discharge depths (b, ¢, d) and at i
Li-extraction (e).

Velocity (mm/s)

Table I *"Fe hyperfine parameters of Li,Ti;O-/(Fe,Ni)

Sample x & (mmy/s) AEq (mm/s) 217 (mmvs) A (%) Attribution
a 0 0.38 (1) 0.52 (1) 0.60 (1) 91 Fe'" octa
0.45 (4) 1.80 (6) 0.60 (12) 9 Fe'" octa
b 0.6 0.38 (1) 0.50 (1) 0.66 (2) 83 Fe™ octa
0.92 (3) 2.58 (4) 0.61 (6) 17 Fe'' tetra
c 12 0.36 (1) 0.59 (2) 0.67 (4) 50 Fe''' octa
0.99 (1) 2.67 (1) 0.38 (1) 50 Fe'l tetra
d 13 0.37 (1) 0.59 (2) 0.63 (4) 52 Fe'' octa
0.96 (1) 2.68 (1) 0.43 (2) 48 Fe' tetra
e 0.1 0.36 (1) 0.50 (1) 0.59 (2) 52 Fe'" octa
0.98 (1) 2.66 (1) 0.50 (2) 48 Fe tetra

x The number of lithium electrochemically inserted; 6 isomer shift relative to a-Fe; AEq quadrupole splitting;
2T line width at half maximum; 4 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 *'Fe, was calcined at 450°C resulting in (Fe)-TiO,.
The powder was then ball-milled in presence of Li;CO; 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/LiPF¢ 1 M (EC:PC:3DMC)/ Li,Ti;O; (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/10 h.

In order to study the lithium insertion mechanism, iron doped materials at several depths of
discharge and charge have been analyzed by *’Fe Mossbauer spectroscopy at room
temperature in transmission mode using >’Co in a Rh matrix as the y-ray source. The
electrochemically inserted samples were measured ex sifu from Swagelok™ electrodes. >'Fe
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 Li,TisO;: (Fe/Ni).
Mdssbauer spectra, shown in Figure 2, were recorded at different discharge/charge depths
labelled a, b, ¢, d, e in Figure 1.

Before lithium insertion (Figure 2a) the isomer shift values (6=0.38 mm/s and 6=
0.45 mm/s) of the fitted subspectra (Table I) indicate the presence of Fe'"' on octahedral
sites (full line subspectra); in agreement with a substitution mechanism Ti/Fe. The
quadrupole splitting (AEq) 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 of the 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 Fe''/Fe" reduction, in agreement with the occurrence of a small
irreversible plateau in Figure 1. The values of the isomer shift (0.9<d<1) indicate a migration
of Fe'" to tetrahedral channel sites (dot line subspectra). This phenomenon was previously
observed in thiospinels where Fe'' 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 Li,Ti;O 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.

Acknowledgements The authors are grateful to SAFT (France) and UMICORE (Belgium) for financial
support, under contract CNRS-UMII-SAFT-UMICORE no. 752964/00.
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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. Mossbauner 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 Maossbauer 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
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Table I Mdossbauer parameters (the magnetic hyperfine field H is in Tesla and the area of sub-spectra S is in
percent)
Sample number  Fe,O, KFe;0,+(1) KFe,0,4(2) KFe|,0,(3)
H(T) S%)y H( S (%) H(TD) S%) H(T) S (%)

Co 485(2)  55(2)  43.6(5)  422)  367(12) 31
C190 51.5(2)  85(2) 44.8(25)  15(2)
C280 51.7(2)  47(1) 47.1(3) 26(3) 42.120)  27(2)
C290 51.8(2)  30(1) 47.7(6) 38(2) 42.7(9) 32(2)
€380 517(2)  36(1)  47.2(11)  30(2)  42.0(18)  34(2)
€390 51.7(4)  17(1)  478(7)  46(3)  42.7(9)  33(2)
C478 517(1)  68(1) 44.2(15)  32(2)
C482 S51L.95)  12(1)  48.0(6)  442)  43.9(7)  22(2)  39.8(15) 22(2)
C486 48.1(6) 62(3)  435(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 517(3)  15(1)  47.5(2) 472 43.0(1) 19D 39.1(12)  19(1)
C580 51.6(5) D) 47.6(5) 47(2)  43.3(7) 22(2) 39.6(14)  22(2)
C582 479(7)  63(3)  432(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 51.74) 9D 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)  22Q2)
C778 47.9(8) 62(2) 43.2(12)  22(3) 392(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 Mdssbauer Spectroscopy, it was determined that the
fresh catalysts of potassium-promoted iron oxide contain a certain amount of potassium
ferrite KFe, ;0,4 [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 100
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-Fe,O3;) and an
important promoter, potassium carbonate (K,CO3). 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-Fe,03 and
K,COs; (without any other oxides), were studied and a sample CO with lower content of K
was selected [4]. Now the real industrial catalysts C1-C7 were investigated.

2 Experimental

All other components of industrial catalyst (except a-Fe,O; and K>CO;) were added into
CO0 becoming samples C1-C7, in which the content of one of different components was
changed in C1-CS5, 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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Figure 3 Mossbauer spectra of 100 Iniros
C5 series.
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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 C1-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.

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

An isothermal stainless steel reactor with 2.5 cm 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 ™! and steam to ethylbenzene ratio by weight 2:1.
The reactive products were analyzed by gas spectrograph.

3 Results and discussion

Figure 1 shows the Mossbauer spectrum of sample CO, which consists with three sub-
spectra of KFe;;0;;. In the lattice of the stoichiometric KFe; O, there are four
crystallographially identifiable Fe sites, namely, two octahedral sites (12k and 2a) and
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Table IT half-width of Moss-

bauer spectra and cata]yﬁc selec- Sample Half-width of spinel peaks (mm/S) Selectivity
tivity of three samples (%)
Sub- Sub- Sub-
spectruml spectrum 2 spectrum 3
Cs 0.30 0.22 0.33 91.27
Coé 0.32 0.21 0.33 92.68
c7 0.35 0.22 0.35 94.78
Figure 4 Mossbauer spectra of 1004

C7 series.
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two tetrahedral sites [10—12]. Our Mdssbauer spectrum of this potassium ferrite was
analyzed with three sub-spectra: H,=47.1-48.5 T for the contribution of Fe*" on both
tetrahedral sites and H,=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 Fe** on those octahedral sites with imperfect crystal lattice [4].

The Mossbauer parameters of all samples are shown in Table . The Mossbauer spectra
of C1-C4 calcined at the same temperature of 900°C are shown in Figure 2. The results
show that the formation of KFe ;O;; can be changed due to different content of
components. For C1 series, the main spectrum is one sextet with H~52 T, which is
characteristic of a-Fe,O; with its area percentage 85%. For C2 and C3 series, a-Fe,05
remains 30 and 17%, respectively. It means that a-Fe,O3 does not completely change to the

@ Springer



830 K.Y. Jiang, Q. Fan, et al.

predecessor of the catalytic active phase KFe;;0,,. For C4 series, iron compound is only
KFe,; 07 at 900°C. In fact, the formation of KFe ;07 will be effected by different
calcining temperature, too. The lowest calcining temperature for C4 is 860°C, at which all
a-Fe,05 already react to K,CO; and become KFe;,0;.

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 of KFe| ;0,7 and one sextet of a-Fe,0;. The content of KFe;,0,; increases with the
raising of the calcining temperature. Iron compound is only KFe;;0,; 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 of KFe|,0;; except oxides components. Its magnetic hyperfine
field H of KFe 0, are very similar to C5 serics, there only is KFe[,0,; at equal and
above 820°C. It means that changing the agent has little effect to H of KFe,,0,;, but we
will compare their half-width of KFe|,0,; and catalytic selectivity later.

The formation of KFe,,0,; 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 Mdossbauer spectra for
samples of C7 series calcined at different temperature are shown in Figure 4, respectively.
All spectra consist with three sub-spectra of KFe;O,; and there is no a-Fe,O; at any
choice calcining temperatures. It means that the catalyst can be calcined at lower
temperature (780°C) relative to the catalysts C5 and Cé.

Now three relative better samples of C5, C6 and C7 have been selected preliminary from
the view of formation of KFe; ;0.

Generally, the line width of Mossbauer spectrum of KFe;;0,;7 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 of long-lived isomers (>1 ms) such as '®*Rh. Excitation
of (7y,¥) process by synchrotron radiation is painful due mainly to their limited linewidth.
Instead, (vy,y’) process of bremsstrahlung excitation is applied to create these long-lived
isomers. Isomers of **Sc, '"’Ag, '%°Ag, and '“Rh have been generated from this method.
Among them, '*Rh is the only one that we have obtained the gravitational effect at room
temperature.

Key words long-lived Mdssbauer effect - bremsstrahlung excitation

1 Introduction

We report the experimental observation of effective generation of Mdssbauer emission by
bremsstrahlung excitation and its particular Mossbauer effect. Since Massbauer discovered
the recoilless photon emitted from nuclei in 1958 [1], over a hundred isotopes have been
investigated mainly using radioactive decay. Among them, %'Zn has been considered to be
one of the most sensitive isotopes producing the Mossbauer effect [2]. The natural
linewidth 5 is defined by the lifetime 1y according to the principle of uncertainty as:

h
Fo—r—o (1)
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Table I The features of the isomeric states of four isotopes

Isotope  E (keV) IyeV) t12(s) a(%)  Estimated f (%) recoilless factor o
300 K 77K 0K

43¢ 124 143 x 107" 0318 100 77 90 93 400

Ag 931 1.03 x 1077 443 514 1x107 0.1 4 20

1¥Ag 880 1.15 x 1077 39.6 486 8§ x 107° 0.4 6 20

1RK 398 135 x 107" 3,366 100 45 70 74 1,350

E., Mbssbauer transition energy, I, energy linewidth of the Méssbauer level, ¢, half life of the Mossbauer
level, a nature abundance, f the Lamb-Mdssbauer factor, a internal conversion coefficient

We describe total linewidth " including broadening I, of the natural linewidth as

I'=To+ T, (2)

which is assumed due to various impacts affecting the nuclear state. I"of ®’Zn approached
an ultra-fine level of 75 peV corresponding to a Q-value of 10" to these 93 keV Méssbauer
quanta [2]. Here the Q-value is

E}’
0= ®)

with corresponding gamma energy of E,. We arrange the stable Mdssbauer isotopes in a
sequence according to their I as resolution from low to high, i.e., 3Ge, 8'Ta, 7Zn, *Sc,
19Ag '%Ag, and '“Rh. 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. '**Rh studied in this report has I, of 0.1 aeV and E., of 39.8 keV
that correspond to a Q-value in the order of 10>,

2 Madssbauer spectroscopy with higher resolution

Higher sensitivity of Méssbauer effect beyond ®’Zn 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 Méssbauer source is
available to extend the experimental methodology from present limitations to further
possibilities.

The low-lying isomeric state of **Sc was discovered in 1964 [3). It aroused interest
worldwide because of its potential high Lamb-Mdossbauer factor and high sensitivity.
Although **Sc is superior to ®’Zn in many aspects, it was never successfully applied due to
many problems, i.e., poor efficiency of generating Mossbauer photon from  decay, inner
bremsstrahlung induced from B 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. 8¢
shall be the first choice for us. However, our *°Sc 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 '“Rh isomers
excited by bremsstrahlung irradi- 1,000,000 4
ation from a 6 MeV linac for
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speed-up decay of **Sc is probably due to the entangled Mdssbauer emission. This report
concentrates on the excitation of '**Rh.

The characteristics of interested long-lived isomers used in this work are listed in the
Table I. They have smaller I, than feV. 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 '*Rh at room temperature leads us to think that many
of these obstacles are not insuperable, which opens up new paths for Mdssbauer
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 Mdssbauer photons with
(v,y) process was suggested by Ruby in 1974 [4]. Ten years later, the excitation of >'Fe
was carried out at the DORIS ring [5] and later became the well-known nuclear resonant
scattering. Leupold et al. summarized the experimental results 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 '®'Ta which was reported with less I" comparing
to the radioactive samples prepared by ion bombardment. This observation is extremely
important for the long-lived isomers; otherwise their natural linewidths 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 I 0-

Ruby considered isotopes with I, ranging from 107 to 10V [4]. The long-lived
isomers mentioned in the last paragraph have much smaller I, Is there any other effective
method to achieve isomeric excitation? Coulomb excitation [7], (Yy,y’) of the bremsstrah-
lung excitation [8-11], (y,y'} of the photo-activation [12], and (n,v) of the neutron

@ Springer



836 Y. Cheng, B. Xia, et al.
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Rh Sample HPGe detector
a Vertical measuring setup b Horizontal measuring setup

Figure 2 a Vertical measuring setup. b Horizontal measuring setup. Configurations 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 ('y,y’) are considered to be more suitable for our
application, since coulomb excitation generates more heat in samples. It is noted that 07Ag
[8-10, 12], '®°Ag [8, 10, 12], '**Rh [11-13] created by (y,7’) and (1,7y) have been reported,
but not within the realm of the Mdssbauer effect. **Sc has been observed only by nuclear
decay. An issue of whether these four isotopes might exhibit Mdssbauer effect was next
raised. A recent observation of gravitational redshift using '°’Ag prepared from radioactive
decay of '°°Cd [14] provides positive encouragement. Alpatov et al. applied an
experimental arrangement developed from the experience of decades of research.
Surprisingly, their reported I” was only with the factor of 1~3 larger than I, [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 of **Sc, '’Ag, ' Ag, and '”’Rh using a 6 MeV
standing-wave linac as the bremsstrahlung source [15]. The silver sample is a 999-purity ¢-
5 cm coin of 3 mm in thickness and its natural abundance data are shown in Table I. The
scandium and rhodium samples (99.9% purty) purchased from Goodfellow are 0.1 mm-
thick (1 mm-thick) and have a 2.5x2.5 cm® area. The irradiation time on 'Rh 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 1 shows all of the possible pile-ups with the pile-up rejection system
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Figure 3 K-shell and Mdssbauer
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purposefully turned off. Two unknown peaks around 66 keV are systematic [18]. The other
two escape peaks of 10 and 13 keV are the features of our CANBERRA HPGe detector.
Energy, pile-up time, dead time and the other system parameters are calibrated against
'%9Cd source.

5 Gravitational impact

'Rh is chosen for our experiment of gravitational redshift due to its reasonable Lamb-
Mossbauer factor at room temperature [15]. Here, we want to point out that the reported
second order Doppler effect shall inhibit the resonant absorption [16]. Nevertheless, the
Lamb-Madssbauer factor of thodium 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 Mdssbauer 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 5.6/0.8us 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 Mdssbauer 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 Mdssbauer spectroscopy. The applications presented here are the
determination of the temperature dependence of the °'Fe hyperfine field in FeSn,, the
thermal evolution and nanocrystallization kinetics of amorphous Fe,3 sSi;3 sCu;Nb;Bg and
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Figure 1 Gamma-ray transmission surface Tr(E, x) for x = T (a) and x = H (b). Intersects with planes E. =
const. correspond to scans (¢, d, e). 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 measurement of the dynamic response of Fe magnetic moments in nanocrystalline
FeggZr,B; to an external ac field.

Key words Madssbauer effect - scans - phase transitions - magnetic response

1 Introduction

Soon after the discovery of the Mdssbauer 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 of Mossbauer scans, when they are performed at especially selected
photon energies and appropriately combined with Mdssbauer spectroscopy. They include the
studies of the temperature dependence of the Fe hyperfine magnetic fields in FeSn;, and Fe;Si,
of the thermal evolution and the kinetics of nano-crystallization in an amorphous Finemet®-
precursor alloy, and of the magnetic dynamics in FegyZr;B; nanocrystalline alloys. In all
cases °'Fe 14.4 keV gamma-rays from a °’CoRk source were used.

A common problem in Méssbauer research is the study of resonant gamma ray transmission
spectra as a function of temperature 7, intensity of an applied field H, time ¢ 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, ¢, etc., (see Figure la, b). Intersects of this surface
with planes x= const. are the spectra, while intersects with planes Ec= const. correspond to
scans (Figure 1c, d). In the two simulated examples, Tr(E, 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 >’Fe 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(7) in the antiferromagnet FeSn,. (b) The solid line is the B(T) evolution obtained from the
simultaneous fit of the results of part (a); circles are discrete B(T) values obtained from spectra recorded at
fixed temperatures.

dependence upon x and, when time is a limiting factor, may become the only possible
Madssbauer 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 Mssbauer 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(T) in the antiferromagnet
FeSn, 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 K/min. The first scan is
especially suitable to determine accurately the Néel temperature Ty, but with the whole set
enough information is obtained to deduce the hyperfine field evolution for 7<Ty. 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 Néel point,
where the FeSn; 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(T) 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(T) at each of the two Fe sites of the
D05 structure of ferromagnetic Fe;Si [7].

Our second example is the thermal evolution of the amorphous ferromagnet Fe,; 5813 5
Cu Nb;B, (Finemet™ precursor) and of its nanocrystallisation kinetics [8]. Figure 3a, b show
spectra taken at different temperatures and scans recorded between RT and 873 K at an
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Figure 3 (a) Spectra from amorphous Fes; 5813 sCu;Nb;By measured at 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
spectrum center indicated in (a) by a solid vertical line. (c) Mdssbauer transmission vs. time measured during
nanocrystallisation at 823 K recorded at a constant energy coincident with one of the principal crystalline
absorption lines. (d) Time evolution of the relative amounts of Fe in amorphous phase, crystal embryos and
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 nanoparticles. The successive
scans performed by heating and cooling back and forth the sample at constant rates of 2 K/
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 Mdssbauer
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
FegoZr,B; 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 Mdssbauer transmission to successive channels of a multi scaler. The
Helmbholtz 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~ 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 of the 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; (=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. Trs, where
almost only the nanocrystalline contributions (both from crystals interior and surface) should
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Figure 5 (a) Mossbauer spectrum of amorphous FegoZr;By recorded for H=0, 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 A recorded at the fixed energies E; (i=5 and 6) indicated by arrows in (a). Fuil
circles are Tr(E;,H) obtained from Mdssbauer 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 1d). 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 external fields (H;=—70.6,
—15.3 and 0 Oe). In Figure 5b,c, the full circles are the values Tr(Es, /) and Tr(Ee,H),
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 Es.

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 10°~10* 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.
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1 Introduction

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 Mdssbauer 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 lefi.

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

Displayed, exported, and graphical data include: Mdssbauer 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 turn 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 transmission Mdssbauer spectrum of the internal
reference absorber (a mixture of S7Fe-enriched o-iron, hematite, and magnetite
(Klingelhéfer 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
Maéssbauer 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 1 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 ¢=0.5 to V1in(256.5)=-Vmax, back to V1in(512.5)=+Vmax, where c=
channel number. In Figure 1 we plot a MER-B reference spectrum as counts versus
channel, with the first half folded 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 of Vpickup(c) is required, since
¢ — 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 [| Vtrue(c')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 O’ = sum of weighted squared
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differences of the two halves, which also allows definition of x” and other statistical
quantities. However, because of the non-linearity, the channels do not line up when plotted
in velocity space and Q* 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, x* 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 a-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
mdependently 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 flexibility to
be easily applicable to simple problems. A line shape for hyperfine parameter distributions
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 Mssbauer 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: (1) Calculation of hyperfine parameter distributions directly from the experimental
data, e.g., the Window method [1] or the Hesse-Riibartsch method [2]. (2) Making
assumptions 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: (1) To analyse
the data with as few free parameters as possible, still allowing for the shape of the obtained
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hyperfine parameter distribution not to be predefined to too large extent. The number of
free parameters that can 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 x* 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=v, can be written in normalised
form as

2 1
Lv,v,T)=—

2
T ()
where I is the line width (FWHM). In the case of a singlet, the centre position vy has the
meaning of an isomer shift, . 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=cy+cyx where ¢q and ¢; are
constants depending on the hyperfine interactions parameters. The line shape will be an

integral over the probability distribution and the Lorentzial line shape, and for convenience
we define

(1)

SO, Tcoer,a,byxi,%i01) = / L(v,eo + c1x,T)(ax + b)dx

X

2(co — v+ cixi)
T

1
=Tz [(aco —bey —av) <tan_1
I

- <2(co - v: clxl-+1)>>]

L (e =yt cixi) + (0/2)°
4me} (co —v+ex) +(T/2)

)

Note that the case of ¢;=0 has to be dealt with separately. Integration over velocity yields
I=a(x?,, —x2)/2 + b(xi1 — x;), which can be used for normalisation.

A quadrupole splitting distribution P(Q), can be simulated with Ny, linear segments each
from Q; to Qiy, 1 <i < Np+ 1, where Q is a shorthand notation for the quadrupole
splitting AE. Assuming a coupling between the isomer shift and the quadrupole splitting
of the form §=48,+4,0, the distribution for the ith segment is then written using the function

defined above as
DZ(V7F7607517a7b7 Qi7Qf+1) :f(v7ra 60761 - l/zva)b7 Qi7Qi+1)
+f(v7r76075| + 1/2’aab7 QiaQi+1) (3)
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Figure 1 Mossbauer spectrum of Black tektite from Beloc obtained at 80 K analysed with Voight profiles
(left) or linear segment distributions (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 >’Fe Mdssbauer
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 unusually 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 1 shows the spectrum of black Beloc tektite (Haiti) recorded at
80 K.

In the distribution analysis we have assumed symmetric components (i.e., §,=0), and
that the qudrupole distribution consist of two linear segments. This gave x* value that did
not allow 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 1 does not allow to state that one analysis is
better than the other. However, the x” 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 1.

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(Il) component shows an unphysical jump at the
temperatures where the Fe(Ill) component becomes magnetically 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

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 x> 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, I, are obtained, significantly
larger than the natural line width, I'y. 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 I'e—1I7. 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-Riibartsch
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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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—w,). 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 (v ~ 10°-
10° cm/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 radioactive Mdssbauer 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 #, ~ |® — a)r|_l
(at SR propagation in thick resonant targets £,> 1077 s). The pulses of the primary SR are
too short (~107'% 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 of NE 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:

Uelz,1) = bUp(z,1), Upn(z,£) = (—l/d)/oz &2 U, (z’,z) (1)

(b=Twy/4, d and Ty are the thickness and the dimensionless Mdssbauer thickness of the
sample, y is the natural width of the excited level). The functions e/2U,(z,¢) and
e™""2Up(z,t) are the normalized amplitudes of the nuclear polarization and the coherent
field in the sample (the factor e ™"/ 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 0<z<d. As the solutions of the Eq. 1

Ue(z,2) = Jo(&), Upn(z, 1) = =2(z/d)/1(§) /¢, 2)

(€ =2+/(z/d)bt, Jy.,, are the Bessel functions) [9].
In the first phase of the evolution (¢<1/b), 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 [~Up, (z,0)],
strongly varied over the sample from the very beginning of the process (Figure 1, curve 1).
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Figure 1 Nuclear (U(zt), solid
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Thereby,
Us(z,t) ~ 1 = bizfd + ..., Un(z,1) = —(z/d)(1 — biz/2d + ..). (3)

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

At t~1/b 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 ¢, (z) (non-
exponential decay, Ue(z,%:) = Jo(21/bzter/d) = 0, Upn(z,2) # 0, on the back surface
t(d) = 1.446/b). 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>t,, NE contraction continues. The exciton is
localized at the frontal surface ( 0 < z < zo(t),zo(¢) = 1.446d/bt; Figure 1, 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 ~1/f). The effective spectral width of the photon
packet, emitted by the contracting NE, decreases also as |w — w;| < Ay (f) = bzo/d = 1/1.

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=1., are localized on the boundary of the contracting exciton at z, (4)<< d. They belong
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to two different polariton branches and have different frequencies {w: + A,(t)) and wave
numbers (w;/c + k,(4,(t0))), but an equal group velocity vy(fo) = cAZ (to)(d/ch) (A,
() = (—1)"Aua (1), knd = b/ A, n=1,2, ¢ — velocity of light in the vacuum). Further such
polaritons trayel slowly through the sample and reach the back surface at ¢ =d/
ve(to) >> 1 gto = (t/b)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 secondary photons, emitted by the contracting NE.

Indeed, in the spectral representation the field amplitude U (d,r) = -1 (2vbt/Vbt =
@nb)~ % dAexp[-i(Ar +b/A)]. At t>>p', the Fourier integral can be calculated in the
stationary phase approximation [3]. As a result

Up(d, 1) ~ USY = Zuph to) exp [—i(ks (to)d + An(to)1)], 4)

(u(Ph \/1/4n(bt)*? exp ((=1)""'in/4)). Eq. 4 represents the field amplitude as a
superposition of two polariton packets, centered on the back surface at t=d/v,. A similar
expression can be derived for the polarization amplitude ( Us(d, 7) ~ U, the amplitudes
u® = i(=1)"(br)' ?u®W). After summation

Uéﬁ"] _ Wcos (2\/_+7r/4)
Ue(pol) — Wsin (2\/E + 71-/4)

According to the asymptotic expansions of the Bessel functions [10], ‘Ue oh — Ue([;::)’ <
3/16vbt << 1 if t>>1/b, i.e., the model of interfering NP fits the results of the multiple
scattering theory (Egs. 1 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
I (1) ~‘Uph (d, t)] ). 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 Mdssbauer 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 1 Optical scheme of the spectrometer. / — X-ray tube, 2. — Doppler modulator, 3 — Mdssbauer
source, 4 — slit collimators, 5 — monochromator, 6 — two-circle goniometer, 7 — automated two-circle
goniometer, § — 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 modern
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 Mdssbauer
spectroscopy (GIMS) allows to establish the phase, and electronic and magnetic states.
The methods of X-ray and Mdossbauer 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 1.

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 mrad. 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 keV. In the Méssbauer
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% CH, fed through a nipple, flows at a rate of 2 cm’/min. The anode of this
chamber consists of three tungsten wires (20 um in diameter) attached to the insulating
base. The working gas used for detection of gamma- and X-rays is a mixture of Ar+8%
CH, fed through the nipple at a rate of 2 cm’/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 >’Co(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 Mdssbauer 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 Mdssbauer 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 Mdossbauer 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 Méssbauer 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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Figure 2 X-ray reflectivity curve
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Figure 4 Depth profile of ele- 10

ments in multilayer structure
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6 Example

The capabilities of the spectrometer are demonstrated by the investigation of artificial
multilayer structure Zrg 5 1n/[Cro.49 nm/Fe0.91 nm]X26/Crsy 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
of characteristic radiation versus the angle of incidence for all structural elements (Figure 5).

The fitting of theoretically 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 Mdssbauer 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 Mdssbauer 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 5¢) 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 Mdssbauer Spectrometer
MIMOS 1I (Klingelhdfer et al., Science, 306:1740-1745, 2004; Klingelhofer et al., J.
Geophys. Res., 108(E12):8067, 2003; Klingelhdfer et al., Hyperfine Interact. 144/145:371—
379, 2002; Génin et al., Solid State Sci., 7:545-572, 2005). MIMOS operates in
backscattering geometry, thus no sample preparation is required. Also dedicated software
for minning 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 Fe''"
hydroxycarbonate green rust.
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1 Introduction

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 Fe'/Fe' 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 simultancously observed explaining these mineralogical
transformations.

2 The instrument and experimental setup
2.1 The instrument MIMOS 11

The Mdssbauer spectrometer MIMOS 11, 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 Mdssbauer data is of the order of 150300 um, assuming
basaltic rock composition.

The main parts of the instrument are the gamma- and X-ray detector system, the °'Co
Mossbauer source, which is embedded in a solid rhodium metal matrix attached to a
titanium holder, the radiation collimator, the Mdssbauer 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 ail the electronics, was assembled in a single
housing with dimensions of about 90x65%45 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%30 mm width.

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

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 1II 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 turn. 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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Figure 3 Example of in situ 586
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The sensor head on the movable platform consists of the miniaturized Mdssbauer 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 Mdssbauer drive velocity error signal
(typically 1-3%o 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 Méssbauer 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 Méssbauer 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 Mdssbauer spectra
with reasonable statistics even with low intensity sources. The spectrum (Figure 3), which
displays three quadrupole doublets Dy, D, and Ds, is that of the fougerite mineral [4]
encountered in gley soils and responsible for its bluish-green colour where D, and D, with
a large quadrupole splitting are attributed to Fe'' state and D; to Fe'. Intensities of the
peaks that are found to be 50, 10 and 40% from computer fitting are consistent with the
Fe"™"" 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 Mdossbauer 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 Mdssbauer studies in various materials. In this article we describe our new
system and summarize the possibilities of its application to Mdssbauer spectroscopy.

Key words In-beam Mdssbauer spectroscopy - Mdssbauer effect - neutron beam excitation

1 Introduction

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

The Maossbauer effect was observed on 82 isotopes of 44 elements, but only a few of
them are used in practice. The *’Fe and *"Co pair is used in 80% of the cases, while ''*Sn
and all the others share the remaining 20% equally. The rare usage of the other Mdssbauer
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 of usable Mossbauer nuclei is to produce them in-beam. In
1965, Hafemeister and Brooks Shera [1] demonstrated the Mossbauer effect of the 29.4-keV
neutron capture gamma ray of “’K in a neutron beam of 2.4x10° cm %s™'. They concluded
that the recoilless fraction is not greatly impaired by the displacement of the *“°K atom due
to neutron capture. The Mossbauer effect was also observed in neutron capture reaction on
*%Fe 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 5x10’ n-em s '. This instrument has been
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demonstrated to be useful in studying neutron capture induced chemical changes in solid
iron disulfide (FeS,) [3].

2 The new in-beam Méssbauer 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 MNI3 [5] program, which makes
it easily accessible for EU users. The instrument can be used on line, but during reactor
shutdown, activated short lived Mdssbauer 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 10° n cm™? 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 1 x I cm”. 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 cm’ 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 Mdassbauer transducer (Wissel MVT 1,000) is fitted to the
top of the specifically modified cryostat (Konti-IT-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 Mdssbauer 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(T1) 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 (*°K, >°Fe, °®Zn, Gd, Er, Dy, Yb, Hf, W).
Below we present the most characteristic data for these nuclei in Table 1. We have estimated
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Figure 1 Schematic drawing of Side view
the in-beam Mossbauer
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Table I Expected rates for experiment length of 10° s

Target nuclide E, (keV) oy (b) Rate * (s™") Rate ® (s Percent ©
137G4 79.00 4,010 28 757 717 180 0.009
15Gd 88.97 1,380 9 896 203 390 0.014
167Er 79.80 18.2 131 3512 0.14
161Dy 80.66 13.3 95 9 576 0.32
TTHE 93.18 133 95 9576 0.32
193py 73.39 1.37 10 986 1.01
"Hf 93.33 0.8 57 576 132
7vb 78.74 0.67 48 482 1.45
34Gd 86.54 0.57 4.1 410 1.6
2Yb 76.47 0.4 29 288 1.9
160Dy 25.65 0.27 1.9 194 23
182y 46.48 0.192 1.4 138 27
182y 99.08 0.155 1.1 112 3.0
160ny 7457 0.086 0.62 62 4.0
6Fe 14.41 0.149 0.8 107 426
Zn 93.31 0.0344 0.23 25 7.0
¥K 29.83 1.38 0.069 994 144

?Rate of Mossbauer effect
b Rate of Mossbauer gamma ray
“Uncertainty of the rate ratios in percentage

the expected event rates with the parameters of our Mdssbauer 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 107'® cm? 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 oy
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 Méssbauer nuclei are '>*Er, '*®Er, '"*Lu, '%0s,
1911921 195p¢ and '*7Au. 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 ('41Pr, 127, l291, 181y, ]82W).

Fields of applications include: biological systems (*’K prompt excitation), catalysts
(*1r, '°°Pt, '’ Au short-lived continuous activation), HTC superconductors ('*'Pr 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 (127
reactor shutdown), corrosion in nuclear and traditional power plants (*’Co reactor
shutdown) or in-beam produced *’Fe 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. Vértes, E. Kuzmann and
Z. Klencsar are greatly acknowledged. We also 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:

ds d, N,
RM_effect = ENA¢Uvelemﬂ <1 — €Xp <_ Ma A_j000a> )fa A Qu AL det€det

The first part (ending with f;) 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 11

Table I1 Values used in Mossbauer effect estimation.

Variable Value Description

d,, d, 0.001 M, Mol weight used in the estimation
M, M, Mol weight of element (s and a indices for source and absorber
N4 6 107 Avogadro number

(17 16° nem™ 57! neutron flux hitting the target (source)
O yelem Variable Gamma ray production cross section
oo Ja 0.1 Recoilless fraction

A, 1 em? Surface of the absorber

ag 107" em Maossbauer absorption cross section
0, Variable Isotopic ratio of the absorber nucleus
AQ, 0.994 Absorber geometrical efficiency
AQge 0.0012 Detector geometrical efficiency

Edet 1 Detector intrinsic efficiency
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Abstract To explain line broadening in emission Mdssbauer 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 >'Co or after the converted isomeric
transition of ''*™Sn), 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 Mdssbauer spectroscopy -
quadrupole splitting distribution function
1 Introduction

Resonant lines in emission Mdssbauer spectra can be significantly broadened as compared
to those in transmission spectra. Line broadening in emission spectra is observed for many
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isotopes, but more often and with more evidence in experiments with >’Co [1, 2] and
119mgn [3] in solids. Note that in both the two types of nuclear decay for >’Co and ''*™Sn
(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 *’Co in CoO [2] as a consequence of electron capture by Fe*', formed owing
to the Auger ionisation, from a neighbouring Co”*, producing Co*". 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
Mgssbauer 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 Mdssbauer spectra has been performed in order to find the
evidence for such trapped electrons.

2 Materials and methods

The *’Co-containing systems under study were: sample 1, a dry complex of anthranilic (o-
aminobenzoic) acid with *’Co®" (carrier-free; 3.7x107 Bq); sample 2, a dry complex of
indole-3-acetic acid with *’Co?" (also carrier-free; samples 1 and 2 were obtained by drying
1.0 ml of 1 mCi >’Co**-containing aqueous solution of a corresponding acid, taken in a
large excess with regard to 37Co%, in air); sample 3, a solution of 57C0C12 in ethanol
(containing also 4 M carbon tetrachloride) rapidly frozen in liquid nitrogen. The ''*™Sn-
containing system (sample 4) was represented by ethanolic solutions of ''*™SnCl, with
different concentrations of CrCl, (added as an electron scavenger) rapidly frozen in liquid
nitrogen. Other details of emission Mdssbauer measurements and statistical treatment of the
experimental data were described elsewhere [8-11].

3 Results and discussion

Emission (*’Co) Mossbauer spectra measured at 7=293 K (sample 1) and at the
temperature of liquid nitrogen (samples 2 and 3), are presented in Figure la—c. Each of
the three spectra shows a superposition of two doublets related to >'Fe*" and *’Fe’" ions
forming from the parent 57Co*" jons 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 Emission Méssbauer spectra of >’Co?*-containing complexes of a anthranilic acid and b indole-
3-acetic acid in the dry state, as well as ¢ 57CoCl, solution in ethanol with 4 M CCl, and d ''*™SnCl,-
containing ethanol solution with CrCl, added as an electron scavenger (see text) rapidly frozen in liquid
nitrogen. N Transmission (%), v velocity (mm/s); measured at 7=293 K for a and at 7=80 K for b-d.

the spectra were carried out by extracting two independent distribution functions p(A) of
quadrupole splitting A for excited nuclear levels of the >'Fe 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(A) corresponding to and
>"Fe*" 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 A values,
which is more expressed for >’Fe’" ions (see the left-side upper plot in Figure 2). Such a
shape of the p(A) 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 A values that could be created by a
single electron located at distances 2, 1.5 or 1 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 °’Fe nucleus in the excited state, 0=0.146 b [14], and the
Sternheimer antishielding factors for Fe*" (y,, = —9.14) and for Fe*" (y,, = —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 A. As an alternative to such
trapped electrons, one may consider the formation of radicals near Fe atoms, or ion-radicals

57Fez+
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Figure 2 Distribution functions p(A) of quadrupole splitting (A) calculated for the components of emission
(*’Co) Mbssbauer spectra a—c presented in Figure 1 (see text) for the nucleogenic *'Fe*" (left-side lower plot)
and *'Fe*" (lefi-side upper plot), as well as for the components of emission (''*"Sn) Mossbauer spectrum d
presented in Figure 1 (see text) for Sn’* (right-side lower plot) and Sn** (right-side upper plot). For the
vertical dashed lines, see text.

more strongly 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 transmission Mossbauer spectra of the similar complexes
containing Fe?" and/or Fe*" 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 A was also observed in emission spectra involving
the isotope ''°™Sn. In Figure 1 (plot d), a spectrum is given of frozen ethanol solution
containing ''*™SnCl,. 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 CrCl,
which had been added as an electron scavenger. The large line width values observed for
both Sn>" and Sn*' are indicative of non-uniformity of the system. In this case, the
distributions of A are also asymmetric (Figure 2; right-side plots) and less steep at larger A
values. In Figure 2 (right-side plots), dashed lines also represent the results of calculation of
A according to the model used in the >’Co emission experiments (see above and Figure 2,
left-side plots). The quadrupole moment of the ''*Sn nucleus in the excited state, 0=
~0.109 b [18], and the Sternheimer antishielding factor for Sn*', y,, = —21 [15], were
taken for calculations (the same value of y,_ was used for Sn** owing to the lack of relevant
data in the literature for Sn*").
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4 Conclusions

Line broadening in emission Mssbauer 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.

Acknowledgements This work was supported in parts by the Russian Foundation for Basic Research
(Grant 05-03-33079), NATO (Grants LST.NR.CLG.981092 and CPB.NR.NREV.981748), as well as under
the Agreement on Scientific Cooperation between the Russian and Hungarian Academies of Sciences for
2002-2004 and 2005-2007.

References

. Ladriere, J., Apers, D.: J. Phys. (Paris) 37, 913 (1976)

. Wertheim, G.K.: Phys. Rev. 124, 764 (1961)

. Ishiba, S., Yamada, M., Negita, H.: J. Phys. (Paris), Colloque C2, 40(Suppl. 3), 428 (1979)

. Friedt, .M., Danon, J.: At. Energy Rev. 184, 893 (1980)

. Perfiliev, Y.D.: Izv. Ross. Akad. Nauk. Ser. Fiz. (Bulletin of the Russian Academy of Science. Ser. Phys.,

in Russian) 63, 1383 (1999)
. Perfiliev, Y.D.: Zhum. Fiz. Khimii (in Russian) 60, 1057 (1986)
7. Kobayashi, T., Makita, T., Fukumura, K.: Hyperfine Interact. 56, 1533 (1990)
8. Vrabchic, P, Perfiliev, Y.D., Kulikov, L.A.: Fiz. Tverdogo Tela (Solid State Phys., in Russian) 21, 3151
(1979)
9. Perfiliev, Y.D., Kulikov, L.A., Bugaenko, L.T., Babeshkin, A M., Afanasov, M.L: J. Inorg. Nucl. Chem.
36, 2145 (1976)

10. Perfiliev, Y.D., Kulikov, L.A., Byakov, VM., Stepanov, S.V., Alkhatib, K., Bugaenko, L.T.: Khim.
Vysokikh Energii (High Energy Chem., in Russian) 37, 390 (2003)

1i. Kamnev, A.A., Antonyuk, L.P, Kulikov, L.A | Perfiliev, Y.D.: BioMetals 17, 457 (2004)

12. Rusakov, V.S.: Izv. Ross. Akad. Nauk. Ser. Fiz. (Bulletin of the Russian Academy of Science. Ser. Phys.,
in Russian) 63, 1389 (1999)

13. Rusakov, V.S.: Méssbauer Spectroscopy of Locally Non-uniform Systems. Scientific Press Dept. of the
Institute of Nuclear Physics, Natl. Nuclear Centre of the Republic of Kazakhstan, Almaty, 2000 (in
Russian)

14. Rusakov, V.S., Khramov, D.A.: Izv. Ross. Akad. Nauk. Ser. Fiz. (Bulletin of the Russian Academy of
Science. Ser. Phys., in Russian) 56, 201 (1992)

15. Marathe, V.R., Trautwein, A.X.: Calculation of charge density, electric field gradient and internal
magnetic field at the nuclear site using molecular orbital cluster theory. In: Thosar, B.V., Lyengar, PX.
(eds.) Advances in Mossbauer Spectroscopy, Chapter 7, pp. 398-454. Elsevier, Amsterdam (1983)

16. Kamnev, A.A., Kuzmann, E., Perfiliev, Y.D., Vanko, G., Vértes, A.: J. Mol. Struct. 482483, 703 (1999)

17. Kamnev, A.A., Shchelochkov, A.G., Perfiliev, Y.D., Tarantilis, P.A., Polissiou, M.G.: J. Mol. Struct.
563-564, 565 (2001)

18. Haas, H., Menninger, M., Andreasen, H., Damgaard, S., Grann, H., Pedersen, F.T., Petersen, J.W.,

Weyer, G.: Hyperfine Interact. 15/16, 215 (1983)

O N R

[=2)

@ Springer



Hyperfine Interact (2006) 167:887-892
DOI 10.1007/310751-006-9374-6

Development of a new method of the analysis mossbauer
spectra of systems with nuclear heterogeneity

A. 1. Pikulev - V. A. Semenkin -
O. B. Milder « E. G. Novikov

Published online: 12 December 2006
© Springer Science + Business Media B.V. 2006

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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Figure 1 Classification of methods of spectra processing.

of discrete and continuous ways of the description of the form of a spectrum which bases
on modern 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 line as superposition of discrete component [1]:

(1)

J A
1) =I(c0) [1 =) L

2 7
Ty

where i, j — number of mossbauer subspectra line; p — number of nonequivalent
components in spectrum; 4, — ratio of intensity lines of spectrum; By — the factors which
are taking into account hyperfine magnetic structure of power levels of >'Fe nucleus; C, -
the factors which are taking into account hyperfine electric structure of >'Fe power levels;
AEq; — quadrupole splitting; H; - hyperfine magnetic field; J; — isomer shift; I' — half-
width of mossbauer subspectra lines; I(v) — intensity of resonant line; /(«0) — 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,, X»,..., Xx,}. As x, parameter acts isomer shift J, hyperfine
magnetic field on nucleus H.g, quadrupole splitting AEq and amplitude of lines 4,,.

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

1) =160)|1- [ plalfGs i, @)

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

where v — speed; [VininVmax] — the speed change interval; /(v) — 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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dynamic condition etc. The aprioristic 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 crystal 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 mossbauer spectrum of a sample of archeological ceramics

Component ¢ (mm/s) AEq (mmy/s)

Discrete processing  Continuous processing  Discrete processing  Continuous processing

1 - Fe™ 0.378+0.001 0.375+0.001 0.795+0.002 0.807+0.002
2 - Fe** 1.166+0.002 1.167+0.001 1.944+0.002 1.871+0.001
3 - Fe** 1.132+0.001 1.122+0.001 2.820+0.002 2.767+0.002
4 - Fe*" 0.500+0.001 0.481+0.001 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 SM2201 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 Fe*" and Fe’". 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

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 of use of a new method for interpretation mossbauer spectra are given.
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Abstract The role of quantum interference (QI) in spectra of the resonant Mdossbauer
scattering 1s 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 Mdssbauer gamma optics

1 Introduction

Maéssbauer 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 [1] the Méssbauer 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 Mdossbauer 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.

E. K. Sadykov (B<) - V. V. Arinin - G. 1. Petrov + A. V. Pyataev * F. G. Vagizov
Kazan State University, Kremlyovskaya Street 18, 420008 Kazan, Russia
e-mail: esad@ksu.ru

F. G. Vagizov - O. A. Kocharovskaya
Physics Department, Texas A&M University, College Station, TX 77840, USA

@ Springer



894 E.K. Sadykov, V.V. Arinin, et al.

C
6L Raman
SZ
~ ar
(%)
+‘—
[9p) .
elastic
2 -
M
0 1 A 1
-10 0 (E 10 )/ 20 30
k2_€2 T

Figure 1 a Three-level model system; b Equivalent scheme using dressed states; ¢ Expected spectra of
resonant scattering (£2,=1.5, I'=1, E;y=¢&, are used).

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

Let us consider a three-level model system (Figure la). Level 1 represents the ground
nuclear state; 2 and 3 represent the excited nuclear spin substates. A strong RF field of
frequency wo(wy = w32 = £3 — £;) is set up in exact resonance to transition 2-3. In these
conditions two excited states form the pair of dressed states (Figure 1b) [6]:

e}(t) = exp (—iEft - in(oot) %(—|2,n> +exp (ip)[3,n — 1)), (N
€ (t) = exp (—iE5t — inayt) %(exp (—ip)|2,n) + |3,n — 1)), (2)

where |j,n) = |j)|n), |j) — jth spin sublevel, |n) — n-photon state of RF field, £}, =
F0, + & — quasienergy, {2, = |{29]\/n — Rabi frequency, {2y = |f2| exp (i), {2y — the
constant of the nucleus—RF mode interaction. Furthermore, we suppose n = 7, where 7 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 fly (k) [7]:

ap~ Y [ drexo T2 00 (Fo)est0) () (K i), )
7%

where I" — the natural width of the Mdssbauer level, |i(0)) = |i(t = 0)) = |1)|n)|k;) and
[f (£)) = exp (—iEst)|1)|n’) [k,) — initial and final states of the system, with total energies
Ei =g +nwy+ Ep and Ef = £ +n'wy + Egz, ki and k; are the wave vectors of the
incident and scattered gamma quantum.

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

S~ / dE; yA,«,_,-|25(Ef — E)fi(Ex — Exo). (4)
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Figure 2 a Ratio of line intensities; b total scattering intensity; ¢ expected spectrum of resonant scattering
on isotope Fe*” in the condition of the RF resonance on excited nuclear state; E, — the Mossbauer level. The
probing line is tuned to the sixth line of the Zeeman sextet, S, — the line of elastic scattering, (S}, 5%), (51, 52)
and S; — Raman lines of the first, second and third order, respectively. Superscripts 1 and 2 indicate the
different hyperfine components of Raman line.

In this expression the averaging over the gamma photon energies from the Mdssbauer
source Ey is carried out using the line form function (usually of Lorentz type) fL(Exi—Ero).

According to the expressions (3) and (4) two possible scattering channels (elastic S; and
Raman S,) indicated in Figure 1b may be written (E=¢,):

1 + 1
-0, ip+ 9,

2
$10k2) = Senson ~ | Sl —e|(UAG R ATG[,  ©

S2(k2) = Skinsan—1
2

1 | filEia — &2 — an)| (1T (R2)B) 2GR

2
ip—.Q,—(O()_ip-l-.Qr—(OO ’

~ ;

(6)

p= —i(Ekz —82) + F/Z

In Figure lc the expected spectrum S(k;)+S>(k;) 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 {2,. In particular, S, tends to zero as {2, tends to zero. However
with the growth of {2, (£2, > I'/2), the character of the interference in (5) and (6) (at the
same condition Eyo=g,) will be reversed. Now at large enough values of {2, the intensity of
the Raman line /, (; is the area under the spectral form §,) is more than that of the elastic
scattering line I, (Figure 1c¢). 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 I,/I, (the measure of the “valve” effect) monotonously depends on the value of
{2, (Figure 2a). However the total scattering intensity (/,+1;) decreases with increasing (2,
(Figure 2b). Compromise condition for the experiment to be realized looks as £2,~I" 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 Fe®’ 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 (#) participates in the process and decreases at an even number of photons. The
possibility of observing the effect in Fe’’ 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 4, =88 kOe, which
corresponds to a Rabi frequency (2,=1.5 leading to the expected spectrum in Figure 2c¢.
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Abstract The theory of formation of the RF Mdssbauer spectra for the “easy”-plane type
magnetics (FeBO;) 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 (hf) 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

Mbdssbauer 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 of the hyperfine structure [1] 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 if frequency 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 FeBO; 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].

E. K. Sadykov (><) * A. A. Yurichuk * V. Y. Lyubimov - G. 1. Petrov
Kazan State University, Kremlevskaya str.18, 420008 Kazan, Russia
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Figure 1 Geometry of the sys- \ Y
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Figure 2 Magnetization behavior for: (a) “weak field” mode, (b) “stepwise motion” mode, (c) “strong field”
mode.

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 ¥) may be
determined by minimizing (1) a free energy E; of the system, consisting of the
magnetic anisotropy (2) and the external RF field (3) terms, with respect to the angle ¥
(Figure 1).

dE; _

0, Ex=Ey+E 1

v ;o Er H t B (1)

Ey = —MH(t) = —H} cos(wt)M cos¥ — Hcos (wt — dg)M sin¥ (2)
Exn = —K; cos?3(¥ — ) — Ky cos’ (¥ — d,) (3)

(Above) M—the magnetization of the sample, H(#)—the external RF field, K| and K,—
characteristic parameters of the magnetic anisotropy, U—the angle in plane between the x
axis and M (Figure 1).

The anisotropy energy (E,) takes into account: (a) the crystalline anisotropy resulting
from the hexagonal structure of FeBO; (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 K,) 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.
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Figure 3 Theoretical spectra for 1
“switching” hf field dynamics for Theory Experlment
various values of the hf field but A i W 1k} i
. = '—\' HI"“ '
at the same value of the ratio R: p ‘ I
(a) Hy=330 kOe, f=20 MHz; = iy \ ‘ i \lm |
(b) Hy,=170 kOe, f=10 MHz. = |H\ “‘ ‘ v
3 “ ” | I‘ |‘
H] A
-10 0 10 -
v, mm/s
" =
:i '-‘\l‘ |‘I"
% '.”l \'l‘
s
g |
2 \ |H U W‘
< Il | Hﬂ
U |l
-10 10
v, mm/s
Figure 4 Experimental spectra at
room temperature (7=293 K) for £y
rotating (a) and oscillating (b) RF s 'M .ﬁf,".:’“"
field mode, /=20 MHz, H,= LN . f‘{?
330 kOe, Hgp=8 Oe. 'v..'\, - ,\,_. AN A by a)
YR RERTAFAY
& VoY
= ;
o 094
- — T T T
.
2 -10 0 10
© 1.0 %
= WV . IV
v % & "\ A -*. o‘- a " " b
SARATERATE TS )
AR R
v w 'R
Ll
094 *
T T L T
-10 0 10
V, mm/s

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 Temperature of sample close to Neel point (7=335 K) (a) oscillating and (b) rotating RF field; /=
20 MHz, Hy,r=170 kOe, (2) Hry=10 Oe, (b) Hrr=7 Oc.

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 Hj is supposed to
be constant. Behavior of the hf field in the oscillating and rotating RF fields is reduced
to switching and rotating hf field 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 switching) 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 = wyr/wrr of the hf splitting (wyy) to the RF frequency (wrr) 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

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 (FeBO3) was 60 um. 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.

Acknowledgement The authors are grateful to G.V. Smirnov for providing the samples.
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Due to an unfortunate turn 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/10.1007/s10751-006-9376-4.

E. K. Sadykov (D<) + A. A. Yurichuk - V. Y. Lyubimov - G. L. Petrov
Kazan State University, Kremlevskaya str.18, 420008 Kazan, Russia
e-mail: esad@ksu.ru

@ Springer



904 E. Sadykov, et al.

Figure 3 Theoretical spectra for Theory EXperlment
“switching” hf field dynamics for 1 1
various values of the hf field but :’;
at the same value of the ratio R: =
(a) Hye= 330 kOe, f=20 MHz; el
(b) Hps=170 kOe, f= 10 MHz. <3
o
@
£ w Noa
10 0 10 -10 0 10
v, mm/s v, mm/s
1 1 ’ﬂ%
S
t“. %
c
5 I
5 A
?
g J b
-10 0 10 -10 0 10
v, mm/s v, mm/s

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: 10.1007/510751-006-9376-4 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
mnstrument 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 Mdssbauer 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 mm/s 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 [1], 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 1a 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 7, 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 1b 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'/T. The settling time effect will be more
important for velocity references with higher harmonic content, like the square waveform of
Figure 1la, 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(¢), velocity w(#) and acceleration a(f) for four different velocity waveforms,
evidencing the descending harmonic content in expense of the duty-cycle d. (b) Gate calibration in the case
of a transducer and servo amplifier that present an overshoot transient response (fitll 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/(7-F) is an integer. In addition, the velocity control will perform better if
the fundamental frequency of the return waveform of the reference 1/(7—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 v,(¢), 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 Méssbauer 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 [S, 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 Mdssbauer 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 ». The optimal effective thickness is proportional to 1/r%, while the
departure of the maximum polarization degree from the unity is proportional to r.

Key words Maossbauer 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 . P—1 when t—w. Below, we propose a more reliable, simple model of the
resonant filter.

1. The source of unpolarized radiation is characterised by the Lamb-Mdssbauer factor f;
and emits an intensity N,, composed of the fraction f;Ny/2 of resonant photons with the
polarization £=+1 and the f;Ny/2 with the polarization £=—1; the (1—f;)N, photons
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belong to the nonresonant radiation. The polarization =<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:

r 1
M gy W

2. The main absorption line of the filter (with the polarization £=+1 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 £&=—1 at the energy
E = E,. We assume that the relative weight 4, <« 4, (in a case of the ideal filter 4=
O, A] = 1)

4. There is an unwanted absorption line for the photon polarization §=—1. Its relative
weight is B_,. Only a tail of this line causes unwanted absorption because the transition
energy Ez>> I (in the case of an ideal filter £g—o0 or B_;—0). There may be some
additional absorption lines with the polarization &, located far away from the region
between E, and Ep. The absorption of these lines is neglected for simplicity.

The energy distribution, pg(E), of the fraction of photons with the polarization £ which
passes the polarizer is:

= £ ! .o 1oe(E)
O =g o)

where ¢ is the effective thickness [8] and o:(E) is the resonant cross-section for the
polarization &:

A:I? /4 B:I*/4

(E-E) +I'/4 (E-Es—E) +T%/4 ©)

ae(E) =

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

+00

Ne= ot [ BN @

o0
The polarization degree of the resonant radiation P is defined as usual:

_N,] - N

P=—
N+ N

(5)

The parameters 4;, By, Ep 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 ¢ can be tuned
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Figure 1 The dependence of the
coefficients x; and p; of the series
expansion on the parameter . Po (©)
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easily during the filter preparation, so the polarization degree P can be optimised. It is
convenient to introduce parameters:

AA_l/Al,x:tAl/z,S:BA1/A1, bZZEB/F. (6)

In the following, we shall set B 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 4,. Using the identity [9]:

1 [t 1

|

*eﬁdy - e*A/zfo(A/z) , (7)

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

lf e;2+|+o h) +1dy_e X[( )
Wi olx
P(x) = =—=% : = (®)
lf le\2+| (=2 +|dy+e x]o( )

The optimum thickness x,,, at which P(x) attains its maximum, is obtained from the
condition 0P/0x=0. 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 x,, and b) the maximum
polarization degree P... The thick lines - exact result (8) for s=1.3 satisfying condition 0P/0x=0. The
dotted lines approximate results including terms with the xo, po coefficients, thin lines approximate results
including terms with the xo+x,, po+p, coefficients in Eq. 10.

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

parameter .
[ 2
V= u+ b—j, (9)

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

X X
xopl:ﬁ+xl+f+...

(10
P =1 —por +3p5r° + (p1 +2)r° + ... )

The coefficients x; and p; in Eq. 10 are slowly varying functions of the only one parameter,

namely an angle ¢, defined as
2s
= arctgy [ — 11
¢ = arctgy /5, (11)

see Figure 1. The explicit form of x; and p; is given in [10].

The quality of the approximations Eq. 10 can be checked by a numerical integration of
Eq. 8 and finding x,, 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:

A_l B_1F2 B_1 r 2)(()
=Al—— 5, 8O =\ ot B Prax =1 — . 12
r 4 2A1E12;7 gPp 24 Ep’ opt A7 y £ 'max Por ( )
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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 £=—1 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 &=—1 polarization. The role of
both mechanisms is reflected in the form of and the value of a single small parameter ». The
optimal thickness of the filter is proportional to 2. Thus, when intrinsic quality of the
material increases (7 tends to zero), the filter may be thicker while giving polarization
degree smaller than one by a factor proportional to r. The proportionality constants xy and
po in Eq. 12 depend weakly on the angle ¢, 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 °’Fe 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 mmy/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 #=0.01.

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
7=0.12 and we may estimate that the optimal x,,=42. If we assume that all atoms from
D-site (fraction of 2/3) were active in resonant filtering, we estimate that 4,=1/4+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/cm® 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
Maossbauer techniques. Thin platelets of MgO single crystals were doped by diffusion of
'Fe atoms. The illumination of the MgO:*’Fe sample with a pulsed Nd:YAG laser
produced a significant broadening of the Mdssbauer spectrum. In order to find out what
caused these changes, we performed a series of time-domain experiments, in which the
Méossbauer spectra were collected only during a 2.5 ps gate interval. This gate interval was
swept from 5 ps to 190 ps over the time interval between the two laser pulses. After laser
irradiation, the position of the Mdossbauer 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:>’Fe - Mossbauer spectroscopy - pulsed laser beam

1 Méssbauer 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 [1]. 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 Méssbauer spectrum (3, 4].

Thin platelets of MgO single crystals (obtained from MTI Corporation), with the axis
orientation <100>, were doped by diffusion of *’Fe atoms. The transverse dimensions of
samples were 10x10 mm?®. Absorbers were prepared by rubbing >’Fe,O; powder (95%
enriched in >’Fe, Cambridge Isotope Lab) into the surface of 0.5 mm thick platelets of MgO
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 1,100°C
for 20 h. The resulting sample contained only divalent iron, all trivalent iron impurities
were reduced to a divalent state. The *’Fe concentration was estimated to be roughly
equivalent to 0.08 wt% Fe,05 (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 °’Co 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 Mdssbauer line as a
function of time. This technigue allows us to get a Mdssbauer spectrum at successive
intervals of 2.5 us 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 Mbossbauer spectrum of MgO:’’Fe sample without laser radiation consisted of a
broadened single line, as shown in Figure 1. Its width at room temperature was 0.46 mm/s
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Figure 2 MgO:*’Fe Mossbauer spectra collected at different time gate.

and its isomer shift was 1.04 mm/s relative to a-Fe. The temperature Mossbauer
measurements have revealed that the dependence of the center of gravity of the Fe*" line
and the reduction of Mdssbauer absorption profile area, 4(7)/4 (295 K), follow the Debye
model, with @p=420 K for the isomer shift dependence and @p=428 K for the area reduction.

The illumination of the sample by pulsed laser radiation leads to major changes in the
Méssbauer spectrum. In Figure 1, MgO:*'Fe 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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width decreases. Thus, the laser heating of the sample would affect the Mdssbauer
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 Fe" electronic absorption into SEg 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, 7, was split into two parts — just after the pulse, T}, and
before the pulse, T5. The Méssbauer 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 7' was called “laser on” while the spectrum collected during the time T, 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 1 K and could not lead to any measurable changes in the Mdssbauer spectrum. The
center shift of “laser on” and “laser off” Mdssbauer spectra was almost same within the
limits of experimental error, i.e., 0.95+0.03 mm/s and 0.97+0.02 mm/s for “laser on” and
“laser off” Mossbauer spectra, respectively. Furthermore, Méssbauer 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 Mdssbauer line center. In order to find out what caused these changes; we
performed a series of time-domain experiments. The Mdssbauer spectra were collected only
during the 2.5 ps gate interval. The latter was swept from 5 ps to 190 us over the time
interval between the two laser pulses. In other words, we collected the Mdssbauer 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 Mdssbauer 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

2 A (r/z) zdt
= | s
7 (v — Vo — voexp (‘t/to) sin (27ft + cp(,)) + (Th)

bl
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where v is the velocity, ¥, the position of Mdssbauer line before laser pulse, and T 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 4, the frequency and the relaxation time #, of this oscillatory curve
as vo=0.8 mm/s, /=68 kHz and =48 us.

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 Mdssbauer 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 Mdssbauer 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 Mdssbauer 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 of f=constx(d/L)f, where L is the side
length and d the thickness of the plate, and fo=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=1 cm, and for v=9.1x10* m/s, we have fo=
4.5x10° Hz, and f=constx22.5 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 Mdssbauer
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% CuFeS,, 3% FeS, 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
Madssbauer 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 (Fe,0s), franklinite (ZnFe,0,), copper-rich ferrite (Cu;_.Zn,Fe,04, x<0.5),
and copper ferrite (CuFe,O4). 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 (CuFeS,) 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 (FeS,). 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
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Figure 1 Percentage of retained
sulphur in the electric muffle
furnace and microwave produced
calcines.

Figure 2 Mossbauer spectra of a
microwave roasted chalcopyrite
concentrate. Different roasting
durations were used. Solid lines
are theoretical fits to the data
(open circles). The sextet extend-
ing from —6 to 6 mms " is
attributed to chalcopyrite. The
outermost sextet extending from
—8 to 8 mms ' is hematite.
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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 (H,SO,4, HNO;, aqua regia, HCI)
[1, 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 1 Experimental hyperfine interaction parameters of the spectral components in the spectrum of
calcines produced after 1, 5 and 10 min at 2.45 GHz — 1 KW

Microwave roasting Spectral I line width 6/Fe Qs Bhf #Abundance

duration (min) Component (mm/s) (mm/s) (mm/s) (T) (%)

1 Chalcopyrite (CuFeS,) 0.30 (2) 0.24(2) 0.20 35.00 88(3)
Pyrite 0.71 034(2) 0732 - 12

5 Chalcopyrite (CuFeS,) 0.50 (2) 0.29(2) 0.21 34.81 38
Hematite: Fe,05 0.31 0.36(2) —0.20(2) 51.40(2) 26
Cu-rich ferrite 0.43-60 0.43(2) 0.30-046 454(1) 10
(Cuy_ZnFe;04, x<0.5)
Franklinite (ZnFe,O4)  0.35 (fixed) 037(2) 043 - 12
Cu—ferrite (CuFe,0,)  0.42-0.60 0.33(2) 0.02(2) 48495 14

10 Hematite: Fe,O3 0.25-0.38 0.38(1) -020(2) 51.8(2) 23
Cu-rich ferrite 0.60-1.95 0.32(2) -0.20-0.59 454 (1) 61
(Cu)_Zn,Fe,04, x<0.5)
Franklinite (ZnFe,O;)  0.35 (fixed) 0.37(2) 043 - 9

Cu-ferrite (CuFe,0;) 030045  0.42(1) 0(2) 49.00 7

Statistical error indicated in parenthesis
“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 Materials and roasting process

20 g of chalcopyrite concentrate containing 83% CuFeS,, 3% FeS, and 14% ZnS (i.c. 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 Mdssbauer 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 Characterisation techniques

XRD patterns were collected using a Phillips PW 1,830 diffract meter with a CuKo
cathode. The diffractometer was operated at a generator voltage of 40 KV and a current of
20 mA while the goniometer was scanning 26 values from 10 to 70° at a scan rate of 1.0 s/
step (step size=0.020° 26). Mossbauer spectra were recorded in the normal transmission
geometry. A constant acceleration motor was used to scan the velocity range of interest,
with a >’Co(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 I line width  &/Fe Qs By (T) *Abundance
(mm/s) (mm/)  (mm/s) (%)
600°C — 30 min  Chalcopyrite 0.30 0.24 0.0005 35.3(5) 8(3)
Hematite 0.34 036 02 51.2(2) 222)
Franklinite, Zn-rich ferrites”  0.40 0.33 045 - 18(2)
700°C — 30 min  Ferrites” 0.32" 0.36 0.14  10-50" 52(2)
Hematite 0.30 038 02 51.8(1) 51(2)
Franklinite, Zn-rich ferrites  0.68 0.29 0.46 -FS 9(2)
Ferrites™ (CuZn ferrites) 0.26" 030 —0.03 10-50"  40(2)
800°C — 10 min  Hematite 0.36 036 02 51.7(2)  44Q2)
Franklinite, Zn-rich ferrites ~ 0.72 0.34 042 - 11Q2)
Ferrites” 0.30" 031  -003  10-50" 45(3)
800°C — 20 min  Hematite 0.34 037 -02 51.8(2) 33(2)
Franklinite, Zn-rich ferrites  0.73 0.32 039 - 16(2)
Ferrites” 0.30" 031  -0.02  10-50" 51(3)
800°C — 30 min  Hematite 0.34 037  -019 5171 31Q)
Franklinite, Zn-rich ferrites  0.66 0.34 0.44 - 18(2)
Ferrites” 0.30" 033  —0.01 10-50"  51¢2)
800°C — 60 min  Hematite 0.34 037 019  51.7Q2) 31(Q2)
Franklinite, Zn-rich ferrites  0.65 0.32 0.44 - 19(2)
Ferrites™ 0.30" 030 —0.01 10-50"  50(3)
800°C — Hematite 0.34 036 -0.18  51.6(2) 29(2)
120 min Franklinite, Zn-rich ferrites  0.68 0.33 043 - 18(2)
Ferrites™ 0.30 030 -0.02  10-50" 53¢3)
800°C — Hematite 0.34 026 —0.19  51.62) 30(2)
180 min Franklinite, Zn-rich ferrites  0.64 0.30 0.46 - 18(2)
Ferrites” 0.30° 030 -0.01 10-50"  52(3)

Statistical error indicated in parenthesis
“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, and
mineral attributions were made using the Mossbauer minerals handbook [4].

3 Results and discussion

The chalcopyrite concentrate subjected to microwave roasting converted from greenish to
dark-grey/black (charcoal) color. The residual sulphur determination test, showed a 65%
sulphur reduction after only 5 min of microwave roasting. It was observed that roasting
chalcopyrite for more than 10 min, the amount of residual sulphur was substantially
reduced to zero. While for the muffle products similar values were observed at 800°C, after
30 min. As depicted in Figure 1, heating at 600 and 700°C 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 hematite is
noticed. It could be formed either from the pyrite Figure 2:
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The broad sextet in the spectra of the calcines produced after 5 and 10 min, Tables I and II,
is attributed to copper-rich ferrite Cu,_.Zn,Fe,04 (x<0.5) and/or Zn—ferrite (Zn,Fe;_ 0y,
x<0.8), whereas the central doublet is supposed to be zinc-rich ferrite Cu,_,Zn,Fe,04 (x>
0.5) and/or Franklinite ZnFe,O,.

4 Conclusions

In the case of roasting chalcopyrite concentrate with microwaves for 5 min the minerals
detected using Mossbauer spectroscopy are hematite, copper—ferrite Cu,FeQ,, 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 Zn,Fe;_ 0,4, CuFe; 04 and/or Cu,_ZnFe,O, with x<0.5. Whereas a central
doublet has been used to represent Zn-rich ferrites, Franklinite, Zn,Fe;_,O4 (x~1) and/or
Zn,Cu;_Fe;04 (x>0.5) which, are paramagnetic at room temperature. Mossbauer
spectroscopy alone cannot easily distinguish between these ferrites, i.e., Zn,Fe;_ ,O,,
Cu,Fe;_ 04 and/or Cu;_,Zn/Fe,0,4 because they may have overlapping Mossbauer
parameters for a range of compositions (x values). MS of conventionally produced calcines
from chalcopyrite concentrate showed mainly zine 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: Jy;ni(7) <
0, Jrere(ri) > 0, Juipelry) < 0.

Key words Mdssbauer 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 of alloys 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.
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Kiev, Ukraine
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Table I Chemical composition and Curie point* of alloys

Ni (at %) Mn (at %) C (at %) Fe Te(xu) K TAM) K
28.18 - - Balance 335 402°
27.63 - 5.85 Balance 454 496
28.77 0.63 - Balance 322 398°
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

Tdxa) and ToM) were determined from variations of the magnetic susceptibility and saturation
magnetization, respectively;

P T 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 I. 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 MS1101E spectrometer in the
constant acceleration mode at temperatures in the range 163—413 K. *’Co (Cr) of 1.8 MBq
was the source of y-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 ™', 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 A'm™' and
1 kHz, respectively.

3 Results and discussion

The martensitic transformation is observed for carbon-free alloys. The values of the
martensitic point (M) obtained from the magnetic susceptibility (Figure 1a,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 [11]. The martensitic transition is suppressed by addition of
carbon (decreasing of Mj), 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, 7, evaluated from the temperature-
dependent magnetic susceptibility, Te{(xac), (Figure 1) and from the saturation magnetiza-
tion, T(M), (Figure 2) are listed in Table I. T(M) is 10-20% greater than T () (Table I).
This is due to the effect of the rather large external magnetic field (800 kA'm™"). The
increase of Ty in f.c.c. Fe-Ni—Co—Cu-Ti alloys under applied magnetic field was
previously observed and interpreted in terms of the AT ~ H*” law in [9].

However, the observed main trend is the increase of the magnetic transition temperature
(T (xac) or Te(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-0.63% Mn (¢), Fe-28.80% Ni-0.43% Mn-5.51% C (d). M, is the martensitic point, T¢ is the
Curie temperature.

technique. The ac susceptibility data show that T 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 (= 1 wt.%) of the alloy containing ~29at % Ni results in the increase of T by
119 K, which is consistent with the data of [4-6]. The value of T 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 f.c.c. Fe-Ni alloys and this effect is related to the Ni concentration. The addition
of 0.63at % Mn has an opposite effect on T 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 T 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-1.06at % Mn-6.62at % C alloy decreases T
by about 32 K. The decrease of T 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(T/Tc)/M,, were plotted using the values of T{(xac). Mo
was obtained from the extrapolation of the experimental data to zero temperature (Figure 2).
The behavior of M(T/T¢)/M, 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 magnetization (Figures 2b, and 3a). Similar changes are
observed for the Fe-Ni-Mn—C alloys (Figures 2b, 3b). The largest magnetization is

@ Springer



932 V. M. Nadutov, Y. O. Svystunov, et al.

. + Fe-28.18% Ni |
EE * s+ Fe-28.77%Ni-0.63%Mn |
150 A L
- 4 M, =287K
X100 X |
£ a -
I“-.
S 5°| R T =402K
0! M =235K M
| T =398K -
0 200 400 600 800
T.K T.K

Figure 2 Temperature-dependent saturation magnetization for Fe-28.18 at % Ni, Fe-28.77at % Ni-0.63at %
Mn alloys after heating and following cooling (a) and Fe-33.55at % Ni, Fe-27.63at % Ni-5.85at % C,
Fe-33.99at % Ni-2.82at % C, Fe-28.80at % Ni-0.43at % Mn-5.51at % C (b, heating curves). M, is the
martensitic point, T¢ is the Curie temperature.

observed for the alloy with 33.99at % Ni and 2.82at % C, which however remains lower
than M(T/T-)/M, 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 T(Cy;,
Cc) 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 T for a disordered f.c.c. Fe,_. Ni,, alloy was considered in [13, 14]. The exchange
interaction energies for the nearest interatomic distances r; were estimated using the
relatlonshlp J, (r, =q / \/_ (0)/12, where a is the f.c.c. unit cell parameter,
J o (k) are the Founer components of the exchange interaction energies for wave vector

The different signs of the exchange integrals, Juini(r:) < 0, Jrere(r:) > 0, Inipe(r:) < 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 the .]Na (k) values (Table II) and the most realistic spin values sg, = 3/2 and sn; =
1/2 [1] we have simulated the temperature dependence of the reduced magnetization for the
Fe-28at % Ni and Fe-28at % Ni—C systems:

ag 5 c o S C
M Fe' Fe Fe T ONi Ni Ni

= oT—0s )
My L %pp + 0L

where of, and oy; 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]:

_ l = 22 -
Fe — BSF‘, <_ (I——CW {JFeFe(O)(l ch) SFeOFe + JFeNt(O)cNt(l CNI)SFGSNlO-Nl}>

1 ~ ~
oni = By, <— P {JNiNi(O)Cjzv,'S/zv,'O'Ni + Jreni(0)eni(1 — CN[)SFeSN[O'Fe}>
1
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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) (heating curves) and for Fe-28.18 at % Ni (a) and Fe-28.77 at % Ni-0.63 at % Mn (b)
(cooling curves). Calculated M(T/Tc)/M, curves vs. reduced temperature (c). A denotes M/M,, for pure Ni
[2).

Table II Fourier-components of exchange interaction energies T 2 (F) (€V) and relevant exchange integrals
for nearest spins interaction Jy(r7) (meV) for two low-spin states of Ni and Fe atoms in disordered f.c.c.
Fe-Ni and Fe-Ni—C alloys

cc SNi SFe Jrini(0) Ininilr) Jrere(0) Jeerelrr) Inire(0) Inire(rs)
- 12 312 —0.211 -17 0.074 6 —0.240 =20
0.00071 12 312 —0.186 -15.5 0.262 21.8 -0.314 -26

Signs of Jini(ry) < 0, Jrere(r:) > 0, Juire(r) < 0 are opposite to those obtained in [15, 16] that is associated
with the initial definition of the exchange interaction energy and remains the correct determination of FM and
AF ordering.

One can notice the deviation of the calculated M(7/T)/M, function for the Fe-Ni system
from the curve of Ni metal (Figure 3¢). 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-5.51at % C alloys has a
smeared shape with broadened components (Figure 4). The hyperfine magnetic field lies
within the interval of 340 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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isomer shifts, p() [13]. Increasing the temperature in the range of 163—413 K narrowed the
Méssbauer spectra and the magnetic splitting collapsed as the temperature achieved T
(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 Mdssbauer
spectra of the Fe-27.63at % Ni-5.85at % C alloy are given in [13].

The H,,., values were evaluated from the minimum of the first derivative on the right
slope of the p (H) function and the Hp,,,, values from the maximum. H, was obtained from
the extrapolation of the experimental H(7/T) points to zero temperature. For this procedure
we have considered H(T/T¢)/H,y = 0.91-0.96 for the Fe-Ni—C and Fe-Ni-Mn—C alloys at
T/Tc = 0.35-0.40 (the lowest temperatures in our experiments) by assuming that values are
close to those of Invar Fe-Ni alloys: 0.89-0.95 [17, 18].

One can notice the drastic decrease of H,,,;,/Hy and Hp,,,./H, at temperatures lower
than T(xac) (Figure 3a,b). The estimated temperatures T (H) =407 = 15 K and T (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> + By, (where
A and B are constants) [19] cannot be used for C-containing Invar alloys. For example, B/4
= 1.24 kOe/pp at low temperature and B/4 = 0.19 kOe/pz nearby T for the Fe-27.63 at.%
Ni-5.85at % C alloy. We think that deviation of H(< 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,,
<0, Hy, >0, H, <0, [20]) and at different temperatures.
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4 Conclusions

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: T(H) < T(xac) < T(M).
The mixed exchange interactions between the atomic spins: Jyni(r) < 0, Jrere(r7) > 0,
Inire(r)) < 0 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.
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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 Mssbauer 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 -
Méssbauer spectroscopy

1 Introduction

Iron-rich alioys 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 [1]. 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
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Moscow State Institute of Steel and Alloy, Leninsky prosp., 4, Moscow 119049, Russia
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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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Figure 2 Behaviour vs. Mn 100
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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 Fe go-xMn, (x=6, 8, 10, 14, 16, 18, 20, 22, 30 at.% Mn). Fifteen grams of material
and 150 g of 7.8 mm-diameter steel balls were loaded into hermetic 160-cm’ 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 °’Co:Rh source. The isomer shifts were calculated with respect to the centroid of
the o-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 of b.c.c. (x-Fe) and f.c.c. (y-Fe) solid solutions. A single b.c.c. phase is observed
in similar alloys with manganese concentration x < 8 at.%, while both b.c.c. and fc.c.
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phases are present for 10 < x <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 o-Fe based b.
c.c. phase increases threefold compared to the equilibrium phase diagram, while in the fc.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 of Mn 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 Mdssbauer 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 <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 < x < 30 at.%), the b.c.c. phase was enriched with Fe and f.c.c. phase was
enriched with Mn 1in 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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