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Preface 

This book presents the majority of the contributions to the Tenth German-Vietnamese 
Seminar on Physics and Engineering (GVS10) that took place in the Gustav-
Stresemann-Institut (GSI) in Bonn from June 6 to June 9, 2007. In the focus of 
these studies are the preparation and basic properties of new material systems, 
related investigation methods, and practical applications. Accordingly the sections 
in this book are entitled electrons: transport and confinement, low-dimensional 
systems,  magnetism, oxidic materials, organic films, new materials, and methods.  

The series of German-Vietnamese seminars was initiated and sponsored by  
the Gottlieb Daimler- and Karl Benz -Foundation since 1998 and took place alter-
nately in both countries. These bilateral meetings brought together top-notch 
senior and junior Vietnamese scientists with German Scientists and stimulated 
many contacts and co-operations. Under the general title “Physics and Engineer-
ing” the programs covered, in the form of keynote-lectures, oral presentations  
and posters, experimental and theoretical cutting-edge material-physics oriented 
topics. The majority of the contributions was dealing with modern topics of material 
science, particularly nanoscience, which is a research field of high importance  
also in Vietnam. Modern material science allows a quick transfer of research 
results to technical applications, which is very useful for fast developing countries 
like Vietnam. On the other hand, the seminars took profit from the strong cross-
fertilization of the different disciplines of physics.   

This book is dedicated to the tenth anniversary of the seminars and nicely 
shows the scientific progress in Vietnam and the competitive level reached. Because 
of that and since also leading scientists present their actual studies we hope that 
the readers will enjoy studying this book.  

The editors, i.e. the organizers of the seminar series Annemarie Pucci (Heidelberg) 
and Do Tran Cat (Hanoi) and the local organizer of GVS10, Klaus Wandelt (Bonn), 
would like to express their thanks to all contributors to this book. Financial support 
of the 10th anniversary seminar by the Gottlieb Daimler- and Karl Benz –Foundation 
and, in addition, by the Deutsche Forschungsgemeinschaft is gratefully acknow-
ledged. Many thanks go also to Conrad Becker and Anneliese Kirschfink (Bonn) 
for their great help in the organization of the meeting and in the preparation of  
this book. 
 
July 2008 
 
 
 

K. Wandelt (Bonn)           A. Pucci (Heidelberg)            Do Tran Cat (Hanoi) 
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Hierarchical Diffusive Properties of Electrons  
in Quasiperiodic Chains 

Michael Schreiber 

Technische Universität Chemnitz, 09107 Chemnitz, Germany  
E-mail: schreiber@tu-chemnitz.de 

Abstract. Electronic states have been calculated for a simple model Hamiltonian describing  
a quasiperiodic chain constructed according to the silver-mean sequence. The diffusive pro-
perties are described by the return probability and the evolution of the width of the wave 
packet over very long time scales. For small hopping probability, a hierarchical structure 
can be observed. Introducing an impurity site on the chain allows us to control the wave-
packet dynamics.   

1. Introduction 

Quasicrystalline structures are characterized by the presence of long-range order 
but no translational symmetry [1]. These solids can be viewed as intermediate 
structures between crystalline and amorphous materials [2]. Unusual electronic 
properties result [3]. Although quasicrystals are usually composed of elements 
which in their pure form are good conductors, they show very low electric con-
ductivity which decreases with decreasing temperature and also with the structural 
perfection of the quasicrystal [4-6]. This unusual behavior can be explained by the 
formation of localized states, by the reduction of the density of states at the Fermi 

In order to find out more about the characteristic behavior of electronic states  
in quasicrystals, it is useful to analyse the behavior of non-interacting electrons 
moving in a quasiperiodic system. Here we present a numerical investigation of  
the electronic structure and the diffusive properties for a particular one-dimensional 
model system, namely the quasiperiodic silver-mean sequence. Mathematically rigo-
rous results have been obtained for a large class of comparable one-dimensional 
discrete aperiodic Schrödinger operators which can be constructed from substi-
tution sequences [7]. The so-called trace maps constitute another interesting method 
to investigate the transport properties of one-dimensional quasiperiodic systems 
by means of transfer matrices [8].  

Due to the quasiperiodic order the electronic states cannot be expected to be 
extended Bloch states as in conventional periodic crystals, where the conduction 
electrons can move freely through the perfect periodic system. There electronic 
transport is possible, the system is metallic, unless the Fermi energy falls into a 
band gap. Weak disorder does not change this behavior qualitatively in three-
dimensional crystals. In one dimension, however, already weak disorder leads to 
exponential localization of the electronic states, which makes the system insulating. 

[4–6].  
energy, and/or unusual diffusive properties due to the quasicrystalline structure 



Strong disorder always leads to localization and therefore insulating behavior. The 
origin of these localization effects is the interference of the electronic wave 
functions scattered at the disordered potential [9]. 

Classical waves have been shown to propagate in quasiperiodic structures [10]. 
In quasicrystals the long-range order means that the same structural units appear 
over and over again, although this does not lead to translational symmetry. The 
question now is, whether this has a delocalizing effect and how this might 
counterbalance the non-periodic behavior which can be interpreted as a certain 
kind of disorder so that one would expect localization. The answer is that in 
simple model Hamiltonians usually the electronic states are neither extended nor 
exponentially localized, but they are so-called critical states [3]. The spatial 
distribution of their wave-function probability is multifractal and exhibits self-
similarity [11,12]. This behavior is reminiscent of the critical states at the metal-
insulator transition in the Anderson model of localization, which are neither 
extended nor localized but self-similar and multifractal [9]. It can be shown in  
a mathematically rigorous way for many one-dimensional quasiperiodic systems 
that the corresponding energy spectra are purely singular continuous [7,13] which 
means that they do not contain a continuous part corresponding to extended states, 
nor do they comprise a point part, reflecting localized eigenstates. As a con-
sequence, the density of states is also a fractal, like a Cantor set, and the integrated 
density of states is a devil’s staircase [3,14].  

The model Hamiltonian that we have investigated [14] belongs to such a class 
of one-dimensional discrete aperiodic Schrödinger operators.         

2. Model Hamiltonian and Energy Spectra  

The silver-mean sequence is defined by the inflation rule {S→L;L→LSL} 
operating on the letters L and S which will be interpreted as large and small 
hopping elements between the sites of the one-dimensional quasiperiodic struc-
ture. Starting with the letter S the inflation rule is iterated m times yielding the 
word LSLLLSLLSLLSLLLSL.LSLLLSL.LSLLLSLLSLLSLLLSL = LSL = L 
after the first five iterations. The dots in this sequence indicate another construc-
tion principle: this fifth approximant L can also be obtained by combining the 
fourth approximant L and the third approximant S according to LSL. Consequ-
ently the length of the word in each iteration is given by twice the length of the 
word in the previous iteration plus the length of the word of the preprevious 
iteration. Therefore, the number of letters increases inflationary, and the next 
seven iterations lead to words with N = 99, 239, 577, 1393, 3363, 8119, 19601 
letters for m = 6,…, 12, respectively. The ratio of the lengths of two successive 
approximants approaches the so-called silver mean S = 1+ ;2  for large m.  
In the continuous fraction notation this irrational number is given by S = 
[2,2,2,…]. 

The matrix elements of the tight-binding Hamiltonian, which we employ [15] 
to describe the electronic states, are given by Hij i,j±1, where i and j label the 
sites of the chain. As indicated by the Kronecker symbol only nearest neighbor 
hopping integrals t are taken into account. Their values are determined by the 
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Fig. 1. Dependence of the eigenenergies on the hopping parameter v for the 10th approxi-
mant of the silver-mean quasiperiodic chain with 3364 sites. Only eigenvalues E < 0 are 
shown because of the symmetry of the spectrum about the center of the band. The single 
line starting at E = –1 for v = 0 reflects two states which are a consequence of the open 
boundary conditions which we have used [15] 

quasiperiodic sequence and we choose tL = 1 and tS = v with 0 < v < 1. These off-
diagonal matrix elements comprise the kinetic energy in the tight-binding 
Hamiltonian and thus reflect the itineracy of the electrons. The diagonal elements 
of the Hamiltonian matrix, which correspond to the potential energy, are set to 
zero which means that there is no energetic disorder present in the simulation.  

The diagonalization of the Hamiltonian matrix yields the eigenenergies, and 
their dependence on the hopping parameter v is displayed in figure 1. It is a 
characteristic feature of these spectra that gaps of various sizes exists. The gap-
labeling theorem allows for an enumeration of all possible gaps [13,16]. In the 
limit of vanishing v the silver-mean bond sequence disintegrates into clusters of 
two different sizes, namely of three and four sites with LL and LLL bonds 
respectively, separated by S bonds with vanishing hopping probabilities. In this 
limit we get seven eigenenergies, namely ELLL = ±( ;5 ±1)/2 and ELL= ± ;2 , 0. 
In the other limit v→1 the fully periodic system is recovered with a continuous 
energy band between Emin = –2 and Emax = +2. 

In figure 2 the density of states is shown for three different values of the 
parameter v. As mentioned in the introduction it is well known that the spectrum 
of such systems in singular continuous and a Cantor set of zero Lebesgue measure 
[7]. The integrated density of states, which just counts the number of eigenvalues 
up to a given energy E is also shown in figure 2 and the prominent plateaus 
correspond of course to the gaps in the spectrum. Just as gaps of various sizes 
appear, there exist plateaus of all sizes and such step functions have been given 

3.  Quantum Diffusion and Transport 

To investigate the transport properties of the electrons on the quasiperiodic chain we 
utilize the eigenfunctions T

Nkjkkk ),...,,...,( 0 ψψψψ = of the states with eigenenergy  

the name devil’s staircase.  
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 Fig. 2. Density of states (arbi-
trary scale) and integrated 
density of states of the 12th 
approximant of the silver-mean 
quasiperiodic chain with 19602 
sites for v = 0.8, 0.5, and 0.3 
(from top to bottom) [14] 

 
 
 
 
 
 

localized wave packets by a suitable linear combination of these wave functions:  

T
Njk

k
ka ),...,,...,( 0 ΨΨΨ==Ψ ∑ ψ  

The time evolution of the wave packets is then given by the time evolution of 
the contributing wave functions, namely tiE

kk
ke −=ψψ . In particular, we start 

with a wave packet that is initially localized on one site i0 only: 
0,)0( ijj t δ==Ψ . 

The spreading of such a wave packet can be characterized by the temporal auto-
correlation function and the mean-square displacement [17].  

The temporal autocorrelation function  

')'(1)( 2

0
0

dtt
t

tC
t

i ⏐Ψ⏐= ∫  

Ek at site j which are obtained from the diagonalization and construct initially 
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th

describes the return probability of the wave packet to the initial site. A charac-
teristic feature of quasiperiodic systems is that the asymptotic behavior of C(t) for 
large times is given by a power law  

. 

periodic chain are displayed for various values of the parameter v. The doubly 
logarithmic plot clearly shows that the power law is fulfilled with exponents  
decreasing from  ≈ 1 for large v to  ≈ 0.13 for v = 0.1. An interesting feature 
of these plots is the appearance of steps in the autocorrelation function for small 
values of the parameter v. This means that the return probability remains relatively 
constant for long periods of time and then drops substantially to a lower value. On 
the doubly logarithmic scales of the plots these constant values appear to be 
approximately equidistant. This reflects the hierarchical structure of the quasi-
periodic sequence, which in turn follows from the construction procedure, namely 
the inflation.  

Another commonly studied quantity for characterization of the electron dyna-
mics is the mean-square displacement d(t) of the wave packet, defined as  

22
0

2 )()( ⏐Ψ⏐⏐−⏐= ∑ tijtd j
j

, 

which directly reflects the spatial spreading of the wave packet. This quantity is 
also expected to asymptotically follow a power law 

βttd ~)(  

for large times t. Our results [3,14] are displayed in figure 4 and confirm this 
expectation. The exponent  is close to unity for large v (  ≈ 0.95 at v = 0.9)  
and decreases with decreasing v nearly linearly to  = 0.3 at v = 0.1. For v = 0.1 
again distinct steps can be observed which mean that for long periods in time the 
wave packet does not spread much further, but then a substantial increase of the 
 

 

sites for different values of the hopping 
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of the 12  approximant of the silver-
mean quasiperiodic chain with 19602 

Fig. 3. Autocorrelation function C(t) 

parameter v [14] 

C(t) ~ t
In figure 3 the results of our investigation [3,14] of the silver-mean quasi-

δ−
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Fig. 4. Mean-square displacement d(t) 
of the 9th approximant of the silver-
mean quasiperiodic chain with 1394 
sites for different values of the hopp-
ing parameter v [14] 

width occurs. This behavior again reflects the hierarchical construction of the 
quasiperiodic chain. 

For a closer inspection of these steps we have simulated the chain for much 
longer times at three small values of the hopping parameter [18]. The results  
are shown in figure 5 where the steps are very prominent. The overall behavior 
can be fitted by a power law yielding, e.g.,  ≈ 0.2 for v = 0.025. But this is an 
average over two distinctly different behaviors, namely a strong expansion that 
can be described by a power law with  ≈ 0.79 and a constrained behavior 
where the mean square displacement fluctuates strongly but remains bounded 
from above by more or less a constant value. The insets in figure 5 demonstrate 
that these fluctuations are self-similar, they grow exponentially in time and in 
spatial extent. Here the hierarchical structure is shown most impressively. A direct 
visual inspection of the temporal evolution of the wave packet reveals that the   
 

Fig. 5. Same as figure 
4, but for longer times 
and three small values 
of the parameter v. In 
the insets a magnifica-
tion of the regions which 
are indicated by dashed 
boxes in the main plot is 
displayed [18] 
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fluctuations are due to breathing modes. Most of the time only a small part of the 
wave packet leaks out of the confinement region and then sometimes there 
happens a somewhat sudden expansion to the next level of the hierarchy. It is 
interesting to note that this fast spreading occurs according to a power law with 
nearly the same exponent for the three different values of the hopping parameter 
in figure 4. This is an indication that the fast expansion is not governed by the 
small hopping parameter, but rather it is a kind of resonance between different 
hierarchical levels of the clusters. A similar step-like behavior with  = 1 was 
proposed [19] for a qualitative model of the spreading of wave packets in a 
semiclassical approximation for a hierarchical splitting of the spectrum in two 
bands of constant widths. As shown in figures 1 and 2, in the present investigation 
the band widths are not constant which might be the reason for the deviation of the 
exponent.  

4. Effect of an Impurity  

Finally, we have studied the influence that an impurity might have on the 
spreading of the wave function [18]. For this purpose, we have added a diagonal 
matrix element Hii = u at a single site. For large u this will just be an impenetrable 

packet dynamics on the position of the impurity. This is demonstrated in figures 6 
and 7, where one can follow the evolution of the same wave packet starting from 
the same initial site and interacting with an impurity located at two different sites, 
in particular two different local environments. The site where the wave packet 
starts belongs to a cluster of type LLL. In the first case, the impurity is located in a 
cluster of the other type LL and in this case the evolution is only slightly different 

 
Fig. 6. Snapshots of the evolution 
of a wave packet on the 8th approxi-
mant of the silver-mean quasiperi-
odic chain with 578 sites for v = 0.1 
in the presence of an impurity with 
u = 0.1 which is located on a cluster 
with two L bonds at a position 
which is indicated in each panel by 
the vertical line. The wave packet is 
initially localized at a single site 
The vertical dashed lines mark the 
position of the impurity in figure 7. 
The panels show⏐Ψj(t)⏐ for t = e24, 
e21, e18, e15, e12, e9, and e6 (from top 
to bottom) [18] 

from that without any impurity at all. The snapshots in figure 6 show the spreading 

barrier. For small values of u, we find an interesting dependence of the wave-
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Fig. 7. Same as figure 6 but for an 
impurity which is located on a cluster 
with three L bonds at the position 
marked in each panel by a vertical 
line. The vertical dashed lines indicate 
the position of the impurity in figure 
6 [18] 

and they also demonstrate again the hierarchical or step-wise expansion, because 
for a long time, actually three orders of magnitude in time, the appearance of the 
wave packet remains nearly the same, before it appears doubled. Then it remains 
nearly the same again for approximately another three the same orders of magni-
tude in time, before it appears again doubled.   

When the impurity is located on a cluster of the same type as the initial site of 
the wave packet like in figure 7 then it acts effectively as a barrier and instead of 
transmission now a strong reflection can be observed. Only a negligible part of the 
probability leaks through the barrier and appears in those spatial regions in which 
there were strong wave function contributions in the other case at longer times. It 
is interesting to note that the reflected parts of the wave functions build up a 
significant amplitude much earlier than the “normally” transmitted parts in the 
first case. This can be seen at t = e15 where the reflections in figure 7 are already 
prominent, while there is no corresponding structure in figure 6.  

5. Summary and Outlook     

We have investigated the electronic spectra and the wave-packet dynamics of 
electronic states on a quasiperiodic chain. The structure of the chain was 
determined by the silver-mean sequence of the hopping integrals. Comparable 
simulations (not shown here) with constant hopping elements and diagonal 
Hamiltonian matrix elements chosen according to a quasiperiodic sequence have 
given similar results. The spectrum is singular continuous with gaps of various 
sizes in agreement with the gap labeling theorem. The autocorrelation function 
and the return probability show anomalous diffusion. For small hopping para-
meters small steps occur in both functions reflecting the hierarchical structure of 
the quasiperiodic chain. Introducing an impurity into the system allows us to 
control the wave-packet dynamics. Thus it might be feasible by externally 
influencing the strength of such an impurity to switch between the transmitting 
and the reflecting behavior and in this way it might be possible to control the 
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localization of the wave packet on a subsystem and thus to confine or not to 
confine the wave packet.   
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Effect of Single-Side Modulation Doping  
on Low-Temperature Transport Properties  
in Square Infinite Quantum Wells 

Nguyen Huyen Tung1, Doan Nhat Quang2 and Do Thi Hien2 

1 

2 

Abstract. A variational approach is given for the effect from single-side modulation doping 

quantum well (QW). We obtained analytic expressions which describe the doping effects 
on the carrier distribution in the well, their roughness-induced scattering in the in-plane and 
screening by them. The calculation of the transport lifetimes is performed for holes in a 
SiGe/Ge/SiGe square QW, and the result is found in quantitative agreement with recently 
measured dependence on experimental conditions such as channel width and carrier 
density. 

1. Introduction 

Modulation doped strained Ge and SiGe-based quantum wells (QWs) have 
received enormous attention in recent years due to their importance in device 
applications. In order to upgrade the hole mobility of the above-quoted QWs, one 
needs to identify the key scattering mechanisms limiting the transport properties 
of their two-dimensional hole gas (2DHG), and reduce their detrimental effects. It 
is well known [1,2] that the best way for this purpose is to study the dependence 
of 2DHG mobility on experimental conditions such as sample temperature, carrier 
density, and channel width.  

It is worth to mention that although the above dependencies were explored by a 
number of authors, they still remain as challenging problems. Firstly, there are 
several reports [3–5] on the channel width dependence of the 2DHG mobility 
measured in a strained Ge channel in Si1–xGex/Ge/Si1-xGex QWs. This exhibits a 
pronounced peak, which is in sharp contrast to the monotonic increase predicted 
by the normally adopted theories [6], but, to date no theoretical analysis available. 
Secondly, the key scattering mechanisms for these QWs are a subject under 
debate. The previous interpretations of some experimental findings are quite 
different even due to one and the same research group [4,8]. Indeed, from the 
2DHG mobility dependence on temperature (≤ 100K) and on channel width some 
authors [3,4,8] assumed surface roughness scattering to be the key mechanism. 
However, from the carrier density dependence of the mobility and the transport to 
quantum lifetime ratio, the others [8] assumed ionized impurity scattering to be 
dominant. Thirdly, in their calculations the roughness-related misfit deformation 
potential scattering has been ignored, which was proven to be important for 
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strained Si [10] and SiGe [11] channels. Just recently, some experimental [8] and 
theoretical [12] studies have indicated that the doping-induced confinement may 
be of great importance for the QW mobility. To date, the theory of doping effect 
on quantum confinement has been developed for triangular QWs [9], however, no 
theory for square QWs available. Thus, the goal of this paper is to provide a 
theory of the band-bending effect on the low-temperature transport properties of 
charge carriers in a single-side modulation doped infinite square QW. We develop 
a variational approach to the description of quantum confinement in bent-band 
infinite square QWs.  

2. Single-Side Modulation Doped Infinite Square QW 

2.1 Variational Wave Function for a Single-Side Modulation Doped Infinite 
Square QW 

As a prototype, we are dealing with a heterostructure made of cubic crystals, 
which is composed of a strained well layer grown pseudomorphically along the 
[001] axis between two barrier ones. The well layer forms a conduction channel of 
width L in the region |z|<L/2. The sample is modulation doped in a region of 
thickness Ld in the surface-side barrier z<-L/2 and separated from the channel by a 
spacer layer of thickness Ls. The confinement may be plausibly described by an 
asymmetric wave function as follows: 

1/ 2 '(cos )
( )

0 | | / 2,

k zBk kz e
z

for z L
ζ

−⎧
= ⎨

>⎩
                              (1) 

in which B, k, and k’ are variational parameters to be determined; k and k’ are 
wave numbers in the well layer with k’ quantifying the doping – induced band 
bending effect. The boundary conditions at the interface planes and the normali-
zation read as follows: 

/ ,k Lπ= 2
1( ) / 2 1B cπ γ = ,                                    (2) 

1  is in Eq.(A3), so c is the single independent varia-
tional parameter. In the absence of doping c = 0, this goes to the exact symmetric 
wave function of an ideally-square well (flat-band model) [6]. Thus, the parameter 
c quantifies the effect of the doping-induced band bending on the wave function. 

2.2  Hartree Potential in a Single-Side Modulation Doped Infinite Square QW 

The wave function of the lowest subband is obtained by minimizing the total 
energy per particle which is determined by the Hamiltonian 

( )HH T V z= + ,                                                 (3) 
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for   | z |< L / 2

where c = k ’L , and γ ( )c
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where T is the kinetic energy, and ( )HV z is the Hartree potential as a confining 
potential along the growth direction. The latter is created by the ionized remote 
impurities and charge carriers in the well in accordance with Poisson’s equation  

[ ]
2 2

2

4( ) ( ) ( )H I
L

d eV z N z p z
dz

π
ε

= − ,                                   (4) 

in which NI(z) is the bulk density of impurities (per unit volume), p(z) the one of 
carriers, and Lε  is the dielectric constant of the QW. The sample is modulation 
doped with an impurity density NI in a region in the top barrier from –zd to –zs, 
where the doping positions: zd =Ld + Ls + L/2 and zs = Ls + L/2, so that 

2, for  
and ( ) ( )

, elsewhere.
I d s

I s

N z z z
N (z)= p z p z

0
ζ

− ≤ ≤ −⎧
=⎨

⎩
             (5) 

with ps as a sheet carrier density. We solve Poisson’s equation (4) in combination 
with electrostatic boundary conditions, especially the vanishing of the relevant 
electric field at infinity z →±∞ . As a result, within the variational approxi-
mation with the use of the wave function from Eq. (1), the Hartree potential may 

( ) ( ) ( )H I sV z = V z +V z .                                            (6) 

I
by the doping profile, viz. the impurity density NI and doping positions zd, zs; 
while the second one Vs as the 2DHG potential fixed by the sheet hole density ps 
and their distribution, i.e., the variational parameters. 

2.3  Total Energy Per Particle in the Lowest Subband  

We now turn to the total energy per particle in the ground-state subband. The 
expectation value for the Hamiltonian from Eqs. (3) and (6) is a function of the 
bending parameter c, given by 

( ) I sE c T + V + V= 〈 〉 〈 〉 〈 〉 .                                         (7) 

The total energy per particle is given by Eq. (7), in which the average potential 
due to the carrier distribution is to be replaced by its half. For the kinetic energy, it 
holds 

( )
2 2

2 2
1 12

z

BT = c (c)+ 2 c (c)
22m L

π π γ π ω− ⎡ ⎤−⎣ ⎦
= ,                       (8) 

where mz is the out-of-plane carrier effective mass of the well material, γn and ωn 
with n as an integer are simple functions of a variable defined by Eqs. (A3) and 
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The first term V  from Eq. (6) is to be regarded as the impurity potential fixed  

be separated into two parts: 



(A4). Next, the average potential due to charged impurities can be written in terms 
of the dimensionless doping positions: d = zd /L and s = zs /L , as 

( )
22

2 2I
I

L

N L4peV = d s
e 2

− .                                      (9) 

Lastly, for the carrier potential it holds 

( ) ( )
[ ]

( )
[ ]

2
2 1

1

2 4 2 2 2 2

1 2 02 2 22 2 2 2

2 4

2 122 2

( )4 2 ' ( ) '
4

1(2 ) (2 ) (2 )
4 2

(2 ) 2 (2 ) .
4

s
s

L

p L g ceV B g c g
L c

B c cc c c
c c c

B c c c
c

γπ π γ
ε

π π πγ γ γ
π π

π π ω ω
π

−
− +

⎧ ⎡ ∂ ⎤⎛ ⎞⎪= + −⎨ ⎢ ⎥⎜ ⎟ ∂⎝ ⎠⎪ ⎣ ⎦⎩
⎡ ⎤− −⎢ ⎥− + + −
⎢ ⎥+ +⎣ ⎦

⎫⎡ ⎤
⎪⎢ ⎥+ + ⎬⎢ ⎥+ ⎪⎣ ⎦⎭

      (10) 

3. Low-Temperature Transport Lifetime 

In this section we are dealing with transport properties of charge carriers confined 
in a single-side modulation doped infinite square QW, viz., their transport life-
time tτ . 

The particles moving along the in-plane are scattered by various disorder 
sources which are characterized by some random fields. Scattering by a Gaussian 
random field is specified by its autocorrelation function in wave vector space 

2| ( ) |U〈 〉q . Here U(q) is a two-dimensional Fourier transform of the unscreened 
scattering potential weighted with an envelope wave function  

2

( ) ( ) ( , )U dz z U zζ
+∞

−∞
= ∫q q .                                    (11) 

At very low temperature the charge carriers are in general expected to 
experience the following scattering mechanisms: (i) remote impurities (RI), (ii) 
surface roughness (SR) from both interfaces, and (iii) misfit deformation potential 
(DP) therefrom. The overall lifetime is determined by the ones for individual 
disorders according to the Matthiessen’s rule  

( ) ( ) ( ) ( )

1 1 1 1
t b t b

tot RI SR SR DP DP

1 1= +
τ τ τ τ τ τ

+ + + ,                                (12) 

3.1  Basic Equations 
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with the superindex (t) referring to the top interface and (b) to the bottom one, 
respectively. Within the linear transport theory, the inverse transport lifetime for 
zero temperature is represented in terms of the autocorrelation function for each 
disorder by [6] 

( ) ( )

222 2

2 1/ 2 20 0 2 2
F

( )1 1
( )2 4

Fk

t F

Uqdq d
qE k q

π
ϕ

τ επ

〈 〉
=

−
∫ ∫

q
=

,               (13) 

plane (in polar coordinates), q = |q| = 2kFsin(θ/2) with θ as a scattering angle. The 
Fermi energy is given by 2 2 */2F FE k m= = F

1/ 2(2 ) ,F sk pπ= and  m*  as the in-plane carrier 

( ) ( ) ( ) for
1/22 2s

S F F
q

q 2k
q

ε ⎡ ⎤
⎢ ⎥⎣ ⎦

             (14) 

with * 2 22 /s Lq m e ε= =  as the inverse 2D Thomas-Fermi screening length. The 
screening form factor FS(q) takes account of the extension of particle states along 
the growth direction, defined by 

( ) ( ) ( )
+ + 2 2 -q z-z'

S - -
F q = dz dz' z z' eζ ζ

∞ ∞

∞ ∞∫ ∫ .                       (15) 

The calculation of the screening form factor with the wave function given by 
Eq. (1) is lengthy. As a result, one may achieve an analytic expression: 

( )( ) [ ( ) ( )]2 4 (u) (l)
SF t = B /4 S t + S tπ ,                              (16) 

with t = qL as the dimensionless in-plane wave number. The functions figuring 
here are defined as follows:   

( )

( )
( ) ( ) ( )

( )
( ) ( )

( )
( ) ( ) ( ) ( ) ( )

/ 2
1 1

2 122

/ 2
1 2 1 022

1( ) / 2 2
2 / 2

[ 2 2 2 ]
4[ / 2 ]

/ 2 2 / 2 2 2 2 2 ,
4[ / 2 ]

u/l c t

c t

S t e c t c
c t

c c
c t

c t e c t c c c
c t

γ γ

π ω ω
π

γ γ γ γ
π

±

±

⎡ ⎤= ± ± −⎣ ⎦

± +
+

⎡ ⎤± + + −⎣ ⎦+

∓

∓

∓

∓

∓∓
∓

(17) 

where the upper (lower) signs refer to the subindex (u) and (l), respectively.    

is evaluated within the random phase approximation  

fixed by the sheet carrier density:

here q(q,φ) denotes the 2D momentum transfer by a scattering event in the (x-y) 

effective mass of the well. The dielectric function ε (q) entering Eq. (13) takes 

, with k  as the Fermi wave number 

q 1= ≤+ F q 1 q/ ,2 q + k–

account of the screening of a scattering potential by charge carriers. As usual, this 
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one for the flat-band model [6]. 

Remote impurity 

As known, [6,13] the autocorrelation function for scattering from a random 

region: 

( ) ( )
22

2 22| ( ) | , ,RI i I i R i
L

eU q dz N z F q z
q

π
ε

+∞

−∞

⎛ ⎞
〈 〉 = ⎜ ⎟

⎝ ⎠
∫                        (18) 

where NI(zi) is the three-dimensional impurity density given by Eq. (5). FR(q,zi) 
denotes the form factor for a sheet of impurities in the plane zi defined by  

( ) ( )| | i
+ -q z-z2

R i -
F q,z = dz z eζ

∞

∞∫ .                                 (19) 

The calculation of Eq. (19) with the wave function from Eq. (1) yields 

( ) ( )2
1

iqz

R i
eF q,z = B c+ qL/2
2

π γ .                                (20) 

However, the sample is usually subjected to thermal treatment during epitaxial 
growth. Therefore, one has to take into account the Coulomb repulsion between 
charged impurities during their diffusion, which weakens their averaged field.         

Accordingly, the high-temperature ionic correlation is proven to diminish their 
autocorrelation function by some factor t/(t+tc), where 

2
0(2 ) /( )c I L Bt e n L k Tπ ε= ,                                     (21) 

with nI as the sheet impurity density: nI = (NI)2/3, T0 as the freezing temperature for 
impurity diffusion, and kB the Boltzmann constant. Consequently, we may arrive 
at the following autocorrelation function for remote impurities: 

( )2 23 2 2 2
2 1

2

2( )
4 2 ( )

st dt
I

RI
c

L c

B c+t/2N L e e eU t
t t t

π γπ
ε

− −⎛ ⎞ −
= ⎜ ⎟ +⎝ ⎠

,             (20) 

where ... c〈 〉  stands for the averaging over correlated impurities. 

Surface roughness 

We now turn to scattering related to interface roughness, viz., surface roughness 
and misfit deformation potential. The former is an event which arises from 

In the doping-free condition (c = 0), the above expression is simplified to the 

3.2  Autocorrelation Functions for Scattering Mechanisms    

distribution of charged impurities is supplied by an integral over the doping 
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roughness-induced fluctuations in position of the potential barriers. The weighted 
scattering potential in wave vector space is determined by the value of the wave 
function at the interface planes ( /2)z Lς ς± = = ± [13]: 

2
0( )SRU q V ζ ±= Δq ,                                         (21) 

where Δq denotes a Fourier transform of the interface profile. The scattering rate 
calculated with the use of a variational wave function might be much larger than 
the one calculated numerically self-consistently. For getting rid of this problem we 
need to establish a formula for the weighted roughness potential in terms of such 
quantities that are insensitive to the trial wave function, e.g., its large peak and 
some integral quantities on the z axis. For the wave function from Eq. (1), this 
peak is located at a point z0= δL, with (1/ ) arctan( / )cδ π π= − and | | 1/ 2δ < .  

For the above set purpose, we integrate the one-dimensional Schrodinger’s 
equation with the Hamiltonian fixed by Eqs. (3) along the growth direction from    
z = 0 to z = ±∞. With some wave function ( )zς  we may arrive at the following 
relations:  

[ ] 02 2 2
0 0 0

( )
( ) ( ) ( ) ( )

z H
H

V zV E c V z z dz z
z

ζ ζ ζ− −∞

∂
= − +

∂∫ ,              (22) 

 [ ]
0

2 2 2
0 0 0

( )H
H z

V z
z

+∞

+

∂
∂∫ ,              (23) 

for scattering from the top and bottom rough interfaces that 

[ ]
2

2 2 ( / )
0 0 0

4( ) ( ) ( )
8

t bs
H

L

peV E c V z z Wπζ ζ
ε

= − ±∓ ,                   (24) 

where by definition: 

[ ]

[ ]

( / ) 2 2 4
1 12 2

2 02 2

2 12 2

4 ' ( ; ) ( 2 ; )

( 2 ; ) ( 2 ;
2( )

( 2 ; ) 2 ( 2 ; ,
2( )

t b 1 cW B g c B c
c c

c c c
c

c c
c

π δ π δ
π

δ δ
π

π δ δ
π

+

⎧⎡ ⎤= Γ ± ± + + Γ ± ±⎨⎢ ⎥+⎣ ⎦⎩

+ Γ ± ± −Γ ± ±
+

⎫
Ω ± ± + Ω ± ± ⎬

+ ⎭
∓

    (25) 

n n
(A2). The upper signs on the right-hand side of Eq. (25) refer to the top interface 

where E(c) is the particle energy given by Eq. (7). From Eqs. (22) and (23), it holds 

V Eζ ζ= −(c) V ( )z ( )z − dzζ (z)

(t), and the lower signs to the bottom one (b). It follows from Eq. (21) that the 

 and Ωwith Γ  as simple functions of two variables defined by Eqs. (A1) and 
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surface roughness scattering depends strongly on the interface profile. This is 
normally written as follows: 

2 2 2| | ( )q SRF tπ〈 Δ 〉 = Δ Λ ,                                        (26) 

where Δ is a roughness amplitude, and Λ is a correlation length. The form factor 
for surface roughness is well described by a form of Gaussian type distribution:  

2 2 2( ) exp( / 4 )SRF t t L= − Λ .                                    (27) 

Misfit deformation potential 

In the pseudomorphic QW under study the well layer is assumed to be under 
strain. The in-plane component of the strain field in the well is fixed by a lattice 
mismatch as follows:  

0 0( ) /a a a∈ = −& & ,                                             (28) 

where a&  and a0 are the lattice constants of this layer in the presence and in the 
absence of strain. It has been demonstrated [6,10] that interface roughness 
produces fluctuations in the strain field. These strain fluctuations in turn induce 
nonuniform shifts of the band edges, and so act on the charge carriers as a 
scattering source. It should be stressed that the misfit deformation potentials for 
two kinds of carrier are quite different, viz., the one for electrons is fixed by a 
single normal diagonal component of the strain field [6], whereas the one for holes 
by all its components [11].  

The roughness-induced misfit deformation potential for holes in a cubic crystal 
is 

[ ]

( / ) ( / 2)

1/ 22
2 4 4 2 2

44

( , )
2

3 ( 1) (1 sin cos ) (1 sin cos )
2 4

t b z L
DP q

s
s

U q z q e

d G
b K

c

α

ϕ ϕ ϕ ϕ

±∈
= Δ

⎫⎛ ⎞ ⎪⎧× + + + + +⎨ ⎬⎜ ⎟
⎩ ⎝ ⎠ ⎪⎭

& ∓

  

(29) 

in the well (|z| ≤L/2) and zero elsewhere. Here the upper and lower signs again 
refer to the top (t) and bottom (b) interfaces, respectively. In Eq. (29) bs and ds are 
the shear deformation potential constants of the well layer, and its anisotropy ratio 
is α, elastic constants K, G are given in [11]. 

Upon averaging this potential with the wave function from Eq. (1), we may 
obtain the autocorrelation function of interest in an analytic form: 
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Fig. 1. Partial and total mobilities μ of  
holes in a Si0.33Ge0.67/Ge/Si0.33Ge0.67 square 
QW vs chanel width  L. The 20K  experi-
mental data [4] are marked by squares. The 
dotted line is total mobiliy of   the bent-
band model with  ps = 5.1012cm–2 
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where the form factor is defined by 

( / ) 2 2
1( ) ( / 2) ( )t b t

DP SRF t t e c t F tγ−= ± ,                                   (31) 

with t = qL and FSR(t) from Eq. (27).  

4. Results and Conclutions 

4.1 Validity of the Model and Input Parameters 

In what follows, we will use the theory developed above to study the low-
temperature transport properties of single-side modulation doped infinite square 
QWs. As an example, the theory is illustrated for the 2DHG in a Si1–xGex/Ge/Si1–x 
Gex QWs sample, where the Ge channel is under in-plane biaxial compressive 
strain. We will show how to explain the recent experimental data about the 
dependence on channel width [3–5], and on carrier density [7, 9] of the 2DHG 
mobility. Thereby, we are able to identify the key scattering mechanisms for holes 
in the Ge channel of this heterostructure.  

We now outline a discussion of the 
validity of the assumptions adopted in 
the formulation. As pointed out in 
[14] for strained Ge on cubic Si1–xGex 
with Ge content x○ 0.7 the potential 
barrier height is somewhat large: V0 I  
300 meV. Thus, for not narrow Ge 
channels (LI 50), the infinite square 
QW model may be acceptable as in 
earlier theories [9,11]. Thus, for not 
wide Ge channels (L○160) and not 
high carrier densities (ps ○ 2 × 1012 

cm–2), the single-subband scattering 
model may be acceptable.  

For numerical calculation, we used 
the lattice constants, elastic stiffness 
constants, dielectric constants, and 
shear deformation potentials listed  
in [15] for Si and Ge. The corres-
ponding constants for a Si1–xGex alloy 
are estimated within the virtual crystal 
approximation. For strained Ge the 
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out of-plane hole effective mass is fixed mz=0.19me, while the in-plane hole 
effective mass is supplied by measurement in [7] as an increasing function of 
carrier density owing to nonparabolicity of the valence band. 

4.2 Numerical Results and Comparison with Experiment 

To end this section, we attempt to explain some recent experimental findings 
about the 2DHG mobility in square Ge QWs. We first deal with the channel width 
dependence of the mobility for the sample studied in [4], made of Si0.33Ge0.67/ 
Ge/Si0.33Ge0.67 with a lattice mismatch ε|| = –0.01. The sample was modulation 
doped with a thickness Ld = 100, a spacer Ls = 200. The partial and overall 
mobilities limited by the above scatterings are plotted at a hole density ps = 1x1012 
cm–2 versus channel width L in Fig. 1, where the measured 20K data [4] is 
represented for a comparison.  

Next, we are concerned with the 
carrier density dependence of the 
transport in the sample studied in [7], 
made of Si0.3Ge0.7/Ge/Si0.3Ge0.7. The 
doping is the same as in Fig. 1, but 
with a smaller spacer Ls = 100. The 
partial and overall mobilities limited 
by the diverse scatterings are plotted 
at a channel width L = 75 versus hole 
density ps in Fig. 2, where the mea-
sured 8K data [7] is also represented.  

From the lines thus obtained, we 
may draw the following conclusions: 
(i) As clearly observed from Fig. 1, 
the calculated overall mobility may 
reproduce very well the observed 
channel width dependence of the 
2DHG mobility. The key scattering 
mechanisms are surface roughness 
and misfit deformation potential, 
remote impurities are in general less 
relevant.  
(ii) The channel width evolution shows up in a pronounced mobility maximum for 
a channel of max 130L ∼ nearly equal to the one specified by experiment [4]. This 
peak was also detected by other groups [3,5] at somewhat larger Lmax.  

5.  Summary 

In this report we have provided a theory of the band-banding effect on the trans-
port properties of charge carriers confined a single-side modulation-doped infinite 
square QW. In contrast to the earlier belief, we have shown that the peak in the 
channel width evolution of the mobility appears as an effect of the doping-induced 
band bending. 
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Fig. 2. Partial and total mobilities μ of  holes 
in a Si0.33Ge0.67/Ge/Si0.33Ge0.67  square QW  
with  a chanel width L = 75 vs hole density 
ps. The 8K experimental data [7] are marked 
by squares 
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6. Auxiliary Functions 

These are defined as an algebraic combination of elementary functions by 
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Abstract. Based on new theory of nonlinear optical conductivity for an electron – phonon 
system, we calculate line-widths for the nonlinear optical conductivity in a system of 
electron interacting with longitudinal optical phonons (LO) in doped semiconductor 
superlattices (DSSL). Our numerical results for a specific DSSL show that temperature 
dependence of the width is different and non-monotonous in the region of low temperature. 
The results are compared with other theoretical results and recent experiments.  

1. Introduction 

The development of low dimensional semiconductors has opened up various new 
fields of study in both theory and practice. One of those is studying theory  
of electronic transport and optical conductivity in materials in the presence of 
high intense electromagnetic field [1–5]. A superlattice is a low dimensional 
semiconductor which has preeminent characteristics due to being built out of 
layers of different semiconductors [6, 7]. Obtaining line-widths of absorption 
spectrum from optical conductivity and investigating the dependence of the line-
width on temperature and field shall greatly contribute to the study of transport 
theory and various other effects in superlattices.  

The temperature dependence of the fundamental bandgap energy is an 
extremely important characteristic of any semiconductor material and it brings 
about great interest, mainly from the technological point of view [8, 9]. Some 
models have been proposed to describe this dependence, but the relation between 
the physical mechanisms involved with the processes and the parameters used in 
the expressions of these models still are intensively discussed. Few studies of their 
energy gap and linewidth variation with temperature have been published [4, 8, 9]. 
But, to our knowledge, there is no systematic analysis of the theoretical models 
used to describe the temperature dependence of the linewidth for superlattices. 

This paper aims to apply a method of calculating nonlinear optical conductivity 
by using the state-dependent projection operator technique in many-body theory 
[2] in the case of DSSLs. The rest of the paper is organized as follows: In Section 
2, the general theory of line-width from nonlinear optical conductivity, which has 



been presented in Ref. 2, will be reviewed. Our analytic calculations of the line-
width for a specific DSSL are presented in Section 3. Then, numerical results of 
the line-width in the DSSL and some comments on dependences of the line-width 
on temperature, and on external electric field are presented in Section 4. 

2. Theory of Nonlinear Optical Conductivity and Line-Width 

We consider a system of electrons interacting with phonons in a DSSL which is 
subjected by a time-dependent external electric field 

1,2,3
( ) .i t

j j
j

E t E e eω

=

= ∑  The 

total Hamiltonian of the system consists of the equilibrium Hamiltonian eqH  and 
the non-equilibrium Hamiltonian int ( )H t  caused by the action of external field. 
The equilibrium Hamiltonian eqH  includes the Hamiltonian of the free electron-
phonon system dH  and the Hamiltonian of interacting electron-phonon system V: 

    ,
,
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q q
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The interaction Hamiltonian of the external field takes the form 
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ω
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where +
αa  and αa  ( +

qb  and qb )  are the creation and annihilation operators of 
electron in the >α|  state (phonon), e and αε  are the charge and energy spectrum 
of the electron, ( ) ,   -i ,  0.i t

j jE E e ωω ω ω≡ = Δ Δ → +  The electron-phonon inter-
action matrix element )(, qC μα

energy spectra (of course, it depends on specific structure). 

dependent density operator )()( int tt eq ρρρ += , where )(int tρ  is the perturbed term 
by the time dependent external field. The Liouville equation for )(tρ  is   

                              [ ] )()()(),()( ttLttH
t
ti ρρ

ρ
≡=

∂
∂ . (3) 

)(tL  is the Liouville operator defined as ]),([)( XtHXtL =  for an arbitrary 
linear operator X. int( ) ( )eqL t L L t= + , where L  and Lint(t) correspond to Heq and 
Hint(t), respectively. 

In order to obtain ρ(t), using the density operator in the Dirac picture [3], we 
have [2] 

                           (1) (2) ( )
int ( ) ( ) ( ) ... ( ),nt t t tρ ρ ρ ρ≡ + + +  (4) 

where )()( tiρ , with ni ...,,3,2,1= involves Lint(t)’s n times. 

 depends on the type of phonons and electron 

eq

When a time-dependent external electric field is applied to the sample, the time 

here, 
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Using the density operator in (4), the ensemble average [2, 4] of the i com-
ponent of the current density operator J  takes the form 
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where Δ−= i)2(1)2(1 ωω , “...” denotes terms that are from the third order upwards. 
σij(ω) and σijk(ω1,ω2) are the linear and first order nonlinear conductivities, 
respectively. Eq. (5) will be used to calculate linear and nonlinear conductivities. 
In the present paper we focus on the first order nonlinear conductivity corres-
ponding to two incident waves of frequencies ω1 and ω2. 

The first order nonlinear component of optical conductivity tensor is determined 
as [2, 4] 
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2112 ωωω += , Leq is the Liouville operator corresponding to the equilibrium 
Hamiltonian and can be written as Leq =Ld + Lv, where Ld and Lv are the Liouville 
operators corresponding to the Hamiltonian Hd and the scattering potential V, 
respectively.  

Now, in order to establish an expression of nonlinear conductivity, the authors 
of Ref. 2 have defined the projectors P and Q as 
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and after systematic calculations, the optical conductivity tensor takes the form 
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where )(0 ωαβΓ  is the linear line-shape function (the relaxation rates) we have 
considered [10], while )( 121 ωαβγΓ  and )( 122 ωαβδΓ  are the nonlinear ones that are 
considered here. Line-shape functions defined in Eq. (8) are complex expressions 
due to Δ−= iss ωω . The real parts and the imaginary parts of the line-shape 
functions are peak shift and line-width function of the absorption spectrum, 
respectively. 

here, 
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Assuming that we consider up to the second order of the scattering term (Lv) and 
the solutions near the resonance points, αβ εεω −≈2  or αδ εεω −≈2 . Then, the 
two functions of the linewidth for nonlinear case are the same form. For example: 
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where qωεωδ αβαβ ±−=±
12 , ( )[ ] 11/)(exp −+−= Tkf BFεεαα  is the Fermi–Dirac 

distribution function for an electron in the state α, εF is the Fermi level, and 
( )[ ] 1

1/exp
−

−= TkN Bqq ω  is the Bose-Einstein distribution function for phonons 

with energy qω
We apply this result to doped semiconductor superlattices in the next sections. 

3. Analytic Expression of Nonlinear Line-Width on DSSL 

We use a simple model for DSSLs, in which a two-dimensional electron gas is 
confined by superlattice potential along the z direction and electrons are free on 
the x-y plane. The motion of an electron is confined in each layer of the DSSL and 
its energy spectrum is quantized into discrete levels in the z direction. In most 
cases, the interaction between the neighboring quantum wells can be neglected, 
i.e., the dependence of the energy on the wave vector kz can be neglected [6]. 
Then, the >α|  state of an electron is determined by the index of the miniband 

αn and wave vector ; ⊥= + zk k k kα α α α . The wave function and the energy 
spectrum of the electron in the >α|  state take the following forms [7] 
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We consider electron-LO phonon interaction and ).,0,0( qq =  The electron-LO 
phonon interaction matrix element is )()( , znnq qMVqC

μααμ = , where  
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with 2/12 )/4( eDp mne χπω =  as plasma frequency caused by donor impurities with 
concentration Dn  and χ  is the static dielectric permittivity; Ω  is the volume of 
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the system, 0  and  εε∞ , respectively, are the optical and the static dielectric 
constants; )(znαΦ  is the electron wave function in each individual quantum well, 
s0 is the number of period and d is the period of the DSSL, dq  is the reciprocal of 
the Debye screening length [1], em  is the effective mass of the electron. 

Using the formula of converting summation over q and the state >>= ⊥
η

η knn ,||  
into summation over ηn  and integration over η

⊥k  for 2D-electron systems in a 
DSSL and applying to Eq. (9), we obtain the expression of the nonlinear line-
width function (NLW): 
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where ηεεε
αα

  ],/))(exp(1/[1, Tkkf BFnkn −+=  is the Fermi level, 
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±2k  takes the same form as ±1k -state, 
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Now, it can be used Eqs. (12)-(14) to compute and consider dependences of 

4. Numerical Results of Nonlinear Line-Width in a DSSL  
and Discussions 

In this section, we numerically calculate and plot the dependence of NLW in the 
nonlinear conductivity on temperature and frequency of external field for DSSL 
n-i-p-i of GaAs:Si/GaAs:Be [6]. For a superlattice with constant density Dn , the 
envelope wave function and the quantized energy levels of electrons in the 
potential wells coincide with good accuracy to the wave functions and the energy 
spectrum of the harmonic oscillator [7]. 

It is noted that the result cannot be put forward in a satisfactory way because no 
experimental data are yet available for this problem. However, some useful 
theoretical and experimental data on the conductivity and the line-widths were 
obtained for different models [8,11-14], which will be a good guide for our 
discussions. 

and 

NLM on temperature, external field, and parameters of DSSLs.  

, but the |β > -state is replaced by the |η >  
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Figures 1 show the temperature dependence of the NLW at three different 
values of the photon energy. We can see that the dependence is different and 
non-monotonous. This temperature dependence is identical to the experimental 
conductivity vs. temperature plot in [11, 12]. In the low-temperature range 

300≤T K, we can see that the NLWs decrease as the temperature increases and 
show the dependence which is typical for the quasi-elastic electron – ripplon 
scattering. As mentioned above, the unusual temperature dependence of the NLM 
comes directly from the singular nature of the 2D electron system in DSSL. This 
decrease in the low-temperature range is expected because of the decrease of 
excited state energy [8]. In the high-temperature range 300≥T K, from the figure 
on the right, it is clear that as the temperature increases the temperature dependence 
of the NLWs becomes linear, with a slope that is determined by the electron–
phonon coupling parameter [14] as it is expected [13]. This characteristic can be 
explained by the fact that there exists a certain value of temperature at which the 
phonon distribution function has a maxima [13]. In view of these, we can only 
expect a linear dependence of the line-width on temperature above 300 K. 

Fig. 1. Temperature dependence of NLW at three different values of the photon energy for 
low-temperature range (on the left) and high-temperature range (on the right). From top to 
bottom, photon energies correspond to 100, 80, and 60 meV.  

Figure 2 shows the dependence of the nonlinear line-width on photon energy. It 
can be seen from the figure that the line-width increases and reaches saturate 
values at 150≥ω meV. This dependence is nearly identical to calculated and 
experimental absorption spectra for InAs/GaInSb superlattice [11,15].  

Fig. 2. Dependence of NLW on photon 
energy at three different values of 
temperature. From top to bottom, tem-
peratures correspond to 80, 100, and 
120 K. Here, d = 80 nm, s0 = 150, nD = 
1022 m−3. 
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By comparing two figures for linear [10] and nonlinear cases we can estimate 
that the nonlinear line-width is smaller by six times than the linear one. This is one 
important result because it helps us estimate the convergence of series of the 
density matrix Eq. (4), which play an important role in the theoretical method for 
the calculations of nonlinear phenomena. 

5. Conclusions 

So far, we have presented analytical and numerical results for the line-width in 
nonlinear optical conductivity of a system of electrons interacting with LO-
phonons in DSSL by using quantum statistical transport theory.  

We have computed and plotted the dependence of the line-width on tem-
perature and photon energy for a specific DSSL. The analytical and numerical 
results obtained above represent a reasonable and clear theory in the calculation of 
nonlinear phenomena. 

By using the systematic (successive) calculation as used in this method, one can 
physically explain the nonlinear optical conductivity and spectral line-width. 
Moreover, the method can be extended for various types of low dimensional 
semiconductors with or without a magnetic field. In future, we will study this 
problem in more detailed. 
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the Quantum Lifetime of the Two-Dimensional 
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Abstract. We present a theoretical study of the quantum confinement of the two-
dimensional electron gas (2DEG) in a group-III-nitride-based single heterostructure under 
uniformly doping, taking into account effects arising from polarization charges and ionized 

finitely-deep triangular quantum well, we are able to derive an analytic expression for the 
self-consistent Hartree potential due to uniformly doping. We proved with the presence of 
the sheet polarization charges, electron wave function is been squeezed close to the barrier. 
We studied the effect of polarization charges on the quantum lifetime of the 2DEG.  

1. Introduction 

Two characteristic relaxation times [1] for scattering of the two-dimentional 
electron gas (2DEG) in a semiconductor heterostructure have been detected in 
recent investigations.The most frequently encountered one is the transport lifetime 
τt. This is defined as average amount of  the intercollision time that an electron 

of spatial inhomogeneties [2]. Another  scattering time is the quantum time, τq. 
This is the average amount of the time that an electron remains in a particular 
momentum eigenstate in the presence of scattering. Various studies have reported 
on the quantum lifetime of the 2DEG in AlGaN/GaN-based heterostructure. 

11 to 2.1012 .

function of  density. Just recently, Lorenzini et al. [4] have reported the quantum 
life time in a high-density regime, from 2.1012 cm–2 to 2.1013 cm–2 .  

In the calculation of the 2DEG mobility, the quantum confinement is of major  
importance. Therefore, in physics literature there have been introduced models for 

It was shown [5] that  in heterostructures made from III-nitride and their alloys, 
there exists a sheet density of positive polarization charges bound to the interface. 
These charges may give rise to remarkable modifications in the confining 
potential.  

 

The Effects of the Polarization Charges on 

dopants. By using an extended Fang-Howard wave function for the actual model of a 

remains moving in a particular direction ( applied electric field ) in the presence  

confinement of  the 2DEG in heterostructures based on various confining sources. 

 cm–2Manfra et al. [3] are able to tune the 2DEG density from 2.10
They found that at low temperature (0.3 K)  the quantum lifetime is an increasing 



There are two kinds of doping: modulation and uniform. The former is often  
at a high doping level (ND ≥ 1018 cm–3), while the latter is at a low one (ND ≤ 1017 
cm–3). However, it should be noted that in most existing quantum lifetime theories 
one has been interested in the uniform doping merely as a scattering mechanism 
rather than a confining source for electrons in the QW. Therefore, at a low doping 
level (ND ≤ 1016 cm–3), this is usually ignored. Thus, in this contribution we will 
involve uniform doping in theory, especially, as a confining source for the 2DEG. 
We derive analytic expressions for the parts of the confining potential, which are 
induced by polarization charges and ionized dopants. We show the effects of the 
polarization charges on quantum lifetime of 2DEG in AlGaN/GaN heterostructure. 

Recently it has been pointed out [6-9], that in actual lattice-mismatched 
heterostructure interface roughness gives rise to strain fluctuations in both strained 
and relaxed epilayers. These fluctuations in turn produce random fields: misfit 
piezoelectric and misfit deformation potentials acting on electron moving in plane 
[7, 8]. So, we will include them in the calculation of the quantum lifetime in 
wurtzite-nitride heterostructures. 

2. The 2DEG in a Heterostructure of Finite Depth 

We will be dealing with an AlGaN/GaN sample, which is composed of an AlGaN 
layer grown pseudomorphically on a GaN layer. The crystal reference system is 
such that the z axis is opposite to the growth direction [0001], and z = 0 defines 
the interface plane between the AlGaN barrier (z < 0) and the GaN well (z > 0). It 
is assumed that the AlGaN layer is under tensile strain, while the GaN layer is 
relaxed. 

The piezoelectric polarization is generated in the strained AlGaN layer. The 
polarization charges are found located in an extremely narrow region of the 
AlGaN barrier near to the interface [11], and their density σ is positive for all 
values of the Al content. The total polarization in a given layer is simply the sum 
of the piezoelectric and spontaneous polarizations [8]. They attract free electrons, 
facilitating their transfer to form a 2DEG in GaN well. The polarization charges in 
turns create an electric field. The potential of an electron of charge –e in this field 
is fixed by their areal density as:                

                                               
L

σ
2πeσ

V (z) = z
ε

             (1) 

where Lε  is the dielectric constant of the heterostructure . It is clearly seen from 
Eq. (1) that the polarization-induced electric field is varying along the growth 
direction, but, it remains unchanged along the in-plane. Therefore this field can 
exert an influence on the quantum confinement rather than on the 2D motion of 
charge carriers. In other words, this field exhibits no source of scattering of 2D 
electron. 

triangular QW located along the growth direction. For the triangular QW in an 
AlGaN/GaN heterostructure, Poisson-Schrodinger simulations [12] revealed that 
the electron distribution has a significant penetration depth into the barrier. 
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As usual for the electrons confined in the channel layer [2, 10], we assume a 
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Therefore, we must in general adopt the realistic model of finitely deep wells.  
It has been shown [13-15] that for a finitely deep triangular QW this may be very 
well described by a modified Fang-Howard wave function proposed by Ando [13]  

1/2

1/2

Aκ exp(κz/2) for z<0
ζ(z) =

Bk (kz + c)exp( kz/2) for z >0−

⎧
⎪
⎨
⎪⎩

, 

 
 

                (2) 

in which A, B, c, k, and κ are variational parameters to be determined. Here, k and 
κ are half the wave numbers in the well and the barrier, respectively. A, B and c 
are dimensionless parameters given in terms of k and κ through boundary 
conditions at the interface plane z = 0 and the normalization. These read as  
[14, 15]: 

                                      Aκ1/2 = Bk1/2c,  

                                      Aκ3/2 = Bk3/2(1– c/2),  

                                      A2 + B2(c2 + 2c + 2) = 1,                 

                       (3) 

The wave function of the lowest subband is obtained by minimizing the total 
energy per electron, which is determined by the following Hamiltonian: 

          H = T + Vtot (z) (4) 

where T is the kinetic energy and Vtot (z)  is the effective confining potential along 
the growth direction. The latter arises from all possible sources, viz. barrier 
potential Vb(z), polarization charges Vσ(z), Hartree potential created by ionized 
donors, and electronic cloud VH(z): 

                          Vtot (z) =  Vb(z) + Vσ(z) +VH(z).          (5) 

Lastly, VH(z) is the Hartree potential induced by ionized donors and the 
electronic cloud in QW and is obtained from solving the Poisson equation:                                   

                     
IH

L

2 2

2 s
d 4πe

V (z)= N (z)  n (z)
dz ε

−⎡ ⎤⎣ ⎦ .          (6) 

(2), the Hatree potential may be separated into two parts: the donor potential 
determined by donor profile VI(z), and the self-consistent potential Vs(z) fixed by 

s
variational parameters:  

                  VH(z) = VI(z) + VS(z).      (7) 

the sheet density of electron n  and the shape of their contribution, i.e., the 

within the variation approximation with the use of the wave function from Eq. 
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              SIσ0 b
1

E (k)/N = T + V + V + V + V
2

 (8) 

Then, the requirement of minimization of this total energy with respect to the 
wave vector in the well yields wave vector k that depend on the density of 
polarization charge.                     

3. Low-Temperature Quantum Lifetime 

Quantum Lifetime. In what follows we are concerned with wurtzite AlGaN/GaN 

polarization charges in an  AlGaN/GaN heterostructure may enable a 2DEG of 
very high density ( ns ~1013cm–2). Under such a high carrier density the multiple 
scattering effects were found [18] to be negligibly small, so that we may adop the 
linear transport theory as a good approximation. The inverse quantum lifetime in 
term of the autocorrelation function for each disorder  follows as: 

(9) 

Here q = |q|, with q as a 2D wave vector in the interface plane, EF = ħ2 kF
2 /(2m* ) 

density. 
At very low temperature, the carrier are assumed to primarily occupy the 

ground-state subband, and the scattering processes limiting their quantum lifetime 
occur mainly within this subband. Thus, the autocorrelation function <| U(q)|2> 

wave function from Eq. (2). The phonon scattering in the system under study is 
clearly negligibly weak. Moreover, at rather low doping level (ND < 1.1016cm ) 

formly-doped AlGaN/GaN sample are expected to experience the following 
possible sources of scattering: (i) surface roughness, (ii) roughness- induced 
piezoelectric charges, (iii) roughness-induced deformation potential, and (iv) alloy 
disorder. The overall quantum lifetime is then determined by the ones for indi-
vidual disorder according to Matthiessen’s rule:    

 (10) 

scattering potential by the 2DEG. Within the random phase approximation, this is 
given at zero temperature by [10]. 

AD SR PE DP
q q q q q
tot

1 1 1 1 1
= + + +

τ τ τ τ τ

F F

FF

22

q 2 2 1/2 2

U( )2k2k
0

E 4k q q

1 1
= dq .

τ 2π ( - ) ε( )
∫

q

The total energy per electron of the 2DEG is evidently supplied by  

heterostructure at very low temperature. It was indicated [16, 17] that the sheet 

–3

The dielectric function ε(q) figuring in Eq.(9) allows for the screening of 
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F

the impurity scattering is of minor importance. Therefore, the electron in uni-

is the Fermi energy with k  as the Fermi wave number fixed by the electron 

entering Eq. (9) is for an unscreened scattering potential with the lowest-subband 



 (11) 

where qTF = 2m*e2/εLħ2 is the inverse 2D Thomas-Fermi screening length, with εL  
as the dielectric constant of the sample. 

The screening formfactor FS(q/k) in Eq. (11) accounts for  the extension of the 
electron distribution along the growth direction. With the use the lowest-subband 

  

 

 

 
 

(12) 

the barrier (a) by the definitions  

                                            t = q/k,   a = κ/k.                              (13) 

Finally, the function G(q) appears in Eq. (7) to allow for the local field 
corrections associated with the many-body interaction in the 2DEG. Within 
Hubbard’s approximation, in which merely the exchange effect is included, it 
holds [19]                                         

   (14) 

Scattering  Mechanisms 

Surface Roughness. We are treating scattering from a rough potential barrier. The 
scattering potential is due to roughness-induced fluctuation in the position of the 
potential barrier given by [10] 

           2

0SR 0U ( ) = V ζ( ) Δqq  (15) 

where V0 is potential barrier height and  Δq denotes a Fourier transform of the 
interface roughness profile.  ζ(0)  is given by [8] 

F
TF

sq q/k q q 2k
q

ε( ) = 1+ F ( ) [1 G( )] for
q

− ≤

( )
4 2 2

2 2
3

4
4 3 2 4 3

3

2 2 4 3 2

S
A a 2 + 2c (t + 1) + c ( t + 1)

F = + 2 A B a
t + a (t + a )(t + 1)

B
+ [ 2 ( c + 4c + 8c + 8c + 4) + t ( 4c + 12 c

2 (t + 1)

+ 18c + 18c + 9) + t ( 2c + 4c + 6c + 6c + 3)] .

t

2 2 1 /2
F

q
G(q)  =    

2 (q + k )

wave function from Eq. (2), this is estimated to be [7, 15]  

here, we introduced  dimensionless wave numbers (t) in the interface plane  and 

.
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                   2
0 0V ζ( ) = ' ' '

σ I sV + V + V . (16) 

autocorrelation function for surface roughness: 

                          
22 ' ' '

σ I sSRU ( ) = V + V + V q
2

Δq          (17) 

Roughness-Induced Piezoelectric Charge. In wurtzite nitride heterostructures, 
surface roughness give rise to strain fluctuations in both strained and relaxed layer 
[8]. These induce fluctuating densities of piezoelectric charges. The charges create 
relevant random electric field and act as scattering sources on the motion of elec-
trons in-plane [8]. 

The autocorrelation function for scattering by roughness-induced misfit piezo-
electric (index PE) charges is supplied by [8] 

                                 
L

PE PE

π α eQ
U ( ) = F (q/k)

ε
∈

Δqq  (18) 

where ∈ is the lattice mismatch, and α  denote the anisotropy ratio as a measure 
for the deviation of  hexagonal symmetry of wurtzite crystal from isotropy. We 
introduced a material parameter characteristic of the well defined in term of its 
elasticity coefficients w

ijc  and piezoelectric constants w
ije  by 

                      
w w w w w w w w

b 15 31 33 13 33 11 12 13
b w
33 44 w

C e e (c +2c )-e (c +c +c )
Q =  + 

c c C
⎡ ⎤
⎢ ⎥
⎣ ⎦

 (19) 

where 

                                          λ
λ λ λ λ 2
33 11 12 13C = c (c +c )-2(c )  (20) 

with λ = b,w as the labels for the well and barrier layers, respectively.  
The form factor in Eq. (18) is expressed as a function of the dimensionless 

wave number in Eq. (13).Then 
2 2 2 2

3 2 4 3 2
A a B 2 2c c 6 4c cF (t) = + + + +2t + +PE 2 t+a 2 (t+1)(t+1) (t+1) (t+1) (t+1) (t+1)

⎧ ⎫⎡ ⎤
⎨ ⎬⎢ ⎥

⎣ ⎦⎩ ⎭   (21) 

Roughness-Induced Deformation Potential. Further, strain fluctuations also 
induce nonuniform shifts of the band edges. The roughness-induced misfit defor-
mation potential exists in both the well and the barrier layers and decays 

mation potential (index DP) for the electron is determined by fluctuations of a 
diagonal strain component Δεα  according to [21]: 

d αDPU = Ξ Δε  (22) 

which V’ = ∂V(z)/ ∂z. Next, by putting Eq. (16) into Eq. (15), we arrive at the 

exponentially far away from the interface [20, 7, 9]. The roughness-induced defor-
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where Ξd  is the combined dilational component of the deformation potential for 

2DEG is located mainly in the well, we  reasonably take into account the relevant 
scattering merely in this layer. 

autocorrelation function for roughness-induced deformation potential [8] 

        

w w
b 11 12 13

DP DPb
33

2w 22 d

w

α Ξ ΔΛ C c +c +c
U ( ) = q F (t) Δ

2 c C

∈⎡ ⎤
⎢ ⎥
⎣ ⎦

q q   
(23) 

where the form factor is given by  

2
2

DP 3 2 3

2 2c c
F (t) = B + +

(t+1) (t+1) (t+1)
⎡ ⎤
⎢ ⎥
⎣ ⎦

. (24) 

Alloy Disorder: The autocorelation function for scattering by alloy disorder 
located in the AlGaN barrier is supplied by [9,13] 

                              
b

02 2 4
AD al -L

U ( )  = x (1 x) u  Ω dz ζ− ∫q  (25) 

where x is the Al content of the alloy layer, Lb is its thickness, and ual is the alloy 
potential assumed to be close to the conduction band offset between AlN and GaN 
(ual ≈ ΔEc (1) = 2.03eV). The volume of a hexagonal unit cell is Ω = 31/2a(x)2c(x)/2, 
with a(x) and c(x) as the lattice constant of the alloy. 

By mean of Eq. (2) for the lowest-subband wave function, this is written in 
terms of the barrier wave number κ as follows: 

                          b

2
2 2

AD al

A κ
U ( ) = x (1 x) u  Ω  (1 e )

2
− −q .  (26) 

4. Results and Conclusions 

In this section, we are trying to apply the presented theory to study the effects of 
the polarization charges on the quantum lifetime of electrons in AlxGa1-xN/GaN 
heterojunctions. The effective electron masses of GaN are for the growth direction 
mz = 0.18 me [23] and for the in plane m* = 0.228 me [24]. We are examining  
the key parameters to which the calculation of the quantum confinement, i.e.,  
the electron distribution in AlxGa1-xN/GaN heterostructures, is sensitive. First, the 
potential barrier is normally assumed to be equal to the conduction band offset 
between the AlxGa1-xN barrier and the GaN well, V0 = ΔEc(x), which depends on 
the Al content x as  

ΔEc(x) = 0,75 [Eg(x) – Eg(0) ] (27) 

the conduction band. Since the deformation potential is of short range, and the 

then average by mean of the wave function from Eq. (2) we may find the following 
On the substitution of roughness-induced fluctuations [22] into Eq. (22) and 

–2 κ L
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in which  

            Eg(x) = 6.13x + 3.42(1–x) – x (1–x)  eV (28) 

Secondly, some recent experimental and theoretical investigation [25] sugges-
ted that the measured spontaneous polarization charge density may be very small, 
therefore we adopt the measured value of this charge density of AlN reported in  
Ref. [26], σsp(AlN) =  0.044 C/m2. Then  

                    σ (x) = 0.011× – 2 13
31 33

33

c (x)a(x) a(0)
[e (x) e (x) ]

a(0) c (x)
−

−   (29) 

(in units of C/m2).  
We are examining input parameters based the recent experimental data [4] 

about the 2DEG quantum well made from GaN of thickness Lw = 4.7.104 Å and a 
barrier from AlGaN of thickness Lb = 210 Å and an Al content x = 0.23.We 
carried out the calculation for standard Fang-Howard wave function ζ (z) along 
the growth direction in presence and absence of the polarization charges. Further, 
we calculated the quantum lifetime τq due to SR, PE, DP, and AD scattering,  
and the for the total quantum lifetime in presence and the absence of the polari-
zation charges. From calculation results obtained, we may draw the following con-
clusions: 

(i) With the presence of the sheet polarization charges, electron wave function is 
been squeezed close to the barrier, which mean it is close to the key scattering 
sources. 

(ii) The total quantum lifetime of these 2DEG in presence of polarization charges 
is decreased in comparison with the one in absence of polarization charges. 
This is because of the presence of the sheet polarization charges, electron 
wave function is squeezed close to the barrier. There are the key scattering 
sources. Scattering decreased the quantum lifetime of 2DEG. 

(iii) In our calculation results, surface roughness, piezoelectric and alloy disorder 
scatterings are most important in limiting quantum lifetime in presence  
and also in absence of polarization charges. In Fig. 3 and Fig. 4, two most 
important scattering mechanism are shown as examples:  surface roughness, 
and piezoelectric scattering. Another example given in [27], in which  surface 
roughness and alloy disorder are predominant effects. 

To summarize, in this contribution we have theoretical studied the effects of the 
polarization charges on the quantum lifetime of the two-dimensional electron gas 
in a uniformly-doped AlGaN/GaN heterostructure. We take into account the 
effects of the polarization charges on the wave function of electrons and have 
calculated the total quantum lifetime of the 2DEG due to all possible scattering 
mechanisms and quantum lifetime of each scattering mechanisms. We find that  
SR, PE and AD scattering dominate the quantum lifetime. 
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carrier sheet density ns for σ = σ(x) 
(solid line), and σ = 0 (dotted) 

quantum lifetime (SR, PE) in absence 
of polarization charges 

for σ = σ(x)(solid line), and σ = 0 (dotted) 

quantum lifetime (SR, PE) in presence 
of polarization charges 

Fig. 1. The wave function of the 2DEG Fig. 2. The quantum lifetime vs. the 

Fig. 3. The total quantum lifetime and Fig. 4. The total quantum lifetime and 
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Abstract. It is shown that low dimensional electron systems in a deformable lattice are 
unstable against a lattice modulation at the Fermi wave vector only when there is half-
filling of the conductive band (no doping: n = 0). When there is doping (n ≠ 0), the phase 
transition is metal-semimetal, the gap appears at a wave vector that is different from the 
Fermi-wave vector and an incommensurate structural phase transition takes place. This 
phase transition plays an important role in the formation of electron (or hole) bags, in the 
considerable increase of carrier DOS near the Fermi level and in the change of Cooper pair 
wave character that may lead to enhancement of superconducting TC in Quasi-two 
dimensional (Q2D) materials. The start of our study is that when the doping n is different 
from zero the nesting vector is different from (π,π) and defined by minimizing the energy 
of the system. By the method of Green ‘s functions for the charge density wave and the 
Cooper pair we found a system of equations describing the phase.transition properties of 
Q2D materials, including superconductivity. A rough estimate of Tc gives agreement to 
experiments. 

1. Introduction 

Quasi-two dimensional (Q2D) materials, especially magnetic system of perovskite-
type and high Tc superconductors of cuprate-type have attracted many scientists, 
recently, because of their special properties. In general, the structural, electronic 
and magnetic properties of Q2D systems change with charge carrier doping. 
Theoretical studies show that these changes are because of a lattice instability 
and this causes the formation of energy gaps at some parts of the Fermi surface 
when the nesting condition is satisfied. However, the consequence that the energy 
gap exists with the nesting wave vector Q = (π,π) is realized only in the undoped 
case. In the doped case the energy gap Δ increases and attains a maximum 
(corresponding to this, the energy of system becomes minimum) with exciton 
pairs with Q≠(π,π) and a structural phase transition takes place.  

For example, band calculations for the La2CuO4 compound showed strongly 
two-dimensional characteristics and rather perfect nesting of the Fermi surface 
[1,2]. Nesting leads to a Fermi surface instability and causes a lattice distortion. 
An energy gap is formed at the Fermi surface as a consequence and this turns the 



 

material into an insulator [3]. Differently from one-dimensional materials nesting 
in Q2D materials takes place only in a part of the Fermi surface. The band 
calculations for La2CuO4 and YBa2Cu3O7 [4, 5] showed also that nesting of Fermi 
surfaces seems to be associated with structural (charge density wave, CDW) and 
antiferromagnetic (AF) transitions in La2-xMxCuO4 [6, 7]. In La2–xMxCuO4 the 
nesting vector corresponds to a dimerization of the period. In real systems, e.g. 
superconducting ceramics with increasing of doping concentration, the nesting of 
Fermi-surface sections is dominant only in certain directions of the k-space. 
Neutron scattering studies [8] have also shown that in the La2-x(Ba; Sr)xCuO4 
compound when n = 0 the nesting vector is ),( ππ=Q  and the compound is an 
insulator. However, when it is diluted by Ba or Sr which deteriorates the nearly 
perfect nesting situation, an incommensurate splitting of the inelastic magnetic 
scattering peaks in the 

42 CuOSrLa xx−
 compound appears.  

The result mentioned above can be explained as follows: when there is no 
doping (n = 0) the existence of a lattice modulation at the wave vector, for 
example, in some x-direction QX equal to twice the Fermi-wave vector (2kF) leads 
to an electron pairing 2 Fk k ka a+

+< > ,  where ka  is the electron annihilation operator. 
In this case π== Fx kQ 2 , the period of energy spectra of electrons decreases 
twice and the gap appears at the Fermi level. When n ≠ 0 such electron pairing 
leads to the existence of a gap at a wave vector different from the Fermi-wave 
vector (see Fig. 1).  
 

2x FQ k π= =

xQ π≠  

In the model suggested in this paper, the nesting situation leads to existence  
of excitons with a charge-density wave. The exchange of two intra- and inter-
sublayer electrons by excitons and phonons can lead to their attraction [9].  

The phase transitions play an important role in the formation of electron  
(or hole) bags and for the considerable increase of carrier density of state (DOS)  
near the Fermi level, which together with the interference of the charge density 
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;  b) in  the doped case: Fig. 1.  Formation of gaps: a)  in the undoped case: 
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wave and Cooper pair wave as in the three dimensional system [10] leads to the 
enhancement of the superconducting TC in Q2D systems. 

2. Model Hamiltonian and Green’s functions   

To reflect all features mentioned above , the Hamiltonian is given by [9]: 

                       pelelelpel HHHHH −− +++=                           (1a) 

with  
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qqpel bbqkakgaH                   (1e) 

                          )cos(cos)( yx kkk +−= με                                  (2) 

)(kaσ  and qb  are annihilation operators of electron (with spin σ, wave vector k ) 

potential from the half filling level and g is electron-phonon interaction constant. 
In order to solve this problem with this Hamiltonian we introduce the following 

                  ,)0,(),(),(1 ><= + katkTatkG σσ            (3a) 

             ,)0,
2

(),
2

(),,(2 >+−<= + QkatQkTatQkG σσ              (3b) 

                   ,)0,(),(),(1 >−<= − katkTatkF σσ            (3c) 

σ
1= 2

where λ is the coupling constant characterizing the screened Coulomb interaction.  
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Green's functions as in quasi-one-dimensional systems [11]: 

Hamiltonian (1) the energy is used in units of the lower conduction band edge.  

and phonon (with wave vector q ) respectively, μ is the shift of the chemical 

∑

is the 2D-energy spectrum in the tight binding approximation. We note that in the 



 

           ,)0,
2

(),
2

(),,(2 >++−<=
QkatQkTatQkF σσ               (3d) 

The appearance of the function ),,(2 tQkF  is due to the excitonic pairing 
),,(2 tQkG . By solving the equations of motion for these Green’s functions we 

can obtain the system of equations describing the material properties of interest. 

3. The State with Excitonic Pairing and Structural Phase 
Transition 

In the mean field approximation with singlet excitonic pairing without super-
conductivity we find the following self-consistent equations for the gap and the 
shift of chemical potential : 
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where 1)/2( 0 −= NNn  is the shift of relative carrier concentration from the 
half filling state (considered as doping), N  is the carrier number of the filled  
band: ∑=

σ,
0 1

k

N , and T is the temperature in energetic units. The carrier concen-

tration N is determined by the Green s functions via 

∑
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+=

mk
mm

QkGQkGTN
ω

ωω
,

11 ,
2

,
22

1           (6) 

where  (2 1)m T mπω = + , m is an integer. 
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1
 

)cos,(cos yx kkA =                                      (7e) 

              )sin,(sin yx kkB =                                        (7f) 

The excitation spectrum (for one direction, for example y)  

      ω μ± = − ± +cA sB( )2 2Δ                     (8) 

is shown in Fig. 2. The carrier filled region’s width in Fig. 2 is equal to cy, which 
signifies the correlation of the nesting vector with doping n. 

The nesting vector Q  is defined by the minimized energy of the system  
In case of λ1=0.025; T= 0.01 the results are these: 

   Q1 = (π ,π – 0.095π ), Q2  = (π – 0.095π ,π ) for  n = 0.01;  
   Q1 = (π ,π – 0.098π ), Q2  = (π – 0.098π ,π ) for  n = 0.03; 
   Q1 = (π ,π – 0.1π ),     Q2  = (π – 0.1π ,π )     for  n = 0.05.  

The order parameter )(QΔ  is defined as  

                                             ∑−=Δ
ω

ωλ
,

21 ),,()(
k

QkGTQ                (9) 

1λ  is the renormalized interaction constant:  

                                                      λ1 = λ + 4 g
2
/ωQ .                      (10) 

   Fig. 2. Electron excitation spectrum for λ = 0.025 ; n = 0.2
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For n = 0.05 the plot is shown in Fig. 3. We see that when the doping content n 
increases Q will deviate and move away from (π,π). This can take us to the 
conclusion that the lattice structure of the host Q2D material has changed with 
doping. By fixing n and λ1 and change T we obtained interesting results as 
follows: There exists a temperature Tstr at which the structural phase transition 
takes place. When the doping content n  increases Tstr is also increased. 

shows that when temperature T increases in the range T < Tstr the chemical 
potential μ increases. This is clear because the increase of temperature leads to the 
increase of energy of atoms in the materials . However, from Fig. 4 the chemical 

1 = 0.025 ; n = 0.05 ;T = 0.01 

1 = 0.025 

This is shown by the relationship of the chemical potential to T in Fig. 4. Figure 4 

Δ = Δ(Qx,Qy) with λFig. 3. The plot of the gap (“delta”) 

Fig. 4.  Plot of chemical potential (“chepo”) μ = μ(T) with n = 0.01 ; 0.03; 0.05, λ
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potential μ attains a maximum at Tstr, where Q= (π, π) and the lattice recovers to 
the initial state with which the average deviation <u> of atoms from equilibrium 
positions is equal to zero. Because of this, the half filling level has changed; not 
just as in the case of lattice deformation with <u> ≠ 0. In the range  T > Tstr an 
increase of temperature T leads to a decreasing Δ (Fig. 5), and because the doping 
n is fixed, μ will be decreased .   

Fig. 5. Plot of the gap (“delta”) Δ = Δ(T) with n = 0.01; λ1 = 0.025 ; TN = 0.09985475 

4. Possibility of Superconducting T c Enhancement 

The system of equations for the superconducting phase transition temperature  
Tc is obtained from (1)-(3) by solving the equations of motion for all Green’s 
functions (3). We have  
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∏  and D are described by the electron loop and the phonon Green’s function, 
respectively; λ∗ is the weakened Coulomb interaction :  

                                                 / (1 ln1/ ),oλ λ λ ω∗ = +           (12b) 

oω  is the exciton cut-off energy in units of the conduction band edge. 
Δ0 and S0 are introduced as order parameters for exciton pairing and for Cooper 

pairs, respectively, when they exist separately, then 

                                1.76Tc0 = S0 = 2ω D exp(−π 2 /λ2 ),               (13a) 

                                 Δ0 = 2ω exp(−π 2 /λ1).                                 (13b) 

Dω  is the Debye energy in units of the conduction band edge. 
In the limit of nTS coo <<>>Δ 0;  , we have an expression for the estimate of 

Tc : 
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where n/0Δ=γ ;    

    g0 = ln(Δ0 /S0 ).                         (15)  

The maximum of Tc /Tc0  is obtained with doping and then 
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In order to roughly estimate Tc we assume εo = 2eV; o oSΔ /  = 50. Then for 
Tc0

 = 5K and 10K we get Tc = 81K and 163K respectively. It is clear that the 
exciton pairing increases considerably the superconducting Tc. The value of 
doping n used in (16) is equal to 0.20, therefore ci = 0.0996 (i = x or y). So, the 
stable state and the maximum value of Tc correspond to the magnitude of Q which 
is different from (π, π). In dependence of the doping the maximum of Tc is due to 
two effects: firstly, doping favours the superconductivity, secondly, it weakens the 
excitonic pairing. The enhancement of superconducting Tc is due to the increase 
of carrier DOS near the Fermi level and the interference of the charge-density 
wave and Cooper-pair wave like in three-dimensional systems [10]. 

o
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Compressed Electron Distribution  
in the Nanostructure 

Nguyen Van Tri 
Institute of Engineering Physics, Hanoi University of Technology 

Abstract. Two very peculiar effects of ESR spectral intensity have been revealed in 
numerous different material and biological matters possessing a prominent nano-ordering. 
And on the basis of the experimental results, a new conception called “Compressed 
Electron Distribution” in the nanostructure is suggested, so that the revealed phenomena as 
well as their nanomechanisms can be interpreted.  

1. Introduction 

The existence of functional structures of nanometer dimensions is not new, in fact 
they have existed on earth as long as life itself. Such structures as nanoparticles 
themselves had been studied long before the words nanoparticle and nano-
technology were coined. A nanoparticle, or generally a nanosystem, may be 
considered as a nanoscaled aggregate of atoms viewed as a subdivision of a bulk 
material and it is structuredly distinct from the bulk material [1].  

different real forms of condensed matter such as the particles (grains) in a bulk 
nanostuctured material, the basic units in a disordered solid, the modulated or 
composited structural units in aperiodic materials, the individual nanoparticles 
localized in functional materials (donors, acceptors, deep traps, metal clusters, ...). 
Especially, many biological materials are classified as nanoparticles. They play 
the decisively important roles in all processes of life. 

The nanoworld is of quantum nature and a peculiar “kingdom” between the 
macroscopic world and the atom – the building stone of matter. Evidently, the 
structure and the behaviour of electron in the nanosystem can be strongly 
influenced by the nanosized constitution and thereby completely changes [1-3]. 

The functional nanostructures or the called “active centers” persisting in a 
material or a living body, in most cases, are the perturbed nanosystems that show 
odd electrons that are responsible for the specific feature of the material or the 
particular activity of the living body. These informative quantum electronic 
systems themselves are the fundamental and very convincing study-objects of 
electron spin resonance (ESR). For that reason, ESR can offer efficient help for 
studying the elementary dynamic processes in condensed matters. From the 
experimental results with ESR in combination with other methods on different real 
materials and biomedical systems of nano-level, numerous special complexes of 
odd electrons and their unusual structures and behaviours very distinct from the 
ones in the normal crystalline materials have been revealed and partly reported in 
some preceding publications by the author, e.g. [4-8, 12].  

The nanostructures exist everywhere in nature and industry. They can persist in 

E-mail: nvtri@mail.hut.edu.vn 
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In this paper, two peculiar spectral effects revealed in different nanostructured 
material and biological matters, the new conception “compressed electron distri-
bution” in the nanostructure and its applications will be reported and discussed.  

2. Experimental Results 

The new and very peculiar ESR spectral effects, namely the compression of the 
spectral intensity and the pumpless emission of radiation, outstandingly occur in 
those matters possessing a prominent nano-range ordering. The ESR measure-
ments were performed on an ERS-220 standard electron resonance spectrometer 
system with the sensitivity of 1010 spin/G. The sample temperature was automati-
cally controlled at different values with the accuracy of ± 1 K.  

In the effect of compression of the spectral intensity, the whole intensity of a 
line group is climaxedly concentrated into only an individual line. This pheno-
menon has been distinctly observed in amorphous SiO2 thin films, glasses, and 
especially in biological tissues such as natural fibers, soya, ananas, kidney, etc.  
In figure 1 a typical example concerning the line group of the called complex C in 
SiO2 materials is shown. From a high-melting glass after special supplemental 
thermo-treatments for improving the amorphous state (Fig. 1a), the line C5 arises 
extremely strongly, and all the rest lines become very feeble. But from a low-
melting glass (Fig. 1b), the strong line is changed to C2.  

The effect of stimulated emission of radiation without pumping has been 
distinctly observed in some cases of an excellent nano-range ordering in special 
disordered materials and biological tissues. Some typical examples are given in 

the “dangling bond” center Si3+ in an amorphous SiO2 thin film at the temperature 
c

upper kidney gland at the temperature Tc ≈ 153 K.  
In the normal ESR technique, under action of microwave of resonant frequence 

sample only can be a characteristic stimulated absorption with the absorption lines 
as registered in Figure 2a, 2b and Figure 3a, 3b. But the surprise in these 
experiments is that around a certain temperature, here called critical temperature, 
an inverted line, i.e. a Stimulated Emission Line of the same resonant frequence ν 
rather suddenly appears (registered as A* and Ro* in Fig. 2c, 3c) without any 
pumping for producing population inversion by an outside source. As it is well 
known, the population inversion is the first prerequisite for the action of a 
LASER.  

An emission line in X-band from the dangling bond center A(Si3+) also has 
been clearly observed in a low-melting glass at the critical temperature Tc = 1.6 K 
with the effective spectroscopic splitting factor or the g-factor g(A) = 1.9995 and 
the full width between the peaks or the peak-peak width ∆Hpp = 3.27 G. Similarly, 
the experiment showed that an emission line in X-band from the complex [Fe-S] 
in wild natural ananas can very strongly happen at a rather high critical tempe-
rature, namely at Tc ≈ 313 K nearby the vegetable body temperature. It is very 
 

Figure 2 and Figure 3. Figure 2 presents the occurrence of the emission line from 

ν, the effective transitions of the ensemble of the spin centers in a measurement 

T  ≈ 103 K. And Figure 3 − from the “labile sulfur” center S* in a living tissue of 
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Fig. 1. Occurrence of an
individual strong line of the
spin complex C in a high-
melting glass (a) and a low-
melting glass (b) after special
supplemental treatments for

ESR recorded at ν = 9.5
GHz, T = 300 K with first
(b1) and second ( a1, a2, a3,

500 G H H 500 G 

a1) 

a2) 

a3) b2) 

b1) A

A

A

A
C5

C5

C2 

C2 

Fig. 2. The occurrence of
the stimulated emission line

Si3+ (spin center A) in an
amorphous SiO2 thin film
CVD-produced on silicon:
a) Almost only the absorp-
tion line A appears, b) The
absorption lines A (from
Si3) and B1,B2 (from the
coupled pair Si 3+ 3+)
merge, c) The emission line
A* and the absorption lines
B1 2
g(A) = g(A*) = g(Si3+) =
1.9980, ∆Hpp(A, 300 K) =
4.5 G; ∆Hpp(A*, 103 K)

14 15 cm–3. Splitting
1 2 

as abscissa scale for mag-
netic field H  

b) 193 K

a) T= 300 K

A

21.3 G 

B2

B1 
A*

c) 103 K

improving amorphous state. 

   

 

b2) derivative. a1) Initial   

(A*) from “dangling bond”

a3) The sample after special

C5 appears extremely strongly

sample (polycrystalline). a2),

occupying 92% of the total
intensity of the group. b1),
b2) In glass (b) the line C2

the total intensity 

thermo-treatments, the line 

occupies over 95% of the

– Si

– B  merge.  ν  =  9.5  GHz,

N = 10 –10
B –B  = 21.3 G is also used

= 2.1 G. Spin number:
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remarkable that at this critical temperature the fiber suddenly showes a peculiar 
maximum point of conductivity, while at other temperatures it is highly insulative. 
This phenomenon should be detailedly reported in a next publication.  

3. Model and Application. Discussion 

the thermodynamic Boltzmann distribution (Fig. 4a). Hereby the effective induced 
transition between the two levels always results in an absorption and the spectral 
intensity distribution is smooth.   

In a nanosystem (nanoparticle or “quantum dot”), the odd electrons can be 
considered as quasi-free electrons (QFEs) moving in a nano resonant cavity 
(NRC) constituted by the boundary planes of its definite geometry. Contrary to the 
case of a normal crystalline matter, the sole quantum state of the QFE in the NRC 
only can be a standing wave, in which the wavelenght of the QFE must fullfil the 
following resonance condition:  

 

 

Fig. 3. The occurrence of the
stimulated emissionl line (RO*)
from the “labile Sulfur” (spin
center S*) in a living tissue of
upper kidney gland at the
temperature Tc ≈ 153 K. a) and
b) T > 153 K: Ro is the absorp-
tion line of S*. The four weak
lines of the Hyperfine Struc-
ture (HFS) are due to the
non-equivalent interaction of
some electron spin S* with the
nucleous spins of the two Fe
ions in the functional structure
of the (2Fe-2S) protein of
kidney gland. c) T ≅ 153 K:
The stimulated emissionl line
(RO*) from the labile Sulfur S*
appears. ESR recorded in
X- band (ν = 9.5 GHz) at T ≥
153 K.  

H [G] 3360 3380

a1
a2 

Ro

Ro*

a)

b)

c)

Ro

,...3,2,1n,d
2

n ==
λ  (1) 

In a paramagnetic sample of normal crystalline structure, the spin centers obey 

3.1  Conception of the Compressed Distribution in the Nanostructure 

 54  N.V. Tri 



 

The ground wave state corresponds to 

where d is the longest extension distance between both parallel planes of the NRC. 
The stationary eigen functions in the ground states of the QFEs in the NRC in 

the one-dimensional representation are given by the standing waves 

                              ψa(x) = Acoskx, and ψb(x) = Asinkx                      (3) 

where  

is the sole allowed value of the wave parameter (wavevector). It is especially 
remarkable that for the case of a crystalline matter this value of k is forbidden.  

However, the arguments discussed above only are the preliminaries and rest on 
the crude approximation. A more refined treatment of the motion of QFEs in a 
nanostructured matter must take the interactions between these electrons and the 
lattice into account, by which the energy level corresponding to an eigen function 
(3) occurs in an energy band around the resonance peak at the middle energy E  of 
the NRC.  

On the other hand, the natural reaction of the NRC is just compressing all 
allowed states of the QFE as nearest as possible to the middle level E  of the 
energy band (Fig. 4b). This peculiarity leads to the “Compressed Distribution” in 
the nanostructure. From the resonant character, it can be assumed that this 
compressed distribution of the QFE states in an energy band in the nanostructure 
approximately showes a normal Gauss form (Fig. 5) with 

 
                              (5) 

 

where ∆2 is the mean square fluctuation. Evidently, this distribution of the states 
of QFEs in the nanostructure is quite different from the one after the “k2-rule” of 
the normal crystalline matter. Certainly, this emergent distinction can lead to some 
peculiarities of the nanostructured matter. 

The general natural fluctuation of the parameter of short-range order in real 
non-crystalline state of matter is of 10–2 [9, 10]. Therefrom it may be initially 
evaluated that the full width at half maximum (FWHM) of the compressed 
distribution curve vs energy is of order of 10–4 – 10–3 eV. However, its abruptest 
area is very narrow and may contain only one ESR transition line. 

3.2. The Climax-compression of the Spectral Intensity into an Individual Line 

As an example, this effect on the line group of the spin complex C in silica glasses 
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(Fig. 1.) is illustrated in the diagrams Figure 6 and Figure 7. 
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The careful ESR measurements showed that in the case of two Si-vacancies 
being on a [Si-O-Si]-bridge the six unpaired electrons from the O– ions in a nano-
system containing two SiO4/2 basic units can be favourably combined into a 
superexchange coupled spin complex C (or “6O– ”) with the resultant spin S = 6/2. 
This complex provides in the whole 12 ESR lines, where the multiple of the 
ground quantum state S = 3 includes 6 lines: C1, C2, C3, C4, C5 and C6. In figure 

ESR lines of the multiple S = 3 are described. The energy level and ESR transition 
diagrams for the both cases are entirely the same, but their positions of the initial 
energy (i.e., the energy at the applied magnetic field H = 0) of the spin center 
  
 
 
 
 
 
 

      

 

 

 

 

 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Fig. 6. Structure of the Complex C: 
Dashed circle: Si-vacancy 

 : O2– ion 
  : O– ion with an odd electron 
H: Hydrogen (or Natrium, Kalium, 
Lithium, ...) ion 
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Fig. 4. Distribution of state density and the
distribution function n(E) in a normal crystalline
structure (a) and in a nanostructure (b). The left
parts are simplified sketchs of the levels in an
energy band. The two big arrows imagine the
natural reaction of the NRC leading to the
“compressed distribution” 

Fig. 5. Illustration of the course of
the compressed distribution in the
nanostructure, by which an intensive
induced absorption on its right abrupt
slope and a intensive emission on its
left abrupt slope can take place 
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7a and Figure 7b, the diagrams of the energy levels, the ESR transitions and the 
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Fig. 7. Interpretation of the
effect of compresssion of
the spectral intensity into an
individual line of the coupled
spin complex C: a) in a high-
melting and b) in a low-
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2 1

3.3. The Stimulated Emission of Radiation without Pumping 

As an illustration. example, the stimulated emission line from spin center A (Si3+) 
2

Fig. 8. Interpretation of the effect of stimulated emission of radiation without pumping  
(line A*) from the center Si3+ in amorphous SiO2 at Tc ≈ 103 K (s. also Fig. 2)  
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area of the right slope of the compressed distribution curve and obtaines an enormous 

The whole energy level system moves down so that the C2 transition can fall 

that causes now the extremely high intensity of the line C2. 

interpreted by the diagram in Figure 8 below.  
in amorphous SiO  whose experimental result already presented in Figure 2 is 

  

population difference (n – n ), that causes the extremely high intensity of the  
line C5. But in the low-melting glass (Fig. 7b), the initial spin energy is lower. 

into the abruptest area of the right slope of the compressed distribution curve, 
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The well known center A (Si3+) together with the center B ([Si3+- Si3+] coupled 
pair) in SiO2 materials has been studied for a long time. Their eigen values with 
the quantum states ms(A) = ±1/2 and ms(B) = ± 1, 0 can be simplified described as 
follows 
                                                 

2 2
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2 2
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                             (6) 

 
where J is the exchange integral of the coupled pair B; its measured value is  
of about 90 cm–1 (≅ 1.2 × 10–2 eV or 130 K), g − g-factor of the center A, β − the 
Bohr magneton, H − the applied magnetic field and r − the pair distance. In figure 
8 there are shown the diagrams of the energy levels, the ESR transitions and the 
first derivative spectral lines.  

The initial energy of the center B is higher than the one of the center A, the 
difference is of J/4. The key is that, at the critical temperature Tc ≈ 103 K, 
whereas the energy levels and the corresponding ESR transitions of center B is 
lying on the absorption slope, the o nes of the center A fall into the abrupt area of 
the emission slope of the compressed distribution. For this reason, at the tem-
perature Tc the emission line A* from the center A and the two absorption lines 
B1-B2 from the center B can be together observed. The outstanding Stimulated 
Emission Line A* appears without any pumping by an external source. 

Furthermore, the distribution of the spectral intensity of the absorption group B 
in amorphous SiO2 is also very peculiar, contrarily to the case of crystalline SiO2, 
the line B1 becomes very much more intensive than B2. This phenomenon can be 

The existence of the center A (Si3+) in Si-SiO2 materials is not new. But, the 
effect of stimulated emission of radiation without pumping from A(Si3+) in the 
amorphous/nanostructured SiO2 is new. As above-mentioned, some other distin-
guished examples of this effect also have been revealed such as from low-melting 
glass, from upper kidney gland tissue, from natural vegetable fiber tissue. This 
effect can be considered as a new paramagnetic MASER mechanism, in which the 
active medium is a nanostructured matter, the stimulating signal is a microwave 
and the population inversion is established not by artificial means (pumping), but 
by the compressed distribution already naturally persisted inside the nanostructure 
of the active medium. 

That may be to say, a new and peculiar type of “NATURAL MASERs” is 
discovered, although the other natural masers have been known for several 
decades. This naturally occurring maser action is frequently found in clouds of 
molecular gases in our galaxy where water or other molecules amplify radiation 
from stars [11].  

The sudden changes of the conductivity in some nanostructured materials, e.g., 
in amorphous silicon [12], in semiconductive phase of YBCO compounds [8], etc. 
can be considered as an other important proof of the compressed distribution.  

explained by the diagram with the compressed distribution curve (Fig. 8). 
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4. Conclusion 

The effect of climax-compression of the spectral intensity into an individual line 
and the effect of stimulated emission of radiation without pumping (a new type of 
natural maser) have been experimentally revealed in numerous material and 
biomedical objects. The effects outstandingly occur in those matters possessing  
a prominent nanorange ordering. The achieved results can be explained as to 
originate only from a pecularity of the population distribution of the dynamical 
electrons in the nanostructure, very distinct from the one in the normal crystalline 
materials I call this distribution “Compressed Electron Distribution” in the nano-
structure. On the basis of this conception, the revealed effects and their nano-
mechanisms have been satisfactorily interpreted. These new and very peculiar 
effects and their real applications will be furthermore investigated. 
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Abstract. The dynamics of laser-excited electronic excitations (localized surface plasmons) 
in spherical Ag nanoparticles is studied by phase and time resolved two photon photoemission 
(TR-2PPE) and photoelectron emission microscopy (TR-PEEM). A two-dimensional array 
of nearly identical, parallelly oriented particles is deposited lithographically on a trans-
parent ITO covered glass substrate. We are able to show that the parallel acquisition mode 
of the PEEM enables us to resolve local variations in the ultrafast electron dynamics in the 
nanoparticles with an accuracy of 1fs and a lateral resolution in the nanometer regime.  
A qualitative interpretation of the mapped inhomogeneities in the local electron dynamics  
is provided. 

1. Introduction 
In noble metal nanoparticles collective electronic oscillations – so-called particle 
plasmons or localized surface plasmons (LSP) – can be excited by electro-
magnetic waves. Therefore they are detectable as pronounced resonances in the 
scattering and absorption cross-section, commonly located in the visible or UV 
part of the spectrum [1]. The resonance frequency of the plasma oscillation is 
determined by the dielectric properties of the metal and the surrounding medium 
as well as by the particle size and shape [1, 2, 3]. The collective oscillation can be 
interpreted as a displacement of the electrons in the particle against the positively 
charged background of the atomic nuclei. Resonant excitation of this collective 
charge oscillation causes a large enhancement of the local field inside and near the 
particle [4, 5] which dominates the linear and nonlinear response of the particles to 
the light field. The field enhancement caused by the electron oscillation is thought 
to be responsible for the enhancement of non-linear optical effects such as surface-
enhanced Raman scattering (SERS) [6], surface second harmonic generation [7, 8] 
and multiphoton photoemission [9-12]. In recent years the promising research 
field of plasmonics and ultrafast nanooptics has emerged, exploiting the high 
potential of plasmons to concentrate and channel light into subwavelength struc-
tures of nanoscopic circuits [13]. 

While the spectral positions of the resonances of particle plasmon excitations as 
a function of particle size, shape and dielectric properties are well understood [1-4], 
the ultrafast dynamics of these collective electronic excitations have remained a 
highly interesting topic to be studied in more detail. To understand the dynamics, 
it is essential to investigate the mechanisms relevant for the loss of phase cohe-
rence between the electrons contributing to the collective excitation (dephasing).  
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Photoemission electron microscopy (PEEM) in combination with nonlinear 
photoemission, in particular two photon photoemission (2PPE), has emerged as  
a versatile tool to study plasmonic excitations. As the photoemission yield is 
governed by the local electric field distribution it can be employed as a direct 
probe of the plasmon induced field enhancement. For instance, Cinchetti et al. 
[14] used 2P PEEM to map the lateral distribution of optical near fields in the 
vicinity of plasmon resonant structures. 

A highly promising aspect of two-photon photoemission electron microscopy 
with respect to questions of the dynamical behaviour of plasmonic excitations is 
the option to employ the technique in a time-resolved stroboscopic mode (TR-
PEEM) with a temporal resolution below 10 fs [15, 16]. In combination with the 
PEEM lateral resolution of sub 50 nm [17], this allows us to directly monitor  
the spatio-temporal dynamics of the local field distribution associated with the 
excitation and decay of localized plasmon modes. Further enhancement of the 
time resolution can be achieved by stabilizing the pump-probe setup with sub-
wavelength accuracy by interferometric methods. In this way, accurate infor-
mation on the relative phase of the plasmon mode to an oscillating reference field 
such as the driving external light field can be obtained [11]. The combination of 
laterally and temporally high resolving methods allows one to obtain a complete 
picture of the near-field dynamics associated with plasmon excitations in low-
dimensional nanostructures. 

In this paper we present a study of a two-dimensional array of identically 
prepared, parallelly oriented particles deposited lithographically on a transparent 
ITO substrate by phase and time resolved two photon photoemission (TR-2PPE) 
and photoelectron emission microscopy (TR-PEEM). This combined technique 
allows to study spatial variations in the local electron dynamics. Furthermore, by 
mapping the spatio-temporal evolution of the 2PPE-yield within a single particle 
we are able to follow the phase-propagation of a localized surface plasmon mode 
through a particle on a sub-femtosecond time-scale. This illustrates how the phase-
control of a laser field allows manipulating the local field-distribution in nano-
scopic systems.  

2. Experimental Methods 

The experimental method used to investigate the 
dynamics of the optically induced electronic excitations 
is time resolved two photon photoemission (TR-2PPE) 
[18]. This pump-probe technique permits a direct 
measurement of dynamical properties of electronic 
excitations in the time domain with a resolution of a 
few femtoseconds. The principle is shown schemati-
cally in figure 1. Photoemission takes place via a two-
step process. Absorption of a first photon with energy  
below the work function leaves the system in an 
excited state which will decay after a characteristic 
average lifetime T1. If a second photon is absorbed 
within this time interval, a photoelectron is emitted 

Fig. 1. Excitation scheme of
the 2PPE process 
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Fig. 2. Setup for the space and time resolved two-photon
photoemission experiment (TR-PEEM) 

from the sample surface and can subsequently be detected. An energy analyzer 
can be employed to address a specific intermediate energy level. The population 
decay time of the intermediate state is measured by an autocorrelation technique. 
In our setup the frequency-doubled output of a Ti:Saphire oscillator provides 
ultrashort pulses (<20 fs) with a photon energy of 3.1 eV. A Mach-Zehnder inter-
ferometer is used to prepare a pair of identical pump-probe pulses with variable 
time delay. Measurement of the photoemission signal while scanning the temporal 
delay between pump and probe pulse results in an autocorrelation trace which 
contains an exponentially decaying contribution which is directly related to the 
population decay time T1 of the intermediate excitation state.  

The extension to a 
space and time resolved 
2PPE set-up (TR-PEEM) 
is shown in figure 2. 
The PEEM serves as a 
2D-electron detector that 
maps the lateral photo-
electron distribution from 
the sample surface. A 
more detailed description 
of the employed PEEM 
system can be found in 
reference [15, 19]. For a 
full pump-probe scan, the 
delay between the two 
pulses is varied in small 
steps (typically Δt = 1fs) 

and for each step a PEEM image is taken. This results in a series of images 
containing a correlation trace for each pixel. Thus we obtain information on the 
dynamical behavior of the electron system at the sample surface (decay time T1  
of the intermediate state) with the spatial resolution of the PEEM. 

To further improve the time resolution, a phase- resolved PEEM setup has been 
realized. The Mach-Zehnder interferometer has been modified as depicted in 
figure 3a. Here, the probe is delayed with respect to the pump by a piezo-driven 
optical delay stage enabling relative positioning of both interferometer arms with 
20 nm accuracy. This corresponds to a temporal delay between the respective laser 
pulses travelling through the different arms of 67 attoseconds. To guarantee this 
extremely high resolution, the optical pathway is calibrated by monitoring the 
interference signal from a frequency stabilized HeNe laser beam [20]. The per-
formance of phase-resolved as well as phase-averaged 2PPE has been tested  
on a polycrystalline tantalum film (see figure 3b, photon energy 3.1 eV). The 
oscillation fringes due to the interference between pump- and probe- pulse are 
well resolved, i.e., the accurate reproduction and periodicity of these measure-
ments over the entire temporal delay proves the position stability of our setup. 
Note that the phase-integrated correlation trace can be obtained from the phase-
resolved signal by time-averaging.  
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Fig. 3. a) Setup of a phase resolving high resolution Mach-Zehnder interferometer. b) The 
performance of the interferometer has been checked by lateral integrating phase- and time-
resolved 2PPE measurements on a polycrystalline tantalum sheet. 

The investigated 2D silver nanoparticles array is prepared by electron beam 
lithography [21] on an ITO (indium-tin oxide) covered glass substrate. As the 

3. Results and Discussion 

The spectral position of the LSP resonance critically depends on the dimensions, 
shape and material of the nanostructure as well as the dielectric constant of the 
surrounding [1-3]. The spectral response of the prepared silver nanocylinders 
can be well reproduced by calculations based on the model of reference [22]. 
The material properties are taken into account by using the measured dielectric 
function of silver and an average value for the surrounding. The model also 
includes the known geometry of the cylinders as well as a broadening of the 
resonance due to radiation damping and retardation effects. Figure 5 presents a 
calculated (a) and a measured (b) extinction spectrum of the used 2D silver 
nanodot array. The extinction spectroscopy performed through an optical micro-
scope (Zeiss Axioskop with integrated microspectrometer MMS1) is only sensitive 
to the in-plane (x and y) resonances of the particles because of the setup geometry 

Fig. 4. a) SEM image of the used array of spherical Ag nano-

optical properties, especially the position and width of the LSP- resonance critically

is designed to fit the 
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that the model is also reliable in predicting the properties of the perpendicular 
resonance which is not accessible by our extinction spectroscopy setup, but crucial 

Fig. 5. Calculated (left) and measured (right) extinction spectra for square 2D arrays 
(grating constant 650 nm) of cylindrical Ag nanoparticles (diameter 200 nm, height 50 nm) 
on an ITO coated quartz substrate depicted in the SEM image (figure 4) 

The connection between 2PPE and LSP is mediated by the internal electric 
field that is responsible for the photoemission. A resonantly excited LSP causes a 
high field enhancement resulting in a high photoemission yield as schematically 
shown in figure 6. The external (laser) field resonantly drives the plasma oscil-
lation of the electrons inside the silver particles. The induced polarisation gives 
rise to an additional electric field which is superimposed on the light field.  

 
 
 

Fig. 6. Influence of the LSP resonance on the amplitude and
duration of the incident laser pulse. Finally, the internal field
induces optical transitions leading to the two photon photo-
emission process 

shows a good agreement of resonance position and width. Therefore, we conclude 

for the 2PPE-excitations discussed below. Simulation and spectroscopy as charac
terization tools enable us to create samples with perfectly adapted properties to per- 

(normal incidence). A comparison of the calculated and the measured spectrum 

form LSP dynamics investigations with two photon photoemission.  

The modification of the internal field relative to the external laser field with respect 
to amplitude and phase 
can be described by a 
frequency dependent 
complex field enhance-
ment factor f( ) [23].  

Since the photo-
emission signal is 
directly proportional  
to the fourth power 
of the internal field 
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Figure 7 shows a 
PEEM image of the 
paricle array (2PPE) 
and the correspond- 
ing 2D lifetime map, 
which was generated 
by extracting the full 

mum (FWHM) of the 
 

interparticle brightness variations as seen in figure 7 are dominated by defect-
induced indirect transitions and are discussed in more detail in Ref. [10]. The 

nces are not affected by this effect, yet 

be discussed next.  
The lifetime map visualizes the lateral variations in the electron dynamics in 

high FWHM values, indicating long decay 
times, while blue tones are associated with faster decay. We note a certain 
correlation between brightness in the 2PPE image and the FWHM values of the 

average decay times in the lifetime image. This effect must obviously be related  
to the defect induced transitions. The involved intermediate single-electron states 
on the one hand give rise to a higher overall transition probability and a higher 
photoemission yield, on the other hand they show longer decay times. The 
underlying plasmon dynamic can be extracted by a detailed inspection of a single 
nanoparticle. 

Fig. 7. PEEM image (left) and the corresponding lifetime map
(FWHM of the autocorrelation curves) 

Fig. 8. The image sequence shows one Ag nanodot (diameter 200 nm) at different time
delays: The phase resolved 2PPE is highlighting the local variation in the collective
electron dynamics of a single nanoparticle 
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The result can be explained in the following way: The electric field amplitude 
is determined by the phase delay Δϕ(τ) between pump and probe laser pulse as 
adjusted by the Mach-Zehnder interferometer, as well as the polarization field  
of the particle plasmon which is oscillating at its resonance frequency. Due to 
oblique incidence from the right, we expect the laser light to couple at first to the 
LSP-mode at the right edge of the particle. Here external (laser) field and internal 
(plasmon) field attain a fixed phase relation. Since the propagation velocity of 
external and internal field vary, a position dependent phase lag between the two 
field components is acquired as the plasmon excitation travels through the particle. 
The particle internal structure visible in a single PEEM image of figure 8 is a 
residual of the varying interference between the external light field and the particle 
internal LSP-field, directly connected to the plasmon phase. 

Using the phase resolved (interferometric) setup providing a temporal precision 
in the pump-probe delay of better than 70 attoseconds the dynamics of a plasmon 
excitation in different nanoparticles can be directly compared in real time. Figure 9 
shows the measurement of a 2D array of silver nanodots with diameters of 50 nm 
and 200 nm respectively. Comparing the interferograms of two neighboring par-
ticles at time zero and around 66 fs later, the phase of the neighbouring particles 
are delayed with respect to each other. The parallel data acquisition by the PEEM 
allows us to exclude any systematic errors. The phase difference in figure 9 can be 
explained as follows: At time zero the incident laser pulse forces the internal LSP 
mode to oscillate with the laser pulse frequency. Because of the limited pulse 
width of the laser and the finite lifetime of the LSP, the LSP starts to oscillate at 
its eigenfrequency resulting in a phase shift at higher pump-probe delays.  

4. Conclusion 
By combining a femtosecond time-resolved pump-probe method and PEEM we 
demonstrated that time- and spacially-resolved spectromicroscopy is a powerful 
tool to image local plasmon dynamics in real time that provides information about 
the internal dynamics of plasmon excitations in nanostructured materials. The 

Fig. 9. The left PEEM image shows an array of Ag nanoparticles alternating 200 nm and
50 nm in diameter. The right side shows a comparison of a 50 nm and a 200 nm dot at
different delay times: At time zero (temporal overlap of pump and probe pulse) and at large
temporal delay of about 66 fs 
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presented technique uses the advantage of parallel data acquisition in order to 
avoid any systematic errors. This offers the opportunity to investigate coupling 
effects between different neighbouring nanostructures in the sub fs time scale. 
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Confinement of electrons in low–dimensional structures induces intriguing 
transport phenomena and electronic properties. This is already seen in metal
lic layers, which represent prototypes for the observation of quantum size 
effects (QSE) [1]. Especially for metallic Pb layers, quantum well states are 
responsible for the formation of “magic” island heights [2]. Multiple changes 
of sign as a function of layer thickness in the Hall coefficient for Pb layers on 
Si(111) [3] turn out to be due to the thickness dependent formation of the 
two-dimensional band structure, and are thus also related to the QSE. 

Extreme confinement happens in one-dimensional (1d) objects resulting in 

properties deviating from a Fermi liquid [4]. A very flexible way to create 1d 
conductors is to use vicinal surfaces and the adsorption of submonolayers of 
metals on semiconductor substrates. E.g., Ag and Au on vicinal Si(111) sur
faces form chain structures at submonolayer coverages that exhibit localized 
states perpendicular to the chain direction [5, 6, 7]. However, these weakly in
teracting systems often undergo instabilities, e.g. Peierls– or Mott–Hubbard 

[8]). In addition, the 1d character of electronic transport is rarely established. 
In order to carry out such measurements, the key prerequisite is the gener

nanowires, in the limit of ultra-small separations of single molecules, and the 
control of their functionalities. Because molecule and leads must be considered 
as an entity[9, 10], the local structure, in particular the bonding of a molecule 
to the metallic contacts, crucially determines the conductive properties of 

control of the complete atomic arrangement in the vicinity of the contact on 
the atomic scale is necessary in order to reach a more complete understanding 
of contact properties. 

1......... Introduction

           

enhanced electron correlation. Therefore, 1d conductors are expected to have 

ation of reliable contacts, which allow testing of the conductive properties of 

driven phase transitions into insulating states at low temperature (see, e.g.,

these quantum mechanical objects in case of strong coupling. Therefore, the 
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Fig. 1. Generation of ultrasmall nanocontacts Left: a) Side view of the double layer 
PMMA/LOR3B resist structure, b) after e-beam exposure and development c) Ag 
evaporation at various angles for controlled thickness variation of Ag layers d) after 
removal of resist. Top right: top view of the resulting Ag layer structure in SEM, 
bottom right: perspective view of the same structure taken with AFM

We have used two different approaches to generate contacts. One is to use 
TiSi2 pads on Si single crystalline substrates, generated by e-beam lithography 
in Polymethylmethacrylate (PMMA). Ti is evaporated onto the developed 
structure, and after lift-off and careful removal of all traces of PMMA these 
structures are put into UHV, where the reaction to TiSi2 takes place at around 
650◦C [11]. The formation of large step bunches during reaction can be avoided 
by a built-in concentration gradient at the edges of the pads [12]. UHV e-beam 
lithography is then used to write wire-like structures directly into ultra-thin 
SiO2 after oxidation of the whole surface in UHV [11, 13]. These can be used 
to form metallic wires after evaporation of appropriate metals [14]. Typical 
structural sizes are below 20 nm, but in combination with self-organised step 
structures can be as low as 5 nm [15]. 

In the first part of this paper we concentrate on a second approach for 
contact formation by use of Ag layers on Si(100) that wet the Si surface. We 
show that we are able to produce structures with gaps in the range between 
5 nm and below 1 nm. In addition, these structures are thin enough and 
laterally open so that they are completely accessible to a scanning tunneling 
microscope (STM) for local control. We also demonstrate that they can be 
sucessfully used to contact small molecules. 

The second part of the paper is devoted to the exploration of conditions 
for one-dimensional conductance in a layer of strongly coupled Pb wires on 
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a vicinal Si(557) surface. For contacting, TiSi2 pads on Si single crystalline 
substrates are used. Here we show that Pb on this surface is able to refacet 
the surface after appropriate annealing, and that this refacetting is crucial for 
defining conditions of 1d conductance. 

Using electron beam lithography (EBL) nanostructures were written into 
a PMMA/LOR3B resist structure, which was spin coated onto the Si(100) 
wafer. The wafer was cleaned before by O2–plasma etching. A schematic draw
ing of the writing and evaporation process is shown in Fig. 1. The thickness 
of the PMMA/LOR3B structure used for our samples was 120nm and 370nm, 
respectively (see Fig. 1a). The writing was done using a JEOL 5900 SEM in 
combination with a RAITH lithography system. 

After etching the structure in the LOR3B layer is laterally larger than 
the openings in the upper PMMA layer. This effect allows fabrication of a 
250 nm wide nanobridge of PMMA above the Si(100) surface, which was used 
as a shadow mask during the Ag evaporation (see Fig. 1b). The evaporation of 
Ag, controlled by a microbalance, was carried out under UHV conditions while 
the substrate was kept at 100 K. Changing the angle of the Ag flux from the 
evaporator, vertically structured Ag–wires are fabricated. After removal of the 
resist, a three-dimensional Ag structure is obtained with a thin central part, 
which is subsequently thinned and opened in a controlled electromigration 
(EM) experiment. An SEM image of the final structure with the typical size 
(after removal of the residual resist) is shown in the top right part of Fig. 1, 
whereas the bottom shows the same structure in AFM. The dimensions of 
the wires are limited by the stability of the free–standing nanobridge and the 
etching rate within the LOR3B. The thickness of the Ag films in the center 
was varied between 2nm–15nm. Notice the minimal thickness in the center 
can be as low as 2nm, i.e. around 7 monolayers. 

The gap itself was generated using a feedback–controlled electromigration 
technique. A systematic test of different contacts has shown that both the 
geometry in the vicinity of the narrowest part, as well as temperature of the 
sample (here it was cooled to `N2 temperatures) are important parameters 
for the fabrication of reliable gap openings of a few Å at the narrowest part 
of the structure. Depending on the geometry of the initial structure the final 
tunneling resistances obtained for different samples after EM vary between 
0.2 and 10 MΩ, i.e. the tunneling gaps are between 5 ˚ and 5 nm [16]. A 
The resistance of the Si(100) sample itself is an order of magnitude larger, as 
reference measurements have shown on non–processed Si(100) samples. These 
gaps can be closed reversibly just by slowly warming up the samples to room 
temperature. More details about the procedures to fabricate these contacts 
can be found in [17]. 

2 Molecular Contacts. 
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Fig. 2. left: measured current across nanocontact during adsorption of fer
rocenedithiol. right: Derivative of the measure IV-curve after the jump in resistance 
has occurred. 

These gaps can be used to contact individual molecules, as shown in Fig. 2. 
Ferrocenedithiol (FDT, C10 H12 S2 Fe, length 9 Å) [18] was evaporated ther
mally out of a ceramic crucible until a stepwise increase in conductance was 
detected. The conductance curve during evaporation is shown in the left part 

1nm. Approximately 10 seconds after the voltage of 300 mV for monitoring 
the resistance has been turned on again the conductance switches to 0.4 G0 
(G0 = 77.5µS), indicating a field induced capturing of a molecule in between 
the contacts. 

The I-V curves taken with a molecule between the contacts contains a 
structure, which is more clearly visible as peaks at ±50 and at ±140 meV in 
the derivative shown in the left part of Fig. 2. These peaks correspond well 
to typical vibrational energies of the FDT molecule [19]. Since these peaks 
are seen in the first, not in the second derivative, it is clear that they are not 
correlated with the opening of new channels in the conductance, but are more 
likely due to a resonance effect [20]. 

Recently [21], we discovered that at coverages close to one monolayer of Pb, 

surface after annealing the layer close to desorption temperatures. The exper
imental result, obtained by using a modified 4-point technique with 8 contacts 

2 contacts (see above), 
is shown in Fig. 3. 

As seen in this figure, there is an abrupt, but reversible change in conduc
tance close to 80 K. It ranges from activated conductance at higher temper
atures with weak anisotropy to strong anisotropy at lower temperature, and 

of Fig. 2. The original gap resistance R=200 kΩ indicates a gap of less than 

a quasi one-dimensional conductance can be obtained on a vicinal Si(557) 

on a macroscopic sample (size 15 × 15 mm) with TiSi

3. Pb wires on Si(557): conditions for 1d conductance

3.1 Observation of 1d Conductance
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Fig. 3. Measured conductance after adsorption of 1.3 ML (i.e. one physical mono
layer) of Pb on Si(557) and annealing to 640 K. For the data points marked by circles, 
the current direction was parallel, for those marked by squares perpendicular to the 
steps. 

essentially insulating behaviour perpendicular to the steps of the surface. Sur
prisingly, and in contrast to all other examples of 1d conductance discussed 
so far in the literature, this system is metallic at low temperatures in the 

instability as a function of temperature in the measured conductance down 

This interesting behaviour must be caused by structural and/or electronic 
changes, which will be discussed in the following. These changes became most 
obvious in a systematic LEED investigation carried out in our group recently 
[22]: In Fig. 4a) the LEED pattern of the clean (557) surface is seen. It consists 
of a regular sequence of small (111) and (112) terraces [23]. Marked are the 
integer order spots of the small (111) terraces. The multiple spots in between 
correspond to this regular array of steps with a periodicity of 5.7 nm. Also 
visible are streaky (7 × 7) spots, which are due to the small (111) oriented 
terraces, and streaks at half order positions. These indicate a period doubling 
at the step edges. 

This step morphology changes dramatically, when Pb is adsorbed at con
centrations between 1.2 and 1.4 monolayers (ML, referenced to the Si density 
of surface atoms) onto this surface and annealed to temperatures above 600 
K. The result at a coverage of 1.3 ML is shown in Fig. 4b). As seen there, the 
average step separation has changed dramatically. From the distance of the 
spots between those marked (00) and (01) we deduce an average Pb-induced 
step separation of 4.67 Si lattice constants. This corresponds to formation of 
a (223) oriented facet, which has a higher step density than the original (557) 
surface. Occasional formation of steps in the opposite direction can compen
sate for the higher step density in order to maintain the macroscopic surface 

to 4 K. 

3.2 Pb-induced Changes of Step Morphology Close to Monolayer

direction parallel to the step edges, and there is no indication for any kind of 

Coverage
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Fig. 4. a) LEED pattern of the clean Si(557) surface. b) after adsorption of 1.3ML 
of Pb and annealing above 600 K, c) k-space mapping of along the line from (00) to 

orientation. These, however, are not periodic, and are therefore not visible in 
LEED. This Pb induced step array is not a minority species on the surface, 
as seen in Fig. 4c), where k-space mapping is shown, i.e. we plot a sequence 
of line scans along the line from (00) to (01) as a function of electron beam 
energy (or equivalently: kz ). The bright rods of the resulting two-dimensional 
Ewald construction show that the macroscopic surface is now covered by (223) 
facets. Weak rods of (111) oriented terraces, inclined by 11.42◦ with respect 
to (223), indicate that only a small fraction of this surface is covered by them. 
This periodic step structure is stable up to 80 K. LEED observations therefore 
were always made at lHe temperatures after annealing the layers. 

Remarkably, variation of the average Pb concentration by only 0.2 ML, 
namely from 1.2 to 1.4 ML, if annealed once to high temperatures, allows 
tuning of the step density with facets starting with the (112) orientation 
at 1.2 ML, followed by the (335) orientation at 1.24 ML. At 1.27 ML the 
(223) facet appears, which turned out to be the most stable. It exists at Pb 

to 1.4 ML. Once the (7× 7) structure is destroyed, annealing temperatures of 
only 180 K suffice to rearrange the surface. The homogeneously stepped (557) 
surface turned out to be stable only for annealing temperatures up to 80 K 
at a Pb concentration close to 1.35 ML. At higher annealing temperatures it 
irreversibly transforms into (223) facets. A schematic of the step structures 

3.3 Electronic properties 

As mentioned, reversible switching between 1d and 2d conductance is observed 
for a Pb concentration of 1.3 ML. At this concentration the (223) facets are 
stabilized. The corresponding average terrace width turns out to be crucial 
for 1d conductance. In section 3.2 we showed that Pb at these coverages (and 
at temperatures below 80 K) is able to restructure the whole surface and to 

(10) (central vertical line of spots in b) 

concentrations above 1.27 ML up to saturation of the physical monolayer close 

found is given in Fig. 5. 
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Fig. 5. Observed Pb induced step densities on Si(557) after annealing to 600 K at 
Pb concentrations between 1. 20 ML (top left, (112) facet), 1.24 ML (bottom left, 
(335) facet), 1.30 ML (top right, (223) facet) and 1.35 ML ((557) facet). 

establish order with various types of facets depending on Pb concentration. 
This means that generation and annihilation of steps is triggered by changes 
in Pb concentration on the surface. This can only happen due to strong in
teractions between the Pb wires on each terrace. We thus have a strongly 
coupled system, which is anisotropic due to the low symmetry of the surface, 
but one-dimensional behaviour cannot be expected a priori for such a system. 

This is indeed what we found in recent angular resolved photoemission 
(ARPES) measurements [24]. Pronounced dispersion is seen in both direc
tions, in particular in the direction normal to the steps. An example of the pho
toemission intensity close to the Fermi energy as a function k⊥ at k‖ = A0.24˚
is shown in the left part of Fig. 6. A detailed analysis reveals that only bands 
associated with (Pb modified) surface states have intensity close to the Fermi 
level (EF ), whereas valence band states of Si reach their maximum close to 
EF − 0.3eV. A characteristic repetition of bands can be also seen, which is due 
to the periodicity introduced by the steps. The connecting vector is marked 
by yellow arrows. Its length 2π/d with the characteristic terrace length d cor
responds exactly to d = 43

2 a0 , in agreement with our findings above (see also 
schematic in the right part of Fig. 6). 

Further inspection of the ARPES data reveals that for exactly this step 
separation the condition 2kF = 2π/d is fulfilled in the direction normal to 
the steps (red arrow in Fig. 6). Thus the topmost band is completely filled 
in this direction leading to strong Umklapp scattering, to Fermi nesting and 

x = 0 cross the 
Fermi level and lead to the 1d conductance observed at temperatures below 
80 K. Fermi nesting is removed by warming up above this temperature due 

            

to changes in the average step separation coupled with disordering of the 

to gap opening of a gap of ≈ 30 meV. Only states close to k

(112)
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(557)
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Fig. 6. left: Angular resolved photoemission data in the direction normal to the 
steps after adsorption of 1.3 ML of Pb on Si(557). b) Schematic of the Umklapp 
process leading to insulating behaviour in this direction (for details, see text). 

regular step structure. This explains the reappearance of sligthly anisotropic 
two-dimensional conductance above this temperature. 

Concluding this section, 1d conductance in the example discussed here is 
the consequence of strong coupling between individual Pb wires on the small 
terraces. As a consequence, none of the instabilities typical for 1d systems 
is seen. In contrast to most known 1d conductors, our system is a metallic 
conductor at low temperatures that does not undergo any Peierls transition 
to an insulating state. 
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Abstract. Colloidal CdS/CdSe/CdS quantum wells were synthesized from TOPSe and 

scattering spectra of colloidal CdS/CdSe/CdS quantum wells with different thickness of 
CdSe well were investigated. The effect of thickness of CdSe well on the optical and 

1. Introduction 

Semiconductor quantum dots (QDs) have been studied for over two decades. They 
are interesting from the point of view of basic physics since the carriers are 
confined to an essentially ‘zero’-dimensional structure. The efficient luminescence 
observed in some of these crystallites makes them promising candidates for use in 
optoelectronic devices. Further, the inexorable drive towards smaller and ever 
smaller devices makes them technologically significant. Besides the size mini-
aturization, surface effects are also known to influence the optical properties of 
these nanometre particles. To suppress surface effects, inorganic passivation has 
been utilized where the nanocrystals have been covered with a high-band-gap 
material [1]. 

The latter materials are composed of an internal semiconductor core that is 
coated with a shell of a different semiconductor material. Examples are the CdS 
core coated with a ZnS shell [2] and the CdSe core coated with ZnS or CdS shells 
[3-5]. Furthermore, there were reports on the synthesis of new and promising 
hetero-quantum dots (CdS/CdSe/CdS and CdS/HgS/CdS) consisting of CdS core 
in CdSe or HgS shell protected with outer cladding layers of CdS [6-8]. The wide 
band gap of CdS (2.5 eV) and narrow band gap of CdSe (1.74 eV) cause a 
localization of the electrons and holes within the CdSe internal layer. CdSe shell 
acts as a quantum well (QW) and the entire system as a quantum dot–quantum 
well (QDQW) [8].  

In this paper we present the synthesis and optical properties of CdS/CdSe/CdS 
QDQW structures from TOPSe and cadmium oleate in octadecene, a non-
coordinating solvent.  

vibrational properties of colloidal CdS/CdSe/CdS quantum wells was discussed. The expri- 

cadmium oleate in octadecene, a non-coordinating solvent. Absorption, emission, and Raman 

mental results provide further evidence for the existence of quantum dot-quantum well 

Vietnamese Academy of Science and Technology, 18 Hoang Quoc Viet, Hanoi, Vietnam 

structures in CdS/CdSe/CdS type materials. 
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2. Experimental Methods 

Chemicals. Cadmi Oxide (CdO), oleic acid (OA), sulfur (S), selen (Se), 
octadecene (ODE), tri-n-octylphosphine (TOP). 

Synthesis. The synthesis route of the presented colloidal CdS/CdSe/CdS QWs can 
be separated in three main steps: 

Step A: Growth of CdS core. A mixture of CdO, OA and ODE was heated to 
300 C. A solution of S in ODE was injected into this hot solution and the reaction 
was allowed to cool to 250 C for 30 min to grow CdS core [9]. Aliquots were 
taken for the optical absorption measurements. The CdS core size was estimated 
from the first exciton peak position of the absorption spectrum. 

Step B: The growth of CdSe well was achieved by following the established 
successive ion layer adsorption and reaction (SILAR) method [10]. For a typical 
SILAR process, the Cd injection solution (CdO dissolved with OA in ODE) and 
the Se injection solution (Se powder dissolved with TOP in ODE) were injected in 
an alternate fashion at 185 C. The quantity of well precursors added into the 
growth solution for each monolayer was based on the size of the nanocrystal 
templates, the concentration of the core nanocrystals in the solution, and the lattice 
constants of the crystal system [6].  

Step C: The formation of CdS/CdSe/CdS QWs was achieved by alternating 
injections of Cd and S precursor solutions after growth of the quantum shells by 
using OA as the ligand. It was found that a higher reaction temperature (230–
240 C) was necessary for the formation of the outer CdS layers than for the CdSe 
layers [6]. 

Removing free OA and unreacted Cd precursor by extracting with methanol 
purified the resulting colloidal QWs. They were then dispersed in ODE for mea-
suring the absorption and PL spectra. CdS/CdSe/CdS QW samples were isolated 
from the solution by the centrifugation and then dried for Raman scattering 
measurement. 

Measurements. The optical absorption spectra were recorded using Cary 5000 
UV-Vis-NIR spectrometer (Varian). The photoluminescence (PL) spectra were 
measured by MicroSpec 2300i spectrometer using 325 nm excitation lines of 
He-Cd laser. The Raman scattering spectra were obtained in the back scattering 
configuration by LABRAM-1B (Jobin Yvon) with 632.8 nm excitation line of 
He-Ne laser. All the optical measurements were performed at room temperature.  

3. Results and Discussion 

Figure 1 shows the absorption spectra of typical CdS core, CdS/CdSe and CdS/ 
CdSe/CdS structures. The energy schema of QW was determined from the diff-
erentiated absorption spectrum of CdS/CdSe/CdS structure as shown in Fig. 1. 
The absorption edges of the CdS core, CdSe well and outer CdS shell are shifted 
towards a lower wavelength region in comparison with those of the respective 
bulk crystals. These shifts were attributed to quantum confinement effect of the 
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carriers in CdS core and CdSe layer of CdS/CdSe and CdS/CdSe/CdS structure.  
It was found that the first absorption peak of the CdS core is shifted to longer 

The PL spectra of CdS core, CdS/CdSe and CdS/CdSe/CdS structures were 
compared in Fig. 2. The emission bands in the longer wavelength region were 
caused by the surface states and/or the structural defects. In the shorter wavelength 
region the emission peak position of CdS/CdSe structure shifts towards a longer 
wavelength side in comparison with that of CdS core. Simultaneously, the PL 
intensity strongly increases when CdS/CdSe structure was covered by the outer 
CdS shell. The obtained results confirmed the formation of CdS/CdSe/CdS 
QDQW structure: CdS core was covered by CdSe layer and then by the outer CdS 
shell. 
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Fig. 1. Absorption spectra of CdS core (a), Fig. 2. PL spectra of CdS core (a), CdS/ 

CdSe (b) and CdS/CdSe/CdS (c) structure 

the molar concentration of the particles in the solution from Beer’s law [11]. The 
absorbance of the CdSe layer is to be determined from the peak position of the 
first absorption peak. Since this peak was not expressed its first derivative was 
used instead [12] as shown in Fig. 1.  

The extinction coefficient per mole of the nanocrystals at the first absorption 
feature position was found to be approximately proportional to the well thickness 
for a given sized CdS core [6]. The size of CdS core was estimated from the 
absorption spectrum by Brus expression [13]: 
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wavelengths (~ 4 nm) after the coating by the CdSe well layer. 

CdS/CdSe (b) and CdS/CdSe/CdS (c) struc 

The thickness of CdSe layer was estimated based on the extinction coefficient. 

ated absorption spectra  
ture. The dashed curves are the differenti-

The extinction coefficient of the CdSe well was determined by the absorbance and 
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where E(R) is the band gap energy of CdS core; me*, mh* is the effective mass of 
electron and hole, respectively; Eg is the band gap energy of bulk CdS crystal; R is 
the radius of the core; ERy is the effective Rydberg energy and ε is the dielectric 
constant. 

be determined for a given sized CdS core using the linear interpolation.  
Figure 3 shows typical absorption spectra of the colloidal CdS/CdSe/CdS QWs 

with the different thickness of CdSe layer (in unit of monolayer (ML)). The 
absorption edge shifts to the longer wavelength with increasing the thickness of 
CdSe layer in the QDQW structure. 

Figure 4 presents the PL spectra of the colloidal CdS/CdSe/CdS QWs with the 
different thickness of CdSe layer. The PL peak positions vary in the range of  

at haft maximum (FWHM) is in the range from 25 to 35 nm, indicating relatively 
narrow distribution of size.  
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Fig. 3. Absorption and PL spectra of CdS/ 
CdSe/CdS QDQW structure with the diff-
erent thickness of CdSe layer 

Fig. 4. PL spectra of synthesized colloi-
dal CdS/CdSe/CdS QDQWs 

The PL spectra of the colloidal CdS/CdSe/CdS QDQWs in the solution at 
various excitation intensities were investigated by using 488 nm excitation line of 
Ar+ laser. The position and FWHM of the PL peaks for the given sample do not 
change noticeably with increasing laser power. However, the emission intensity 
increases with increasing excitation power (Fig. 5). The PL emission intensities as 
a function of the excitation power density are depicted in Fig. 6. The PL intensity 
exhibits a linear increase with excitation power in the low power density range up 
to approximately 2.8 W/cm2. At the higher power density, the PL intensity still 
linearly increases with pump power but with a lower angle coefficient as seen in 
Fig. 6. Using the relation I ~ PowerK, the obtained values of K are 1.0 and 0.75. It 
is possible that the emission rate of the QWs at low power density (< 2.8 W/cm2) 
is limited by the carrier generation rate (as determined by the excitation density) 
rather than the spontaneous emission lifetime of the QWs. At higher pump 
 

495–580 nm in dependence on the thickness of CdSe well layer. The full width  

The dependence of the extinction coefficient on the CdSe well thickness could 
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Fig. 6. The dependence of the emission 
intensity of colloidal CdS/CdSe/CdS QWs 
on the excitation power density 

intensities, the emission rate is determined by the pump power, as well as the 
radiative lifetime of the QWs [14]. 

structures, respectively. Strong scattering due to the longitudinal optical (LO) 

to lower frequency side in comparison with those of bulk CdSe (211 cm–1) and 
CdS (306 cm–1) crystals. In addition, these peaks were broadened asymmetrically 
in the low frequency part. This feature is related to quantum confinement of 
phonons in the low dimension semiconductors [15]. 
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Fig. 7. Raman spectra of CdS/CdSe (a) and CdS/CdSe/CdS (b) structures. The spectra are 
fitted by applying the phonon confinement model of Campbell and Fauchet for LO modes 
(dashed lines) and Lorentzian function for SO modes (dash-dotted lines) 

Figures 7a and 7b present the Raman spectra of CdS/CdSe and CdS/CdSe/CdS 

phonon mode of the well and outer shell was observed. The LO peaks were shifted 
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As seen in Fig. 7, there is a shoulder in low energy part of LO phonon 
contributing to the asymmetric lineshape of these peaks. This shoulder is assigned 
to the surface optical (SO) phonon mode [16]. In addition, the LO peak of the 
outer shell is at 286 cm , which is very far from that of the bulk CdS crystal. 
This indicates that the outer shell of QDQW structure is not CdS, but CdS1-xSex.  
It is possible that unreacted Se precursor leads to the formation of the outer 
CdSxCdSe1-x shell. 

In order to determine the thickness of CdSe well and outer CdS1-xSex layer in 
the heteronanostructures, the experimental Raman spectra were fitted by applying 
the phonon confinement model of Campbell and Fauchet [17] for LOCdSe and 
LOCdSSe mode. The intensity of LO mode ILO(ω) is given by: 
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The LO lines was fitted with a combined shape I(ω) = ILO(ω) + ISO(ω), where 
ISO
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BΓI ω =
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with ωSO and ΓSO are the peak position and the haft width at haft maximum 
(HWHM) of the SO mode, respectively. 

The experimental Raman spectrum is fitted by the least square method using 
Matlab program. The Raman scattering intensity I(ω) is determined as a function 
of ω; t, Γ, ωSO, ΓSO, A and B are the fitting parameters. Keeping in mind the 
simultaneous presence of the LOcdse-like and LOCdS-like modes in the Raman 
spectrum of CdS1-xSex layer, we have attempted to fit the LO line of the outer shell 
with a combined shape of LOCdSe-like and LOCdS-like phonon modes.  

The best fitting results for the Raman spectra of the CdS/CdSe and 
CdS/CdSe/CdS structure are shown by the solid lines in Figs. 7a and 7b, 
respectively. LOCdSe, LOCdSe-like and LOCdS-like phonon modes are shown by dashed 
lines; a SOCdSe, SOCdSe-like and SOCdS-like surface phonon modes by dotted lines. The 
thickness of the CdSe layer in the CdS/CdSe structure is about 7 ML. The 
thickness of the CdSe well and outer CdS1-xSex shell layer in CdS/CdSe/CdS 
structure are about 6 and 5 ML, respectively. The obtained thickness of CdSe well 
is in good agreement with that determined from absorption spectrum (the upper-
most curve in Fig. 3). It is seem that the thickness of CdSe layer decreases after 
the coating of the CdS/CdSe structure by the outer shell. Practically, the shift of 
LOCdSe peak of CdS/CdSe/CdS structure to lower frequency side in comparison 
with that of CdS/CdSe structure is due to the effect of the stress in the 
CdS/CdSe/CdS structure on the CdSe sandwich layer [18].  

 
 

–1

(ω) is taken to be a Lorentzian function: 

⎡ω -ω q ⎤ +

–
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4. Conclusions 

In summary, the colloidal CdS/CdSe/CdS quantum wells with different thickness 
of the CdSe well layer were synthesized by SILAR method. Their absorption, 
emission and Raman scattering spectra were investigated. The blue shift of the 
absorption edge and PL emission peak due to the size effect was observed. 
Similarly, the phonon confinement in colloidal quantum wells caused the shift of 
LOCdSe, LOCdSe-like and LOCdS-like phonon lines toward lower frequency side in 
comparison with those of the bulk CdSe and CdS1-xSex semiconductors. The 

excitation power density shows two linear relationships with the different angle 

wells may have promising applications in optical devices such as LEDs and lasers. 
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Abstract. The Yttrium hydroxide nanotubes and nanorods as well as the ZnO nanorods and 
nanowires were prepared by different methods. Y(OH)3 nanotubes and nanorods were 
synthesized by polyol – mediation via the metastable precursor YCl3, PEG and were 
studied by FE SEM and XRD. The influence of the polymer molecular weights of PEG and 
the temperature were studied in detail. These results show that the first stage is nanorods, 
then it is followed by the formation of nanotubes. The outer diameter of the tubes is about 
150 nm to 600 nm and interior hollow is in the range between 100 nm to 300 nm. The 
length of the rods and the tubes is up to several micrometers. We have found that the 
synthesis temperature, reaction rate and molecular weight of PEG induce the change in 
shape of obtained nanotubes from a cylindrical to a hexagonal appearance. The growth 
process of the nanotubes may be performed through three stages: first complexing the PEG 
polymer with Y(NO3)3, then hydrolysis for formating Y(OH)3 nanorods and finally 
diffusion-controlled developing of Y(OH)3 nanotubes. The ZnO nanorods were prepared by 
Chemical Vapor Deposition (CVD) and Metal Organic Chemical Vapor Deposition 

prepared. The nanorods have the diameters of about 50 nm and the length of about 1.12 
micrometers.  The influence of the temperature is investigated. The luminescent spectra 
(excited by Cd-He laser at 325 nm) of ZnO nanorods at 10 K- 300 K was measured and 
investigated. The sharp peak is assigned to an exciton bound to a neutral donor. 

3
MOCVD, CVD   

1. Introduction 

Since carbon nanotubes have been discovered in 1991 till now, 1-dimensional  
(1-D) nanostructural materials have gained much of interests in material science. 
Rather than other low-dimensional nanomaterials like 0-dimensional quantum 
dots, which have been applied in the manufaction of nano-scale devices (quantum 
lasers, transistors, sensors, probes... etc.), or quantum wells, which have 
applications mainly in semiconductor physics, 1-D nanostructural materials are 

Keywords: nanotubes, nanorods from Y(OH) , ZnO, PEG-polymer mediated synthesis, 

(MOCVD) method, respectively. Aligned growth of ZnO nanorods has been successfully 
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accompanied with many peculiar and interesting applications in physics and 
devices manufacture. Due to their intrinsic anisotropic structure, 1-D nano-
structures have been of interest in research and development of applications in 
manufacturing of functional materials, in optoelectronics and electronics, 
electromechanics, etc. [1-5]. 

There are many methods which have been developed to fabricate 1-D nano-
structures like template-directed methods, growth of 1-D nanostructures from 
different phases and/or solutions, self-assembling methods, etc. [6, 7]. However, 
many of these methods are costly either in price or in time. In this paper, we 
present the fabrication of 1-D nanostructures of Y(OH)3 –by using a polyol-
mediated method. We have used the length of CH2 links and hydrogen binding 
ability of PEG plolymer and dynamic conditions to control the formation process 
of 1-D nanostructures of Y(OH)3. The Y(OH)3 – nanotubes could be converted to 
Y2O3 by using  a special treatment at higher temperature. 

The oxide lattice has proved to be and excellent host material for some of the 
most powerful laser built. The Y2O3 is characterized by low phonon frequencies 
which makes non-radiative relaxation of the excited states inefficient. ZnO 
nanorods also provide new opportunities for fundamental studies and applications. 
Especially in the last 10 years, major interests are focused on 1-dimensional 
nanostructures with hollow interior due to their peculiar and fascinating physical 
and chemical properties. Those are quite anomalous and interesting and show new 
phenomena in the field of material science. The low-dimensional structures such 
as nanowires, nanorods, nanotubes or nanobelts have been fabricated and studied 
by many research groups. ZnO nanorods have enhanced luminescence properties 
compared to other 1-dimensional nanostructures, and opened novel applications 
such as making new luminescence devices, new generation of displays and 
monitors, manufacturing of functional materials, new kinds of biosensors, 
emission labels in biology etc. In this paper we present two nanostructures of 
current interest. The first part deals with 1-D nanostructures of Y(OH)3. The 
second part is about the preparation and the optical properties of ZnO nanorods 
and ZnO nanowires, which were prepared by Chemical Vapor Deposition (CVD) 
and Metal Organic Chemical Vapor Deposition (MOCVD). 

2. Experiment  

All used chemicals like NaOH, PEG with different molecular weight, Y(NO3)3, 

without further purification. Deionized water was used throughout. The micro 
autoclave instrument (MMM Med center Einrichtungen GmbH) allows the control 
of all heating processes by a programme in time and temperature; the minimum 
increment/decrement is 1°C. 

The synthesis of Yttrium hydroxide nanorods and nanotubes were based on the  
preparation of colloidal hydroxide precipitates at room temperature and the 

to 50h. 
Yttrium Nitrate and PEG (Mw = 4000) are mixed up and added by water with a 

desired concentration. The obtained mixture then is stirred continuously for 1h at 
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subsequent hydrothermal treatment at 120 -200°C and reaction time from 16  

etc. were of analytical grade, with high purity (>99.9%) and used as received 
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room temperature. Alkali hydroxide of 10% solution is used for pH control in 
order to reach a suitable pH value in the range of 8 to 14. The stirring is carried 
out for an additional half hour and than the mixture is filled into a Teflon 
container and put into the autoclave. The temperature of autoclave is maintained at 
the different temperatures from 120 to 200°C. The reaction time was lasted from 
16 h to 50 h. The reaction product is cooled to room temperature. Then cleaning 
process of the obtained product is done by ultrasonic vibration, centrifugal 
separation and washing in de-ionized water. The product is dried at 60°C in air. 

The morphology of the obtained product has been investigated by a FESEM 
(Hitachi at VAST) and a TEM (JEM- 1010 at National Institute of Hygiene and 
Epidemiology) instrument. The phase structures were revealed by X-ray 
diffraction measurements carried out on XRD systems Siemens D5000, D5005. 

3.  Results and Discussion 

1. Construction of different one–dimensional nanoformations of yttrium 
hydroxide and yttrium oxide 

XRD patterns have shown that most of the obtained products under these 
experimental conditions have hexagonal [P63/m] structures and the lattice constants 
got from calculation are a = 6.2793 and c = 3.5472. These values are highly 
compatible with standard ones (a = 6.268 and c = 3.547, 24-1422). Figure 1 shows 
the reflection patterns of Y(OH)3 at 190°C. 

 

 

Fig. 1. XRD patterns of Y(OH)3 nanorods and nanotubes at 190°C. 

The morphology of Y(OH)3 nanotubes has been investigated by FESEM and 
the result is shown in Figure 2. 

In this synthesis one is able to control the morphology and dimensions of 1-D 
nanostructures by controlling dynamic condition of the process. When using small 
weight molecular-dimmer, diethylenglycol (DEG), the heating process can be 
performed only at 180°C to obtain spherical nanoparticles of Y2O3 with 5nm in 
size. However, with larger MW of polymer chains (MW=4000) and changing the 
pressure of the solution, the obtained products are 1-D nanostructures such as rods 
(at 170–180°C) and tubes (at 190–200°C) with diameters of 50–600 nm and  
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Fig. 2.  FESEM images of Y(OH)3 nanorods and nanotubes which are prepared at the 
different temperatures. (a:180°C; b:190°C) 

lengths of about tens µm. Ends of these nanotubes are opened and have hexagonal 
shape with inner diameters in the range of (150–300 nm) and outer ones in the 
range of (400-600 nm). Especially there is a change in the shape of the nanotubes 
from cylindrical cross-section to hexagonal one when temperature steps from  
190°C to 200°C. XRD patterns show that obtained 1-D nanostructures of Y(OH)3 
are in hexagonal phase [P63/m] with lattice constants a = 0.6248 nm and c = 
0.3525 nm. This is satisfied with the original values. 

2. Formation mechanism of the Y(OH)3 nanotubes 

The tubular shape of the obtained products were found by HRTEM and TEM 
investigations. The growth and formation processes of Y(OH)3 nanotubes have 
been studied by investigation of the samples at different conditions (120-200°C, 
24-30h) and from the result, it can be concluded that the growth process of 1-D 
nanostructures may be performed as follows: the first stage is formation of 
metastable complexes between Y3+ and PEG in which, OH- substitutes NO3

- to 
form Y(OH)3. When the concentration of ions was high enough, they would 
aggregate to form small clusters or so-called growing nuclei through a homo-
geneous nucleation. Because of their antistrophic hexagonal structure, there was  
a tendency to grow into Y(OH)3 nanorods. In order to form perfect crystals, 
generally, it is needed to have reversible routes between nuclei at the surface and 
those in liquid phase. This condition allows the nuclei easily occupied suitable 
locations for crystallization in large scales, and controlling of adding rate of nuclei 
is essential to obtain crystals with homogeneous phase structure and shape. When 
the crystal has grown, dynamic diffusion will occur from the surface to the 
growing regions and become under saturation the central part of each nanorod. So 
when the consumption of Y(OH)3 reaches the end, it is naturally that nanotubes 
were formed as a result of dynamic diffusion. This growth process can be 
considered as a diffusion-controlled process. There are two directions of diffusion: 
radial diffusion and parallel diffusion [2]. The change from cylindrical shape to 
hexagonal shape occurs at a certain temperature can be explained as follows: at 
that temperature, the rate of parallel diffusion was at critical value. 

a b
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3. ZnO nanorods morphology and photoluminescence 

One-dimensional semiconductor nanorods and nanowires have attracted 
increasing interest due to their novel physical properties and diversity for potential 
electronic and photonic device applications [8-10]. ZnO nanorods were grown on 
Si (100) and Al2O3 (0001) substrates using metal organic chemical vapor 
deposition (MOCVD). The crystal structure and orientation of the ZnO nanorods 
was investigated by X-ray diffraction (XRD) including a θ-2θ scan. The 
morphology of the samples was analyzed using field emission scanning electron 
microscopy (FE-SEM) equipped with a 4 axis motorized stage. The optical 
properties were investigated at room temperature and at low temperature. 

Fig. 3. FE-SEM images of ZnO sample prepared by CVD method 800°C 30 min. 

Figure 3 presents FE-SEM images of ZnO sample prepared by the CVD 
method (800°C, 30 min.). Size and length of the nanorods depend on temperature 
and time as well as the method MOCVD or CVD, the distance between Zn 
nanopower to the substrate, speed of argon flux, Au or Pt deposition on the Si 
wafer. The detail results will be presented in our other paper. In Figure 4 one can 
see images of FE-SEM ZnO nanorods prepared by MOCVD, sapphire substrate 
(left), ZnO nanorods at tempered  500°C for 1 hour (right). 

 

    
Fig. 4. FESEM ZnO nanorods MOCVD on sapphire substrate (left) and ZnO nanorods at 
500°C for 1 hour (right) 

91 Preparation and optical properties of one dimensional nano hydroxides and oxides 



The photoluminescent (PL) spectra were studied by using a Spectrapro 2300 
monochromator as the dispersive unit, a Pixies 256 CCD as the detector, and a 
Kimmon He-Cd Laser (325 nm) as the excitation source. At room temperature a 
broad peak was observed at 3.312 eV with a low excitation intensity of 10 W/cm2. 
This peak is attributed to the exciton transition bound to neutral acceptors or donor 
[11]. For the ZnO nanorods sample prepared by MOCVD at 500°C, with a growth 
time of 60 minutes, the PL spectra at low temperature (10 K) show peaks of 
3.3473 eV, 3.3213 eV, 3.30186 eV, 3.2079 eV and 3.1113 eV [12]. Temperature 
dependance was observed in the range of 10 K to 300 K. 

PL spectra of ZnO nanorods on sapphire substrate grown at 500°C for 1 hour 
by MOCVD and of ZnO sample prepared by CVD method at 800°C for 30 
minutes were presented in Figure 5. 

 

  
Fig. 5. PL spectra of ZnO Nanorods on sapphire substrate grouwn at 500°C for 1 hour by 
MOCVD (a) and ZnO sample prepared by CVD method 800°C 30 min. (b) 

4. Conclusions 

1-D nanostructures of Y(OH)3 with different constructions have been fabricated 
using a high efficient and high productivity synthesis method in polymer solutions 
of PEG. The obtained nanotubes have single-crystalline structure, open ends and 
hexagonal cross-sections with the sizes. Nanotubes have been obtained through 
heat treatment processes; the products were in hexagonal phase structure [P63/m] 
with lattice constants a = 0.6248 nm and c = 0.3525 nm. 

From the experimental results and current literatures, we propose the growth 
mechanism to forming these nanostructures is suggested as a three-stage process. 
Firstly, the complex is formed by PEG polymer and Yttrium Nitrate; the second 
step is formation of Y(OH)3 nanorods and the third one is developing Y(OH)3 
nanotubes when the temperature increases. The growth mechanism of these 
nanostructures can be understood and explained as a three-stages process includes 
complexion of PEG and Yttrium Nitrate, formation of Y(OH)3 nanorods and, 
developing nanotubes, finally. 

In this paper, we have briefly presented an effective route to synthesize ZnO 
nanorods. We have obtained ZnO nanorods with diameters in the range from 20 - 
50 nm via MOCVD. The length is about 540 nm to 1.12 micrometer. ZnO 
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nanorods have strong luminescence in blue region. ZnO/ZnMgO nanomaterials 
are also prepared. We have successfully prepared ZnO nanomaterials by CVD 
method and studied FE-SEM images and optical properties. 
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Abstract. TiO2 nanotubes (TNTs) were prepared by a hydrothermal treatment method at 
low temperatures. The source materials, annealing temperature and hydrothermal treatment 
time play important roles in the morphology, structure and photocatalytic behavior of TiO2 
nanotubes. The scanning electron microscopy (SEM) and the transmission electron 
microscopy (TEM) images indicate that the diameter of the nanotubes is 10–20 nm. The 
experimental results show that the morphology and structure of the nanotubes is thermally 
unstable. The photocatalytic activities of the TiO2 nanotubes were also characterized by the 
decolourization of methylene blue under UV radiation. 

1. Introduction 

Titanium oxide is an n-type semiconductor and a typical photocatalyst, attracting 
much attention from both fundamental and practical viewpoints. It has been used 
in many industrial areas including environmental purification, antibacterial, solar 
cells, gas sensors, pigments and cosmetics [1,2]. To explore novel approaches 
for the nanostructured titania of various nature with the control of as well the par-
ticle size in nanometer-scale and the morphology is quite interesting, since the 
performance of titania in its various applications depends on its crystalline phase 
state, dimensions and morphology [3]. TiO2 nanotubes are a novel and an inten-
sively studied class of structurally organized, nanosized materials, having poten-
tially a wide area of applications. Titania nanotubes of different geometrical 
shapes and microstructures have been fabricated by various methods, like sol–gel, 
anodization, electrodeposition, sonochemical deposition, or other methods involv-
ing the chemical treatment of fine titania particles [4-6]. Referring to [7] TiO2 
nanotubes with diameters of 70–100 nm were produced through a sol–gel pro-
cessing. Zhao Jianling et al. [8] fabricated titanium oxide nanotube arrays by 
anodic oxidation. Here the nanotubes had an inner diameter of 100 nm and the 
length of 200 nm. Kasuga et al. [9,10] reported the first evidence that titanium 
oxide nanotubes with the diameter of 8 nm and length of 100 nm could be 
obtained via chemical treatment. Recently, it is shown that for TiO2 nanotubes 
produced by the method of alkali hydrothermal treatment, the possible mecha-
nisms of nanotube formation is based on the key stage of wrapping of intermediate 
multilayered titanate nanosheets. The driving force for wrapping is considered to 
be the mechanical stress arising during crystallisation/dissolution.  

In this paper, we report the preparation of titanium oxide nanotubes by a 
hydrothermal soft-chemical process. By this method, we can easily control a 
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variety of parameters such as temperature, pressure, process time, concentration of 
chemical species, concentration of the solutions, pH and starting compounds. The 
relationship between the particle morphology, the phase composition, the pro-
perties of the products, and the processing parameters is discussed. It is also found 
that these nanoparticles can be shape-controlled by the hydrothermal temperature 
and the crystallization of TiO2 precursors. 

2. Experimental Procedure 

Titanium hydroxide precipitates were obtained by adding ammonia solution 
dropwise to the aqueous TiCl4 solution.  

 TiCl4 + 4NH4OH → TiO2.nH2O + 4NH4Cl + (2 − n)H2O (1) 

The resulting precipitate was washed thoroughly by repeating the procedures of 
suspending the gel into deionized water and collecting it back by filtration or 
centrifugation to remove Cl–. The obtained precipitates (wet gel) were divided into 
four batches. The first batch was directly digested in a 10M NaOH solution at 
150oC for 20h. The remaining ones were dried and heat-treated at 450oC, 500oC or 
600oC for 3h to obtained TiO2 powders. These powders were mixed with 10M 
NaOH solution, followed by hydrothermal treatment in an autoclave at 150oC for 
20h.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Diagrams of preparation TiO2 nanoparticles and TiO2 nanotubes 

TiO2 
d

Mixing, hydrothermal treatment 
in autoclave at 110oC
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The treated powders were washed thoroughly with deionized water and a 0.2M 
HCl aqueous solution until the pH value of the washing solution was lower than 7 
and the solid had a white color. The precipitates were further washed by deionized 
water and dried at 100oC for 24h. After that, the obtained powders were calcined 
at high temperatures for studying the effects of calcination conditions on the mor-
phology and structures of the material. 

The crystals of the prepared precursors and the products were analyzed by 
powder X-ray diffractometer (Brucker D8 Advance) using CuKα radiation (λ = 
1,54056Å). Inspection of the morphology and characterization of the powders and 
the nanotubes were performed by a transmission electron microscopy (JEOL 
JEM-100CX) and field emission scanning electron microscopy (FESEM - Hiatchi 
S4800). The TEM investigation was performed at 80kV. The samples for TEM 
observation were ultrasonically dispersed in ethanol and a drop of this solution 
was then placed onto a carbon film supported copper grid. 

Photocatalytic activity of the specimens was evaluated by measurement of 
degradation of methylene blue. Photocatalytic degradation of methylene blue was 
performed as follows: A Pyrex reactor with the size 30 mm lengths, 60 mm width 
and 10 mm thickness contained 200 ml of an aqueous solution of MB, 0.05 mM, 
and 0.5 g catalyst. The reactor was illuminated with UV-irradiation (15 W) with a 
dominant wave length in the range of 300 nm ÷ 400 nm. The degradation was 
monitored by sampling 2 ml at various time intervals, while the absorbance was 
measured on a UV–visible double beam spectrophotometer. 

3. Results and Discussion 

2

The wet gel (titanium hydroxide) was synthesized by hydrolyzing titanium cloride 
with ammonia. The structures of the powders after drying at 100oC for 24h and 
heat treatment at high temperature are shown in figure 2. The XRD patterns of the 
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Fig. 2. XRD patterns of TiO2 after drying 
and heat treatment at 5000C and 6000C 
for 3h 

Fig. 3. FESEM image of the surface of TiO2 
nanopowder after heat treatment at 600oC 
for 3h

3.1  Preparation of TiO  Nanopowders 
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powders after calcination at 500oC and 600oC indicate that the nanoparticles  
are well-crystallised anatase titania with a minor rutile phase. FESEM image of 
the TiO2 powder after calcination at 600oC for 3h shows that these nanoparticles 
are spherical with an average size of around 20 nm (figure 3).  

In a typical nanotube preparation, a weighted precusor material tantamount with 
1g of TiO2 was mixed with 10 ml of 10M NaOH solution, followed by hydro-
thermal treatment of the mixture at 150°C in a 30 ml Teflon-lined autoclave for a 
desired time. The effects of starting material and post treated temperature of the 
powders after hydrothermal treatment on the structure and morphology of the 
products were investigated. 

2

As we have known, the starting materials of TiO2 play an important role in 
fabricating the TNTs. Figure 4 shows the FESEM image of TiO2 powder collected 
from a titanium hydroxide mixing with sodium solution and a hydrothermal 
treatment at 150oC for 20h. It has been shown that the TiO2 nanotubes with the 

2

The wet gel was dried and calcined at high temperature to obtain TiO2 nano-
powder. FESEM images of as-prepared TiO2 nanotube derived from TiO2 nano-
powder after calcination at 500oC for 3h were shown in figure 6. In this case, the 
length of as-prepared TiO2 nanotubes is about several hundred nanometers and the 
diameter is about 15 nm. Figure 7 shows TEM images of as-prepared TiO2 
nanotubes synthesized from in-house TiO2 nanopowder after heat treatment at 
500oC and hydrothermal treatment at 150oC for 20h and further cancination at 
500oC for 1h.  

  
Fig. 4 . FESEM image of TiO2 nanotubes 
derived from wet gel and hydrothermal 
treatment at 150oC for 20h 

Fig. 5. FESEM image of TiO2 nanotubes 
derived from commercial TiO2 (P25) and 
hydrothermal treatment at 150oC for 20h 

3.2  Preparation of Titanate Nanotubes 

3.2.1. Effects of Starting Materials on the Formation of TiO  Nanotubes 

diameter of 10 nm and the length in the range of 50–70 nm were observed. For  
the sample derived from commercial TiO  nanopowder (P25 - anatase), the suface 
morphology of the powder show that various mophologies were obtained (figure 5). 
The typical structure was fibrillar. The length of the fibrillar titania is about several 
micrometer and the diameter is in the range of 50–300 nm. 
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Fig. 6. FESEM image of as-prepared TNTs 
derived from in-house TiO2 after calcination 
at 500oC and hydrothermal treatment at 
150oC for 20h 

Fig. 7. TEM image of TNTs syntherzied 
at 150oC and futher calcined at 500oC for 
1h 

Due to our experimental results, the titania nanotubes derived from in-house 
TiO2 nanopowder form nanotubes of better quantity as the ones built by 
commercial TiO2 (p25) or directly from wet gel. In the following sections, we 
discuss the effects of annealing temperature on the properties of TiO2 nanotubes. 

3.2.1. Effects of Annealing on the Structure and Surface Morphology of TiO2 
Nanotubes 

Heat treatment also affects the microstructure and phase structure of the nanotube 
products. The TiO2 nanotubes derived from in-house TiO2 powder after annealing 
at 500oC and hydrothermal treatment at 150oC for 20h were heat treated at each 
temperature for 1h. The FESEM images observed from figure 6 and 8 indicate that 
with an increase in annealing temperature, the tubes were cracked, shranked and 
became particles. XRD results (figure 9) demonstrate that the crystallity of the 
resultant nanotubes increases with the increase of heat treatment temperature with 
one anatase phase.   

 

 
(a) heat- treated at 400oC (b) heat-treated at 500oC (c) heat- treated at 600oC 

Fig. 8. FESEM image of TiO2 nanotubes derived from in-house TiO2 after calcination at 
500oC hydrothermal treatment at 150oC for 20h and heat- treated for 1h at various 
temperature 
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Fig. 9. XRD patterns of the starting materials TiO2 and nanotubes products without heat 
treatment and those heat-treated at 400oC, 600oC and 800oC, respectively 

Methylene blue (MB) has been used widely in researching the ability of the photo-
catalytic activity of TiO2. The kinetics of the photocatalytic degradation of MB in 
an aqueous solution was investigated by Kwon et al. [11]. The photocatalytic 
activities of the TiO2 nanoparticles powder, as-prepared titanate nanotubes and 
heat-treated TiO2 nanotubes for 1h were evaluated by photocatalytic discolori-
zation of the methylene blue aqueous solution. Photocatalytic degradation of MB 
on the products was studied at room temperature and pH 8. The concentration  
of un-decomposed MB at various time intervals during UV irradiation and the 
kinetics of photocatalytic degradation of MB were investigated (figures 10 and 11). 
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Fig. 10. Photocatalytic degradation of MB 
using in-house catalysts 

Fig. 11. Kinetics of photocatalytic degra-
dation of methylene blue 

3.3  Measurement of Photocatalytic Activity 
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The apparent first-order rate constant was calculated from the slopes of straight 
lines corresponding with the plot of log Co/C versus time. The results show that 
the photocatalytic activity of TiO2 nanotubes increases with the increase of heat 
treated temperature until 600oC. In comparison, the photocatalytic activity of 
titanate nanotubes after heat treatment at 600oC was the highest in our experi-
ments. This is due to the fact that the TiO2 nanotubes show better crystallization in 
anatase phase. With further increase in the annealing temperature, the photo-
catalytic activity of the sample decreases owing to the fact that the tubes were 
shranked and became particles, so the specific surface area of the product 
decreases. 

In conclusion, titanium oxide nanoparticles and nanotubes were succesfully pre-
pared from titanium chloride as a starting material. TiO2 nanotubes have been 
synthesized by a hydrotherment treament method. The effects of starting material 
and post treatment temperature of the powders after the hydrothermal treatment on 
the structure and morphology of the products were also investigated. The mor-
phology and the structure of the nanotubes are thermally unstable. The photo-
catalytic activities of titanium oxide powders were discussed.  
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Abstract. Although cobalt is an important Fischer-Tropsch catalyst, there is only limited 

dissociation of CO, the influence of adsorbed oxygen and the formation of oxygenates as 
by-products. To contribute to a deeper understanding in that respect, a well-defined model 
consisting of Co nanoparticles supported on an epitaxial alumina film has been studied 
under UHV conditions. The adsorption properties of these particles have been characterized 
by temperature-programmed desorption (TPD) spectroscopy and photoelectron spectro-
scopy. The results show that a significant part of adsorbed CO dissociates on the particles 
and that oxygen has a drastic influence on the CO adsorption by weakening the adsorbate-
particle interaction. In case of large oxygen amounts, CoO forms which could not be 
reduced in our experiments, neither by CO nor by hydrogen. Additionally, the decom-
position of methanol (as a possible by-product in the Fischer-Tropsch reaction) has been 
studied. Here, complete dehydrogenation to carbon monoxide and hydrogen was observed. 
Therefore, according to the principle of microscopic reversibility, there must be a possible 
pathway of methanol formation on Co, i.e., a CO hydrogenation route without C-O bond 
scission. 

1. Introduction 

Due to the foreseeable exhaustion of the reserves of fossil energy carriers, like 
natural gas and petroleum, routes for their regeneration are under active discussion 
today. In this context, the synthesis of synthetic fuels and methanol from synthesis 
gas are highly interesting technologies. Note that a large potential in solving future 
energy problems is ascribed to methanol in particular [1]. Therefore, the under-
lying Fischer-Tropsch (FT) chemistry which was already discovered in the 1920s 
[2] currently attracts considerable attention as it allows the controlled conversion 
of carbon monoxide and hydrogen into hydrocarbons and oxygenates in presence 
of a suitable catalyst. In general, two reaction pathways are discussed in the 
literature for FT-processes (see [3] and references therein). The first pathway 
consists of the direct hydrogenation of adsorbed carbon monoxide molecules to 
oxygen containing species on the catalyst surface (surface carbonate mechanism) 
leading to alcohols or after removal of oxygen to hydrocarbons. In the second 
reaction route, molecular carbon monoxide is dissociated on the catalyst first and 
the resulting carbon species is then hydrogenated (surface carbide mechanism). 
Which factors govern the various pathways is still not fully understood.  

SUHV   tudies on CO and Methanol Adsorption 
and Decomposition on Pristine and Oxidized 
Alumina-S  upported Co N   anoparticles 

fundamental knowledge about the factors determining the elementary steps, such as the 
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To find out under which conditions carbon monoxide adsorbs only molecularly or 
dissociatively on Co is of considerable interest because of the above mentioned 
reaction pathways. Under ultrahigh vacuum conditions, only molecular adsorption 

Interestingly, such surfaces could be activated for carbon monoxide dissociation 
by co-deposition of magnesia [9] or by sputtering with argon ions [10]. For 

dissociation was found after heating to ~360 K and to ~470 K, respectively. These 
findings suggest a high importance of low-coordinated surface atoms for the dis-
sociation of carbon monoxide. 

Furthermore, the influence of oxygen on the adsorption of carbon monoxide on 
Co is worth being studied because oxidation of the catalyst can cause deactivation 
[13, 14]. The interaction of oxygen with Co was studied under UHV conditions 

takes plays easily. For Co(0001) oxidation to Co oxide was reported even at room 
temperature [15, 16]. 

Important by-products of the FT process are alcohols [3] (for Co catalysts see 
ref. [20]). Methanol has a special role as it is the direct hydrogenation product of 
CO (CO + 2H2 → CH3OH). Unfortunately, synthesis reactions are difficult to 
investigate under ultrahigh vacuum conditions due to thermodynamic reasons, in 
contrast to the reverse reaction [21]. Because of the principle of microscopic 
reversibility, studying the decomposition of methanol can provide mechanistic 
information about the synthesis. With respect to Co, however, there is only limited 
fundamental knowledge about the interaction with methanol. Regarding its adsorp-
tion and decomposition, only a few results can be found in the literature: only 
singly crystal surfaces have been investigated so far [22]. 

Recently, we started work on supported Co particles under UHV conditions in 
order to contribute to a microscopic understanding of these various issues relevant 
for the FT process on Co. In this context, the morphology [23] and thermal stabi-
lity [24, 25] of Co nanoparticles on thin alumina films was studied as well as the 
oxidation behavior [26] and the interaction with carbon monoxide and methanol 
[27, 28]. 

In this report, we will summarize data obtained by temperature-programmed 
desorption (TPD) and X-ray photoelectron spectroscopy (XPS) for Co nano-
particles on thin alumina films shedding light on the dissociation of carbon 
monoxide, the influence of oxygen on the adsorption and the decomposition of 
methanol. 

2. Experimental 

All results presented in this articles were obtained for Co nanoparticles prepared 
under ultrahigh vacuum conditions by physical vapor deposition on a thin alumina 
film grown on a NiAl(110) single-crystal. Details of the experimental apparatus 
[29], the film and particle preparation [23, 30] and the experimental parameters 

One catalytically active material broadly used in the FT process is Co [2, 4–5]. 

was found on densely packed surfaces, such as Co(0001) and Co(1-10) [6–8]. 

higher-index surfaces, such as Co(11-20) [6] and Co(10-12) [11,12] evidence for 

mainly on single-crystalline surfaces [15–19]. The results show that oxidation 
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Fig. 1. STM micrograph of 0.2 nm Co deposited on a thin alumina film grown on NiAl(110) 

3. Results and Discussion 

The interaction of the Co deposits (0.4 nm) with carbon monoxide was studied by 
TPD after saturating the surface with 10 L (L = Langmuir = 10–6 Torr*s) CO at 
115 K. The obtained spectrum is plotted in figure 2 (a), trace (1). (Note that the 
alumina film has no adsorption above 100 K). Two desorption peaks are clearly 
visible at ~390 K and ~270 K, which have previously been assigned to terminally 
bonded CO and a multi-linear carbonyl species of the type Co(CO)n (n = 3, 4), 
respectively [27]. Afterwards, the sample was exposed to 1000 L of oxygen at 
300 K and again heated (without any carbon monoxide exposure). The corres-
ponding spectrum is also presented in figure 2 (a), trace (2). A desorption peak 
is detectable above 500 K where no signal was found for pristine particles. 
Moreover, no such signal is found for the CO adsorption of oxygen pretreated  
 

3.1  Carbon Monoxide Dissociation 

[26, 28] can be found in the literature. The amount of Co deposited onto the 
surface is given as a nominal film thickness as measured with a quartz micro-
balance. The experiments described in the following have been performed with 
either 0.2 nm or 0.4 nm Co. The 0.2 nm deposit corresponds to an ensemble  
of non-crystalline particles with a mean diameter of ~2.4 nm as determined with 
scanning tunneling microscopy [31]. Assuming a constant island density and 
hemispherical particles, a mean diameter of 3.0 nm is estimated for the 0.4 nm 
deposit. Figure 1 shows a STM micrograph of a 0.2 nm Co deposit taken from  
ref. [32]. 

(taken from [32]) 

105                                                              UHV Studies on CO and Methanol Adsorption 



Fig. 2. (a) TPD spectra recorded after exposure of Co particles to 10 L CO at 115 K: (1) 
spectrum for pristine particles (2) spectrum for particles subjected to a first CO TPD and 
subsequently oxidized by exposing them to 1000 L oxygen at 300 K; (3) spectrum for 
particles oxidized before CO adsorption. (b) C1s XP spectra for pristine particles, particles 

 

subjected to several CO TPD as well as for particles finally treated with oxygen and heated 
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particles, which can be seen in the gray spectrum (3) showing only desorption 
below 250 K. 

To elucidate the origin of the high temperature peak, XP spectroscopy was 
employed. Figure 2 (b) shows XP spectra of the C 1s binding energy region after 
excitation with radiation from a Mg Kα anode. For the pristine particles only a 
very small signal is detected in that region (solid line). After recording a series of 
CO TPD runs, a peak has become clearly discernable at ~282-283 eV suggesting 
that carbon is generated and accumulated on the surface by CO dissociation during 
the TPD runs. In the literature, carbon signals with a comparable binding energy 
on Co were assigned to carbidic carbon [10] which is thought to be the relevant 
species for the surface carbide mechanism in the FT process. After exposing the 
sample to oxygen at 300 K and heating to 600 K the intensity is mostly reduced, 
indicating that carbon has left the surface. Therefore, the high temperature peak 
observed in the corresponding TPD spectrum can be assigned to recombination of 
the carbon generated by carbon monoxide dissociation with the oxygen exposed to 
the sample.  

Our results prove that CO can dissociate on small Co particles, the ratio 
between molecular adsorption and dissociation being approximately 6: 1. In agree-
ment with the findings on rough single crystal surfaces, this suggests that a high 
number of low-coordinated sites is important for significant carbon generation.    

In order to examine the effect of oxygen on the carbon monoxide adsorption, the 
Co deposits (0.4 nm) were exposed to oxygen at 300 K and afterwards probed 
with CO TPD as described above.  

If the particles are treated with a high oxygen dosage of 1000 L the CO 
adsorption is drastically shifted to temperatures below 250 K as shown in figure 3. 
Such low desorption temperatures indicate a comparatively weak interaction of the 
adsorbate with the substrate which is typical for oxides [33, 34]. In agreement 
with that, XP spectra for the Co 2p binding energy region indeed revealed 
formation of CoO [26]. A second CO TPD run measured directly after this first 
one indicates slight reduction of the particles (see spectrum (2)), as some intensity 
is regained above 250 K, but the dominant peak still suggests a mostly oxidic 
surface. Even exposing the particles to very large amounts of carbon monoxide 
(1200 L) at 550 K do not lead to significant changes in the spectrum, as can be 
seen in trace (3). This indicates that the in-situ reduction by CO is impossible at 
this temperature. The same result was obtained with hydrogen (spectrum (4)). 
Accordingly, neither CO nor H2, i.e., both educts in the Fischer-Tropsch process, 
can reduce the particles to metallic Co at temperatures below 600 K, if complete 
oxidation to CoO occurred. This is in line with results of temperature-programmed 
reduction experiments performed under ambient conditions [35]. 

Yet, in the Fischer-Tropsch-process only small amounts of oxygen should be 
present on the catalyst due to CO dissociation or a possible contamination of the 
gas feed. To study the effect of small oxygen dosages, Co particles were exposed 
to 50 L at 300 K. Interestingly, the TPD spectrum obtained from these particles  
 

3.2  Influence of Oxygen Pre-Treatment on the Carbon Monoxide Adsorption 
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Fig. 3. TPD spectra of 10 L carbon monoxide adsorbed at 115 K on: (1) particles oxidized 
by an exposure to 1000 L oxygen at 300 K; (2) oxidized particles after annealing to 600 K; 
(3) oxidized particles after an additional exposure to 1200 L carbon monoxide at 550 K; (4) 
oxidized particles after an additional exposure to 1200 L hydrogen at 550 K; (5) particles 
exposed to 50 L oxygen at 115; (6) particles exposed to 50 L oxygen after annealing to 600 

 

K; (7) pristine Co particles (for comparison) 

108 T. Nowitzki, V. Zielasek and M. Bäumer 



(spectrum (5)) is very similar to spectrum (1) after 1000 L of oxygen. Desorption 
takes place below 250 K, again suggesting a mostly oxidic surface. As discussed 
in more detail elsewhere [26], XPS provided no evidence for oxide formation in 
this case, leading to the conclusion that a surface and/or subsurface oxygen 
species must be formed which, already in small concentrations, weakens the 
interaction with CO drastically. 

This species is also less persistent. The second TPD spectrum measured after 
the small oxygen dosage looks quite different (spectrum (6)) because a dominant 
peak at ~390 K is detected, corresponding to the desorption of terminally bonded 
carbon monoxide from metallic Co. Additionally, there still is significant intensity 
below 250 K, indicating that the surface is in a kind of mixed state between 
metallic and oxidic Co. 

So, oxygen exposures always result in a significant reduction of the CO 
adsorption energy. This effect turns out to be quite independent of the oxygen 
dosage. But the stability of the formed species strongly depends on the oxygen 
amount: small dosages are removed more easily by CO itself, whereas large 
dosages have a very persistent influence in line with the formation of Co oxide.  

The stability of adsorbed methanol on the Co particles (0.2 nm deposit) was 
investigated by saturating the particles at 120 K with 20 L of methanol and 
subsequent heating to 530 K during a TPD experiment. Molecular methanol, 
carbon monoxide and hydrogen turned out to by the only gas phase products of the 
decomposition. Therefore, no partial dehydrogenation of methanol occurs on Co, 
in agreement with data obtained for Co(0001) [22]. 

Further experiments revealed that the decomposition of methanol does not only 
lead to CO and hydrogen as final volatile products, but also to carbon species 
remaining on the surface.  The lower panel of figure 4 shows TPD data obtained  
 

3.3  Methanol Decomposition on Co 

cular methanol desorption exhibits a peak at ~150 K with a shoulder at ~180 K. 
The low temperature feature can be assigned to multilayer adsorption of methanol, 
whereas the shoulder at high temperature belongs to methoxide formed on the  

The upper panel of figure 4 shows the spectra for the detected products. Mole- 

corded for methanol are reflected in the traces for hydrogen and carbon monoxide 
surface. Due to cracking of methanol in the mass spectrometer, the signals re-

in the low temperature regime. Additional features appear at higher temperatures 
which are due to dehydrogenation on the particles. For CO, a desorption peak
is detected at ~390 K which corresponds quite well to the desorption temperature 
of terminally bonded species on Co (see above), indicating that the formation of 
CO is desorption limited on such particles. Hydrogen evolution, on the other hand, 

temperatures are comparable to values reported for the adsorption of molecular
can be observed between 300 K and 450 K with a maximum at ~370 K. These 

deuterium [36] and for the methanol decomposition on Co(0001) [22] which suggests 
desorption limitation for the generation of hydrogen as well. Therefore, the de-
hydrogenation of methanol is likely to take place below 300 K. 
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Fig. 4. (a) TPD spectra of CO and hydrogen as product molecules from methanol 
decomposition. The features below 250 K visible in all spectra are due to cracking in the 
mass spectrometer. (b) Series of two CO TPD spectra subsequently recorded after methanol 
adsorption at 115 K (first TPD: top, second TPD: bottom). Between the first and second 

 

TPD the particles were exposed to 1000 L oxygen at 300 K 
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after a first TPD with methanol and subsequent exposure to oxygen at 300 K. The 
peak at 520 K is again evidence of recombinative desorption of surface carbon 
species formed as a by-product of methanol decomposition and the oxygen. A 
quantitative analysis yields 40% as the amount of decomposed methanol which 
ends as atomic carbon on the surface. These species can either result from the 
scission of the C-O bond in the methanol molecule itself during the decomposition 
process or from the dissociation of the CO formed on the particles. This is in 
contrast to Co(0001) where only complete dehydrogenation was detected [22]. A 
similar behavior for the decomposition was also reported for Pd crystallites 
supported on alumina thin films [37-39] 

Taking into account the principle of microscopic reversibility, the fact that no 
products of a partial dehydrogenation are found in the experiments suggests that 
formation of methanol from syngas should in principle be possible on metallic 
Co particles. Under ambient conditions, however, methanol formation was only 
reported for promoted Co catalysts [20]. 

4. Conclusions 

In this report, results regarding the interaction of CO and methanol with pristine 
and oxidized Co nanoparticles have been presented. TPD and XP spectroscopic 
data indicate that carbon monoxide molecules can dissociate on particles in the 
nanometer regime, which is an important prerequisite for one possible reaction 
pathway in the FT process. Oxygen pre-adsorption leads to a drastic shift of the 
carbon monoxide desorption peaks to temperatures below 250 K indicating a 
weakening of the CO adsorption energy. In case of large amounts of oxygen 
resulting in CoO formation, we find in our UHV experiments that reduction is 
neither possible by heating nor by CO or hydrogen exposure. Oxidic species 
formed after small exposures can be mostly removed again. For the decomposition 
of methanol, only desorption of carbon monoxide and hydrogen as products of 
complete dehydrogenation is observed suggesting that methanol can form on CO 
particles as the direct hydrogenation product of CO. Additionally, the formation of 

the decomposition process or in the carbon monoxide finally formed. 
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Abstract. The incipient electrochemical interaction between sulfur and a Au(1 1 1) surface 
is investigated by keeping the sulfur coverage constant. To this end the 3 3 30R⎛ ⎞

⎜ ⎟⎜ ⎟
⎝ ⎠

×  
phase of sulfur on Au(1 1 1), SΘ = 0.33 ML, is subjected to potential increases in a S-free 
NaOH solution. At anodic potentials the reversible formation of a rhombic phase is 
observed. The local S coverage increase which is required for the formation of the rhombic 
phase results from a coverage decrease within the 3 3 30R⎛ ⎞

⎜ ⎟⎜ ⎟
⎝ ⎠

×  regions, where single-
S-atom-defects and, in later stages, S vacancy islands are formed. Furthermore, the growth 
of the rhombic phase is accompanied by a Au mass transport which clearly calls for a 
reinterpretation of its chemical nature.   

1. Introduction 

Generally gold is regarded as being largely chemically inert and corrosion 
resistant. However, its chemical inertness does not imply a general disability to 
form stable nonmetalic bonds, but is rather a consequence of high reaction barriers 
[1]. For example gold is widely used as a substrate for alkanethiol based self 
assembled monolayers (SAM) [2,4,3].  

In the present work, we focus on the S-induced ring-like features on a Au(1 1 1) 
surface which have been observed both under electrochemical [5,6,7] as well as 
UHV conditions [8]. This structure motif has previously been attributed to the 
formation of molecular S n  species [5,9,7] in particular S 8  rings, based on its 
square-like appearance in STM images [5,7], as well as XPS [9,7] electron 
binding energies typical for elemental sulfur. A more critical view, however, 
reveals some inconsistencies: Calculation of the S-S bond length of the assumed 
S 8  structure gives an elongation of about 50%, as compared to bulk sulfur 
[10,11], which has been explained by a strong adsorbate - substrate interaction 
[5,7]. Moreover, XPS studies of both, gold sulfide nanoparticles as well as 
commercially available bulk Au 2 S, do not show a shift in electron binding 
energies with respect to the elemental species due to the distinctive covalent Au–S 
bonding character [12]. Recently, the ring-like structure was reinvestigated with 
UHV-STM [8,13], and a new interpretationof this structure as a 2-dimensional 



Au x S phase was put forward, based on the observation that its formation is 
accompanied by a Au mass transport perpendicular to the surface [8].  

Under electrochemical conditions, however, this Au mass transport could not 
be observed yet, due to the immediate formation of bulky overlayers at anodic 
potentials in S-containing solutions. In the electrochemical experiments presented 
here, we circumvent this problem by exchanging the electrolyte for a blank NaOH, 
i.e. S-free, solution after the deposition of 0.33 ML of sulfur on the Au(1 1 1) 
electrode. Thereby the available amount of S is kept constant, which enables us to 
study the potential dependent behavior of the S adlayer over a wide potential 
range without the formation of bulky overlayers. Instead, at anodic potentials  
we observed the formation of the ring-like structure together with a Au mass 
transport perpendicular to the surface, which clearly indicates the formation of a 
2-dimensional Au x S phase. In addition, we were able to give a more detailed 
description of its structural relationship to the Au(1 1 1) surface.  

2. Experimental 

All measurements were performed in a home built EC-STM setup [14] under an 
inert Argon atmosphere. STM- as well as CV-measurements were carried out in 
the same electrochemical cell containing a typical electrolyte volume of 1 cm 3 . 
Two platinum wires served as counter electrode and pseudo-reference electrode 
(due to the formation of stable PtO and PtS layers), respectively. All potentials for 
the blank 0.01 M NaOH solution in this paper are reported with respect to the 
standard hydrogen electrode (SHE), using the conversion 100SHE PtE E mV= + , 
unless stated otherwise.  

The tunneling tips were prepared by electrochemical etching from 0.25 mm 
diameter Pt/Ir (90/10) wire [15] and coated with an organic polymer (commercial 
hot glue) to minimize faradaic currents. All STM images were recorded in the 
constant current mode.  

The electrolyte solutions were prepared using ultrapure water (Millipore ® ), 
NaOH (Merck, suprapur ® ) and Na 2 S (Aldrich ReagentPlus ® , 99,99+%). Before 
usage all electrolytes were deaerated with Argon 5.0 for at least 30 minutes.  

A commercial Au(1 1 1) single crystal (MaTeck GmbH, Jülich) was prepared 
prior to each experiment by a flame annealing procedure [15].  

3. Results and Discussion 

Deposition and stabilisation of 0.33 ML S on Au(1 1 1) 

In a first step the electroadsorption of S on Au(1 1 1) from a 0.01 M NaOH  
+ 0.5 mM Na 2 S solution was carried out. Our characterization with cyclic 
voltammetry (Fig. 1) and STM is in good agreement with previous results [7]. 
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At a potential of 300−  mV (vs. Pt/PtS) the typical 3 3 30R⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠

×  structure of a  

S adlayer with Sθ =0.33 ML was observed like in Refs. Gao1992, Lay2003, 
Vericat2004.  

Subsequent to the S adsorption, the electrolyte was exchanged for blank 0.01 M 
NaOH solution at a constant potential ( 300−  mV with respect to the pseudo-
reference electrode). After the electrolyte exchange, we confirmed with STM that 
the S layer had remained on the Au(1 1 1) surface, the characteristic 

3 3 30R⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠

×  structure was still imaged (Fig. 2). 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Cyclic voltammogram of the Au(1 1 1) surface in the deposition electrolyte (0.01 M 
NaOH + 0.5 mM Na 2 S), d d 10E t/ =  mV/s. 

 
Fig. 2. ( 3 3) 30R×  structure of the S adlayer in the blank 0.01 M NaOH solution, 
8.7 ×  8.7 nm 2 , 148E = −  mV, 80BU =  mV, 10TI =  nA, (band-pass filtered). 
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Electrooxidation of S-modified Au(1 1 1) 

Subsequently the electrochemical potential was increased stepwise using a sweep 
rate of 10 mV/s. STM images do not show any structural changes after potential 
increases up to +300 mV, i.e. the characteristic 3 3 30cR⎛ ⎞

⎜ ⎟⎜ ⎟
⎝ ⎠

×  structure of the  
S adlayer remains unchanged. Only a further potential increase to +400 mV leads 
to a drastic change of both the S adlayer structure as well as the surface 
morphology. Islands with a rhombic structure are formed. The same structure 
hasalso been observed under UHV conditions at a higher S coverage of ca. 0.5 ML 
[8]. Thus, we may assume that also in the electrochemical system, the S coverage 
locally increases. This requires, due to the given amount of adsorbed sulfur, the 
formation of vacancies in the 3 3 30R⎛ ⎞

⎜ ⎟⎜ ⎟
⎝ ⎠

×  structure, which, in fact, can be seen 
in Fig. 3. Simultaneously, also Au vacancies on formerly smooth terraces are 
formed. This clearly indicatesthat the growth of the rhombic phase corresponds to 
a Au mass transport perpendicular to the surface, and thus, to the growth of a 

xAu S  phase rather than to an elemental sulfur layer (Fig. 3). The observation of 
such a Au mass transport and the formation of the rhombic phase is in agreement 
with the UHV-results of Biener et. al. [8]. The possibility of imaging the well-
known 3 3 30R⎛ ⎞

⎜ ⎟⎜ ⎟
⎝ ⎠

×  structure simultaneously with the rhombic phase, enabled 
us to apply an internal calibration and drift elimination to yield highest possible 
accuracy of the structure determination. Drift elimination was also applied to the 
STM images presented in Figures 3, 4, 5, 8.  
 

 

Fig. 3. Coexistence of the ( 3 3) 30R×  S adlayer and the rhombic phase, (a) S- and (b) 
Au-vacancies, 23.1 ×  23.1 nm 2 , 399E =  mV, 77BU =  mV, 10TI =  nA. 

a

b
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The new islands of the rhombic phase contain the known ring-like structure 
units. They arrange in a well ordered lattice with a rhombic unit cell with 

(0 83 0 01)a = . ± .  nm and (83 2 0)α = ± .  (Fig. 4). These lattice parameters are  
in good agreement with those found under UHV conditions [8], they differ only 
slightly in the length of the lattice vectors (for comparison: 
(0 88 0 04) (0 82 0 04). ± . × . ± .  nm 2  [8]), yielding, in our case, a more symmetric 
unit cell. In addition, due to the possibility to perform an internal calibration and 
drift elimination here, we consider our lattice parameter more accurate. According 
to its lower symmetry with respect to the substrate, the rhombic phase must occur 
in three rotational versions with two mirror related domains each, i.e. six different 
orientations. An angle of (30 2)±  between different mirror domainsreveals a 
rotation of (15 1)±  between the lattices of the rhombic phase and the Au(1 1 1) 
substrate underneath. Thus we propose an incommensurate relationship of the 
rhombic Au x S phase with the substrate (Fig. 5).  

 

 

Fig. 4. High resolution STM image of the rhombic Au x S phase and the surrounding 

3 3 30R⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠

×  S layer, 7.7 ×  7.7 nm 2 , 399E =  mV, 77BU =  mV, 10TI =  nA. 

The potential induced formation of the rhombic Au x S phase is a rather slow 
process under the given conditions. The STM image in Fig. 6b was taken 15 
minutes after that in Fig. 6a. These images show, how the formation of the  Aux  
S phase coincides with the growth of Au vacancy islands on formerly smooth  
Au(1 1 1) terraces. Within these vacancy islands, the rhombic Au x S phase is 
formed, too (Fig. 7). Adding the apparent thickness of the Au x S islands 
(0 114 0 003). ± .  nm and the depth of the vacancy islands (0 121 0 003). ± .  nm, both 
measured with respect to terraces which are still covered with the 3 3 30R⎛ ⎞

⎜ ⎟⎜ ⎟
⎝ ⎠

×  
structure, results in aheight equal to a monoatomic step height of the Au(1 1 1)  

 

a
a
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surface (0.235 nm). Hence, the growth of these vacancy islands originates from a  
continuous Au mass transport out of the topmost Au layer, perpendicular to the 
surface, which occurs simultaneouslywith the formation of the rhombic Au x S  
phase [8].  

 

 

Fig. 5. Mirror domains of the rhombic phase, (a) STM image, 20.0 ×  20.0 nm 2 , 
399E =  mV, 77BU =  mV, 10TI =  nA, (b) Structure model: S/Au(1 1 1) and unit cells of 

three rotational of two mirror domains of the rhombic Au x S phase. 

Fig. 6. Morphological changes during a time period of 15 minutes, 113.7 ×  113.7 nm 2 , 
399E =  mV, 77BU =  mV, 10TI =  nA. 
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Fig. 7. Appearance of the rhombic phase within Au vacancies 14.2 ×  14.2 nm 2 , 

399E =  mV, 77BU =  mV, 10TI =  nA. 

The interpretation of the rhombic phase as a gold sulfide has already been 
proposed by Biener et al. [8] and is in strong contrast with the hitherto existing 
model that with increasing S coverage on Au(1 1 1), Au–S interactions would 
decrease in favour of increasing S–S interactions, finally leading to adsorbed S 8  
molecules [9]. Likewise under electrochemical conditions, an oxidation of HS −  to 
S 8  on top of a rather inert Au substrate has been assumed [5,6,7]. By contrast, our 
results clearly indicate a relative increase of the Au–S interaction with increasing 
potential. This can already be seen in the 3 3 30R⎛ ⎞

⎜ ⎟⎜ ⎟
⎝ ⎠

×  S layer, which near the 
formation of the rhombic phase starts to show star-like features (Fig. 3). Smaller 
scaled STM images (Fig. 8) show that these features represents point defects 
within the 3 3 30R⎛ ⎞

⎜ ⎟⎜ ⎟
⎝ ⎠

×  S layer. Despite these vacancies it is notable that atoms 
next to such a defect remain fixed on their initial lattice site, as verified by the 
superimposed unit cell in Fig. 8. This underlines the strong Au–S interaction. 

Due to the continuous consumption of S atoms during the formation of the 
rhombic Au x S phase, the number of defects in the S layer increases. But due to 
the high electrode potential, the remaining S atoms are rather immobile. This 
enables us, for the first time, to image S-covered 3 3 30R⎛ ⎞

⎜ ⎟⎜ ⎟
⎝ ⎠

×  islands along 
with uncovered Au (1 1)×  regions simultaneously (Fig. 7). This would neither be 
the case at lower potentials where a decrease ofthe S coverage below 0.33 ML  
leads to an instantaneous order-disorder transition, nor under UHV conditions 
where STM images of the 3 3 30R⎛ ⎞

⎜ ⎟⎜ ⎟
⎝ ⎠

×  structure could not be obtained due to 
the high mobility of adsorbed S atoms [8].  
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Fig. 8. Point defects within the ( 3 3) 30R×  S layer, white: unit cell of ( 3 3) 30R×  
S adalyer, 4.5 ×  4.5 nm 2 , 399E =  mV, 77BU =  mV, 10TI =  nA. 

Upon further progress in time, the 3 3 30R⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠

×  structure is completely 
displaced by a mixture of uncovered (1 1)× -Au(1 1 1) terraces and relatively large 
islands of the rhombic Au x S phase, which is also formed within Au vacancy 
islands. In between islands of the rhombic Au x S phase on top of Au(1 1 1) 
terraces, a continuous diffusion of probably Au x S takes place, indicated by a 
permanent change of the island shape and typical noise in the STM images 
(horizontal stripes in Fig. 5, 6). Hence, we assume relatively weak interactions 
between the Au x S layer and the substrate. Accordingly, the phase transition 
between the 3 3 30R⎛ ⎞

⎜ ⎟⎜ ⎟
⎝ ⎠

×  structure and the rhombic Au x S phase can be 
completely reversed by decreasing the potential below -100 mV vs. SHE again. 
Simultaneously with the reappearance of the 3 3 30R⎛ ⎞

⎜ ⎟⎜ ⎟
⎝ ⎠

×  structure andthe 
decomposition of the rhombic phase, Au vacancies heal out in most instances, 
yielding smooth S covered Au(1 1 1) terraces again. A further potential decrease 
below -600 mV leads to the irreversible desorption of sulfide into the blank 
electrolyte.  

Concluding the observations mentioned above, which are in good agreement 
with Ref. Biener2005, they strongly suggest the interpretation of the rhombic 
phase as an Au x S phase. Assuming an alternative interpretation of the rhombic 
phase as being a kind of elemental sulfur, e.g. S 8  [5,9,7], this could explain the 
disappearance of the 3 3⎛ ⎞

⎜ ⎟⎜ ⎟
⎝ ⎠

× R30 , but not a Au mass transport out of the 
surface, resulting in Au vacancies on formerly smooth Au(1 1 1) terraces. A 
conceivable alternative interpretation of the morphological changes as being due 
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Incipient sulfidation of Au(1 1 1) 

to gold oxide or hydroxide formation can be ruled out, because at the given pH, 
the oxidation of Au(1 1 1) in pure 0.01 M NaOH starts only at potentials above 
+600 mV [16]. Furthermore, an interpretation of the ring-like structural unit of the 
rhombic phase as consisting of S 8  would result in a next neighbor S–S distance 
( d ) of 0 3d ≈ .  nm, which is much longer than the typical next neighbor distance 
of S x  oligomers ( 0 2d ≈ .  nm) [10]. The assumption of a strong substrate 
influence on the molecular geometry, which may expand the S–S bond length [7], 
conflicts with the observed high mobility of the rhombic phase as well as the 
incommensurate lattice relationship between the rhombic phase and the Au(1 1 1) 
surface.  

4. Summary 

We have reinvestigated the electrochemical potential dependence of the S–Au(1 1 
1) interaction. In order to prevent the formation of amorphous and bulky 
overlayers at higher potentials, we exchanged the solution for a S-free electrolyte 
after deposition of 0.33 ML sulfur. Hence, we were able to study the structural and 
morphological changes of the S-covered Au(1 1 1) surface at higher potentials 
with STM at constant S-coverage.  
1. The Au–S interaction in the 3 3 30R⎛ ⎞

⎜ ⎟⎜ ⎟
⎝ ⎠

×  structure of 0.33 ML S on  
Au(1 1 1) becomes stronger with increasing potential, resulting in a decreased 
mobility of adsorbed S atoms, which can thus be imaged with STM even in the 
presence of vacancies which would usually - at lower potentials - be too 
mobile.  

2. The electrooxidation of S-covered Au(1 1 1) does not lead to the formation of 
adsorbed S 8 , but rather to a 2-dimensional Au x S layer.  

3. The structure of the Au x S layer has been determined with high accuracy, 
using the known 3 3 30R⎛ ⎞

⎜ ⎟⎜ ⎟
⎝ ⎠

×  structure for internal calibration.  
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Giant Spin-Polarization and Magnetic 
Anisotropy of Nanostructures at Surfaces 

H. Brune 

Institute of the Physics of Nanostructures (IPN), 
Ecole Polytechniqe Féd érale de Lausanne (EPFL), CH-1015 Lausanne 

We present spin-polarized scanning tunneling microscopy measurements demonstrating 
spin-polarizations of up to 80 % for Co islands on a Pt(111) surface and a tunnel magneto 
resistance of 850~\% between the islands and an anti-ferromagnetic Cr-coated W-tip. These 
values remain constant up to ±0.7 V bias. We report on the magnetic moments and 
anisotropy energies of two-dimensional Co islands on Pt(111) comprising only a few 
atoms. Our results show the correlation between orbital moments and magneto-crystalline 
anisotropies and reveal that both properties strongly depend on the lateral atomic 
coordination. The anisotropy of single adatoms is found to be 200 times the Co hcp bulk 
value. We also present well ordered superlattices of Co islands self-assembled on Au(788). 
The particles have uniaxial out-of-plane magnetization and no dipolar interactions. They 
present a model system for ultra-high density storage media since they have the most 
uniform anisotropy energies and the highest density of non-interacting particles so far 
realized. 

Spin-polarization in STM-Junctions 

Magnetic random access memories (MRAMs) will possibly replace our current 
dynamic random access memories (DRAMs) due to their shorter access times and 
to the fact that they are non-volatile. Depending on cost, they may even replace 
hard-drives and flash-memories. The MRAM cell consists of a planar tunnel 
junction between two ferromagnets with its tunnel-magneto-resistance (TMR) 
being used for readout. The TMR is defined in recent papers as (Ra – Rp)/Rp, with 
Rp and Ra being the junction resistance for parallel and anti-parallel magnetization 
of the ferromagnets. One finds ΔR/Rp = with P = (g+ – g–)/g+ + g–) being the 
ferromagnets spin polarizations and g+ and g– denoting the density of states for 
spin up, respectively, spin down electrons at EF. For comparison with TMR values 
mentioned in early papers we note that ΔR/ R  = 2ΔR/(Rp + Ra) = 2P1P2 [1] and 
ΔR/Ra = 2P1P2/(1 + P1P2) [2]. Note also that appreciable differences between the 
three definitions occur only at high P. 

Theory predicts that coherent and state selective tunneling in fully epitaxial 
junctions may give rise to TMRs of the order of 1000 % [3,4]. Experimental 
junctions have rapidly improved their TMR over recent years ; today they come 
indeed close to the theoretical maximum. A breakthrough was achieved in 1995 
when the TMRs went from former values of a few percent up to 18 % in 
Fe/Al2O3/Fe [1] and 12 % in CoFe/Al2O3/Co tunnel junctions [2] (we refer to 



values at 300 K). Another order of magnitude was achieved in 2004, where 188 % 
were reported for fully epitaxial Fe/MgO(100)/Fe junctions [5], 220 % for 
polycrystalline FeCo/MgO/FeCoB junctions with (001) texture [6]. Subsequently, 
230 % were reported for CoFeB/MgO(100)/CeFeB junctions with polycrystalline 
ferromagnets facilitating fabrication of many junctions with uniform properties 
[7]. The highest room-temperature TMR-value to date observed for epitaxial 
junctions is 410 % and has been measured on Co(100)/MgO(100)/Co(100) 
junctions [8]. 

However, these TMR values are restricted to very small bias. They steeply 
decrease as the voltage is increased to technical useful values [5, 6]. A second 
important characteristic for applications is therefore the voltage V1/2 at which the 
TMR drops to half of its close to zero bias value. This voltage defines the memory 
output voltage, Vout = V1/2(Ra – Rp)/ Ra, which is one of the parameters defining the 
MRAM density limit. In planar junctions, V1/2 has been increased from 0.2 [2] to 
0.6 V [7]. Compared to the achieved TMR increase this is moderate improvement 
and prompts the question how much of the bias dependence is being intrinsic. An 
intrinsic effect is the variation of the g's with energy. However, this is expected to 
show up only beyond 0.5 V and to give rise to a relatively small decrease up to 1 
V. Other effects are interfacial spin-scattering, magnon creation in the oxide, or 
tunneling via trap states formed by oxide defects [9]. Perfect interfaces and perfect 
oxides would avoid some of these effects. Which one of them is dominant, and 
what are the ultimate values of V1/2 and Vout of a perfect junction, are at present 
open questions. We briefly note that the so-called zero-bias anomaly usually refers 
to a TMR-peak observed at low T and at a view milli-volts [10]. This peak is 
related to Kondo and/or inelastic spin-excitations [11] and has to be discerned 
from the above discussed TMR decrease at large bias values, which currently 
affects the operation of planar junctions in MRAMs. 

The junction of a spin-polarized STM has controlled interfaces and a clean 
vacuum barrier. Therefore it promises TMR values closer to the theoretical upper 
limit and higher stability of these values with increasing bias. Most importantly, 
however, one of the junction interfaces can be “seen” on the atomic scale, enabling 
to investigate the causes of performance limits of planar junctions in a systematic 
way. We present spin polarization and TMR measurements on single planar 
monodomain islands. TMR values reach up to 850 % for vacuum STM tunnel 
junctions formed by out-of-plane magnetized ferromagnetic bilayer Co islands on 
Pt(111) (140 K) and anti-ferromagnetic Cr-coated W-tips (280 K). These values 
are observed up to biases of ±0.7 V, shifting V12 far beyond 1.0 V [12]. 

The Co islands shown in Fig. 1a) were created by atomic vapor deposition of 
0.40 monolayers (ML, 1 ML being one Co atom per Pt surface atom) on a Pt(111) 
substrate held at 130 K and subsequent annealing to 340 K [13]. The -9.4 % misfit 
between Co and Pt leads to partial dislocations in first layer islands [14]. In the 
double layer islands imaged here the stress is partly relieved by a moiré structure 
[15, 16]. The moiré implies smooth transitions of the Co adsorption sites between 
three-fold hollow and on-top sites leading to a long-period vertical modulation of 
the atomic positions reflected in their apparent heights in constant current STM  
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Fig. 1. a) Constant current STM image of double-layer Co islands on Pt(111) recorded with 
a Cr-coated W tip. Islands with opposite magnetization appear with two different heights 
(Tsample = 140 K, Ttip ≈ 280 K, Vt = -0.08 V, It = 0.3 nA). b) Averaged line-profile (±5 lines) 
at the indicated position in figure a) showing a difference of 0.26 ± 0.05 Å in the apparent 
height of islands with opposite magnetization. 
  
images. Part of this modulation is still visible in the averaged line scans, and looks 
as if it was noise (Fig. 1b)). 

In addition to the corrugation of the moiré, one clearly discerns two island 
species by an apparent height difference. This contrast is magnetic since it is only 
obtained with magnetic tips (either Cr-coated W-tips, or FeMn bulk-tips), and it 
vanishes above the island blocking temperature of Tb = 180 K, which we 
independently determined by means of magneto-optical Kerr effect (MOKE) [13]. 
The MOKE measurements also reveal out-of-plane magnetization in agreement 
with the fact that spin contrast is only observed with a Cr coating thickness of 20 – 
40 ML reported to give out-of-plane polarization of the tip [17]. 

The magnetic contrast amounts to Δz = 0.26 ± 0.05 Å and can be analyzed in 
terms of the junction polarization and the TMR that would be observed at constant 
gap width of the junction. With the above definitions, one finds: 
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where φ is the average over the work-functions of tip and sample and A = 
2

e2 2 /m =1.025 eV-1/2 Å-1. With a typical value of φ = 4 eV we find Pt Ps = 
0.26 ± 0.06 from the difference in apparent height of Fig. 1. This is significantly 
higher than Pt Ps values reported between Co(0001) surfaces and amorphous Co-
based alloy tips [9]. Evidently, the spin contrast depends on the orientation of the 
magnetic moment of the atoms at the apex. These strongly vary for each newly 
prepared tip, as we conclude from different Δz values from day to day, 0.2 Å being 
a typical value. In a single case we observed a difference of Δz = 1.1 ± 0.1 Å, 
corresponding to Pt Ps = 0.80 ± 0.04 [12]. This value implies a polarization of the 
Co islands of at least 80 %, about two times larger than the Co bulk value 
determined by Andreev reflection [18, 19]. This can be rationalized by the low 
dimensionality of the islands increasing the density of states at EF, or by state 
selective tunneling leading to a higher polarization than the state averaged value. 

The TMR for a tunnel junction formed by the tip kept at constant height above 
an island which magnetization switches between up and down evaluates to: 

( )t s
p

t s

2
/ exp 1

1
P P

R R A z
P P

φΔ = = Δ −
−

 (0.2) 

For our typical Δz values Eq. 0.2 gives ΔR/Rp = 70 ± 15 %, and the largest 
observed magnetic contrast corresponds to ΔR/Rp = 850 ± 200 %. The latter value 
largely overcomes the highest TMR value yet reported and can be considered as 
bench mark for ideal planar junctions. From density functional theory calculations 
it is found that adsorbates at the STM-tip apex may cause magnetic contrast in the 
range of the reported values [20]. We observe stable TMR values up to biases of ± 
0.7 V [20], which is in agreement with former SP-STM junctions [9, 21]. Our 
results suggest that SP-STM experiments are well suited to investigate the effect 
of structural and chemical defects on the TMR bias dependence. 

Magnetic Anisotropy of Single Adatoms 

The energy barrier associated with magnetization reversal by coherent rotation of 
all spins in a uniaxial system is the magnetic anisotropy energy K2, which we call 
here K for brevity. This energy causes magnetic memories to be non-volatile since 
it preserves the magnetization from reversing its orientation by thermal excitation. 
K also defines together with the particle moment M the switching field H(T). The 
anisotropy energy has several origins, such as shape, magneto-crystalline, surface 
and interface. In 3D particles several of these causes are present and it is difficult 
to disentangle them unambiguously. In 2D nanostructures at single crystal 
surfaces this is facilitated when morphology and magnetism are investigated in-
situ on the same sample. This has led to the discovery that the low coordinated 
step atoms contribute 20 times more to the anisotropy of islands than the laterally 
6–fold coordinated atoms sitting inside [13]. 
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In Fig. 2 we present the most spectacular example of this coordination effect in 
showing magnetization curves recorded for single Co atoms adsorbed on a Pt(111) 
surface with X-ray magnetic circular dichroism (XMCD) along the easy axis (out-
of-plane) and at 70° to it [22]. Isolated Co adatoms have been created by atomic 
vapor deposition onto a substrate held at low enough temperature to entirely freeze 
thermally activated tracer diffusion of the deposited species. When atoms adsorb 
onto a surface, there is the possibility that part of their adsorption energy is 
transferred into motion along the surface. However, this transient mobility has 
been found to be absent in all metal/metal systems studied so far [23]. The atoms 
therefore come to rest at their site of impact. Size distributions for this case called 
statistical growth can be inferred at low coverage from mathematics [24], and at 
higher coverages, where deposition onto filled sites comes into play, from kinetic 
Monte-Carlo or rate theory models [25]. The mean “island” sizes for the cover-
ages used here go from 1.02 (coverage θ = 0.007 ML) to 1.11 atoms (θ  = 0.030 
ML), therefore at the surface are almost exclusively monomers, in agreement with 
the uniform apparent height for most of the islands in STM images. 

Application of the XMCD sum rules [26] to the spectra measured for the 
sample shown in Fig. 2a) at saturation and along its easy axis yields mL = 1.1 ± 0.1 
μB/atom (the number of core holes needed for this evaluation was calculated  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. a) STM image of isolated Co adatoms created by statistical growth on Pt(111) (θ = 
0.010 ML, deposition temperature Tdep = 5.5 K). b) XMCD magnetization curves at 0° 
(black squares) and 70° (red squares) with respect to the surface normal measured at T = 
5.5 K. The solid lines are fits to the data considering the Zeeman energy resulting from the 
applied field and the magnetic moments of the atoms and assuming uniaxial out-of-plane 
anisotropy energy K per atom. c) Atomic orbital moments mL and anisotropy energies K 
deduced from XMCD measurements taken out on island ensembles of varying mean size n. 

m B

m
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within the local spin density approximation to be 2.4). This value is smaller than  
3 μB of Co atoms in the gas phase, but much higher than orbital moments in the 
bulk, where the hybridization of the d-states reduces mL to 0.1 – 0.2 μB. The high 
mL value comes from the reduced coordination of the adatoms favoring d-electron 
localization and thus the survival of atomic-like character in the 3d orbitals. In a 
band picture, the d-bands are narrowed increasing the local density of states near 
the Fermi level. This is expected to augment the spin-orbit energy and thereby also 
the magneto-crystalline anisotropy energy. 

Figure 2b) shows the magnetization along the field applied once parallel to the 
easy axis (out-of-plane) and once at 70° to it. The data points represent the peak of 
the L3 XMCD intensity at 778.6 eV divided by the pre-edge intensity at 775 eV as 
a function of B. The difference between the 0° and 70° curves was checked for  
consistency with the XAS-normalized XMCD spectra. The fits yield K = 9.3 ± 1.6 
meV/atom, which is 200 times the Co hcp bulk value. It is also much higher than 
the anisotropies of hard magnets, such as SmCo5 or CoPt L10 (K = 1.8, and 0.8 
meV/Co atom, respectively [27]), and higher than the values formerly reported for 
atomic Co chains attached to Pt-steps (K = 2.0 meV/Co atom [28]). The CoPt 
alloys, the Co chains, as well as the present system, benefit from strong spin-orbit 
coupling of the Pt 5d-states resulting in additional anisotropy energy of the 
induced magnetization [29]. The fact that the value reported here is much higher 
than formerly reported ones suggests that coordination has a stronger effect than 
polarization and spin-orbit coupling of a second element. In line with the 
dominant role of coordination we observe in Figure 2c) a rapid decease of mL and 
K when going from monomers to dimers, trimers, tetramers and so forth [22]. 
XMCD yields K = 1.0 ± 0.1 meV/atom for Co heptamers, which are almost 
entirely composed of step atoms. This is in very good agreement with our MOKE-
results on much larger Co islands on Pt(111), where we found Kp = 0.9 ± 0.1 
meV/step-atom [13]. 

It remains an open issue whether at low T Co monomers on Pt(111) behave as 
classical magnetic moments with a remanent magnetization, or whether their 
ground sate is a superposition of at least two eigenstates of quantum number +m 
and –m. Strong coupling to the surface can favor the first situation, however, 
experimental evidence for it is currently not available. Single atom experiments 
exist on systems where the coupling of the magnetic atom to the metal surface has 
been reduced by an oxide or nitride spacer [30]. In the case of Fe atoms on 
CuN/Cu(100)–c(2 ×  2) the magnetic state of the atoms is a wavefunction with 
weight in m = –2, 2 and 0, and field dependent spin-excitation spectroscopy 
measurements with the STM reveal the Hamiltonian containing the anisotropy 
energies [31]. At which size the transition from quantum mechanical spins to 
classical magnetic moments with remanent magnetization takes place remains to 
be investigated. This question is particularly interesting for strongly coupled 
adsorbate/substrate systems. From our present data, the smallest unit to store 
information magnetically at room temperature is a ring of 400 2-fold coordinated 
atoms, each having an anisotropy of 3.3 meV. 
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Self-assembly of Model Systems for Ultra-high Density Magnetic 
Storage Media 

Magnetic hard disk media are believed to reach very soon a bit density where the 
magnetic grains used to store one bit become super-paramagnetic, i.e., their 
magnetization reverses due to thermal excitation on a time scale shorter than the 
desired memory retention time of typically 10 years. Since then the memory gets 
volatile, there is considerable interest in further shifting this limit, and in knowing 
its ultimate value. 

Here we present a way to create model systems suited to explore the ultimate 
density limit of magnetic information storage. Our example are Co islands self-
assembled on a Au(788) surface. The islands are monodomain particles and have a 
density of 26 Tbits/in2. They are characterized by uni-axial out-of-plane magneti-
zation, by the absence of dipolar interactions, and by unprecedentedly narrow 
magnetic anisotropy energy and moment distributions [32]. 

Figure 3a) shows an STM image of a Au(788) surface onto which 0.35 ML of Co 
have been deposited at 130 K with subsequent annealing to 300 K. The Au(788) 
surface is stable against faceting [33] due to the following reasons. The steps repel 
each other due to elastic substrate mediated interactions [34]. The sample is cut in 
such a way that the steps form dense {111}-facets, which are energetically favored 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. a) STM image showing Co bilayer islands self-assembled on Au(788) into a long-
range ordered superlattice with a unit-cell of 3.5 ×  7.0 nm, corresponding to a density of 
26 Tera-islands/in2 (θ = 0.35 ML, Tdep = 130 K, Tann = 300 K). b) XAS spectra and the 
resulting XMCD taken at normal incidence (γ = 0°) on a sample with 0.35 ML Co (T = 10 
K, B = 5 T, Bsat = 2.5 T). c) The K-distribution inferred from MOKE is with HWHM = 17 
% roughly two times more narrow than the size-distribution having HWHM = 32 %  
(θ = 0.75 ML deposited in several steps, each time followed by annealing with 
temperatures as in a)). 

g

m

m

m-

m m-

129 Giant Spin-Polarization and Magnetic Anisotropy of Nanostructures at Surfaces 



with respect to the more open {100}-facets, which would be present on a pristine 
Au(877) surface. The {111}-faceted steps can be crossed perpendicularly [35] by 
the partial surface dislocations of the ( 3 22)× -reconstructed terraces [36]. Finally, 
elastic interactions align the reconstruction pattern from one terrace to the next. 
Altogether, this leads to a long range ordered lattice formed by the intersections of 
steps and reconstruction lines. These intersections are the nucleation sites for Co 
[33, 37], leading to a regular lattice of double layer high Co islands extending 
phase-coherently over the entire crystal, since on this surface steps do not destroy 
the coherence from terrace to terrace. 

The XMCD-measurements of the angular dependence of the orbital moment mL 
shown in figure 3b) reveal a common easy magnetization axis close to out-of-
plane, tilted by 15° towards the ascending steps. Zero-field susceptibility measure-
ments with MOKE as a function of temperature, χ(T), show the transition from the 
blocked to the superparamagnetic state to take place in a narrow temperature 
window with a width of 15 K. Comparison of STM-derived island size and 
perimeter length distributions with the χ(T)-curve leads to an anisotropy energy 
per perimeter atom of Kp = 0.8 ± 0.1 meV and yields the distribution of island 
anisotropy energies K shown in Fig. 3c). The K-distribution has a HWHMK of 17 
%. This value is almost a factor of two smaller than the one of the size of 32 %.  
In fact, this is expected since the anisotropy is largely given by the perimeter 
length, which in 2D has a distribution half as wide as the one of the size. The 
value of 17 % is also less than half of the best result so far achieved for colloid 
particles [38]. The fact that our islands have a more narrow distribution of magnetic 
properties than the much more mono-disperse looking colloid particles can be 
rationalized by the fact that the magnetic moments of 2D lattices of colloid particles 
are not yet uni-axial, implying dipolar interactions. In addition, the competition 
between several causes of anisotropy, such as faceting, strain or shape anisotropy, 
may give rise to several easy axes per particle [39]. 

The value for the anisotropy energy per perimeter atom is in agreement with 
0.9 ± 0.1 meV obtained for Co/Pt(111) [13], and with the estimate of 1.0 ± 0.3 
meV derived from Ref [40] for Co islands with comparable size on Au(111). We 
can compare the anisotropy of the orbital moment, mL,|| – mL,⊥, derived from 
XMCD, with the magneto-crystalline anisotropy KMC per atom, independently 
derived from MOKE. Both quantities are predicted to be linked to each other by 
the relation [41] 

( )MC L, L,
B

– – ,
4

K m mξα
μ ⊥=  (0.3) 

with the spin-orbit coupling constant ξ = 70 meV for Co [42]. Since MOKE 
determines the total anisotropy per atom, K = KMC + Kshape, we subtract the shape 
anisotropy Kshape = –0.08 meV/atom, obtained assuming circular islands, and 
obtain KMC = 0.45 ± 0.04 meV/atom. With mL,|| – mL,⊥ = 0.11 ± 0.01 μB we find α 
= 0.23 ± 0.02, confirming previously reported estimates of 0.2 [43]. This result 
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points out the direct connection between increased orbital moments of low 
coordinated atoms and their increased anisotropy energy. 

Dipolar interactions between monodomain particles manifest themselves by a 
flatter than 1/T-decrease of the χ(T) -curve above Tb [44]. For the present system, 
we find the slightly steeper than 1/T-decrease, characterizing ensembles of non-
interacting particles. The absence of dipolar interactions is further corroborated by 
a double peak in χ(T) for a bimodal size distribution, showing that small islands 
can become superparamagnetic at their blocking temperature, independent of the 
larger ones which are still blocked and sit next by. 

The Co particle superlattices created by self-assembly on a Au(788) surface 
have an unprecedented narrow anisotropy distribution, a common out-of-plane 
easy magnetization axis, and the absence of mutual magnetic interactions at a 
density record of 26 Tbits/in2. Admittedly, one has to work on the blocking temp-
erature, which is with 50 K too low. This can be done by adding more Co, for 
example by growing pillars in the third direction [45], which, according to our 
data, would still be non-interacting, or by using CoFe or CoPt alloys, which we 
currently investigate. 

The author acknowledges the contributions of his collaborators P. Gambardella, 
S. Rusponi, T. Cren, N. Weiss, M. Epple, P. Buluschek, and L. Claude to this work, 
as well as fruitful collaborations with S. Rousset and C. Carbone. 
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Abstract. We have investigated the effect of artificial grain boundaries on the electro-
3 2 3

Based upon a spin-polarized tunneling mechanism we have proposed a phenomenological 

p
as a function of increasing Al2O3 content, while the feromagnetic-paramagnetic transition 
temperature (TC) remains almost constant (TC = 250K). A large low-field magneto-
resistance was observed for all the composite samples and the largest magnetoresistance 
ratio was recorded for a composition with x = 0.01.  

1. Introduction 

The colossal magnetoresistance (CMR)  manganites of the type Ln1-x AxMnO3 
(where Ln = La, Pr, Nd, etc. and A is a bivalent doping cation) with perovskite 
structure have been studied extensively in recent years. So far, two CMR effects 
have been found in these manganites, that is, the intrinsic CMR and the extrinsic 
CMR. For most Ln1-xAxMnO3 manganites, the CMR effect is maximum near the 
metal – insulator (M-I) transition temperature (Tp) accompanied by a simultaneous 
paramagnetic to ferromagnetic (PM-FM) transition at the Curie temperature (TC). 
This is the so called intrinsic CMR [1]. The intrinsic CMR, caused by the double 
exchange (DE) mechanism proposed by Zener in 1951 [2], is useful to explain 
CMR phenomena mostly observed near TC at a relatively high magnetic field. 
However the extrinsic CMR, which is absent in a single crystal, is related to 
natural and artificial grain boundaries [1,3,4] and atomic size defects at the film – 
substrate interface [5]. Spin polarized tunneling [1] or spin dependent scattering 
[3] among neighbouring grains seems to be responsible for this kind of CMR 
effects. This extrinsic effect may enhance low field magnetoresistance (LFMR) in 
a wide temperature range and can be more useful for practical application to 
magnetic switching of recording devices. 

In order to enhance the CMR effects, many groups have attempted to syn-
thesize CMR-insulators composites, such as LSMO/CeO2 [6], LSMO/glass [7], 

3Ca
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LSMO/NiO [8], LBMO/YSZ [9] and bilayers of LCMO with Fe3O4 [10], LBSMO/ 
PMMA [11]. 

There are many reported papers dealing with CMR composites [12,13], but 
studies related to the electrical transport behavior of the La0.7Ca0.3MnO3/Al2O3 
composite in a lower magnetic field are rare. In this study, we mainly analyzed the 
effects of structure and grain boundaries of the LCMO on the electrical transport 
properties. So we synthesized the LCMO-Al2O3 composites by a solid-state 
reaction method combined with a high energy milling method. Al2O3 was mainly 
dispersed at grain boundaries. Using this method, the enhanced LFMR was 
observed in the composites 

2. Experiment 

The (1-x)LCMO + xAl2O3 (x = 0; 0,01; 0,02; 0,03; 0,04; 0,05) composites were 
prepared by three step. First, the LCMO powder was synthesized by a con-
ventional solid state reaction method combine with a high energy milling method. 

2 3 3
priate stoichiometric ratio and ground. The well-mixed powders were preheated at 

Next the LCMO and Al2O3 powders were ground by a high energy milling 
machine for 2h. Finally, the appropriate amounts of LCMO nano powder and 
Al2O3 nano powder were mixed and a homogenous powder was pressed in pellets 
at pressure of 10MPA/cm2

 and sintered at 900 C for 3h. 
The structural characterization was  done by employing the X-ray diffraction 

size of 0.03  using CuKα (λ = 1.5406Å) radiation and the surface morphology was 
observed by scanning electron microscopy (SEM). The temperature dependence of 
the resistivity, R(T), and the magnetoresistance of the samples were measured by a 
standard four-probe technique in the temperature range of (70 ÷ 300K) in a mag-
netic field range of 0 ÷ 3kOe. The magnetization of the samples was measured by 

3. Results and Discussion 

The XRD patterns of the composites (x = 0; 0,01; 0,02; 0,03; 0,04 and 0,05) are 
shown in Fig. 1. It is found that the reflection peaks of LCMO do not shift. It 
suggests that Al2O3 and LCMO coexist in the composites. Besides, the addition of 
the Al2O3 did almost not change position of the peaks of LCMO phase, which 
implies that Al2O3 is probably distributed at the grain boundaries of the LCMO 
grains.  

The average crystallite size of the samples has been estimated from the X-ray 
line width by using the Scherrer formula kλ/βcosθ, where k = 0,9 is the shape 
factor, λ is the wavelength (λ =1,5406Å), β is the difference of the half width of 

High purity (99,99%) La O , CaCO  and MnO powders were mixed in the appro-

a temperature of 1250°C for 15h. Subsequently, it was heated at 1300 C for 10h. °

°

(XRD) technique at room temperature in the 2θ range of (20  – 75 ) with a step ° °
°

a Vibrating Sample Magnetometer (VSM) in the temperature range of (100 ÷ 300k). 

the X-ray peaks between the samples and the standard silicon that is used as an  
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internal calibrate of the equipment, and θ is the diffraction angle. The average 
crystallite size of the samples is calculated to be about 48 nm, but the particle sizes 
obtained from SEM (Fig. 2) are much larger, 75 nm. This difference is probably 
due to the fact that an LCMO particle consists of several crystallites, and/or the 
internal stress, defects in the structure [14]. 

Fig. 2. SEM photograph of LCMO/Al2O3 samples with x = 0.0 and x = 0.03. The bright spots
2 3in the figure correspond to Al rich boundaries until the Al O  content increases up to 0.05 

Fig. 1. XRD parterns of (1–x)LCMO + xAl O  composites 
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Figure 3 presents the magnetization (M) as a function of temperature at 100 Oe 
for pure LCMO and LCMO/Al2O3 samples. All these samples undergo a sharp 
ferro-paramagnetic (FM-PM) transition at the same temperature. The Curie tem-
perature TC is about 250K. The addition of Al2O3 does not change the magnetic 
transition of LCMO. This indicates that Al2O3 mainly exits outside the grains. The 
reason for this heterogeneous distribution can be understood in terms of two 
aspects as follows: One is related to the lattice strain. As known the radius of Al3+ 
ion (0,675 Å) is larger than that of Mn3+ (0,53 Å), and as reported by [15] the 
larger ion difficultly enters into the lattice and probably is being pushed out 
towards the grain boundary in order to release the local strain. The other reason 
for this distribution is attributed to the synthesis method. Al2O3 in the mixture 
composite may wrap the LCMO grain during the preparation process. As reported 
by [16] the active Al2O3 may attach to the surface of the LCMO grain to reduce its 
surface energy. Sintering temperature and time affect the entering of the Al2O3 
into the LCMO lattice. It means that the diffusion of Al2O3 into the lattice of 
LCMO could be optimized by controlling the sintering temperature and time. 

Fig. 3. Magnetization (M) as a function of temperature under an applied field of 100 Oe 
 for (1 – x)LCMO + xAl O  
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Figure 4 shows the temperature dependence of the resistivity for the LCMO/ 
Al2O3 composites with different Al2O3 content, measured within a temperature 
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2 3 (a) H = OOe, Fig. 4. Temperature dependence of resistivity for (1–x)LCMO + xAl O .

range of 70–300K without magnetic field and a field of 3 kOe. All the com-  

caused by the induced lattice disorder and also by the increase in the non-magnetic 

posites show a distinct metal – insulator transition. It is clear that the resistivity
of all the composites increases in comparison with the pure LCMO and their 
T  shifts down to lower temperature. The strong depression of the T  could be 

 (b) H = 3k Oe 
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magnetic field, resulting in MR, decreases. On the other hand, for the composites 
with high concentration of Al2O3, the thickness of the grain boundaries may 
exceed the spin memory length resulting in the decrease of the LFMR effect 
[16]. Usually grain size and grain boundaries play an important role in the spin  
dependent tunneling and scattering of the conducting electrons [1,6]. It originates 

reduces the metallic transition temperature and, hence, implies a concomitant 
increase in resistivity. When a magnetic field is applied, the FM clusters increase 
in size and the interfacial Mn spin disorder is suppressed, and therefore induces  
an improvement in connectivity, and consequently the resistivity of the samples 
decreases as observed in Fig. 4b. It is well known that the resitivity of the 
composites decreases with increasing grain size [17]. However, in the present 
composites, the resistivity of the samples does not change regularly with the grain 
size. Hence, it is reasonable to assume that the distribution and the connectivity of 
the grains play a more important role in the conduction. In order to clearly explain 
the electrical transport, a modified model proposed by de Andres et al. [18], 
Rubinsten et al. [19], D. Das et al. [20] is accepted and the most adopted one. 
They proposed the concept of a conduction chanel mechanism based upon the 
nature of connectivity between grains. Moreover, due to the disordered nature of 
the grain boundaries, grain boundary resistivity is higher than the resistivity inside 
the grains. Al2O3 behaves differently at different concentrations. In the pure LCMO 
samples the electrical transport is realized through a direct contact between the 
LCMO grains, the electrical channel homogeneous between the intergrains of 
LCMO. This direct contact is diluted/disturbed as a result of the introduction of an 
Al2O3 insulator. The Al2O3, mostly located at the grain boundaries, acts as a 
barrier. In case of the LCMO/Al2O3 composites two kinds of conduction channel 
coexist in parallel. One is related to the LCMO grains, which determines the 
transport properties of the system. The second is related to Al2O3 grains, mostly 
distributed at the grain boundaries of LCMO.  

Since the resitivity of Al2O3 is larger than that of LCMO, the second channel 
can be regarded as an energy barrier that inhibits the direct conduction between 
the LCMO grains. Therefore, with the increase of Al2O3 grains at the grain 
boundaries, the effective electrical channel of the composites can be reduced, 
leading to the increase of the resitivity.  

0 H 0
100% versus the applied H field obtained at 30K for all the composites, where 
ρ0 and ρH are the resistivity in zero and H field, respectively. The results show 
that all the samples exhibit LFMR at low temperature. LFMR is largest for the 
composites with x = 0.01 and become weaker when x increase. The reason for 
this may be related to the structure of the composite. Al2O3 is distributed mostly at 
the grain boundaries of LCMO in the composites with relative low Al2O3 content, 
which can be viewed as diluting the ferromagnetic metallic grains in an insulating 
matrix. So, the conduction carrier’s spin-scattering distance become large and the 
corresponding MR effect increases. When the content of Al2O3 is above 0.01, 
some Al2O3 grains may aggregate and segregate as the second grain phase. This 
leads to the increase of the resistivity at zero magnetic field, and the resistivity in a 
 

Al2O3 phase fraction. This also causes an increase in the carrier scattering leading 
to a corresponding enhancement in the resistivity. Thus, increasing Al2O3 content 

Figure 5 shows the curves of the magnetoresistance ratio MR = [(ρ  – ρ )/ρ ] × 
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grains. Hwang et al. [1] were the first to introduce a spin-polarized tunneling 
mechanism (proposed first by Helman and Abeles [21] in granular nickel films) in 
the case of manganites on the basis of a feature noted for these materials, namely 
the high degree of spin polarization of the charge carriers, caused by the half 
metallic nature of these materials [22]. Later, Yuan et al. [23] discussed the trans-
port phenomena for polycrystalline manganites in the ligh of the  spin-polarized 
tunneling model with a major consideration of grain size, which is essentially 
larger than 100 nm (i.e., micron size particle) in their case. With LCMO/Al2O3 
composites, the enhancement of the LFMR in the samples is closely related to the 
improvement of the disordered state at the grain boundaries.  

4. Conclusions 

(1–x)LCMO + xAl2O3 composites were prepared by a conventional solid state 
reaction method combined with a high energy milling method. The XRD and 
SEM results show that no reaction between Al2O3 and LCMO takes place, and 
most Al2O3 is distributed at the grain boundaries. The resistivity of the composites 
is larger than that of the pure LCMO. Further, we have explained the gradual drop 
of the metal-insulator transition temperature Tp with increasing Al2O3 content, 
while the Curie temperature TC remains almost constant. An enhanced LFMR is 
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Fig. 5. Field dependence of MR for (1–x)LCMO + xAl2O3 composites at 30K
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from the spin dependent tunneling and scattering process at the interfaces of the 
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observed for the composites. Large low field magnetoresistance (LFMR) was 
achieved for the composites and the largest LFMR appeared when x = 0.01. The 
obtained result may be attributed to the structure and spin polarized tunneling at 
intergrains. 
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Abstract. By use of Electro-Chemical, Vapor Deposition and Rapid Quenching (RQ) tech-
niques several  magnetic materials in the form of thin layers are manufactured and investi-
gated. These, generally, nano sized and multiphase, 3d-based materials exhibit a series of 
properties and effects such as Giant-Magneto Resistance (GMR) and Giant-Magneto 
Impedance (GMI) effects depending on their composition. The results of long-standing 
research in the Hanoi University of Technology on preparation technology, structure, pro-
perties and application of this kind of materials are shown and discussed in terms of their 
practical use. 

1. Introduction 

Traditionally metallurgy processes are carried out at higher melting-points, and 
subsequently cooled with low speed, so, generally the structure and the phases 
obtained in this way are in equilibrium and determined by well-known phase 
diagrams. By contrast, in the chemical plating, vapor deposition and rapid quen-
ching process, the metallic layers probably show a non-crystalline structure due 
to the rapid deposition of atoms in chemical and vapor deposition  and rapid 
solidification from the melt in RQ. The metallic solids manufactured by these 
techniques, generally, are distinguished by super-saturation of elements and dis-
ordered structure that creates the unstable states. The subsequent heat treatment 
causes their crystallization. Because the crystallization process happens in the 
solid state at low temperature, it can be easily controlled to get the nano sized and 
multi-phase structures, i.e. the desired structures with the given properties. For 
obtaining the magnetic properties, all studied materials are based on 3d metals 
(Fe, Co, Ni). The GMI effect is observed in thin layers with ultra-soft magnetic 
properties. Thin CoP-layers chemically plated on Cu-wires, thin Co-based amor-
phous and nanocrystalline ribbons are materials with high GMI ratio because they 
exhibit high soft magnetic properties and on the other hand, they naturally have a 
small thickness. The Me-3d alloys (Me: Cu, Ag; 3d: Co, Fe) after annealing 
consist of ferromagnetic Co particles embedded in the Cu matrix leading to a so-
called granular structure. The granular structure of Co-Cu alloy is easily to be 
made and this structure exhibits the GMR effect, although the GMR ratio is not so 

1

Nguyen Huu Tinh ,  Le Cao Cuong ,  and Trinh Thi Thanh Nga 



large compared to those of the multilayered structure. All above-mentioned 
magnetic materials are not far from practical application as new magnetic sensors. 
The various materials with GMI and GMR effects prepared by different tech-

2. Experiments and Results 

The GMI effect is a classical electromagnetic phenomenon where the high fre-
quency impedance of a magnetic conductor is changing strongly under the appli-
cation of a magnetic field. The effect is related to the combination of skin effect 
and field dependence of the circumferential magnetic permeability associated with 
the circular motion of magnetic moment and the dimension of the conductor. So 
the GMI effect is based on both intrinsic magnetic properties and geometry of the 
samples. The nano GMI effect is described by the Magneto-Impedance Ratio 
(MIR). MIR is written as MIR(%) = ΔZ/Z(0) = [Z(H) – Z(0)]/Z(0), where ΔZ is 
the change of impedance of the magnetic conductor ΔZ = Z(H)–Z(0), with Z(H): 
impedance with applied magnetic field, Z(0): impedance without the field. 
 

 

 

 

 

 

 

 

Fig. 1. (a) GMI profiles of amorphous Co samples with different width (the length is fixed), 
(b) GMI profiles of the combined samples consisting of parallel and perpendicular parts to 
the direction of the field H, (c) The shape of the samples 
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niques were widely  reported [1–9]. 

2.1. GMI Effect in Amorphous Alloys 
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The amorphous soft materials in the form of ribbon are produced by RQ and 
subsequent heat treatment for the mechanical stress removal and crystallization. 
They exhibit high soft magnetic properties and naturally have small thickness of 
about 20 μm. The GMI profile (MIR-H dependence) is measured at 4.5 MHz  to 
be 200–350% in the field of about 300 Oe. The MIR strongly depends not only on 
intrinsic properties but also on the dimension of the sample (thickness, width, 
length and form) due to a high frequency skin effect. Series of Co-Fe-B-Si ribbons 
were studied. The studied samples (GMI sensors) were made in the shape of a thin 
sheet of rectangular form of 10–15 μm in thickness, 0.1–0.5 mm in width and 1–7 
mm in length. Besides, combined sensors consisting of parallel and perpendicular 
parts have been made. The GMI profiles of the amorphous Co samples with 
different width (the length is fixed) and GMI profiles of the combined samples 
consisting of parallel and perpendicular parts to the direction of the field H are 
shown in Fig. 1(a and b). The shape of the samples is shown in Fig. 1(c). From the 
same material, quit different forms of MIR-H dependence could be obtained by 
varying the shape and dimension of the sensor, in which the MIR, the linearity and 
the saturation field strongly changed. The works of this topic are listed in [10, 11] 
in which besides amorphous ribbons, the GMI effect in the Fe-based nano-
crystalline soft magnetic ribbons was investigated. 

Two layer Cu/CoP wires were prepared as follows: By electroplating, a layer of 
CoP alloy was deposited on the Cu core (wire). The thickness of the CoP layer 
depends on the electro-chemical conditions (potential, current, time, tempera-
ture and the composition of the electrolyte). The electrolyte was a mixture of 
CoSO4.7H2O, H3PO4 and H3PO3. The composition of the CoP layer is controlled 
by changing the concentration of the phosphorous acid H3PO3 which was changed 
from 0 over 20g/l, 30 g/l, and 40g/l to 50g/l. The electroplating conditions are: 
current density ~750 mA/cm2

, plating time ~3–15 mins., temperature ~60 C. An 
SEM image of a Cu/CoP wire is shown in Fig. 2 in which two layers (Cu core, 
CoP cover) are clearly seen. The thickness of the deposited layer varies from 
about 5 micrometers to 50 micrometers depending on the deposition time and 
current density. X-ray patterns confirm the non-crystalline structure of all samples 
plated by different conditions. It is supposed that the amorphous state of the  
CoP layer provides magnetic softness needed for the GMI effect. The composition 
of the CoP layers is analyzed by an Energy Dispersion Spectrum. The phosphor 
concentration (%P) in the CoP layer depends on the content of phosphorous 
(H3PO3) acid in the electroplating electrolyte. The maximum P concentration is 
measured to be 15 wt% for the CoP layer obtained by use of an electrolyte of  
30 g/l of H3PO3. The P concentration is controlled by both the pH and the con-
centration of phosphorous acid in the electrolyte. The GMI effect of the Cu/CoP 
wires prepared by different technological conditions is investigated. The GMI 
profiles and the dependence of the GMI ratio (%) measured at 4.5 MHz and 10.7 
MHz on electrolyte composition is shown in Fig. 3. It is noted that, the content 

2.2. Cu/CoP Plated Wires with GMI Effects 

°
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Fig. 4. MIR and Coercivity HC of CoP layers prepared in an electrolyte with different 
content of H3PO3, (750 mA/cm2 for 3 mins.). The values of HC were deduced from 
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Fig. 2. SEM  images of the cross section 
of Cu/CoP wire. The CoP plated cover is 
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determines the soft magnetic property of the layer. The maximum of MIR (~220%) 
is obtained for the sample containing 15wt% of P. It was obtained in an electrolyte 
of 30 g/l of H3PO3 and corresponds to the minimum coercivity (1.65 Oe). 

 
of H3PO3 in the electrolyte has great influence on the P content in the CoP layer, it  
 

about 5–50 μm thick dependent on the 
MHz for the samples prepared in electrolyte 
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Figure 4 shows hysteresis loops of these samples and the dependence of 
coercivity and MIR on the H3PO3 concentration in the electrolyte. The coercivity 
HC decreases with increasing of the phosphor content in the CoP layer which 
depends on the concentration of phosphorous acid. The minimum value of HC 
(1.65 Oe) is observed in the CoP sample containing 15wt% phosphor obtained in 
the 30 g/l H3PO3 electrolyte. Generally, the coercivity HC dramatically decreases 
with the existence of P in the layer (from ~70 Oe to less than 5 Oe) and changes 
not so much when P varies between 8–15 w% by increasing the content of H3PO3  
from zero to 20–40 g/l [12, 13].  

The obtained samples are of 2–20 mm in width and 20–25 micrometer in thickness. 
The studied samples were CoXCu(100-X), (x = 6, 8, 10, 14, 20, 25, 30). A fully 
amorphous (glassy) state is not seen in the rapid quenching process. A crystalline 
structure is observed in all samples before and after annealing. The co-existence of 
two phases of Cu and Co was confirmed by chemical, X-ray and AES analysis. 
The distribution of particles in the Co-Cu samples was investigated by use of 
Auger Electron Spectroscopy (AES) (compositional mapping). The effect of 
annealing on the particle size is different for Cu and Co: Cu particles in the  
as-spun and annealed sample are homogenously distributed and their particle size 
is nearly identical and unchanged during heat treatment (Fig. 5, right). For Co 
particles, Auger mapping shows that there are two sizes for Co particles: a small 
and a larger one (Fig. 5, left). It is supposed that, the small particles of nano  
size, which are homogenously distributed in the samples, play the main role  
for the GMR effect. It is noted that before annealing, the Co size is identical. 
Magnetization curves of the samples change significantly depending on the com-
position (Fig. 6). The ferromagnetic behavior of´the Co-rich samples (50–90 at%) 
does not correspond to a high GMR ratio, on the contrary, the samples with 8–12 
at% Co exhibiting super paramagnetic (SPM) behavior, show a GMR ratio up to 
5.5% (for Co10Cu90  sample, at room temperature) and over 20% at 177 K. The 
total experimental magnetization of the samples can thus be written as: 

The samples in the shape of thin ribbons are prepared by rapid quenching in air. 

2.3. GMR Effect in Rapidly Quenched Co-Cu Ribbon 

 

The GMR effect based on the spin dependent conduction of electrons was  
firstly discovered in multi-layer magnetically heterogeneous structures. Later this 
effect was also observed in granular structures consisting of ferromagnetic and 
non-ferromagnetic particles of nano size. This granular structure is easily prepared  
by precipitation of super saturated rapidly quenched Me-3d materials (Me: non-
ferromagnetic metals, 3d: Fe, Ni, Co) alloys.

 sample annealed at 450°C for 60 mins  Fig. 5. SEM image and elements mapping of Co Cu10 90
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M(H) = M FM(H)+M SPM(H) 

where the term MFM(H) gives the ferromagnetic fraction of the Co particles.  
The term MSPM(H) presents the SPM fraction of the Co particles. By separating 
the ferromagnetic part from the experimental magnetization curve M(H), using the 
Lagevin theory of paramagnetism, it is possible to write: 

 
 
where p is the volume fraction of the magnetic particles, m = Ms.V is the magnetic 
moment of a single particle with volume V, H is the external field, Ms is the 
saturation magnetization of a Co particle. Assuming that the Co particles are 

spherical with a diameter of D,
6
D

V
3Π

= , the size of the Co particle is nearly 5 
nm [8,14,15].

   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Thin films of Co-Ag were evaporated  
in high vacuum by use of a vibrating 
mechanism in which, the mixture of  
Co-Ag powder drops by small portion 
onto the W heating element. This tech-
nique (flash vapor) provides high speed 
of evaporation. The substrate was a  
Si-plate (monocrystal) (Fig. 7). 

Hysteresises loops (Fig. 8) show 
super paramagnetic behavior for the low 
(20–40 at%) Co-content samples and 
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Fig. 8. Hysteresis loops and GMR profiles of the vapor deposited Co-Ag thin films. The 
composition dependence of the GMR ratio. 

The high magnitude of MIR, the multiform of GMI profiles and the simplicity in 
preparation technology create a possibility for the application of both Cu/CoP 
wires and Co-based ribbons as highly sensitive magnetic sensors. An ampere meter 
using a GMI sensor has been designed and assembled (Fig. 9). The measuring 
range of currents is easily changed (up to thousands of amperes) due to easy 
changes of the MIR profile. Furthermore, GMI ampere meter can be used to 
measure simultaneously both DC and AC currents. The graph in Fig. 9 show the 
coincidence of two U-I curves for AC and DC in the range from 0 to 30 A. 

Fig. 9. Current sensor using GMI effect. The U-I characteristic for AC & DC currents. 

AC
DC

0 5 10 15 20 25 30
210

240

270

300

330

360

390

420

U
 (m

V)

I (A)

GMI sensor

ferromagnetic behavior for high Co-content.  High GMR ratios were observed for 
the super paramagnetic samples with 20–40 at% of Co (highest GMR ratio is 3.6% 
for 30 at% Co sample). The composition dependence of GMR ratio is shown in 
the Fig. 8 [16]. 

2.5. Potential Application 

147 Advanced Metallic Magnetic Materials 



3. Conclusive remark 

1. Various magnetic materials in the form of thin layers and wires showing GMI 
and GMR effects are produced by use of electrochemical deposition, vapor 
deposition and rapid quenching. The high quality of the manufactured materials 
and the simplicity of their preparation are the main features of the above 
mentioned techniques. 

2. The Co-based amorphous ribbons and chemical deposited Cu/CoP wires show 

variable by changing the form of the samples. 

quenched ribbons. Granular GMR materials do not show a high GMR ratio, but 
the effect does not depend on the measuring direction. 

Acknowledgement 

This work was financially supported by: The Program of Basic Science, MOST 
(Vietnam), 2004–2006 and Korean Research Fund (Korea), 2006. The authors 
express their  thanks to Prof. O.S. Song (UOS) and Dr. N.A. Tuan (HUT) for 
discussion, to Masters of Science, Mr B.X. Chien, Miss N.T.H. Tam, Miss B.T. K. 
Nhung and student, Mr N.H. Hoang for sample preparation and measurements. 

References 

1. M.N. Baibich, J.M. Broto, A. Fert, Nguyen Van Dau, R.F Petroff, P. Eitenne,  
G. Creuzet, A. Freiderich and J. Chazelas, “Giant Magnetoresistance of (001)Fe(001)Cr 
Magnetic Superlattices”, Phys. Rev. Lett., 61, (1988) 2472. 

2. A.E. Berkowitz, J.R. Mitchell, R.S. Beach, D. Rao, F.T. Parker and F.E. Spada, “Giant 
Magnetoresistance in Heterogeneous Alloy Films”, IEEE Trans. Magn., 30, (2), (1994) 
353-357. 

3. L.V. Panina and K. Mohri, J. Appl. Phys., 65 (1994), 1189. 
4. M. Knobel, K.R. Pirota and C.G. Polo, The Fifth Latin American Workshop on 

Magnetism, Magnetic Materials and their Applications, September 3 - 7, 2001. 
5. 

L365. 
6. 
7. 

Nanocrystalline Materials”, Physica B, vol. 327 (2003), p. 253. 
8. Nguyen Hoang Nghi, “The combined properties of the amorphous alloys and nanosized 

[1] (2004) 11-16. 
9. Nguyen Hoang Nghi , Nguyen Van Dung , Nguyen Huu Tinh , Trinh Thi Thanh Nga, 

Nguyen Thi Hong Tam, Bui Thi Khanh Nhung, Mai Thanh Tung  and  Hoang Nhat 
Hieu, “Advanced magnetic materials produced by rapid quenching technology”, 1st 
IWOFM and 3rd IWONN, Ha long 9/2006, p. 784. 

A.F. Cobeno, A. Zhukov, J.M. Blanco and J. Gonzalez, J.M.M.M., 234 (2001), L359-

K.R. Pirota, L. Kraus, H. Chiriac and M. Knobel, J.M.M.M., 221 (2000), L 243-L247. 

multiphase structures”, Adv.in Tech. of Mat. And Mat, Proc. J. (ATM), (Japan), Vol. 6 

Nguyen Hoang Nghi, Nguyen Van Dung, et al., “GMI effect in Amorphous and 

a high GMI ratio of about 200–350%. The GMI profile is easily and strongly 

3. The GMR effect was observed in both vapor deposited thin films and rapidly 

148 N.H. Nghi et al. 



10. Nguyen Hoang Nghi, Nguyen Van Dung and Phi Hoa Binh, “Giant magnetoimpedance 
effect in ultra-soft magnetic materials”, Proceeding of the 9th Asia Pacific Physics 
Conference, Hanoi, October 25-31, 2004. 

11. Nguyen Hoang Nghi, Nguyen Van Dung, Nguyen Huu Hoang, Tran Anh Phong, Phi 
Hoa Binh, “Dependance of giant magnetoimpedance effect of Co-based  and Fe based 
nanocrystalline ribbons on measuring configuration”, The ninth Asia Pacific physics 
Conference, Hanoi, October 25-31, 2004. 

12. N.V. Dung, B.T.K. Nhung, N.T.H. Tam, M.T. Tung, N.H. Nghi, Ohsung Song, 
“Magnetoimpedance effect of CoP/Cu electrodeposited wires”, Proceeding of the 
International Conference on Engineering Physics, Hanoi, Vietnam, 2006, p. 159. 

13. Mai Thanh Tung et al. “Electrodeposition of the Permalloy film (80Ni20Fe) with Giant 
Magnetoimpedance (GMI) Effect onto Insulating substrates”, Journal of Chemistry 
(Vietnam), vol. 52, 2006. 

14. N.H. Nghi, B.X. Chien, N.V. Dung, T.A. Phong, N.A. Tuan, N.H. Duc and V.N. Thuc, 
“The influence of heat treatment on magnetoresistance effect in granular Cu-Co alloys 
prepared by rapid quenching”, Adv. in Tech. of Mat. And Mat, Proc. J. (ATM), (Japan), 

15. Nguyen Hoang Nghi, Tran Anh Phong, Vu Nguyen Thuc, Bui Xuan Chien, Nguyen 
Van Dung, M. Inoue, Hoang Ngoc Thanh, “Magnetization process in granular Cu90Co10 
alloys”, 7th VGS , Halong 4/2004.  

16. Hoang Nhat Hieu, Nguyen Van Dung, Trinh Thi Thanh Nga, Nguyen Anh Tuan, 
Oshung Song and Nguyen Hoang Nghi, “The giant magneto resistance effects of Co-
Me (Me=Cu,Ag) thin films fabricated by flash vapor deposition”, 1st IWOFM and 3rd 
IWONN, Ha long 9/2006, p781. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Advanced Metallic Magnetic Materials 

Vol. 6 [1], (2004) 83-86. 

149 



Magnetic Interaction Between Polycrystalline 
Ultrathin Antiferromagnetic and Ferromagnetic 
Films 

Roland Mattheis and Klaus Steenbeck 

Institut für Photonische Technologien e.V., 
Albert-Einstein-Straße 9, 07745 Jena, Germany 

Abstract. The interaction of a soft ferromagnetic film (F) with an antiferromagnetic film 
(AF) is governed by the exchange interaction at the interface causing the well known shift 
of the hysteresis loop (the so called exchange bias) and a large rotational loss. We analysed 
the AF thickness dependence of this behaviour in terms of a Stoner-Wohlfarth model and 
compared it to experimental results obtained on polycrystalline <111> textured NiFe/IrMn 
film systems. Within the model we can explain all observed effects, the exchange bias, the 
unidirectional anisotropy, the rotatable anisotropy, the rotational loss and the enlarged 
coercivity. The temperature dependent torquemetry was used to determine the magnetic 
anisotropy of the IrMn and to estimate the distribution of the F/AF coupling energy density. 

1. Introduction 

The interaction at the interface between thin films of an antiferromagnet (AF) 
and a ferromagnet (F) establishes interesting magnetic effects: a unidirectional 
magnetic anisotropy which causes a shifted hysteresis loop of the ferromagnet, 
rotatable anisotropy, hysteresis loss and an enlarged coercivity of the ferromagnetic 
film. The shifted hysteresis loop, causing a fixed direction of the ferromagnet at 
zero magnetic field, is very useful for the definition of a reference direction neces-
sary in any magnetoelectronic devices. This so called exchange bias (EB) effect 
was discovered long time ago by Meiklejohn and Bean [1] and has found wide 
application for the last 10 years. Rotatable anisotropy and rotational loss are of 
minor importance and therefore not in the focus of the most investigations. Whereas 

ences herein, a knowledge of the crucial parameters like coupling energy JF/AF  
or the anisotropy KAF of the antiferromagnetic layer and their thickness and temp-
erature dependences is still missing. This problem is caused by the fact that these 
properties can be investigated only by studying the (global) interaction of an AF 
with an F layer whereas the exchange interaction between F and AF itself is of 
local nature. At least for polycrystalline film systems 

• the exchange stiffness of the AF magnetization is drastically reduced at the 
grain boundaries of the AF, which are randomly oriented and  

• the interaction is determined by the local net moments at the F/AF interface 
which can strongly vary from grain to grain [2]. 

a phenomenological description of a variety of effects is given in [2–6] and refer-
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To give more insight in the F/AF interaction we analyse the properties of 
polycrystalline F/AF sandwiches at very low AF thicknesses. In that thickness 
region we can surly neglect the interaction between the AF grains. As a result the 
AF layer behaves like an ensemble of individual noninteracting AF grains coupled 
to a homogeneous F layer. Assuming a homogeneous magnetisation within every 
AF grain we can describe the whole system as a system of individual AF grains 
with the same intrinsic properties (anisotropy) and, due to their individual inter-
face structure, with different F/AF coupling strength j and a coupling strength 
distribution function P(j). 

The paper is organised in the following: in chap. 1 we analyse the interaction of 
individual AF grains with the F and derive the importance of the knowledge of the 
local coupling and the AF anisotropy, which both are connected to the observed 
effects namely the uniaxial anisotropy, the rotational loss and the rotatable 
anisotropy of films. In chap. 2 we describe our way to derive reliable data for 
KAF
tative analysis of the thickness dependence of the rotational loss of NiFe/IrMn 
films. 

2. Analysis of the F/AF Interaction 

Three properties govern the F/AF interaction: the anisotropy of the antiferro-
magnet, the interface coupling strength and the AF grain to grain interaction. 

Until now there are no direct methods for characterisation of at least one of 
these properties. All our knowledge is derived from interpretation of the action of 
the outer field H with a ferromagnetic layer which interacts itself with the AF 
layer with respect of a model. Most experiments use loop racer measurements and 
deal with the enlarged coercivity Hc and the exchange bias field HEB. Both are 
connected in a complex way with the unidirectional anisotropy, rotatable aniso-
tropy and hysteresis loss of the F/AF system. We concentrate on the description of 
the torque in a magnetic field of a F/AF sandwich. As it is shown below this 
method is sensitive to all of the interactions we have to characterise in a more 
direct way. Additionally, the investigation of torque losses is insensitive to the 
conditions of the freezing-in process because it senses the interaction over a full 
circle. 

Therefore we start our analysis in terms of a Stoner-Wohlfarth model. We 
describe the interaction of a single AF grain with a homogeneously magnetised 
soft ferromagnetic layer. We assume that the lateral size of the grain is small 
enough to avoid splitting of AF magnetisation in AF domains within the grain 
itself (typical lateral grain size of the AF is in the order of 12–15 nm). The 
thickness of the AF under investigation is tAF < 3 nm, well below the thickness  
of an AF domain wall. Therefore we can assume a homogeneous magnetisation 
within the AF grain at least in the vertical direction. The interaction between AF 
and F is governed by a net magnetisation µ of the AF at the interface which we 
assume to be rigidly coupled to the AF. From experiments we know that this 
 

. Chapter 3 deals with the coupling energy density distribution and with quanti-
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effective moment is in the order of 0.03 [7] of the moment of a ferromagnetic 
monolayer. For real polycrystalline systems the growth of the AF needs a 
preferred orientation to get large effects. We concentrate on application related 
systems like IrMn and PtMn. IrMn grows preferentially in a strong (111) texture 
(typical Θ50 < 5°). That means we have three <110> directions lying in the F/AF 
interface, [110][,[101] and [011], resulting in a three axial anisotropy in that plane. 

Low index directions for the (111) texture are <110> and <112>, which re-
present the directions with the highest and lowest anisotropy energy. Assuming that 

ε. 

in these both directions. Therefore, we consider the in-plane anisotropy KAF 
responsible for the interaction under investigation. 

                 
AF

AF t
K ><>< −

= 110112 εε
                                   (1) 

Then we have three easy axes (ea) within the plane [110], [101] and [011] as 
shown in Fig. 1 because we have three possible <110> axes in the plane: all 
forming a 60° angle with each other. This leads to the number q = 3 of ea in the 
plane of  (111) oriented IrMn. 

 

Fig. 1. Top view on F/AF interface for an AF with q = 3 

The energy density per area ε of the F/AF system in a magnetic field rotating 
parallel to the IF plane is: 

        (2) 

where q = 3 is the number of easy axes of the AF within the plane, β is the 
direction of the magnetisation of the F layer (equal to the direction of the magnetic 
field H for large H), βF is the direction of the F magnetisation MF with respect to 
the ea of the F layer (assumed to be uniaxial), tF is its thickness and α is the 
direction of the net moment with respect to one of the easy axes of the AF. 
Contributions of the anisotropy of the F are neglected in the following because of 
the softness of the F layer and the used large H (H >> HK

F < 4 Oe, KF < 200 J/m³). 

)(sin**)cos(*)(sin** 22
FFFAFAF tKjqtK βαβαε −−−=

 
Τhe rotation in that plane is therefore governed by the difference of the energy 
one of these directions, e.g., the <110> direction, has a lower energy density    
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Therefore, the orientation α of the net moment µ, which is assumed to coincide 
to the direction of one of the magnetic sublattices of the AF magnetisation, is only 
determined by the ratio r = j/KAFtAF and the value of q.  

By analysing the equation (1) we get different types of the energy landscape 
(Fig. 2, 3 und 6) and three classes of solutions: 

1. continuous change of α with β for strong coupling j > KAF*tAF2q² = j2 
2. jump-like change of α with β for intermediate coupling  j1 < j <  j2 
3. only small α oscillations with β around the ea of the AF for weak coupling j  

< KAF*tAF*q = j1. 

Let’s start with the analysis of case 1. In the ideal case of an atomic flat F 
surface and an uncompensated AF interface one can expect j/KAFtAF >> 20 as long 
as KAF < 106 J/m³. Such parameters result in an energy landscape shown in Fig. 2. 
Here we get a nearly sinusoidal potential, its minimum moves with the angle β of 
the F magnetisation (and therefore the magnetic field). This corresponds to the 
case of a rigid F/AF coupling. Because α ≈ β, the quasistatic F/AF behaviour can 
be described by a total anisotropy KF-tot as a superposition of KF and KAF 
normalized by the factor tAF/tF. This system does not show any of the AF/F 
features like exchange bias, hysteresis loss, and rotational anisotropy. Only the 
effective anisotropy is changed.  

 
Fig. 2. Energy landscape for the strong coupling case: j/Kt = 20, q = 3 for field angles β = 

Now lets reduce the coupling strength to the intermediate case, this means a 
value for r between 3 and 18 for q = 3 or between 1 and 2 for q = 1. Figure 3 
shows the case for a three axis AF grain and r = 4. The different curves visualise  
the energy landscape for a magnetic field at β = 60°, 80°, 100°, 110°, 120° and 
180°, respectively. For this case the angle α of the local energy minimum changes 
only slightly from α = 60° to α = 75° during rotation of H from 60 to 120°.  
At angles slightly larger than 120° a jump of the direction of the net moment  
and therefore also the AF magnetisation occurs. After that jump we have, with 
respect to the energy landscape, the same situation as we had at 60°. The jump is 

 

60°; 90°; 120°; 150°; 180°; 210°; 240° and 270° 
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connected with energy loss. Therefore, we observe rotational loss and rotational 
anisotropy. 

The third case is visualised in Fig. 4. With a full rotation of the F magnetisation 
the angle α of the net moment (position of the energy minimum) only hardly 
changes. The energy of AF increases to its maximum after field rotation by 180°, 
causing the unidirectional anisotropy and the exchange bias field. Therefore, only 
the weakly coupled grains are responsible for the shift of the hysteresis curve and 
the definition of a preferred direction in F/AF systems. 

 
Fig. 3. Energy landscape for an intermediate coupling ratio: j/Kt = 4 and q = 3. The black 
circles illustrate the movement of the grain net  moment in the energy minimum by a step-

 
Fig. 4. Energy landscape for low coupling ratio: j/Kt = 2 and q = 3. The circles show the 
movement of the grain net moment in the energy minimum by field rotation from β = 60° 

 
 

 

like field rotation of Δβ = 20°. A jump occurs from α = 75° to α = 120° 

to 420°, every step + 20° 
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Figure 5a and b summarize our findings For q = 1 and q = 3 for strong and 
intermediate coupling. Jumps of the direction α of µ occur for intermediate 
coupling. They cause hysteresis loss Δε. As shown in Fig. 6a and ba transition of 
the behaviour of the AF occurs at r = q. For r < q the AF net moment does not 
follow the rotation of the F layer magnetisation. This is the only case where 
exchange bias occurs! 

Summarising we have: 

1. Only modified effective anisotropy of F/AF for strong coupling. 
2. Hysteresis loss(causing an enlarged coercivity) and rotatable anisotropy for 

intermediate coupling. 
3. Unidirectional anisotropy and exchange bias field for weak coupling. 

 
Fig. 5a, b. Dependence of the AF net moment angle α on the field angle β for strong 
coupling (r = 18; 50 for q = 3, r = 2; 5 for q = 1) and for intermediate coupling (r = 4; 8 for 
q = 3 and r = 1.2; 1.5 for q = 1). The latter causes jumps as shown by vertical lines causing 
rotational loss  
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Fig. 6a, b. Dependence of the AF net moment angle α on the field angle β for weak 
coupling (r = 0.5; 1.5; 2.5; 2.999 for q = 3, and r = 0.2; 0.6; 0.9; 0.999 for q = 1) and for 
intermediate coupling 

3. Determination of the AF Anisotropy KAF 

Up to this point we only considered the behaviour at T = 0. Figure 7 shows the 

switching occurs exactly at β = 124°. At field angles β <124° an energy barrier EB 
exists, but such a barrier can be overcome by a thermal activation. Our poly-
crystalline films have a typical grain size of about15 nm. Without AF grain- 
to-grain interaction the thermal energy kBT is not negligible as compared to  
the anisotropy energy of a single grain at least for low thickness tAF. Therefore, the 
switching processes itself is modified at T > 0. The field angles where the 
switching occurs, the critical coupling strengths j1 and j2 and the amount of energy 
density losses Δε are reduced with increasing temperature as shown in Fig. 8. The 
calculations are done with a relaxation time τ ~ 1s, adapted to our experimental 
situation and discussed in detail in [8]. The vanishing of the rotational loss at a 
critical temperature TB is directly related to the KAF by:  

energy landscape for r = 4 and q = 3 around the angle β = 123°. Only at T = 0 the 
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Fig. 8. Dependence of j1/KAFtAF, j /KAFtAF and Δε(j1/KAFtAF)/KAFtAF on the activation 
parameter kBT/KAFVAF for q=3 

AF

BB
AF V

Tk
K

052.0
=                                      (3) 

with the volume VAF of a single AF grain. Figure 9 shows, as an example, a 
measured torque curve L(β) for cw and ccw field rotation for a NiFe(16nm)/IrMn 
(1.9 nm) film system at T = 200K with an energy loss density εloss = 317 µJ/m² 
determined from the area of the hysteresis curve. Such loss disappears at TB. By 
determining the blocking temperature of the hysteresis loss TB for different 
thicknesses tAF (Fig. 10) we have derived a value for KAF = (3 ± 1)105 J/m³ for 
(111) textured IrMn films of tAF < 2.5 nm. 

 

where the jump of α occurs 

2

Fig. 7. Energy landscape for inter-mediate coupling: j/Kt = 4 and q = 3 around the angle β 
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S =  film area, εloss = 317µJ/m². 
 

 
 

Fig. 10. Dependence of the blocking temperature TB (vanishing rotational loss) determined 
by torquemetry on the IrMn thickness t

4. AF Coupling Strength Distribution P(j) 

In a real polycrystalline film the individual coupling j of the grains is distributed 
and can be characterized by a distribution function P(j). To our knowledge, the 
distribution P(j) was not measurable until recently [9], but has merely been 
adapted from a theoretical understanding with statistical assumptions [3, 10, 12, 

EB = J/ 
MFtF of the whole film and with its energy loss density εloss which is proportional 
to the coercivity enhancement ΔHC. 

13]. P(j) is linked with the coupling energy J and the exchange bias field H

Fig. 9. Measured torque curve of a NiFe/IrMn film system for cw and ccw field rotation.  

AF. 
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Different models have been applied to explain J, j, and P(j) considering the AF 
net moment, F magnetization, exchange constant, grain size, grain size distri-
bution, interface roughness etc. Comprehensive explanations about the mechanisms 
in polycrystalline F/AF systems are given in Ref. [3, 5-10]. An important model 
[12] reflecting the statistical nature of the F/AF interface by a Gaussian distri-
bution of non compensated interface spins results in the distribution function P(j) 
shown in Fig. 11. 

2 2( ) 2 / / * exp ( /2 )P j n j nπ γ γ= −   (6) 

Herein n is the number of interface spins, γ = JINT/a² is the ratio of the interface 
exchange constant JINT and the area a² for one magnetic atom in the AF. Figure 11 
also pictures J and εloss as the marked areas under the corresponding functions. 
With this distribution the principal thickness dependencies of εloss and of J can be 
explained. The thickness dependencies are involved in equ. (5) and (6) because j1, j2, 
and Δε are functions of KAFtAF. Figure. 12 shows two calculated function εloss(tAF) 
for T = 0 applying equ. (5) and the distribution (6). We used K = 3.5*105 J/m³ 
with JINT = 47*10–22J and K = 4*105 J/m3 with JINT = 55*10–22J, and n = 2300,  
a2 = 8.2*10–20m2 which correspond to our experiments with NiFe/IrMn film 
systems. KAF and JINT were chosen to fit our experimental results [9] which are 
also shown in Fig. 12.  

The results show that equ. (6) is an acceptable approximation of the distribution 
function. The fitted KAF agrees well with the results derived in chapter 2, and the 
fitted interface exchange constant JINT is in the right order. JINT is only roughly 
known and depends among others on the interface quality. As discussed in Ref. [13] 
JINT can be compared with the exchange constant in AF (typical JAF = 30*10–22J) 
or in FM Ni and Fe alloys (typical JFM

–22 J). 
Another way to get information on the coupling strength distribution is to do 

torque measurements just after a field rotation reversal [9]. Their analysis showed, 
that for increased temperatures the centre of P(j) is shifted to lower coupling 
strengths j.  

 

(The factor c < 1 depends among others on the field cooling procedure). 

= (15–80)*10
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Fig. 11. Distribution function P(j) for γ/√n = 1.2 mJ/m² and the functions P(j)*j for 0< j < j1 
and P(j)*Δε(j) for j1 < j <j2. j1, j2, and Δε are taken for KAF = 3.5*105J/m³, tAF = 0.3 nm, and 
T = 0. The hatched areas correspond to J and to εloss, respectively. 

 
Fig. 12. Rotational loss (open circles) measured at 10K in comparison to the calculated 
values for the parameters of KAF = 3.5 *105 J/m³ with γ/√n =1.2 mJ/m² and KAF = 4 *105 

5. Summary 

The magnetic interaction in polycrystalline textured F/AF film systems has been 
investigated theoretically and experimentally for ultrathin AF films allowing  
the use of a Stoner-Wohlfarth model. Within this model the typical properties of 
these film systems (exchange bias, unidirectional anisotropy, rotatable anisotropy, 

J/m³) with γ/√n = 1.4 mJ/m². 
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rotational loss, enlarged coercivity) are explained and pictured. Measurements 
done by torquemetry with NiFe/IrMn film systems at 10 K to 450 K allow us the 
quantitative determination of rotational loss and thus also of the AF anisotropy 
and give information about the value and distribution of the F/AF coupling energy 
density.  
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1. Introduction 
 
The problem with the stability of polar ionic crystal surfaces has long been 
recognised [1-3] and has been the subject of intensive experimental and theoretical 
investigations that are discussed in recent books [4] and review articles [5,6]. The 
issue arises from the divergent surface potential and non-zero dipole moment 
perpendicular to the surface that a bulk-terminated polar surface would possess 
[1]. As such, understanding the stabilisation mechanism of polar surfaces, even for 
the structurally most simple (111) surface of rock-salt metal oxides, still remains a 
challenge. Experimentally, bulk oxide single crystals cannot be cleaved in this 
direction and it is often problematic to prepare stoichiometric and structurally 
well-ordered oxide surfaces with low defect densities, whether by oxidation of a 
single crystal metal surface or by deposition of a dissimilar metal in oxygen 
atmosphere. From a theoretical point of view, it has been shown that the 
compensation of polarity occurs through an interplay of different mechanisms, 
such as changes of the surface electronic structure, structural reconstructions 
accompanied by changes in the surface stoichiometry and interaction with the 
residual atmosphere (adsorption, hydroxylation etc.)  [7-10]. 

In this work we study the formation of MnO(100) and MnO(111) surfaces on a 
20 to 30 layers thick MnO film, which has been reactively evaporated on a single 
crystal Pd(100) surface. We find that, despite of the large lattice mismatch (~14%) 
to the Pd(100) substrate, a well-ordered MnO(100) surface can be kinetically 
stabilised at low temperatures (≤ 350°C) and at oxygen pressures between 2x10-7 
mbar and 5x10-7 mbar. Annealing at elevated temperatures (>600°C) in vacuo or 

Abstract. The growth and structure of epitaxial MnO(100) and MnO(111) nanolayers on 
Pd(100) surfaces have been investigated. We found that despite the large lattice mismatch 
to the Pd(100) substrate MnO(100) layers can be kinetically stabilised at low temperatures 
(≤ 350°C) and at oxygen pressures between 2x10-7 mbar and 5x10-7 mbar. Annealing in 
ultra-high vacuum to 650°C or, alternatively, deposition of manganese metal in oxygen 
pressure < 1x10-7 mbar causes the transformation of the MnO(100) to a polar MnO(111) 
surface. It is suggested that the growth of MnO(111) layers is energetically preferred over 
MnO(100) due to the epitaxial stabilisation at the metal-oxide interface.  



reactive evaporation at lower oxygen pressures (~1x10-7 mbar) induces a 
transformation of the MnO(100) into a MnO(111) surface, which is covered by 
three-sided pyramids with (100) facets. It is suggested that the driving force for 
this transformation is the epitaxial stabilisation of the MnO(111) layers at the 
metal-oxide interface, due to a row matching relation to Pd(100).  

2. Experimental 
 
Manganese monoxide (MnO) films with a thickness of 10-30 monolayers (ML) 
(~50-75 Å) have been grown on a clean Pd(100) surface by reactive evaporation 
of Mn metal in an oxygen atmosphere. The geometric structure and morphology 
of the MnO layers have been characterised by spot profile analysis low-energy 
electron diffraction (SPA-LEED) and dynamic atomic force microscopy, operated 
in a frequency modulation mode (FM-AFM). High-resolution electron energy loss 
spectroscopy (HREELS), high-resolution x-ray photoemission spectroscopy (HR-
XPS), and near-edge X-ray absorption spectroscopy (NEXAFS) experiments have 
been performed to elucidate the phonon and electronic structure of the MnO films. 
The HR-XPS and NEXAFS spectra were measured at beamline I311 at the 
Swedish synchrotron radiation facility MAX II in Lund.  

3. Results and Discussion 
 
The reactive deposition of 20-30 ML manganese in 5x10-7 mbar oxygen 
atmosphere on the Pd(100) surface at 250°C, followed  by a brief post-annealing 
step in UHV up to 600°C, results in the growth of a well-ordered MnO(100) layer. 
This is evident from the SPA-LEED image presented in Fig. 1(a), which displays 
sharp reflexes arranged in a square pattern on a very low background. The surface 
lattice constant determined from the separation of the LEED spots measures 3.14 
± 0.03 Å, which is identical with the (100) in-plane lattice parameter of bulk MnO 
crystals. The FM-AFM image (Fig. 1b) shows that the MnO(100) surface is 
atomically flat and consists of terraces with lateral dimensions of up to 500  Å, 
which are separated by monatomic steps running predominantly along the main 
azimuthal substrate crystallographic directions.  

The MnO stoichiometry of the Mn-oxide film has been confirmed by photo-
emission spectra taken in the Mn 2p core level region (Fig. 1c). In the Mn 2p spectrum 
the main lines display the well resolved doublet structure caused by local and non-
local screening effects and both lines show ~ 6 eV charge transfer satellites (S), 
typical for MnO [11]. Thus, the characteristic Mn 2p profile of MnO, as observed 
in [12,13] for bulk crystals, is reproduced. The Mn L-edge (2p) NEXAFS spectrum 
of Fig. 1(d) is in close correspondence with the spectrum of Gilbert et al. [14] 
for MnO and thus gives further evidence for the monoxide MnO stoichiometry of 
our films. 
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Fig. 1. 30 ML MnO(100) layers on Pd(100): (a) SPA-LEED pattern, recorded with an 
electron energy of 90 eV. The scan range is given in % of the surface Brillouin zone of the 
MnO(100) surface; (b) FM-AFM image of the MnO(100) surface (size: 2500Åx2500Å); (c) 
Mn 2p core level spectra excited by a photon energy of 750 eV. The peaks indicated S 
correspond to charge transfer satellites; (d) Mn 2p NEXAFS spectrum. 

The experimental characterisation of the MnO(100) surface is completed with 
the measurement of its phonon spectrum by HREELS, as shown in Fig. 2(a). It 
contains a main phonon loss peak at ~ 65 meV and a weak structure at ~ 48 meV 
(the peaks at 130 meV and 195 meV are double and triple loss structures of the 65 
meV peak, respectively). Our HREELS spectrum agrees well with previously 
published data for a MnO(100) single crystal surface, where a single Fuchs-
Kliewer phonon loss peak has been observed at ~71 meV [15].  
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 2. HREELS spectra of the MnO(100) (a) and MnO(111) (b) surface. 
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Annealing to above 650°C in UHV causes significant structural changes in the 
MnO(100) overlayer, as evident from the SPA-LEED and FM-AFM images 
reported in Fig. 3. In the SPA-LEED pattern (Fig. 3a) extra spots (indicated by 
arrows) appear and the AFM image (Fig. 3b) shows that three-dimensional (3D) 
islands of triangular shape form near the step edges of the MnO(100) terraces. The 
3D islands are flat on the top and have an average size of 1000 Å and a height of  
~ 150 Å. The LEED pattern in Fig. 3a can be interpreted as a superposition of 
diffraction spots from the MnO(100) surface lattice and a hexagonal structure  
with the same lattice constant. This suggests a MnO(111) lattice, which is aligned 
with one of the unit cell vectors along the substrate <011> direction. The corres-
ponding reciprocal-space pattern (including the diffraction contribution of two 
rotational MnO(111) domains, as small black and grey circles, and of the MnO(100) 
lattice, as large empty circles) is shown schematically in Fig. 3(c). It reproduces 
correctly the experimental one in Fig. 3(a), suggesting that the 3D triangular islands 
are built up of MnO(111) layers lying parallel to the Pd(100) surface. This is an 
interesting and unexpected result, having in mind the intrinsic thermodynamic 
stability of the neutral MnO(100) surface, which appears to be replaced by a polar 
MnO(111) surface. Prolonged annealing at 650°C or higher temperatures increases 
the portion of the MnO(111) islands, but a complete conversion of the MnO(100) 
into a MnO(111) phase is hindered by a significant reduction of the oxide film 
thickness, as evidenced by LEED (Pd spots become visible, encircled in Fig. 3a) 
and XPS. This is presumably the result of oxide decomposition at the oxide- 
metal interface and of the migration of Mn into the Pd bulk. In order to prepare  
a homogeneous MnO(111) surface a different route has been followed, which 
involves the reactive evaporation of Mn at lower oxygen pressures and higher 
substrate temperatures.  

 
 
 
 
 
 
 
 

 
 
 

Fig. 3. The MnO(100) surface after annealing to 650°C in UHV: (a) SPA-LEED pattern, 
recorded with an electron energy of 90 eV. The arrows indicate the extra MnO(111) spots 
and the encircled spot is due to the Pd(100) substrate; (b) FM-AFM image (size: 
10000Åx10000Å). The triangular-shaped islands correspond to the MnO(111) structure; (c) 
Reciprocal-space model of the superposition of MnO(100) and MnO(111) lattices: small 
black and grey circles correspond to diffraction from two 90° rotated domains of MnO(111) 
and the large empty circles is due to the MnO(100) lattice. 
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Figure 4(a) shows a conventional LEED pattern from a ~10 ML thick Mn-
oxide film deposited at p(O2) = 1x10-7 mbar at 400°C and post-annealed in UHV 
at 500°C. The LEED reflexes exhibit now a pure hexagonal arrangement due to 
the MnO(111) layer. The corresponding Mn 2p NEXAFS spectrum (not shown)  
is virtually identical to that of the MnO(100) surface (Fig. 1d), thus confirming the 
MnO stoichiometry of the (111) overlayer. The LEED picture in Fig. 4(a) exhibits 
also a faint streakiness, which is indicative of the presence of some faceting. The 
latter becomes more pronounced at the higher oxide coverage of  ~ 30 ML, as 
demonstrated by the SPA-LEED images taken at electron energies of 54 eV (Fig. 
4b) and 70 eV (Fig. 4c). The presence of a triangularly shaped diffuse intensity 
around the (00) spot is notable: it expands on going from 54 eV to 70 eV, 
indicating that it is due to satellites moving in the k-space as a function of the 
electron energy. This is the characteristics of faceting, which will be described in 
more detail below. The FM-AFM image of Fig. 4(d) shows that the whole surface 

extending up to several thousand Å. 
The HREELS spectrum of an MnO surface displaying a LEED pattern as 

shown in Fig. 4(a) is presented in Fig. 2(b). This spectrum is significantly 
different from the one of the MnO(100) surface (Fig. 2a), with the most intense 
loss peak at 42 meV, a weaker structure at 65 meV and some loss intensity around 

 

Fig. 4. (a) Conventional LEED (electron energy = 76 eV) of ~ 10 ML MnO(111) layers on 
Pd(100) evaporated at 400°C in p(O2) = 1x10-7 mbar and annealed in UHV to 500°C; (b) 
and (c) SPA-LEED patterns of a 30 ML MnO(111) layers on Pd(100) evaporated at 400°C 
in p(O2) = 1x10-7 mbar and annealed in UHV to 550°C, recorded with electron energies of 
54 eV and 70 eV, respectively; (d) FM-AFM image of the MnO(111) surface (size: 
2500Åx2500Å). The encircled area contains three-sided pyramids, supported on the 
MnO(111). 
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32 meV. The peak at 107 meV loss energy is most likely associated with a   

is now covered by flat triangular MnO(111) islands  with lateral dimensions 



combination double loss. Since the identity of the MnO(111) layer has been 
established beyond any doubt, we associate the loss spectrum of Fig. 2(b) with the 
characteristic phonon fingerprint of the MnO(111) surface. Interestingly, the 
measured phonon frequencies on the MnO(111) surface agree somewhat better 
with the DFT calculated phonon modes of bulk MnO [16] than those of the (100) 
surface.   

The faceting phenomena on the MnO(111) surface have been examined in 
detail by SPA-LEED [16]: LEED line profiles taken along the [011] direction in 
k-space at different electron energies for the MnO(111) surface annealed to 650°C 
have shown that some spots move towards higher scattering vectors with the 
increase of the electron energy while others do not – the former behaviour is a 
clear indication of faceting. In order to determine the orientation of the facets with 
respect to the MnO(111) surface the positions of the moving spots have been 
plotted in the reciprocal space (k perpendicular vs. k parallel), as done in Fig. 5(a). 
The facet rods are inclined with respect to the (00) rod of the MnO(111) surface 
by an angle of 53° ± 3°, which is very close to the angle of 54.7°, expected 
between bulk (111) and (100) planes, suggesting that the facets are of (100) type. 
The distance between two facet rods, recorded at in-phase conditions (scattering 
phases S = 3 and 4 in Fig. 6a), is k = 2.03Å-1, which corresponds to a surface 
lattice constant a = 2π//k = 3.10 Å in the real space, a value which is compatible 
with both MnO(100) and MnO(111) surfaces. However, note that this simple 
conversion formula is only valid for lattice rods of the (100) plane, and this 
confirms the assignment of the facets to (100). Since three such facets are possible 
 

 
Fig. 5. (a) Determination of the facets angle in an Ewald (k perpendicular vs. k parallel) 
plot. The two facet rods, taken at in-phase conditions (scattering phase S = 3 and 4), are 
inclined by an angle of ~53° with respect to the MnO(111) surface rod. The insert shows a 
sketch of a three-sided pyramid exposing (100) side facets; (b) and (c) Real-space models 
of the MnO(100)- and MnO(111)-Pd(100) interfaces. Note the row-matching condition 
along the [011] rows at the MnO(111)-Pd(100) interface. 
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on each side of the (111) plane, this should result in the formation of three-sided 
pyramids, as sketched in the insert of Fig. 5(a). The FM-AFM image (Fig. 4d) 
demonstrates that such pyramids are indeed present on the MnO(111) surface (see 
encircled area in Fig. 4d), which have a side length of up to 200 Å and a height of 
up to 150 Å, and coexist with the flat MnO(111) areas.  

4. Conclusions 

The experimental results presented above demonstrate that well-ordered epitaxial 
MnO(100) films can be grown on a Pd(100) surface under suitable preparation 
conditions. This is in line with the high thermodynamic stability of the neutral 
(100) rock-salt oxide surface. Epitaxial growth of MnO(100) layers has been also 
reported on a Ag(100) substrate, as characterised by LEED measurements [17,18]. 
How can we then rationalise the replacement of the MnO(100) surface by the 
polar MnO(111) upon annealing to high temperatures in UHV? The MnO(111) 
surface is covered by MnO pyramids, which expose neutral (100) facets with the 
lowest surface energy. However, the faceting argument alone cannot explain the 
shift of the energetic balance in favour of the MnO(111) surface. To understand 
this result we need to take into account the strain energy at the metal-oxide 
interface, which is determined by the lattice matching conditions. The MnO(100)-
Pd(100) interface is characterised by a large lattice mismatch of ~ 14% along the 
[011] rows (Fig. 5b), whereas for the MnO(111)-Pd(100) interface in one direction 
the lattice mismatch is only ~ 1%, which results in an almost perfect row matching 
along the [011] rows, as illustrated in Fig. 5(c). This lowers the energy of the 
MnO(111)-Pd(100) interface and stabilises the formation of the MnO(111) overlayer. 
We therefore argue that the MnO(100) layers observed at low temperatures are 
only kinetically stabilised on Pd(100) by the low energy of the (100) surface.  

The phenomenon of epitaxial stabilisation of thin films is quite common and is 
also well documented for oxide materials [19]. The results obtained here show that 
when considering the stabilisation mechanism of polar surfaces of oxide films the 
metal-oxide interface can play an important role. With increasing oxide layer 
thickness the formation of the (100) faceted pyramids on top of the MnO(111) 
surface provides an additional channel for minimising the total energy: the MnO(100) 
surface is energetically the most favourable one, but for the MnO(100) facets on 
MnO(111) no lattice mismatch exists. Similar (100)-faceted pyramids have been 
recently observed with AFM by Mocuta et al. [20] on NiO(111) films supported 
on an α-Al2O3(0001) surface.  
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Abstract. Undoped zinc oxide nanostructured layers were prepared on glass  substrates by 
the spray pyrolysis technique using 0.1– 0.2 mol/l aqueous solution of Zn(CH3CO2)2.2H2O 
in the temperature range 350–570 C. The nanostructured layers were characterized by SEM, 
XRD and UV-VIS spectrophotometry. A nanostructured layer evolved into the form of 
single crystalline hexagonal prisms with the formation of nanorods at different deposition 
temperatures. The increase of the deposition temperature and of the solution concentration 
had a significant influence on the nanorod dimensions. We found that the formation of 
flower-like deposits occurred at 550 C. X-ray diffraction revealed that the ZnO nano-
structured layers growing from 0.1 and 0.2 mol/l in the temperature range 450–570 C were 
c-axis-oriented with the (002) orientation in most of the samples. UV-VIS investigation 
showed the dependence of refractive indices and thickness on the deposition temperature. 

1. Introduction 

One-dimensional semiconductor nanostructures are of great interest for future 
nanoscale electronic and optoelectronic devices and zinc oxide is one of the most 
promising materials for this research. The potential applications of zinc oxide 
include solar cells, gas sensors, short-wavelength light-emitting and field-effect 
devices, Schottky diodes, etc…[1, 2, 3, 4].  

There are many ways to deposit thin films of zinc oxide, including techniques 
such as sputtering, vapor-liquid-solid, chemical vapor deposition and spray pyro-
lysis [ 8, 9, 10, 11]. 

Among the aforementioned techniques, spray pyrolysis is preferred due to its 
simplicity, low cost and greater versatility than the other techniques [1, 2, 3, 4, 5, 6, 7]. 
It allows the coating of large surfaces and is easy to implement in an industrial 
production line.  

In this paper, ZnO nanostructured layers were deposited by the spray pyroly- 
sis technique on glass substrates. Deposition temperatures and solution concen-
trations were then varied to determine their influence on the formation of the 
nanostructured layers. Optical properties of the thin films were investigated by 
UV-VIS spectrophotometry. The resulting films thicknesses and refractive indices 
are indicated. 

1,
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2. Experimental 

ZnO nanostructure layers were 
deposited on glass substrates using a 
spray pyrolysis system as illustrated in 
Fig. 1.  The spray solution used is zinc 
acetate (Zn(CH3COO)2.2H2O) (Merck) 
dissolved in de-ionized water mixed 
with methanol (Merck) in a 1:3 ratio. 
The concentration of zinc acetate was 
varied from 0.1 to 0.2 mol/l. The 
deposition temperature (temperature at 
the substrate surface, Ts) was varied 
from 350 C to 570 C with an accuracy 
of ±1 C using a temperature controller. 
We used glass with low absorption  
in the ultraviolet region (wavelength of 
above 320 nm) as substrates. Nitrogen was used as the carrier gas and the spray 
rate was maintained at approximately 5 ml/min. X-ray diffraction (XRD) patterns 
were recorded with a PANalytical Diffractometer using the Cu-Kα radiation. The 
surface morphology of the deposited layers was examined using a scanning 
electron microscope (SEM- Jeol model 60 PA). The optical transmittance spectra 
of the films were measured using a Carry 100 UV-VIS Spectrophotometer in the 

To study the effect of the deposi-
tion temperature, we used zinc ace-
tate solution with a concentration of 
0.2 mol/l. According to the optical 
transmittance spectra (Fig. 2), the 
deposition at substrate temperatures 
around 350 C resulted in thin films 
with an optical transparency in the 
visible region of about 85% while at 
450 C and 550 C the optical trans-
parencies in the visible region of the 
spectrum are about 78% and 65%, 
respectively. Thus, an increase of 
the deposition temperature leads a 

 transparency of the films.   

Fig. 2. Optical transmittance spectra of the films 
at different deposition temperatures 350 C (a), 
500 C (b) and 550 C (c) 

Fig. 1. Schematic diagram of the spray system 
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by the Spektrum software. 
wavelength region of 350–900 nm. The thicknesses of the films were calculated 

3. Results and Discussion 

3.1   Effect of the Substrate Temperature 

significant decrease of the optical
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Growth and Structure of Zinc Oxide 

The SEM images of the morphology of these films are presented in Fig. 3. We 
can see that at the deposition temperature of 350 C, the film consists of densely 
packed grains with sizes between about 10 nm and 15 nm, and exhibits no clear 
sign of formation of nanorods. As the temperature increases, the film then consists 

further temperature increase to 550 C results in films consisting of sharp 
elongated hexagonal prisms with diameters of 20 to 40 nm. It is interesting to note 

smaller than in the previously published results [1]. In addition, at the tem-
perature of 550 C, we have discovered a special flower-like structure which 
had never been published before. SEM images of this structure are shown in 
Fig. 4. We can see that the nanorods have grown into flower-like structures 
with diameters of about 10–20 nm. 

(c) 500 C and (d) 550 C 
Fig. 3. SEM images of ZnO surface at substrate temperatures of (a) 350 C; (b) 450 C;  

Fig. 4. SEM image of ZnO with flower-like structure 

of nanorods with a diameter varying from about 10 nm to 30 nm (Fig. 3b, c). A 

that the diameters of the nanorods obtained in our experiments are much 

°

°

°

° °
° °
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Fig. 5. XRD patterns of ZnO films depo-
sited at different temperatures 450 C(a), 
500 C (b) and  550 C (c) 

Fig. 6. The dependence of thickness of 
ZnO films on deposition temperature 
 

Table 1. The ratio of the (002) and (101) reflections (I002/I101) in the X-ray pattern and the 
diameter (D) of  the nanorods as a function of the deposition temperature and the solution 
concentration 

 C , mol/l Ts,oC I002/I101 D, nm 
0.2 350 2.15 10–15 
0.2 450 1.42 10–20 
0.2 500 4.75 20–30 

Effect of Ts 

0.2 550   10.44 20–40 
0.1 550 1.68 10–30 Effect of 

concentration 0.2 550 3.76 20–40 
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(101) planes (I002/I101) vary from 1.42 to 10.44 and are presented in Table 1. The 

oriented hexagonal columns. 

 

 
 

 

The deposition temperature was fixed at 550 C to study the effect of the zinc 
acetate solution concentration on the ZnO nanorods formation. In this case the 
zinc acetate concentration was varied from 0.1 mol/l to 0.2 mol/l. An increase in 

Deposition temperature also affects the thickness of the ZnO nanolayers.  
The results show a decrease of the film thickness with increasing deposition 

poration rate at higher temperatures. Our results are similar to those of earlier 
reports [4, 7].   

3.2  Effect of the Solution Concentration 

Figure 5 shows the XRD pattern of the ZnO films at substrate temperatures 

results affirm that the characteristics of the ZnO films are well-shaped c-axis-

varying from 450 C to 550 C.  The calculated ratios of the intensities of (002) and 

temperature (Fig. 6). This decrease can be attributed to an increase in the eva-
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the solution concentration from 0.1 mol/l to 0.2 mol/l resulted in an increase of the 
nanorods diameters from 10–30 nm to 20–40 nm. SEM images of this observation 
are shown in Fig. 7. The images also suggest that the increase in concentration 
also affects the alignment of the nanorods. 

Fig. 7. SEM image of ZnO surfaces obtained from solutions of 0.1 mol/l (a), 0.2 mol/l (b) 

with solutions of different con-

a concentration of 0.1 mol/l re-
sulted in c-axis-oriented layers 
with the I002/I101 ratio of 1.68. 
With an increase of the con-
centration of the solution to 0.2 
mol/l the intensity ratio increases 
to 3.76. Thus, XRD and SEM 
both indicate that increasing 
the concentration of the solu-
tion results in an increase of the 
c-axis-orientation of the columns 
on the glass substrates. 

4. Conclusion 

Nanostructured ZnO layers comprising single crystal nanorods can be prepared by 
the spray pyrolysis deposition of aqueous Zinc acetate solutions at a temperature 
of about 450oC. An increase in the deposition temperature leads to an increase in 

Fig. 8. XRD patterns of ZnO layers deposited 
onto glass substrate at 550oC from zinc acetate 
solutions with concentration of 0.1 mol/l (a) 
and 0.2 mol/l (b) 

Growth and Structure of Zinc Oxide 

the diameter of the ZnO nanorods deposited on the glass substrate as well as a 
decrease of the optical transparency in the visible region and of the thickness of  

patterns of the layers deposited 

centrations. According to XRD, 

Figure 8 presents the XRD 
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shaped hexagonal columns and c-axis-oriented. A variation of the solution con-
centration from 0.1 to 0.2 mol/l resulted in an increase of the nanorod diameters 
from 10–30 nm to 30–50 nm. The diameter of the nanorods obtained at the 
deposition temperature of 550oC and for a solution concentration of 0.2 mol/l is 
about 20–50 nm, which is smaller than the results that had been previously 
published. 
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Abstract. Polycrystalline ZnO thin films have been prepared on glass substrates by spray 
pyrolysis technique. The deposition temperature was varied between 350 C and 570 C. The 
effects due to post-thermal annealing on the structure and optical properties of thin films 
have been studied depending on the annealing temperature in the range of 200 ÷ 550 C. 
The crystal structure and surface characteristics were investigated by mean of X-ray 
diffraction (XRD) and scanning electron microscopy (SEM). The optical properties were 
studied by optical transmission spectrometry using a UV-VIS spectrophotometer. The 
optical measurements reveal that thin films have a maximum transmittance of about 86% 
and a direct band gap of 2.29 eV. XRD and SEM both indicate that increasing the annealing 
temperature results in an increase of the c-axis-oriented columns on the glass substrates.  

1. Introduction 

The increased interest on transparent conductive thin films for optoelectronic 
devices, such as solar cells, liquid crystal displays, heat mirrors and multilayer 
photo-thermal conversion systems leads to an optimization of the electro-optical 
properties of these films. Zinc oxide ZnO has emerged as one of the most used 
transparent conductive oxides due to its electro-optical properties, high electro-
chemical stability, large band gap, abundance in nature and absence of toxicity 

Several techniques have been used to produce many distinct zinc oxide films, 
such as radio frequency magnetron sputtering [4], pulsed laser deposition [5], 

simpler and more versatile than the others and permits to obtain films with 
required properties for optoelectronic applications. So, in our study, we used this 
method to fabricate ZnO thin films.  

The properties exhibited by the ZnO thin films depend on the non-
stoichiometry of the films resulting from the presence of oxygen vacancies and 
interstitial zinc. The electro-optical properties are generally dependent on the 
deposition and post-deposition conditions, because these properties change signi-
ficantly with the absorption and desorption of oxygen that occurs during these 

Physical Properties of Sprayed Zinc Oxide Thin 
Films 

Influence of Different Post-treatments on the 

spray pyrolysis [2,3,6–15]. Nevertheless, the spray pyrolysis technique is cheaper, 

[1, 2, 3].  

,

° °
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processes [11]. In our study, ZnO nanostructured layers were deposited by the 
spray pyrolysis technique on glass substrates. We will present the effect of the 
annealing temperature on the optical and structural properties of ZnO thin films, 
with the purpose of improving the film properties.  

2. Experimental 

The ZnO films were grown on glass, using a typical spray pyrolysis apparatus. 
The solutions used were 0.2 M zinc acetate (Merck) diluted in de-ionized water 
mixed with methanol (Merck) in a 1:3 ratio. Nitrogen was used as the carrier gas. 
The nozzle to substrate distance was about 40 cm. The solution was sprayed onto 
a glass substrate at a temperature in the range of 350–550 C using as carrier gas 
nitrogen at a flow rate of 12 l/min. After deposition, the films were annealed at 
temperatures between 200 and 550 C for 2 hours in N2 gas atmosphere. Before 
annealing and after each annealing cycle, the structural and optical characteristics 
of the samples were measured. The crystal structure of the ZnO films was 
analyzed by X-ray diffraction (XRD) using X-Pert Pro (PANalytical) with Cu Kα 
radiation (λ = 0.154056 nm) and by scanning electron microscopy (SEM- Jeol 
model 60 PA). The optical transmittance spectra of the films were measured using 
a Cary 100 UV-VIS Spectrophotometer in the wavelength region of 300–900 nm. 
The film thickness was estimated through transmittance spectra using the 
Spektrum software. 

3. Results and Discussion 

T.N. Hoang et al. 

without and with further annealing  in nitrogen at different temperatures in the 
range of 200–500 C. The transmittance spectra show that all films exhibit high 
transmittance in the range of 400 ÷ 900 nm. Transmission, however, falls very 
sharply in the ultra-violet (UV) region due to the onset of fundamental absorption.  

temperature. For the film deposited at 350 C and annealed at 450 C for 2 hr in 

compared to other films. When annealed at 500 C, the transmittance of the films 

due to its structural homogeneity and crystallinity as shown by the SEM images 
(shown below). 

at 450 C for 2 hr in N2. For the film deposited at 350 C, the average transmittance 
is largest and the absorption edge of transmittance shifts to the shortest wave-

3.1. Optical Properties  

°
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°
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°
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°

°

Figure 1 shows the transmittance spectra of the ZnO films deposited at 350 C 

an increase in the average transmission with the increase of the annealing 

decreases slightly. The larger transmittance in the film annealed at 450 C may be 

We observed a shift in the absorption edge towards shorter wavelengths and 

nitrogen, the absorption edge of transmittance shifts to the shortest wavelength 

Figure 2 shows the transmittance spectra of the ZnO films deposited at different 

length compared to the other films. When deposited at 350 C and annealed at 

temperatures in the range of 200–550 C and annealed under the same conditions, 
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We can further demonstrate the phenomenon of absorption edge shifts from the 
plots of (αhν)2 versus photon energy. Figure 3 shows the (αhν)2 versus photon 
energy curves of an as-sprayed film and a film annealed at 450 C in nitrogen.  

The absorption edge for direct inter-band transition is given by [6]: 

          gEhCh −= υυα  (1) 

where C is a constant for a direct 
transition, and α the optical absorp-
tion coefficient, which is given 
from dividing absorbance by film 
thickness. The optical energy gap 
Eg can then be obtained from the 
intercept of (αhν)2 versus hν for 
direct allowed transitions.  

The as-sprayed as well as ZnO 
films annealed at different tempera-
tures have optical band-gap energies 
in the range of 3.26–3.29 eV (as 
shown in Table 1). We can see  
that post-deposition annealing in  
N2 influences the optical properties 
of ZnO films inducing a band-gap 
increase.  
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Fig. 3. (αhν)2 versus photon energy (hν) of 
ZnO films deposited at 350 C without or with 
further annealing at 450 C for 2 h in nitrogen 

450 C, the obtained films have high transparency in the visible region (about 
85%), while deposited at higher temperature, the films have smaller trans-
mittance of about 60 ÷ 70%. Thus, an increase of the deposition temperature 
leads to a significant decrease of the optical transparency of the films.  
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Fig. 1. Optical transmittance spectra of the 
films deposited at 350 C without or with 
further annealing at different temperature 
for 2h in nitrogen: (a) unannealed; (b) 200 C; 
(c) 300 C; (d) 450 C and (e) 500 C 

Fig. 2. Optical transmittance spectra of the 
films deposited at different temperature  
with further annealing at Ta= 450 C for 2h 
in nitrogen: (a) 350 C; (b) 450 C; (c) 500 C 
and (d) 550 C  
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Table 1. Average transmission and bandgap energy of ZnO thin films 

Films deposited at Ts = 350 C Films deposited at Ts = 450 C Annealing 
temperature 
Ta (oC) 

Average 
transmission (%) 

Eg  
(eV) 

Average 
transmission (%) 

Eg  
(eV) 

Unannealed 79.39 3.26 66.59 3.25 
200 83.41 3.28 68.84 3.26 
400 83.89 3.28 66.97 2.26 
450 86.45 3.29 69.28 3.27 

500 84.25 3.27 63.45 3.28 

Structural studies can be helpful for explaining the optical properties of the zinc 
oxide films. X-ray diffraction (XRD) and scanning electron microscopy (SEM) 
were used to investigate the structural properties of the ZnO thin films in order to 
explain the influence of post-treatment on optical properties.  

Figure 4 shows SEM images of as-sprayed ZnO films being deposited at 
different substrate temperatures and after being further annealed at 450 C. We can 
see that, at the deposition temperature of 350 C, the unannealed film consists of 
densely packed grains with a size ranging between 10 nm and 15 nm. After being 
annealed at 450 C, the thin ZnO film becomes denser and consists of packed 
gains and nanorods with a size of 20–40 nm. The films annealed at 450 C show 
higher UV transparency (as shown in Figure 1) possibly due to their higher 
density and very small size porosity.  

The SEM images in Figures 4c and 4d indicate that the aligned hexagonal ZnO 
nanorods grow uniformly in large scale. With as-sprayed ZnO films deposited at 
substrate temperature of 450 C without annealing, the film consists of nanorods 

at 450 C for 2h, the film consists of denser nanorods, with larger diameter of 

experiments is much smaller than those previously published [8,15].  
Figure 5 shows the typical X-ray diffraction patterns, and reveals that the films 

are polycrystalline with preferred (002) orientations together with (100), (101), 
(102), (110), (103) and (112) peaks. These patterns also show an increase in  
the film crystallinity as the annealing temperature increases. This behavior was 
observed in all annealed films. According to other reports [6,10,17] this enhance-
ment in the crystallinity of the film may lead to an increase in the carrier mobility.  

Table 2 shows the atomic distances d100, d002 and d101, calculated from the  
X-ray diffraction patterns for ZnO films annealed at different temperatures. The 
values compare well with the ASTM cards, showing a hexagonal unit cell having 
the wurtzite structure [16]. When the annealing temperature rises, the (002) peak 
intensity increases, the FWHM decreases and its position shifts slightly to lower 
angles. The observed d100 value is 2.816 Å, which is in good agreement with the 
standard d value (2.815 Å) taken from the ASTM card number 36–1451 [16]. The 
slight decrease in cell volume indicates disorder, which may be due to residual 
compressive stresses in the films.  
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about 30–60 nm (Fig. 4d). In addition, the diameter of the nanorods obtained in our 

with a diameter varying from 20 nm to 50 nm (Fig. 4c). However, after annealing 

3.2. Structural Properties 
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(a) (b) 

 

(c) (d) 
Fig. 4. SEM images of as-sprayed ZnO films deposited at different substrate temperature 
and films post-annealed at 450 C: (a) As-sprayed film deposited at Ts = 350 C; (b) Film 
deposited at Ts = 350 C and annealed at 450 C; (c) As-sprayed film deposited at Ts = 450 C; 
(d) Film deposited at Ts = 450 C and annealed at 450 C 
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Table 2. X-ray investigation of ZnO films prepared at substrate temperature of Ts = 350 C 
or 450oC 

Ts 
(oC) 

Ta 
(oC) 

2θ 
(o) 

FWHM 
(o) hkl dhkl 

(Å) 
a 

(Å) 
c 

(Å) 
I002/I

 
31.812 0.615 100 2.811 
34.265 0.628 002 2.615 

350 Un-
annealed 

36.165 1.076 101 2.482 

5.230 3.246 1.27 

31.753 0.479 100 2.816 
34.372 0.440 002 2.607 

350 450 

36.208 0.677 101 2.479 

5.214 3.250 1. 29 

31.794 0.413 100 2.815 
34.431 0.413 002 2.605 

350 500 

36.249 0.472 101 2.478 

5.210 3.250 1.34 

31.795 0.536 100 2.812 
34.347 0.478 002 2.609 

450 Un-
annealed 

36.215 0.817 101 2.478 

5.218 3.248 1.89 

31.772 0.482 100 2.814 
34.381 0.388 002 2.606 

450 450 

36.226 0.572 101 2.478 

5.212 3.249 2.35 

31.770 – 100 2.814 
34.422 – 002 2.603 

ZnO 
ASTM card 
36-1451  36.253 – 101 2.476 

5.207 3.250 0.44 

 
The ratio of the intensities of the (002) and the (101) plane (I002/I101) were 

calculated and presented in Table 2. The results affirm that the characteristics of 
the ZnO films are well-shaped hexagonal columns and c-axis-orientation.  

With films deposited at a substrate temperature smaller than 450 C, there are 
significant changes after annealing at 450 C as shown by X-ray patterns and SEM 
images. This influences the transmittance of thin films.   

4. Conclusion  

The optical measurements reveal that thin films have a maximum transmittance of 
about 86% and a direct band gap of 2.29 eV. An increase in annealing temperature 
leads to an increase in the diameter of ZnO nanorods as well as an increase of the 
optical transparency in the visible region. The band-gap energies also increase 
with an increase of the annealing temperature. XRD and SEM both indicate that 
increasing the annealing temperature results in an increased c-axis-orientation of 
the columns on the glass substrates.  
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Abstract: In this research, TiO2 - SiO2 composite films are prepared by sol-gel method. The 
relationship between the effect and amount of SiO2 addition on properties of TiO2 films is 
investigated. X-ray diffraction, SEM observation of the microstructure and infra-red 
spectroscopy is used to determine the film’s property. It was found that the SiO2 addition 

the crystal growth of anatase in calcinations and thus the large specific surface area is 
maintained. With the consequence that the photocatalytic activity of TiO2 and capability of 
holding absorbed water are increased during UV irradiation. Thus the self-cleaning effect is 
improved.  

1. Introduction 

Recently, it has been found that TiO2 presents hydrophylic properties. Super-
hydrophylic property of the surface allows water to spread completely across the 
surface rather than remaining as droplets. The result is TiO2 coated glass which 
is antifogging and self-cleaning. Self-cleaning TiO2 films on glass substrates have 
a high potential for practical applications such as mirrors, windows glasses, 
windshields of automobiles, etc. [1, 2]. 

In the case of a film which consists of only TiO2, the contact angle of water 
becomes almost zero during UV irradiation. However, the contact angle goes up 
and is restored quickly in the dark. For actual use, it is desirable that the contact 
angle rises slowly in the dark and stays low for a long time. It was found that by 
adding SiO2, not only the hydrophylic but also the photocatalytic properties of the 
composite films are improved [3]. However, a little attention has been paid to the 

2 2 
In this paper, we report the effect of SiO2 addition on the properties of TiO2 

films prepared by sol-gel method. The mechanism of enhanced hydrophylicity of 
the TiO2/SiO2 composite films are discussed and explained by measurement of 
X-ray diffraction, SEM observation and Infra-red spectroscopy. 

less than 40 mol% has a suppressive effect on the transformation of anatase to rutile and on 

physical and chemical characteristics of TiO /SiO composite films.  



2. 

TiO2/SiO2 composite films were prepared by the sol-gel method. The TiO2 
colloidal sol (solid content 5 wt %) was prepared by hydrolysis of titanium 
isopropoxide (TPOT - Merck) as described in a previous paper [4, 5]. One mol 
tetraethoxyorthosilicate (TEOS - Merck) in 20 mol ethanol containing 0.2 mol 
HNO3 is hydrolyzed for 3 h and used as TEOS precursor solution. Then TiO2 sol 
and various amounts of TEOS precursor solution are mixed together. The content 
(mol %) of SiO2 is varied from 0,10,20,30 and 40 to 60%, respectively. Glass and 
silicon plates are used as the support substrates. The coatings are prepared on the 
supports by spin – coating methods. Powder samples were prepared apart from the 
above – described film samples. Gel coatings were then dried and heat-treated in 
air at 500 – 600°C for 1 h. Titanium dioxide sol and mixed – solutions of TiO2-
SiO2 sol which has the same composition as film’s samples were dried at 50°C 
and calcined at 800°C for 1 hour by furnace. X-ray diffraction (XDR) patterns of 
these powder samples were measured with a diffractometer (D-5000 Siemens). The 
samples are characterized using SEM observation (Field Emission Scanning Elec-
tron Microscope, S-4800, Hitachi), and Fourier Transform Infrared Spectroscopy 

–1

technique. 

3. 

X-ray diffraction pattern which was obtained from powder of the same com-
position as the thin film on the glass samples are show in Figs. 1 and 2. 
 

  
Fig. 1. XRD patterns of pure TiO2 powder heat treated at 50, 500 and 800°C 

 

Results and Discussion 

Experimental Methods  

(FTIR) Nicolet (Germany) in the range of 400–4000 cm  by the KBr pellet 

Fig. 1 shows the partterns of pure TiO2 powder after drying at 50 C and 
calcining at 500 C and 800 C for 1 hour. As shown in Fig.1, the anatase peaks 

T.T. Duc et al. 

3.1. X-ray Diffraction  
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The Effect of SiO2 Addition in Hydrophilic Property of TiO2 Films 

Fig. 2. XRD patterns of TiO2/SiO2 powder heated at 800 C; SiO2 content: 0%; 20%; 40%; 
60% and 100 mol% (from bottom)  

XRD patterns obtained from TiO2/SiO2 composite samples after calcining at 
800 C for 1 h are shown in Fig. 2. XDR measurements show that all the samples 
are anatase crystal structure. The rutile peak is not seen in all TiO2/SiO2 composite 
samples. The smaller is the crystal cells, the broader the diffraction peak. With the 
increasing of SiO2 content, the peak gradually becomes broad. That means that the 
particle size of TiO2 becomes smaller with the addition of SiO2. 

As for the SiO2 containing sample, contact between TiO2 particles is barred by 
SiO2 or Ti-O-Si bonds during the growth progress. The grain growth of TiO2 

The colloidal solution was prepared through the controlled hydrolysis of titanium 
tetraisopropoxide in water. A stable TiO2 colloidal sol resulted from this procedure. 
Using transmission electron microscopy (TEM 125K Russia – Japan) it has been 
demostrated that the size of the colloidal particles was ca. 10 nm (Fig. 3a). Figure 
3 b, c, d show SEM photographs of the surface of TiO2/SiO2 thin films calcined  

2 2 2
observed that the particles size of TiO2 is considerably different in the presence of 
different amount of SiO2. That is, in the case of the thin film which consists only 
TiO2 (Fig. 3b), after calcining at 800°C, the rutile TiO2 crystal structure is formed 
and the particle size is increased from about 10 nm to 20–30 nm. On the other 

2 2

crystallinity is suppressed and particle size is maintained as in the original state. 

“A” are seen in the samples dried at 50 C and calcined at 500 C, the rutile peaks 
“R” (transition from crystalline anatase) are seen after calcining at 800oC. The 
heat treatment gives higher crystallinity and the particle size increase from 10 nm 
at 50 C to about 20 nm at 500 C (from FWHM of XDR peaks). 

° °

°

° °

°

3.2. Microstructures 

hand, the thin film with 20 mol% SiO  (Fig. 3c) has particle size of TiO  as small  

at 800°C for 1 hour (a) 0 mol% SiO , (b) 20 mol% SiO , (c) 40 mol% SiO . It is 
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Fig. 3. TEM image (a) and SEM photographs (b, c, d) of TiO2/SiO2 composite with SiO2 
content: 0 mol% (a, b), 20 mol% (b), 40 mol% (d)  
 
as about 15–20 nm, and it has a little angular form as compared with Fig. 3b. As 
for the thin film with 40 mol% SiO2 (Fig. 3d), the particle size became as smaller 
as about 10–15 nm. 

If the film consists of only TiO2, many large rounded particles are observed, 
because of sintering and grain growth. As for the sample with SiO2 addition, 
contact between TiO2 particles is barred by SiO2. In spite of the temperature at 
which sintering happens, grain growth of TiO2 crystal is suppressed. It was also 
recognized in X-ray diffraction, that the suppressive effect of grain growth is 
higher when SiO2 content is higher.  

The results of x-ray diffraction and SEM observation mentioned above consist 

measured specific surface area by BET method using the powder of the same 
composition of commercial TiO2 and SiO2 sol [7]. It can be seen that, in the case 

2
Crystal growth has taken place by heating at 800 C and the surface area de-
creased. SiO2 addition in the range of 10 to 50 mol%, the grain growth at 800°C 
sintering is suppressed. Due to the contact of TiO2 particles is barred by SiO2, the 
small size of TiO2 particles is persisted and the decrease of surface area is 
suppressed. If the amount of SiO2 addition is more than 50 mol%, contact of SiO2 

2
 
 
 

particles will increase and sintering of SiO  at 800 C decreases the surface area. 

T.T. Duc et al. 

with the result of specific surface area measurements. Figure 4 shows the result of 

of pure TiO , the specific surface area of powder dried at 110°C is the smallest. 
°

°

     (a) TiO2– 50oC  (b)   0% SiO2– 800oC 

(d)   40% SiO2– 800oC  (c)   20% SiO2 – 800oC
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Fig. 4. BET surface area of TiO2/SiO2 powder [7] 

2 2
SiO2, respectively. Characteristic absorption peaks of silica were observed in 
spectra of all samples with 20% and 40 mol% SiO2 heat treated at 100°C, 600°C, 
and 800°C. A broad absorption peak is seen at 3000–3800 cm–1

peak at about 1600 cm–1 is attributed to the bending vibration of H-O-H bond, 
which is assigned to chemisorbed water. The peak at approximately 440 cm–1 is 
due to the stretching vibration of Ti-O-Ti and Ti-O bonds. In Fig. 5.1 b and c, two 
new absorption peaks are seen at about 950 and 1050 cm–1 which are ascribed  
to the asymmetric stretching vibrations of the Ti-O-Si and Si-O-Si bands, respec-
tively. As can be seen in Fig. 5.1, the intensities of the peaks at 950 and 1050 cm–1 
increase with increasing content SiO2. It can be deduced that TiO2 and SiO2  
form not only separate oxide particles but also complex oxide ones. The peak at 
3000–3800 cm–1 related to the physically and chemically absorbed water is also 
increased with increasing SiO2 content. It is assigned to the fact that the addition 
of SiO2 has the capability of absorbing water in air [7]. In the obtained spectrum 
for a sample with 40% mol SiO2 heat treated at 100, 600 and 800°C (Fig. 5.2) 
there are no differences in band position. The band at about 950°C is observed in 
all TiO2/SiO2 samples, which is often used as evidence for the vibration of Ti-O-Si 
bond [6]. The band at 3000–3800 cm–1 related to surface adsorbed water decreases 
in intensity with increasing temperature to 800°C. Significant changes in FTIR 

2 and around 
1600 cm , which are assigned to OH groups having strong hydrogen bonds such 
as in liquid water. These bands can be attributed to water adsorbed on SiOH 
group. 
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3.3. Infra-Red Spectroscopy 

to the stretching modes of O-H bands and related to surface absorbed water. The 

Figure 5.1 shows the FTIR spectra of TiO /SiO  containing (a) 0%; (b) 20%; (c) 40% 

, which is assigned 

–1  spectra due to SiO  addition occur in the region of 3000–3800 cm
–1
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2 2

When the surface of TiO2 film is exposed to UV light, the contact angle of the 
TiO2 film with water is reduced gradually. After enough exposure to light, the 
surface becomes super-hydrophilic (0° water contact angle). In this case, electrons 
and holes are still produced, but they react in a different way. The electrons tend 
to reduce the Ti (IV) cations to the Ti(III) state, and the holes oxidize the O2

– 
anions. In this process, oxygen atoms are ejected, creating oxygen vacancies. 
Water can then occupy these oxygen vacancies, producing adsorbed OH groups, 
which tend to make the surface hydrophilic [2]. 

Guan et al. [6] have reported that the addition of SiO2 in TiO2 film can enhance 
the acidity of the composite oxide TiO2/SiO2. The increase in acidity has been 
explained by a model, which assumes that the dopant silicon cation enters the 
lattice of TiO2 and retain its original coordination number. A charge imbalance is 
created because the silicon cation is still bonded to the same number of oxygen 
even though the oxygen atoms are now of a new coordination. Due to the positive 
charge in the binary oxide TiO2/SiO2, Lewis sites are formed. The enhanced 
acidity of the film is considered as the main reason to improve the photocatalysis 
and hydrophilicity. The surface improved acidity of the composite can adsorb 
more OH radicals than pure TiO2 surface. Because, silicon cations, exactly Ti-Si 
ligand, can capture the OH– of adsorbed H2O molecules and O2– can bind with H+ 
of adsorbed water molecules.  

 

Fig. 5. FTIR spectra of TiO /SiO  containing SiO : (a) 0 mol%; (b) 20 mol%; (c) 40 mol%; 

T.T. Duc et al. 

3.4 Mechanism of Addition of SiO  in TiO  to Improve the super-Hydrophilic   

calcined at 600°C (5.1); 40 mol% heat treated at (a) 100°C, (b) 600°C, (c) 800°C (5.2) 
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Fig. 6. Water drop on a silicon surface (a) and a thin water sheet formed on a TiO2/SiO2 
coated silicon surface after UV irradiation  

There is a competitive adsorption process for contaminating compounds and 
water on the surface coated by the composite TiO2/SiO2. Because of the enhanced 
acidity on the surface, the water (OH groups) is preferentially adsorbed and con-
tamination is decreased on the surface. This may be the reason why the addition of 
SiO2 in TiO2 film decreases the extent of contamination more than the film of pure 
TiO2. Applying TiO2 or TiO2/SiO2 film on the surface of glass or tiles, the surface 
of the material will be hydrophilic and exhibit a self-cleaning effect under UV 
irradiation [1]. Hydrophilic action makes the water to penetrate under the stains on 
the surface. The water lies flat on the surface in sheets instead of forming drops 
(Fig. 6). Dust and other contaminants are easily wiped away with water. There-
fore, there are no dirty marks on the surface even after it is dry.  

4. Conclusions 

In this research, TiO2 films to which SiO2 is added , are prepared by sol-gel 
method, and their characteristics are investigated. The following results are 
obtained: 

1. In the case of pure TiO2, after heating at 800°C crystal growth has taken 
place, the anatase structure is changed to the rutile one and the specific 
surface area decreased. But TiO2/SiO2 composite samples have a suppressive 
effect on the transformation of anatase to rutile and on the crystal growth of 
anatase during calcinations, so that they retain a large specific surface area. 
As a consequence the photocatalytic activity of TiO2 during UV irradiation 
is improved.  

2. Significant changes in FTIR spectra due to SiO2 addition occur in the region 
which is assigned to the physically and chemically absorbed water. Its amount 
increases with increasing SiO2 content. This is assigned to the fact that the 

2 
3. SiO2 and TiO2 form single mixed oxide particles in the film, which also con-

tain Ti-O-Si bonds. The composite oxides have an enhanced surface acidity, 
which results in an increase of the OH content in the composite films, with 
the consequence that the hydrophilicity and the capability to hold absorbed 

addition of SiO has the capability of holding absorbed water.  

water are increased and can be maintained for a long time in the dark. 

(a) (b)
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Abstract: Iron oxides can be used for the storage of hydrogen based on their redox reaction. 
Iron oxides were synthesized by the sol-gel method was a structure transformation of 
maghemite γ-Fe2O3 into hematite α-Fe2O3 during calcinations process could be observed. 
The addition of a Mo6+ cation by the preparation method results in the substitution of Mo6+ 
into the Fe2O3 structure and formation of Fe2(MoO4)3. There was a formation of two 
crystalline phases Fe2O3 and ZrO2 separately incase of the addition of Zr4+cation into 
Fe2O3.During redox reaction, the structure of Fe2O3 was converted into Fe and regenerated 
Fe3O4. There was a transformation of Fe2 (MoO4)3 into Fe2Mo3O8 phases after reduction. 
However ZrO2 was did not change its structure during redox reaction. The Zr-Fe2O3 very 
easy to be reduced into Fe and convenience formed hydrogen in the oxidation. 

1. Introduction 

flocculents, coatings, gas sensor. It is accepted that iron oxide catalysts are well 

As a multiple valence metal, iron forms three kinds of oxide: FeO, Fe2O3 and 
Fe3O4. The valence of iron in FeO is +2, in Fe2O3 is +3 but in Fe3O4 two-thirds of 
the iron is +3 and of the rest +2, with the “nominal” valence +8/3.Therefore, there 
is a difference between the electronic structures of iron in the three oxides, so they 
should have different catalytic effects. Based on the redox activity of Fe2O3 and 
Fe3O4, the hydrogen storage had been proposed [2,3,4] and the technology is 

                 Fe3O4 + 4H2  3Fe + 4H2O                (1) 

Luu Thi Lan Anh , Nguyen Ngoc Trung , and Van Dinh Son Tho  

based on the redox reaction of magnetite in equation (1,2) 

Keywords: Hydrogen • transformation • redox reaction of iron oxides • Iron oxides added 
with Zr and Mo cation. 

studied for Fischer-Tropsch synthesis and currently many applications of iron oxide 
catalyst have been mentioned such as a catalyst for the oxidation of various organic 

Iron oxides are of technological importance as catalytic materials, sorbents, pigment, 

contaminants and for the removal of carbon monoxide in a burning cigarette [1]. 



    3Fe + 4H2O  Fe3O4 + 4H2                    (2) 

Fe3O4 is reduced with H2 to Fe metal. The Fe metal is packed in cassettes, which 
will be mounted on means of transportation. The recovery and the supply of H2 
can be done by the equation (2), i.e. the re-oxidation of Fe metal with H2O, which 
correspond to 4.8 wt% of Fe metal (theoretical value). Iron and iron oxides are 
quite cheap and environment-friendly materials. These materials are stable under 
atmosphere pressure at room temperature, thus easy to be handled. Furthermore, 
since the fuel is just water, there is no risk of explosion when vehicles collide. 

Iron oxides containing Mo+6 and Zr+4 cations could form hydrogen over several 
cycles through the redox reaction, while iron oxide without any promoters was 
deactivated quickly for the redox reaction. The addition of Zr+4 into iron oxides 
enhanced the hydrogen formation through the oxidation of iron metal with water 
vapor at low temperatures. However, the role of these promoters by the formation 
of iron oxides is still unclear. In the present study, the structures of iron oxide 
during the redox reaction and the addition of Mo and Zr cations were investigated.   

2.  Experimental 

Samples were synthesis by sol-gel method. Iron (III) nitrate (Fe(NO3)3.9H2O), 
ZrOCl2.8H2O and (NH4)6Mo7O24.4H2O were used as metal sources. Aqueous 
solutions of iron (III) nitrate 0.05M was mixed with the salt of the metals M (M = 
Zr, Mo) or purely magnetically stirred. A 1M solution of citric acid (C6H8O7.H2O) is 
added with radio ΣMn+: Ac = 0.85. The mixture was heated to 70°C. Ammonium 
hydroxide was added to the solution to adjust the pH x-value between 6.5 and 7 
and the solution was then continuously stirred until a gel was formed. The gel was 
dried at 70°C for 24 hours. The sample was heated to 300°C for 60 minutes and 
then sintered at 500°C for 3 h in air. The amount of Zr or Mo species added into 

2 3 2 3
cations. 

The reduction of iron oxides with hydrogen and the subsequent oxidation of the 

made out of quartz glass. The amount of iron oxide samples packed in the reactor 
was 2.0 mg. For the reduction, hydrogen (10% H2/Ar) was introduced into the 
reactor. The reduction of iron oxide with hydrogen was kept until the consumption 
of hydrogen could not be detected anymore. After using argon to purge out the 
remaining hydrogen in the reactor, the oxidation of the reduced-sample was 
started by contact with water vapor. The oxidation was continued until H2 was not 
observed any longer. During the reaction, a part of the effluent gases was analyzed 
by gas chromatography (GC). 

X-ray diffraction (XRD) measurement for the samples was performed with a 
PANalytical XPERT-PRO diffractionmeter using Cu-Kα radiation at room temper-
ature in air. SEM images of the samples were recorded on EDS + SEM-Quanta 200. 
The thermal analysis was investigated by a Nertzsh STA 409PC. The flow rate of 
air was adjusted to 40 ml/mins and the temperature of the oven was increased 
continuously up to 700°C by the rate of 5 C/mins. 

L.T. Lan Anh, N.N. Trung, and V.D. Son Tho 

reduced-sample with water vapor were performed with a conventional gas flow 

iron oxides (Zr-Fe O  or Mo-Fe O ) was adjusted to be 5 mol% of all metal 

system with a fixed bed. The iron oxide sample was packed in a tubular reactor 

°
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3. Result and Discussion 

Figure 1 shows a typical Differential Scanning Calorimetry- Thermogravimetry 
(DSC-TG) of iron oxides. This analysis gives us the information of calcinations 
process of the sample. At the lower temperature range (<100°C), the temperature 
program of the instrument is not linear with time, therefore the signal of DSC and TG 
during this temperature range should be neglected. However, in this range there is 
only the loss of absorbed water. There is one exothermic peak at 193.43°C this is 

above 250°C, there is no observation of weight loss of the sample and there is no 
thermal effect in the DSC curve. It suggests that the thermal decomposition of the 
sample is completely occurred during calcinations process so the sample has 

In order to investigate the crystalline structure of the sample during calcina-
tions process, the XRD pattern of iron oxide samples after   heating at 300°C and 
calcinations at 500°C and the results are shown in Figure 2.  
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a results of the combustion of organic substances in the range 150°C–250°C. At 

stable structure at the range of 400–600°C.  

Figure 2 shows the diffraction peaks of iron oxide samples after heating at 300°C 
(a) and calcinations at 500°C (b). The diffraction peaks at 300°C are consistent 
with maghemite (γ-Fe2O3) and the intensity of diffraction lines suggest that γ-Fe2O3 
structure is well crystallized. During drying, there is an exothermic process, which 
results in the combustion of an organic substance. This reaction supplies heat for 
the crystallizations of the samples. After calcinations at 500°C, it can be seen 
that there are diffraction lines, which are assigned to α-Fe2O3. There was a trans-

2 3 2 3
process. The same phenomenon is also observed with Zr-Fe2O3 and the corres-

there was a formation of a good crystalline structure of γ-Fe2O3 and it transformed 
into α-Fe2O3 after calcinations at 500°C. It is also observed that there are peaks at 

ponding diffraction pattern is shown in Figure 3. It means that after drying at 300°C, 

formation of maghemite γ-Fe O  into hematite α-Fe O  during the calcinations 
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Figure 4 is a X-ray diffraction (XRD) pattern of Mo-Fe2O3 after drying at 
300°C and after calcinations at 500°C. A low intensity of diffraction lines can be 
seen in pattern (a). It means that there is an amorphous structure at low temper-
ature. However, after calcinations the diffraction lines of α-Fe2O3 at 2θ = 23.84°, 
33.92° and 53.1° are observed. Nevertheless, there is another structure phase that 
complies with the structure of Fe2 (MoO4)3 (2θ = 23.16°; 25.2°; 26.38°). The 
intensity of this phase is not high enough due to the poor crystalline structure of 
Fe2 (MoO4)3. It can be said that, the addition of Mo+6 into Fe2O3 forms two crys-
talline phases: α- Fe2O3 and Fe2 (MoO4)3.  

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 5 is a Temperature programmed reduction (TPR) profile of iron oxide 
(a) and modified iron oxide samples (b, c). The left horizontal is a TCD signal and 
the right one is a function of temperature with time. The peaks of the TCD curve 
represent the reduction stage of iron oxide. It is well accepted that the first one is a 
reduction of Fe2O3 into Fe3O4 and the second one is a transformation of Fe3O4 into 
Fe [12]. 

3 Fe2O3 + H2   2Fe3O4 + H2O 

                                 Fe3O4 + 4H2   3Fe + 4H2O 

Incase of Fe2O3 and Zr-Fe2O3, the first step appears around 350 C, however the 
first peak of Mo-Fe2O3 is at 500°C (150°C higher than other peaks). The second 
one appears at 600°C but the TCD intensity signal of Mo-Fe2O3 is lower than of 
Fe2O3 and Zr-Fe2O3. Base on the reduction line and the hydrogen consumption for 
the reduction, it suggests that both Fe2O3 and Zr-Fe2O3 samples have a good 
activity for the reduction and iron oxides were reduced into iron metal. For Mo-
Fe2O3, in combination with XRD patterns, there is a coexistence of a Fe2O3 and a 
Fe2 (MoO4)3 phase and just only Fe2O3 is reduced during the reduction therefore a 
smaller amount of hydrogen is consumed in the reduction. 
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Fig. 4. XRD patterns Mo-Fe2O3 before 
(a) and after (b) calcinations 

Fig. 3. XRD patterns Zr-Fe2O3 before 
(a) and after (b) calcinations 

2θ =30.28° and 43.52°. This is consistent with of ZrO2 crystalline structure. This 
result suggests that there was no substitution of ZrO2 into the α-Fe2O3 structure. 
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3Fe + 4H2O  Fe3O4 + 4H2 

The temperature of the hydrogen formation by oxidation is shown in figure 6. It is 
clearly that the hydrogen formation is proportional to the temperature. The maximum 

hydrogen evolution, it can be said that the amount of the H2 formation of Fe2O3 
and Zr-Fe2O3 is larger than of Mo-Fe2O3. These results are well correlated with 
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incase of the Mo-Fe O  sample, therefore a small amount of H  is formed by 
The structure of fresh iron oxide, after reduction and oxidation of the samples 

are analyzed by XRD. The pattern is given in Figure 8. 
The upper line is a XRD of a fresh sample and it shows a α-Fe2O3 structure. 

There is just one phase of Fe metal after reduction reaction (middle line). It means 
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The oxidation equation of the reduced-sample by water vapor is 

amount of hydrogen is formed within the 400–600°C range. Based on a kinetic 

(b) Mo-Fe O ; (c) Zr-Fe O . 

Fig. 7. XRD patterns of Fe O: ( a) fresh Fe O ; (b) after reduction; (c) after oxidation 

2 3 2 3

2

the reduction behaviour. A small amount of Fe O  was reduced into Fe oxidation 
as well. For Fe O and Zr-Fe O , a larger amount of iron oxides were transformed 
into iron by the reduction, and so a larger amount of H  is formed by oxidation. 
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2 3
(a) fresh Zr-Fe2O3; (b) after reduc-
tion (c) after oxidation 

2 3
fresh Mo-Fe2O3; (b) after reduction; 
(c) after oxidation 
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that all iron oxides were completely reduced into Fe metal at the experiment 
condition. The last line is a XRD of sample after oxidation and it consists with 
Fe3O4 structure. It means that iron oxide was regenerated after oxidation step. 
There is a change of the iron oxides structure samples during redox cycles as 
follow: α-Fe2O3  Fe  Fe3O4. 

The transformation of the Zr-Fe2O3 structure during the redox cycle is shown in 
figure 8. We observe the transformation of α-Fe2O3 into the Fe structure after 
reduction and continuous change into Fe3O4 after oxidation with water vapor. It 
means that all iron oxides were reduced completely in the reduction and all the Fe 
is totally oxidized with water vapor. The ZrO2 phase of fresh sample is clearly 
observed (as mentioned before) and there is a low diffraction peak of ZrO2 at 
30.28° and 50.74°. The line (c) is a XRD of the sample after oxidation. There is an 

2 3 4
at 50.74° is remained. These results suggest that the structure of ZrO2 did not change 
after reduction and oxidation. 

Figure 9 is a XRD pattern of Mo-Fe2O3 during redox reaction. Before the 
reduction (spectrum a), there was a coexistence of Fe2O3 and Fe2 (MoO4)3 phase. 
We also observe the formation of Fe metal after reduction with the lower diffraction 
line (spectrum b) and the regeneration of Fe3O4 after oxidation (spectrum c).  

  

 

 

 

 

 

 

 

 
 

It can be explained by TPR analysis that Fe2 (MoO4)3 was not be reduced in the 
reduction. However, its structure is changed into Fe2Mo3O8 (2θ = 25.46, 32.36, 35.64 
and 36.68) after reduction. So in the reduction environment, two oxygen atoms of 
Fe2(MoO4)3 are reduced by hydrogen and formation of Fe2Mo3O8. The diffraction 
lines of this phase could not be seen in XRD pattern of sample after oxidation, cause 
of high intensity of diffraction line of Fe3O4 sample. Therefore the intensity, which 
assign for Fe2Mo3O8, is overlapped by the base line of XRD. Therefore the 
structure of Mo+6 addition cation into iron oxide is not discovered.  

overlap of the ZrO  structure with Fe O  at 2θ = 30.28° and fortunately the intensity 

Fig. 8. XRD patterns of Zr-Fe O : Fig. 9. XRD patterns of Mo-Fe O  (a) 
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The Fe2O3 and Zr-Fe2O3 samples were synthesized by sol-gel method and after 
elimination of citric acid by drying at 300°C, the good crystalline structure of  
γ-Fe2O3 was formed and it continuously changed into α-Fe2O3 after calcinations at 
500°C. For Mo-Fe2O3, an amorphous sample was originated after heating to 
500°C and its structure was not completely crystallized under the synthesis condi-
tions. 

The addition of Mo+6 into iron oxide formed the substitution of MoOx into the 
structure of Fe2O3 and formation of spinel phase. Incase of the addition of Zr+4 

into Fe2O3, there was not substitution of Zr+4 into the iron oxide structure and 
there was co-existence of two separated crystalline phase: ZrO2 and γ-Fe2O3. The 
structure of Fe2O3 was changed into Fe by the reduction and then regenerated to 
Fe3O4 in the oxidation with water vapor. The ZrO2 did not change its structure 
during redox reaction, however there was a transformation of Fe2 (MoO4)3 into 
Fe2Mo3O8 after reduction.  

The Fe2O3 and Zr-Fe2O3 are easier reduced by hydrogen and the formation of 
hydrogen by the oxidation is easier compared to a Mo-Fe2O3 sample. 
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Abstract. A single-crystalline SrTiO3 (STO) (001) wafer with as-cut unpolished surface 
was investigated by means of Wide Angle X-ray Diffraction (WAXRD) in-situ under 
applying a d.c. electric field. The changes of WAXRD patterns measured in vicinity of 00l 
(l = 2 and 4) STO reflections give evidences of a tunable and reversible formation of 
domains with a distorted crystalline structure. Different time-voltage procedures were used. 
An enhancement of the structural distortions by the influence of X-ray irradiation is 
established. A diffusion nature of the phenomenon is discussed. 

1. Introduction 

Single-crystalline SrTiO3 (STO) wafers are widely used for deposition of thin 
films interest for technical applications. Due to deviations from the stoichiometric 
chemical composition and to defects, strains and other lattice distortions, the near-
surface regions of the single-crystalline STO wafers can change significantly in 
comparison to the bulk materials. As a result, appearance of new structural and 
physical properties of the near-surface regions different from the properties of the 

The bulk STO is characterized by a cubic perovskite-type of structure (space 
group Pm3̄m, a = 3.905 Å [3]) at room temperature (RT). Oxygen vacancies give 
rise to an expansion of the cubic lattice parameters [4] or a stabilisation of 
distorted perovskite-type of structure with lower (tetragonal) symmetry at RT  
(a = 3.917 Å, c = 3.889 Å, space group P4/mmm [5]). Incorporation of additional 
SrO layers in between the perovskite STO structure-blocks accompanied by 
shear motions can lead to the formation of Ruddlesden-Popper phases (STO-RP) 
(SrO)nSrTiO3 with perovskite-related tetragonal structure (space group I4/mmm, 
a ≈ 3.9 Å, c ≈ (2n + 1)a). The members with low n ≤ 3 were obtained in 

≤ 11 were found [9]. A coherent intergrowth of STO-RP and STO was observed 
[9]. The formation of STO-RP (n = 1, 2, 3) phases in the near-surface region of a 
single-crystalline STO plate was observed after annealing in an oxygen atmo-

state of the surface of STO single-crystalline plates. A characteristic electro-
coloration of reduced material near cathode and oxidized material at anode has 

bulk material can be observed [1, 2]. 

polycrystalline powder samples [6–8]. In thin films, the STO-RP members with n 

sphere [10–12]. Similarly, the electric field demonstrates a big influence on the  
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been observed under application of an external d.c. electric field at temperatures 

[13]. A drift of oxygen vacancies is proposed to be the reason for the pheno-
menon. In an external electric field, the formation of STO-RP phases after 
ambient air annealing can be enhanced near the surface, acting as an anode due to 
an electro-migration of Sr-O-complexes to the anode [10].  

Recently [14], we have reported on the observation of reversible structural 
changes in a STO (001) single-crystalline plate by means of Wide-Angle X-ray 
Diffraction (WAXRD) in-situ under the influence of an external static (d.c.) 
electric field at RT. The influence of the electric field was reflected by the deve-
lopment of a shoulder in the WAXRD reflection profile of the STO 00l reflections 

samples acting as anode and exhibiting an initially asymmetrical shape of the 
WAXRD profiles of the reflections (usually for as-cut unpolished sample sur-
faces) which can be interpreted properly by assuming a combined contribution of 
the ideal STO and a phase with a similar lattice parameter in the direction per-
pendicular to the sample surface [14-15]. Thus, a necessary condition for the 
appearance of extended electric field-induced distortions is the existence of a 
certain amount of regions with a structure differing from that of ideal cubic STO 
or at least lattice defects as precipitates in the STO sample anode region [15]. 
The electric-field induced structure modification can be interpreted as a result of 
development of nanoscale intergrowth-domains of STO-RP and matrix STO in the 
near-anode sample region [16]. A model of growth of monolayer SrO precipitates 
by dislocation climb is proposed in [17] assuming the field-driven diffusional 
transport of O and Sr ions along dislocation cores to the near-surface region. 

 

 
Fig. 1. Scheme of procedures of electric field 
switching during the WAXRD measure-
ments. Line bares (procedures ‘U-0’ and ‘t’) 
represent individual scans carried out. In 
case of ‘Ut’ procedure individual scans are 
shown by large solid horizontal lines. The 
duration of one scan was of about 11.8 min 
(STO 002 reflection in procedure ‘t’), 13.4 
min (004 reflection in procedures‘U-0’ and 
‘t’), 90 min (002 reflection in procedure ‘Ut’) 
and 120 min (004 reflection in procedure 
‘Ut’). The scheme is shown for WAXRD 
measurement of STO 004 reflection as an 
example. Ordinate shows the voltage U (left) 
and corresponding electric field strength E 
(right) applied. The time scale is the same for 
all diagrams 
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(l = 1 ... 4). The phenomenon was observed exclusively for the surfaces of the 

of 100°C–325°C to a STO single-crystalline plate doped with transition metals 
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In the current paper we are presenting the results of in situ X-ray diffraction 
characterization of an STO (001) single-crystal plate under the influence of an 
external d.c. electric field at RT using different time-voltage (t-U) procedures 
(procedures ‘U-0’, ‘Ut’ and ‘t’ in Figure 1). The influence of X-ray irradiation on 
the phenomenon observed is outlined additionally.  

2. Experimental Methods 

One-side-polished single-crystalline STO (001) wafers with dimensions of about 
5·5·0.5 mm3 (delivered by Crystec GmbH, Germany) were used for investing-
ations. On both coplanar sides of the wafers, electrodes (70 nm metallic Mo/30 nm 
dielectric B4C films) were deposited by means of DC magnetron sputtering. 
WAXRD structural characterization of the samples at ambient conditions and  
in situ under the influence of an external static electric field were carried out using an 
X-ray diffractometer URD-6 (Seifert FPM GmbH, Germany; Bragg-Brentano 
geometry; monochromatized Cu-Kα radiation). The 00l reflection profiles were 
recorded in a symmetrical coupled θ-2θ scan mode allowing for detection of the 
Bragg reflections from the lattice planes oriented parallel to the sample surface. 
During the measurements using different t-U procedures, the X-ray irradiation of 
the sample surface was switched off between the scans for a duration of not more 
than 1 min. Between the different procedures as well as between the ‘t’-procedures 
of different voltage, the samples were maintained for about 8 hours at ambient 
conditions in zero electric field and without X-ray irradiation. A more detailed 
description of the experimental techniques is published elsewhere [14, 16]. 

3. Results and Discussion 

As an example, Figure 2 presents characteristic WAXRD patterns of 00l reflec-
tions (l = 2 and 4) recorded from the unpolished as-cut side of the STO wafer  

 
Fig. 2. WAXRD patterns recorded in vicinity of 002 (a) and 004 (b) STO reflections in
zero electric field before and after applying a voltage and under application of the field 
(voltage U = +500 V). The WAXRD patterns shown were taken after stabilization of the
reflection profiles. Contribution of Cu-Kα2 radiation is corrected 
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using a t-U procedure ‘t’ (Figure 1) and demonstrating the formation of a shoulder 
of the reflection profiles under application of the electric field. The reversibility of 
the WAXRD profile changes is illustrated by a good coincidence of the WAXRD 
reflection profiles recorded in zero electric field before and after application of a 
positive voltage (Figure 2). On the contrary, negative voltage applied to the 
sample surface did not show any effect on the reflection profiles recorded (see an 
example in [17]).  
 

  

Fig. 3. Time evolution of the parameters of 
the regions with different structure charac-
teristics caused by the application of an electric 
field to the STO sample according to 
procedure ‘t’ for voltages U of +100 V (a), 
+200 V (b) and +500 V (c), respectively. 
The lattice parameter l*d is shown where l = 2 
and 4 and d is corresponding interplane 
distance obtained from WAXRD pattern 
recorded in the vicinity of the 002 and 004 
STO reflections, respectively. The solid and 
open symbols correspond to data determined 
from 002 and 004 STO WAXRD patterns, 
respectively. The time scale is the same for 
all diagrams. The time positions of switching-
off the electric field (U = 0 V) are marked by 
arrows 
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Figures 3–5. show results of fitting the experimental WAXRD patterns (lattice 
constants, full width at half maximum (FWHM) of the contributing reflection 
profiles and relative contents (scattering volumes) of the main STO phase and of 
the minor distorted regions) recorded in vicinity of the STO 00l reflections in-situ 
using different t-U procedures. The technique of fitting the reflection profiles is 
described elsewhere in detail [14].  

Time dependence of the structural changes. The time-evolution of the phase 
parameters for the ‘t’-procedures recorded for 002 and 004 reflections is presented 
in Figure 3. For the ‘U-0’ procedure, we refer to [14, 15]. Application of the 
positive E to a relaxed sample (i.e. procedure ‘t’) results in an increase of the 
relative content (i.e. scattering volume) of the distorted region accompanied by an 
expansion of corresponding lattice and an increase of the FWHM of the reflec-
tions forming the shoulder of 00l profiles. These structural modifications develop 
significantly in a limited time followed by a stabilization (or, more precisely, 
followed by a moderate change of the same sign for the time of about 200 min). 
For the 004 STO reflection profile, the “stabilization” time was of about 40 min, 
65 min and 80 min for the voltages of +100 V, +200 V and +500 V, respectively. 
For the 002 STO reflection profile, stabilization was observed after about 50 min 
of application of the voltage of +500 V (Figure 3c).  

The time dependence of the structural modification of the STO plate gives 
evidence for a diffusion-driven nature of the electric-field phenomenon found. The 
electric-field induced diffusion of oxygen ions to anode leading to the further 
diffusion of strontium–oxygen complexes can be considered [17]. A faster deve-
lopment of the structural changes observed for WAXRD patterns recorded in the 
vicinity of the STO 002 reflection under the influence of the electric field could be 
explained by a layer-like concentration of the distorted regions enriched by O and 
Sr-O complexes near the anode. As the diffusion of the Sr and O atoms arises in 
direction to the sample surface acting as an anode, the saturation will occur at first 
in layers near the surface. According to linear absorption coefficient of STO and 
the values of incident and exit angles of the incoming and diffracted X-rays [18], 
the penetration depth reached ~7 μm and ~14 μm for 002 and 004 STO reflections, 
respectively. As a result, the 002 reflection profile stabilized faster. Additionally, 
for the higher-2θ-angle STO 004 reflection, the contribution of the ideal STO 
matrix from the deeper layers is more significant and can mask the structural 
changes in near-surface regions.  

At first stage of voltage processing of +100 V, the ‘U-0’ procedure applied to a 
relaxed sample exhibited a similar time-evolution development like ‘t’-procedure 
(see Figure 3 and [15] for comparison). However, for the next stages of the voltage a 
memory effect was observed resulting in a faster saturation of the 004 STO 
reflection profile (for a stabilization time of ~27 min).  

Electric-field strength dependence of the structural changes. Similarly to the 
faster development of the profile changes for the smaller-2θ-angle 002 STO 
reflection in comparison to higher-2θ-angle 004 STO, a higher relative content 
and larger lattice parameter for the non-ideal regions obtained from WAXRD 
patterns recorded in the vicinity of 002 STO under the influence of the electric 
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procedure as an example) can be explained by diffusion of O atoms to anode as it 
was discussed above. 

phase parameters contributing to the WAXRD pattern in vicinity of STO 004 for 
‘U-0’, ‘Ut’ and ‘t’ time-voltage procedures. All data were obtained after analysis 
of the last scan at every voltage applied, i.e. after stabilization of the reflection 
profiles. As it is seen, the different t-U procedures result in a different final state 
of the sample. 

Fig. 4. Voltage-dependent changes of the 
parameters of the regions with different structure 
characteristics due to application of an electric 
field to the STO sample according to procedure 
‘Ut’. The parameters are obtained by fitting the 
WAXRD patterns recorded in vicinity of STO 
002 (open symbols) and 004 (solid symbols) 
reflections after profile stabilization. The data 
corresponding to ideal STO structure are 

 

 

symbols), ‘U-0’ (half-solid symbols) and ‘t’ 

parameters are obtained by fitting the 

STO reflections after profile stabilization  

The larger lattice parameter of the 
distorted regions is obtained for proce-
dure ‘Ut’ where the duration of swit-

procedure was minimum. However, the 
relative content of the distorted regions 
developed in this ‘Ut’ experiment (~32 

and ‘U-0’- (~41 wt.%) procedures, 
probably due to lower duration of the 
electric-field processing of the sample at 

field of different strength in comparison to 004 STO (Figure 4 for ‘Ut’ t-U 

Figure 5 shows a comparison of the electric-field strength dependencies of the 

Fig. 5. Comparable to Figure 4 for ‘Ut’ (solid 

ching-off the X-ray irradiation during the 

wt.%) was lower than in ‘t’- (~36 wt.%) 
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correspond to data for distorted regions 

WAXRD patterns recorded in vicinity of 004 

represented by squares whereas triangles 

(open symbols) time-voltage procedures. The 
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min for ‘U-0’ procedure). The highest relative content of the distorted regions was 
found for ‘U-0’ procedure demonstrating the influence of the electric-field 
processing of the sample by a sequential increase of the voltage in comparison to 
‘t’-procedure where only one voltage level was used.  
Influence of X-ray irradiation on the structural changes. The comparison of 
results of different t-U procedures shown above gives rise to a supposition that the 
-ray irradiation acts on the distortion of the near-anode regions of the STO wafer 
under application of the d.c. electric field [18]. By use of a new virgin sample, a 
new kind of experiments was performed. The intensity was measured at the dif-
fraction angle-position 2θ (and the incidence angle ω = 2θ/2) of the shoulder 
formed in the vicinity of STO 002 reflection under application of the electric field. 
The duration of the intensity measurement was of 10 s. In the first 4 cycles of the 
measurements, the X-ray window was closed for the time of a few minutes 
between the intensity measurements. In the 5th measurement cycle, after about 
300 min repetition of the intensity measurements according to the scheme des-
cribed above (with closing the X-ray window between the measurements), the 
sample surface was irradiated the whole time without interruption. The 1st cycle 
performed for the virgin sample exhibited a delayed increase of the shoulder 
intensity in comparison to next cycles showing (probably due to a memory effect 
discussed above) a behavior similar to the 5th cycle without X-ray irradiation 
between the intensity measurements (see Figure 6). A continuous X-ray irradiation 
resulted immediately in a significant increase of the shoulder intensity. Thus, the 
process of the structural modifications was really enhanced under X-ray 
irradiation (Figure 6). Apparently, the X-ray radiation generates further ionic 
species to be moved by electric field gradient.  

 

 

 

 

Fig. 6. Intensity at the angle-position of the shoulder (2θ = 46.27°) formed near the 
STO 002 reflection (2θ002 = 46.47°) after switching-on the voltage U = +500 V for a virgin 
sample (1th cycle of measurements) and for the sample after the 5th cycle of measurements. 
For other explanations see the text 

 every stage of the voltage (~120 min for ‘Ut’ whereas ~214 min for ‘t’ and ~174 
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4. Conclusions 

The reversible and tunable structural modifications of a near-surface region of an 
STO (001) single-crystal wafer in an external static electric field were investigated 
using different time-voltage procedures with increasing the electric field strength 
up to +10 kV·cm–1. Evidences of diffusion nature of the phenomenon are found to 
be caused probably by electro-migration of O atoms and Sr-O-complexes to the 
anode. X-ray irradiation of the anode-surface of the sample results in an 
enhancement of the structural distortions.  
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Abstract. The thermoelectric properties of the n-type Sr deficient polycrystalline SrTiO3 
singly or co-doped with Dy and Nb were systematically investigated. The Nb doped 
samples prepared in forming gas have a solubility limit at about 20 at% against 8 at% of 
Dy. All prepared samples have metallic behavior of the electrical conductivity above 
3000C. The Nb doped samples can reach a high value of electrical conductivity comparable 
to early reported [5] La-doped ones, however Dy doped samples have a lower thermal 
conductivity. The behavior of the Seebeck coefficient of Nb and Dy singly doped samples 
as a function of doping concentration is the same. The containing 4 at% Dy sample heavily 
co-doped with Nb has a lower thermal conductivity while keeping a high value of electrical 
conductivity. The highest value of the dimension less figure of merit is about 0.24 at 1273K 
for the co-doped sample with 4 at% Dy and 20 at% Nb. 

1.  Introduction 

Thermoelectric oxide materials have attracted much interest recently as a pro-
mising candidate for thermoelectric power generators in the high-temperature 
region. The efficiency of the thermoelectric materials is expressed by the figure of 
merit Z: 

2S
Z

k
σ

=  (1) 

Where S is Seebeck coefficient, σ and k are the electrical and thermal con-
ductivities respectively.  

The Cobalt based oxides with layered structure such as NaxCoO2, Ca3Co4O9  
and their derivatives [1–3] are known to be good p-type thermoelectric materials 
with a high figure of merit, but n-type oxide materials comparable with Co-based 
oxides have not been found yet. One of the most promising candidates for n-type 
thermoelectric material is doped SrTiO3. Heavy doping of La on Sr sites or Nb on 

3
conductivity [6, 7]. Consequently, the figure of merit does not improve so much. 
In contrast, doping of rare earth elements on Sr site of SrTiO3 gave reasonably low 
thermal conductivity [6]. The co-doping on both sites Sr and Ti of SrTiO3 is the 
way to improve the figure of merit.  

Ti sites of SrTiO  gave high electrical conductivity [4, 5], but high thermal 

  Ishikawa, Nomi city, Japan  
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From a defect chemistry point of view, two different approaches have been 
3

formulation of the composition according to the electronic compensation regime 
Sr1-xMxTiO3-d
and sintering in reducing gas [4], in Ar gas at very high temperature (~1600 C) [6] 
or using the hot pressing technique [8]. The second approach involves the 
vacancy-compensated compounds such as Sr MxTiO3 (M is a three-valent 

In our work, according to the later approach, we have realized the Sr deficient 
composition with formulas Sr1 – 3x/2 – y/2 DyxTi1-yNbyO3.  

 In this report, we have investigated systematically the singly Dy doped, singly 
Nb doped and co-doped 4 at% Dy with Nb from 0 to 30 at% samples. The effects 
of doping concentration, preparation condition on the thermoelectric properties 
and phase structure are discussed.  

2. Experimental Methods 

The Sr deficient polycrystalline samples with chemical formula Sr(1-1.5x-0.5y) 
DyxTi1-yNbyO3 were prepared by solid-state reaction. The sintering process was 
carried out at 1450°C in the forming gas (95%Ar + 5%H2) for 4 hrs. Some 

of the prepared samples was examined by powder X-ray diffraction using a Cu-Kα 

data in air. The samples for electrical and Seebeck coefficient measurements were 
prepared in the form of cylinders with a diameter of about 4,5 mm and 17 mm 
long. For voltage contact, on the sintered cylinder, grooves about 0.2 mm deep 
were cut with a distance of 4–5 mm. Pt wire (0.2 mm) was wounded tightly into 
the groves to form the potential probes. Two Pt-Pt13%Rh thermocouples were 
attached to both ends of the cylinder by Pt paste as electrical contacts and for mea-
suring the temperature difference. The contacts were cured in situ under forming 
gas for 30 minutes at 1000°C. The electrical conductivity was measured in various 
atmospheres over the temperature range of 20–1000°C. The values of electrical 
resistance were calculated from the linearized slope of the voltage drop against 

carried out simultaneously with the electrical conductivity measurement. The 
values of thermoelectric power were calculated from the linearized slope of the 
thermo electromotive force against the temperature difference over the range 1–10K. 

The samples for thermal conductivity measurements were prepared in the form 
of pellet with about 1.5 mm thickness and 8.5 mm diameter. The thermal con-
ductivity was evaluated by the following expression:  

 K = D × CP × d   (2) 

where K, D, CP and d are the thermal conductivity, the thermal diffusivity, the 
heat capacity and the experimental measured density of the sample respectively. 

N.T. Tinh and T. Tsuji 

realized in the preparation of n-type doped SrTiO . The first approach involves 

dopant) with sintering at lower temperatures (1400–1450 C) in forming gas [5, 9]. 

°

°

 (M is the dopant, for example La [4] or rare earth elements [6,8] ) 

1-3x/2

sphere on the phase structure and thermoelectric properties. The crystal structure 

radiation (RINT 1500). The oxygen deficiency was determined from TG-DTA 

current over the range –100 to 100 mA. The Seebeck coefficient measurement was 

samples were sintered at 1400°C in air for studying the influence of sintering atmo- 
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The thermal diffusivity can be measured by ULVAC TC-7000 laser flash equip-
ment in vacuum. The heat capacity was calculated from the constituent oxides 
using Thermodynamics Database of The Japan Society of Calorimetry and Thermal 

3. Results and Discussion 

3

We have prepared the Nb singly doped samples with a chemical formula Sr(1-0.5y) 
Ti1-y y 3
determined by XRD, all Nb singly doped samples prepared in air have a single 
phase and the lattice parameter changes linear with the doping concentration (Fig. 1). 
This means solubility limit of Nb is higher than 24 at% for the samples prepared 
in air. However, the samples prepared in forming gas have a small impure Nb rich 
second phase for a doping concentration higher than 20 at%. This impure second 
phase has been identified earlier [5] by EDX chemical analysis. The lattice 
parameter of the samples prepared in forming gas changes linear with Nb doping 
concentration up to 20 at% as seen in Figure 1. The lattice parameter of the sample 
with 24 at% Nb doping exhibits a change in slope. This is possibly due to a 
solubility limitation of Nb doping at about 20 at%.  

The Dy singly doped samples with a chemical formula Sr(1-1.5x) x 3
another behavior. The samples prepared in air have an impure second phase 

2 2 7

Fig. 1. Lattice parameter vs. doping concentration. The singly Dy doped, singly Nb doped 

Dy doped, Nb doped and Dy4Nb codoped in the picture respectively. A drop of linearity 
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in forming gas, have a single phase with a Dy concentration up to 8 at%. The 
Dy Ti O  above a Dy dopant concentration of 4 at% while other ones, prepared  

Dy TiO  have 

analysis from XRD measurements (Fig. 1) shows the linear dependence of the 

3.1. Preparation and Solubility limitation of Dy and Nb doping in SrTiO  
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lattice parameter against Dy doping concentration up to 8 at%. From these facts, 
we can suggest that, the solubility limit of Dy doping in the samples prepared in 
forming gas is about 8 at%. The solubility limit of Dy doping can be increased up 
to 10 at% by very high sintered temperature or pressure [6]. Another way to get 
more heavily doped samples is co-doping Dy and Nb with optimized concen-
trations. We applied the doping of 4 at% of Dy for the Sr site with co-doping of 
Nb for the Ti site. Our result shows that samples can be prepared in forming gas 
with a solubility limit of Nb higher than 20 at%.  

The electrical conductivity of various singly Dy doped samples are shown in 
figure 2. For Dy doping, the electrical conductivity increase with dopant content up 
to 10 at%. The highest value of the electrical conductivity is about 400 Ohm–1.cm–1 
at 500K. For higher Dy doping, it decreased due to the impure second phase 
Dy2Ti2O7. This result is a little bit different compared with the solubility limitation 

reason is maybe due to the influence of the impure phase Dy2Ti2O7 which is 
present to some extent.  

In the high temperature region (above 500K) Dy doped samples have a temper-
ature dependent behavior, that obeys the phonon scattering mechanism. The compa-
rison of the T–1,5 temperature dependence line and the temperature dependence of 

Unlike Dy doped samples, Nb singly doped ones have a higher solubility limi-
tation. The electrical conductivity of the singly Nb doped samples increases with 
dopant content up to 20 at% and decreases after that. It is about 700 Ohm–1.cm–1 

 

Fig. 2. Temperature dependence of the electrical conductivity for the singly Dy doped 
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of Dy doped samples (about 8 at%) as obtained by the XRD analysis above. The 

samples. The at% of doping are given as a number  

for 20 at% singly Nb doped samples (that is the solubility limitation of singly Nb  

3.2. The Electrical Conductivity 

the electrical conductivity are shown in Figure 2. 
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samples to reach a higher solubility limitation. As a result, we can get the best one 
for 4 at% Dy co-doping. The solubility limitation of Nb in the co-doped 4 at% Dy 
samples is higher than 20 at% as shown in the result of the XRD analysis. How-
ever, the electrical conductivity has the highest value at 20 at% Nb doping only 

concentrations and preparation conditions. The singly doped Dy, Nb and co-doped 4 at% 

In the high temperature region, the influence of the doping concentration is 
more clear: the electrical conductivity increases with the total doping concen-
tration. The sample, that has been calcined at 1200°C and sintered at 1450°C in 
the forming gas, has the highest electrical conductivity. It was comparable with 
heavily La doped samples reported earlier [5]. The complicated behavior of the 
electrical conductivity in the low temperature region may be explained by the 
influence of grain boundaries on the electrical conductivity.  

The temperature dependence of the electrical conductivity of all samples shows 

temperature region above 300°C. 

Following the Ioffe theory of the thermoelectric semiconductor, the thermopower 
 

                ( ). lnk Nc T Ae
e n

η ⎛ ⎞= − +⎜ ⎟
⎝ ⎠

 (3) 

Nc(T), n are the convenient effective density of states and the electron concen-
tration of a doped semiconductor. Ae is the transport factor that describes possible 
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and decreases for higher doping concentration (Fig. 3). 
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3.3. Thermoelectric Power 

–1.5), which is following phonon scattering mechanism in the high 
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interaction between electrons in the conduction band and the crystal lattice. It cannot 
be calculated without the knowledge of the scattering mechanism.  

All Dy and Nb doped samples, prepared in forming gas, are n-type thermo-

compared with La doped samples that was report earlier [5]. Consequently, we can 
suggest that, the electron concentration in formula 3 can be determined by the 
concentration of the total ionized dopant. The temperature dependence of the 
Seebeck coefficient for various doped samples is shown Figure 4. It is clear that 
the absolute value of the Seebeck coefficient decreases with increasing doping 
concentration. This result is qualitatively coincided with the Ioffe theory of 
thermoelectric semiconductor (formula 3). Our detailed calculation of the thermo-
electric power for various doping concentration shows a good agreement with 

Fig. 4. Seebeck coefficient of samples with various doping concentrations. The singly Dy, Nb 
doped and co-doped 4 at% Dy samples have been marked as Dy, Nb and Dy4Nb res-

The power factor F of a thermoelectric material is determined as follows:  

2.F S σ=  (4) 

where S and σ are the Seebeck coefficient and the electrical conductivity respectively.  
The heavy Nb doping for our samples results in a good electrical conductivity, 

but the absolute value of the Seebeck coefficient decreases with increasing doping 
concentration. The decreasing of the absolute value of the Seebeck coefficient 
with increasing doping concentration goes along with a compensation of the in-
creasing electrical conductivity. Consequently, the power factor does not increase 
so much as expected. The way to improve the figure of merit is a decreasing ther-
mal conductivity, while keeping the high power factor. 
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electric semiconductor. The electrical conductivity of our doped samples can be 

pectively 

earlier reported calculations for heavily La doped samples [10]. 

Temperature  (  C )
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An early report [1] has shown that the doping of SrTiO3 by rare earth elements 
could decrease the thermal conductivity. This is a good way to improve the figure 
of merit by decreasing the thermal conductivity, while keeping a high power 

doped samples. Dy has a heavy atom mass, so we hope that Dy doping can affect 
the phonon scattering. Consequently, the thermal conductivity can be reduced. 
Figure 5 shows the lattice thermal conductivity of samples with various doping 
concentrations. The lattice thermal conductivity can be obtained after subtracting 
the electron thermal conductivity calculated by the Wiedermann-Franz law. 

Fig. 5. Lattice thermal conductivity of samples with various doping concentrations. The 
singly doped Dy, Nb and co-doped 4 at% Dy samples have been marked as Dy, Nb and 

Heavy singly Nb doping can reduce the thermal conductivity from 9 W.m–1.K–1 
for pure SrTiO3 prepared in forming gas, to about 6.5 W.m–1.K–1 for a 24 at% Nb 
singly doped sample. However, the Dy co-doping has more influence on the 
thermal conductivity. The lattice thermal conductivity of the Nb co-doped with  
4 at% Dy sample decreases from 6.5W.m–1.K–1 to 4 W.m–1.K–1. The sample with 
very heavy Nb doping (30 at%) has a lower thermal conductivity. However, we 
suggest that, this low thermal conductivity is possibly due to phonon scattering  
on the impure second phase in the samples. This suggestion is coincided with the 
XRD and electrical conductivity investigations that give evidence for the presence 
of the impure second phase in the 30 at% Nb doped sample.  

The Dy doped samples have a lower thermal conductivity compared with Nb 
doped ones, but the electrical conductivity is lower as shown above. We apply the 
co-doping of Dy to Sr sites for heavily Nb doped sample to get a lower thermal 
conductivity while keeping a high electrical conductivity. As a result, we can 
reduce the thermal conductivity of the heavily Nb doped samples almost 3 time 
lower than pure SrTiO3, while keeping a high value of power factor.  
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factor. We have realized the doping of 4 at% Dy for Sr sites to the heavily Nb 

Dy4Nb respectively 

3.4. The Thermal Conductivity 
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Figure 6 shows the figure of merit Z of the various doped samples. It is clear that 
the figure of merit of the heavily Nb doped samples is almost unchanged in the 
high temperature region. The highest value is 1.2 × 10–4 K–1 (at temperature 800°C) 
for a 20 at% Nb doped sample. The more heavily doped sample has a lower figure 
of merit. This behavior is maybe due to the presence of the impure second phase 
in the sample, which reduces the sample electrical conductivity. By co-doping Dy 
to a heavily doped Nb sample, we can increase the value of the figure of merit (for 
4 at% Dy and 20 at% Nb doped sample) to 1.9 × 10–1 K–1 at a temperature of 
about 800°C. The dimensionless figure of merit ZT has the highest value for the 
co-doped 4 at% Dy and 20 at% Nb sample. The best result can give ZT as high as 
0.24 at a temperature of 1000°C.  

Fig. 6. Figure of merit of various samples as a function of doping concentration and 
preparation conditions. The singly doped Dy, Nb and co-doped 4 at% Dy samples have 

4. Conclusions 

SrTiO3 samples heavily doped by Dy for the Sr and Nb for the Ti sites have been 
systematically investigated. The solubility limitation of the singly Dy doped 
samples is about 8 at% while that of singly Nb doped is about 20 at%. The co-
doped samples have a higher solubility limitation. The electrical conductivity, the 
Seebeck coefficient and the thermal conductivity have been measured in the 
temperature range from room temperature to 1000°C. The electrical conductivity 
and the Seebeck coefficient show a temperature dependence, which obeys a 
phonon scattering mechanism. The heavily doped samples show a reduction of the 
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approach, we can reduce the thermal conductivity while keeping a high power 
factor of the material, consequently, the figure of merit can be increased. As a 
result, the sample co-doped with 4 at% Dy and 20 at% Nb can give the highest 
value of the figure of merit Z that is about 1.9 × 10–4 K–1 at 800 C, and a dimen-
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by IAD Process 
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Abstract. Ion assisted deposition (IAD) is a well established method to enhance the quality 
of optical thin film such as: higher packing density, lower spectrum shift due to moisture, 
higher reproducibility, more controllable film stress. TiO2 is one of the favorable thin film 
materials, which gains benefits from the IAD. But the searching of an optimum parameter 
set for the IAD process is not a simple task. Most publications only describe optical thin 
film properties obtained in particular parameter set of the IAD process. This study deals 
with the refractive index of TiO2 film as a main target for optimization. By application of 
Design of Experiment methodology (DOE), a relation between the TiO2 film refractive 
index and the parameters of IAD process was functioned. On the basis of an established 
function, the effect of each IAD parameter to the film’s refractive index was demonstrated 
and an optimum parameter set was pointed out. 

1.  Introduction 

As we have already seen in numerous papers, Ion Assisted Deposition (IAD) has 
become well established as a mean of improving optical coating performance and 
reducing cost [1,2,3,4]. Some performance improvements include durability, 
optical spectrum stability with humidity and temperature, controllable stress, and 
better stoichiometry. Cost reduction results from low temperature deposition and 
increased rates for reactive processes. A lot of materials such as TiO2, SiO2, 
Al2O3, and Ta2O5 have gained benefits from IAD process. In practice, searching 
the optimum parameter set of the IAD process for a particular material is an 
important but not simple task. So far most publications describe the optical 
properties of a thin film (mainly film refractive index) obtained in a limited set of 
IAD parameters without pointing out the optimum point. 

The optimization of the film deposition process can sometimes turn into a 
complicated problem because a lot of variables might be included: base pressure, 
substrate material, substrate preparation, substrate temperature, soak time, reactive 
gas partial pressure, gas mixture, deposition material, deposition rate, material 
evaporation pattern, E-gun high voltage and filament current, chamber cleaning, 
calotte rotation speed... In IAD with an ion source included, we can add: gas flow 
rate, chamber pumping speed, drive volts, drive current, filament current, and at 
least five degrees of freedom of source positioning and aiming and other variables. 
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The common practice is to attempt to hold the entire would-be variables 
constant except the one under investigation and find the best setting for that one 
variable. If we were to attempt to optimize a 10 variable process as described 
above by only two tests per variable with the assumption that the result would be 
linear, we would need to perform 210 (or 1024) experiments to find the best result 
for one output such as refractive index or density. Obviously this is an unfeasible 
task that many of us have undertaken over years. However, there is an approach to 
reduce the number of experiments from thousands to the order of 50 or less, but 
still to gain better knowledge of the process. That is a methodology Design of 
Experiment (DOE) [5]. Experiments are then conducted at the conditions of each 

types of Design of Experiment and corresponding sample point schemes. 
Normally more than one type of result can be recorded for each data point, such as 
absorption, index, hardness ...Then the obtained data is analyzed by professional 
software, such as Design ExpertTM[6] to get the relationship between process 
parameter and output result. 

TiO2 is widely used in thin film technology due to its high index in visible and 
near infrared spectrum and relative robustness [7]. This study aims to establishing 
the functioned relationship between the optical properties of TiO2 with the basic 

2.  Experimental Methods 

The study was conducted in a diffusion-pumped coating chamber equipped with e-
beam evaporator, quartz crystal rate/thickness controller XTC/2 from Inficon Inc, 
4 kW resistance substrate heating and cold cathode ion source CC-105 from 
Denton Vacuum Inc [8,9]. The e-beam and the ion source is set symmetrically  
10 cm off-center position. The distance between substrate and e-beam source is 
40cm. The system is pumped down by diffusion pump (suction power of 3000 
l/sec) to base vacuum pressure of 1 × 10–5

chamber through the ion source inlet controlled by the gas flow controller FC-
7700CD from Advanced Energy Inc. 

One of the mostly expected advantages of IAD process is enhancing the film 

reported in publications [10,11], there is a direct relation between the film packing 
density and its refractive index, so the film refractive index can be used as a 
measure to evaluate the impact of IAD to film packing density. In this work the 
film refractive index is evaluated through a transmission spectrum of the sample 
by the software “The Essential Macleod” [12]. An additional result, the spectrum 
shift, was evaluated through the shift of the sample’s transmission spectrum 
recorded at a temperature of 20 C and 150 C respectively. 

Mueller [13,14] showed that two fundamental parameters of IAD process, which 
decide the film packing density, are the ion energy and the ratio of energy per a 
deposited ad atom. In practice these two values depend on numerous sub para-
meters of the equipment and operating conditions. In this work three parameters, 

of the designed sample points (Fig. 1) and the results are recorded. There are a lot 

on the basis of an established function. 

packing density and the reduced spectrum shift [1, 2, 3, 4]. The denser film, the 
harder film and the lower spectrum shift due to moisture adsorption is. As 

°°

 Torr, then oxygen is fed into the 

parameters of IAD process, then searching the optimum point for optical property 
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which have a dominant affect to the IAD result, are chosen as a variable (or 
factor): Deposition rate, Gas flow, and Anode current of ion source [15]. Mean-
while the other parameters are kept constant. From the previous performed 

Table 1. Variables of IAD process and its operating range 

Factor Low level High level 
Gas flow [cm3/s]  8  15 
Anode current of ion source CC-105 [A] 0.5 1.5 
Deposition rate [nm/sec] 0.1 0.3 
Fixed parameter: Filament current 20A, Substrate temperature 150°C, Film thickness 
140 nm, distance ion source-substrate 40 cm 

 
 
Regarding the DOE method, 

there are two often used de-
signs: Box-Behnken and Box-
Wilson. Both permit to evaluate 
the linear and quadratic effect 
and a two factor interaction. 
Their advantages are very effi-
cient in terms of the number  
of experiment and the provided 
information. In this work we 

which is established to be more 
efficient than Box-Wilson in 
case of three factors at three 
levels [5]. The choices above 
(number of factor, type of de-
sign, values of high and low 
level, result type) were entered 
in the DOE software Design 
Expert 7 [7] to calculate the points to be sampled (Table 2) which satisfy the Box-
Behnken design. 15 experiments have to be performed, then the measured results 
(refractive index and spectrum shift) are added into the corresponding column of the 
Table 2. 

3. Results and Discussion 

First of all, the measured data in Table 2 were analyzed by the software Design 
Expert 7 to choose the function model among: linear, two factor interaction, 
quadratic, or cubic polynomial. The linear model, which fits best to the measured 
data, is suggested to select by Design Expert 7 through evaluating statistical index 
such as: F-value, significance of the model, lack of fit test [4,5]. 

chose Box-Behnken (Fig. 1), 

with three factor of A, B, C 

experiments the useful ranges for these 3 parameters were chosen (Table 1). 

Fig. 1. Sampe point schemes for Box-Behnken design 
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Table 2. Design sheet for experimental points in Box-Behnken design 

Order  A:deposition 
rate (nm/sec) 

B:Gasflow 
(sccm) 

C: anode Refractive index 
@ 550 nm 

Spectrum 
shift (nm) 

1  0.10 8.00 1.00  2.598 ~1 
2 0.30 8.00 1.00 2.440   2 
3 0.10 15.00 1.00 2.415   9 
4  0.30 15.00 1.00  2.326 18 
5  0.10 11.50 0.50  2.326 18 
6  0.30 11.50 0.50  2.140 24 
7  0.10 11.50 1.50  2.580 ~1 
8  0.30 11.50 1.50  2.652 ~1 
9 0.20 8.00 0.50 2.430   2 
10  0.20 15.00 0.50  2.245 18 
11  0.20 8.00 1.50  2.560 ~1 
12  0.20 15.00 1.50  2.562 ~1 
13 0.20 11.50 1.00 2.490   2 
14 0.20 11.50 1.00 2.490   2 
15 0.20 11.50 1.00 2.486   2 

 
With linear model as suggested, Design Expert 7 give the following equation: 

n = 2.43 – 0.45*A – 0.02*B + 0.3* C (1) 

Where: 

n- TiO2 film refractive index 
A- deposition rate [nm/sec] 
B- gas flow to ion source [sccm] 

From Eq. (1) following remarks were drawn: the coefficients of the factors 
have different value and sign. This means that the effect of the factors (strength 
and direction) to the refractive index is not the same for each factor. The positive 
coefficient of the anode current means that higher current causes higher refractive 

The relationship between the TiO2 film refractive index and the three factors 
above  can be seen visually in a 3D response surface plot, Fig. 2. It is clear that the 
slope of the refractive index surface plot is different in the axes, it decreases from 
high to low in the order: anode current, gas flow, deposition rate. Anode current 

Based on the above obtained function, Design Expert 7 can predetermine the 
factor set for the expected value of the refractive index (the maximum, the 
minimum or any value of refractive index) as shown in Table 3. The results were 
tabled in column “Predicted value...” and “Actual value...” From these results it 
can be seen that the predicting error is around 1–3%. 

 

current (A)

index. Meanwhile, the factors of deposition rate and gas flow have a negative co- 

has the highest effect to refractive index, and the lowest one is the deposition rate. 

efficient, so refractive index decreases with the increasing of both of these factors. 
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Table 3. The predetermined parameter set for a particular value of TiO2 refractive index 

Expected 
refractive 
index  

Gas flow 
[sccm] 

Anode current
[A] 

Deposition 
rate 

[nm/s] 

Predicted value 
of refractive 

index 

Actual 
value of 

refractive 
index 

Maximum 15 1,5 0,3 2,62 2,58 
2,4 8,9 0,9 0,3 2,40 2,41 
Minimum  15 0,5 0,3 2,09 2,13 

From Table 2 we know samples with refractive index higher than 2.45 have  
a spectrum shift of approximately 1–2 nm. At this level of refractive index and 
upward, the film packing density is high enough so the moisture adsorption in film 
body is very low and the induced spectrum shift is dramatically low . 

4.  Conclusions 

In this work it was shown that by utilizing DOE method, the IAD process of TiO2 
film can be described by statistical models. The expenditure of the deposition 
process could be minimized by determining the suitable ranges of the deposition 
parameters thoroughly and documenting all other possible influential quantities.  
The DOE was presented as a successful way of determining the relation between 
thin film property and process parameters in an economic way. The high light of 
this study was the optimization of the refractive index of the film. 

2Fig. 2. Surface plot of TiO  film refractive index versus deposition rate and anode current 
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Polymorphs in GeO2 Liquid 
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Abstract. Local structure in liquid GeO2 with density ranging from 3.56 to 5.89 g/cm3 has 
been investigated in MD model containing 1998 atoms. The simulation revealed that the 
germania liquid is composed of three species: GeO4, GeO5 and GeO6 with fraction varying 
with density. The density as well as volume fraction of voids can be expressed as a linear 
function of the fraction of those species. Low-density liquid is mainly consisted of GeO4 
and has a large number of O- and Ge-voids (OV,GV) and  very large void tube (LVT). This 
LVT contained most OVs and was spread over whole system. The low-density liquid 
differs from high-density liquid also in the oxygen linkage characteristics. 

1.  Introduction 

In the last years, there has been growing interest in the liquid-liquid phase 
transition, which occurs without a change in chemical composition, but with a 
change in density, as pressure or temperature is varied [1-6]. Experimental evi-
dence for such transition was found for a wide range of system, including Si [7], C 
[8], P [10], H2O [9] and Al2O3-Y2O3 [6]. Liquids with tetrahedral network 
structure such as SiO2 and GeO2 exhibit pressure-induced polymorphism. GeO2 
has not so much applications such as SiO2, however, from a experimental point  
of view it is attractive, because it presents many properties of silica, but for less 
extreme conditions. Liquid polymorphism of GeO2 is suggested from in situ x-ray 
absorption study [4], where it was found that liquid germania at 1273 K consisting 
tetrahedral coordinated germanium with increasing pressure up to 2.5 GPa shows 
an abrupt fourfold-to sixfold-coordination change around 3 GPa. The evidence of 
liquid polymorphism was also given by computer simulations. Two MD studies 
[1,3] reproduced the liquid-liquid transition from tetrahedral to higher-density 
phase with highly coordinated germanium. Moreover, it was noted that such tran-
sition is accompanied with anomalous behavior of the diffusion constant for both 
Ge and O with pressure [3].         

Closely associated with the possibility of liquid-liquid transition is the phe-
nomenon of polyamorphism, which refers to the occurrence of distinct amorphous 

of different polymorphs was well documented for GeO2 glass [11, 17, 18]. It has 
been proposed that the polyamorphism of amorphous solids may be due to the 
trend towards liquid-liquid separation and recent simulations seem to confirm this 

2
[19]. Models proposed to explain these phenomena are based on the assumption 
 
 

forms for a substance [11–  14]. The change in short-range order and the existence 

hypothesis [15––  16]. More detail about GeO  glass can be found in a recent review 
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that two energetic distinct states coexist in proportions that vary with pressure and 
temperature. However, very little detail was provided to the structural entities that 
constitute these states and the atomic-scale mechanism that underlie the structural 
transition between the states. Therefore, the present simulation has been 
conducted to shed new insight in local structure of these states, using both the 
topology and void analysis. 

2. Calculation Method  

Molecular dynamic simulations of liquid GeO2 were performed in the NVE 
ensemble, using a model of 1998 atoms interacted via an  Ocffner and Elliott 

Coulomb interactions are calculated with the standard Ewald summation 
technique. We used the Verlet algorithm with a time step of 0.4 fs. The initial 
structure was molten at 5000 K in The NPT ensemble for more than 100000 MD 
steps. The structure was quenched down to 3000 K and held at this temperature 
and ambient pressure in NVE ensemble within 200000 MD steps to obtain a well-
equilibrated liquid. From this liquid we prepared 13 systems with different den-
sities by reducing simultaneously the lengths of the simulation box and rescaling 
the positions of all atoms. Each system was relaxed at constant temperature and 
pressure (NVT simulation) within 100000 MD steps and then at constant volume 
(NVE simulation) for another 100000 steps. After that the positional and angular 
characteristics were determined. In order to improve statistics, all the positional 
and angular characteristics were calculated by averaging over last 1000 configu-
rations separated by 10 MD steps.  

If every atom is considered as a sphere, then there is a part of system into 
which no atomic sphere lies. The radius of Ge and O atoms is 1.52 and 0.73Å, 
respectively [21,22]. A void is defined as a sphere that can be inserted in contact 
with four atomic spheres without intersecting with any atom. Algorithm used for 
void calculation is described elsewhere [21,22] 

3. Results and Discussion 

An overview of our simulations is presented in Fig. 1 displaying the density-
pressure plots. The structural characteristics are summarized in Table 1. In order 
to estimate the size effect we also presented the data for a large model consisting 
of 3000 atoms. The data shows that the Ge-O bond-length is little changed with 
applied pressure and there are only small discrepancies of structural charac-
teristics between two models. The tetrahedral network structure can be seen 
through distribution of building blocks GeOx (basic unit), where x is 4, 5 and 6. It 
is necessary to determine the coordination number (CN). To calculate CN we used 
a cutoff distance chosen as minimum after the first peak in the pair radial 
distribution functions (PRDF).  
 
 

potential. Detail of this potential can be found elsewhere [1, 20]. The long-range 

3.1. Local Structure  
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2

ij, gij-the position and height of the 
first peak in the PRDFs  Zij- the coordination  number. Here 1-1 stands for the Ge-Ge pair; 
1-2 for the Ge-O pair; 2-1 for the O-Ge pair; 2-2 for the O-O pair. * - Data for models of 

Density, 
g/cm3 

rij(Å) gij Zij 

 1-1 1-2 2-2 1-1 1-2 2-2 1-1 1-2 2-1 2-2 
3.56 3.36 1.74 2.84 2.29 12.23 3.00 4.33 4.05 2.02 9.5 

  3.56* 3.26 1.74 2.84 2.37 14.23 3.25 4.39 4.08 2.04 9.8 
3.72 3.36 1.74 2.84 2.17 11.79 2.92 4.46 4.06 2.03 10.58 
3.88 3.32 1.74 2.84 2.08 11.33 2.86 4.52 4.12 2.02 11.08 
4.06 3.32 1.74 2.82 1.99 10.60 2.79 4.81 4.16 2.08 11.91 
4.24 3.34 1.74 2.78 1.94 10.07 2.75 4.97 4.13 2.15 11.88 
4.43 3.34 1.74 2.78 1.91   9.34 2.74 5.43 4.41 2.21 12.76 
4.63 3.32 1.74 2.74 1.81   8.63 2.74 5.73 4.6 2.3 13.29 
4.82 3.34 1.76 2.70 1.75   8.10 2.73 6.25 4.81 2.41 13.77 
5.33 3.38 1.78 2.66 1.87   7.98 3.15  7.4 5.37 2.69 15.19 
5.45 3.42 1.78 2.64 1.86   7.96 3.2 7.52 5.41 2.71 15.57 
5.55 3.4 1.78 2.64 1.84   7.82 3.28 7.75 5.5 2.75 15.41 
5.64 3.42 1.78 2.62 1.87   7.84 3.34 7.89 5.51 2.76 15.49 
5.89 3.38 1.78 2.6 2.03   7.83 3.45 8.39 5.7 2.85 15.49 
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Fig. 1. The pressure dependence of density for liquid models at 300 K 

Table 1. Structural characteristics of liquid germania. r
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As shown from Table 1 the mean CN for pair Ge-O changed from 4.05 at low-
density (LD) to 5.7 in high-density (HD) model indicating the transformation from 

basic units as function of density. We can see a maximum of GeO5 fraction at 
pressure of 13.98 GPa. As pressure increased up to 13.98 GPa the fraction of 
GeO4 4
increase in GeO5. With further increasing pressure, GeO6 gradually replaced GeO5 
and GeO4. Beyond 50 GPa the fraction of GeO6 reached about 70% and there are 
also considerable amount of GeO5 (its fraction is greater than 30%). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The bond angle O-Ge-O characterizes the topology of basic units GeOx and the 
connectivity between them can be described by angle Ge-O-Ge. The distribution 
of first angle for GeO4, GeO5 and`GeO6 is presented in Fig. 3. For ideal tetra-
hedron with Ge in center and four oxygen atoms in vertices the angle O-Ge-O is 
109.7°, therefore the peak located at 108  for curve GeO4 indicated the slightly 
distorted tetrahedral network structure. In the case of GeO5 and GeO6 we observed 
two peaks centered at 89  and 167  respectively. It is interesting to note that the 
distributions of angle O-Ge-O was almost unchanged as density was varied. Com-
bining those results with bond length Ge-O we can conclude that the characteristic 
feature of GeO2 liquids is a presence of species such as GeO4, GeO5 and GeO6. 
And the system prefers a mixture of those species proportion, depending on 
pressure. Two-state model in which the liquids are assumed to be consisted of 
low- and high-density species, was successfully described the polymorphism for a 
wide range of liquids such as SiO2, GeO2 and H2O. According to our simulation 
these species are GeO4, GeO5 and GeO6; and their relative amount vary with 
pressure. Furthermore, from this it follows that the structural properties of GeO2 
liquid could be presented as function of GeO4, GeO5 and GeO6 fractions. Thereby, 
the density of system ρ can be given as 
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Fig. 2. The pressure dependences of GeO4, GeO5 and GeO6 fractions  

° °

°

decreased by three times and most of loss of GeO  is accompanied by an 

tetrahedral to octahedral network structure. Figure 2 depicts the fraction of various 
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  ρ = aCGeO4 + bCGeO5 + cCGeO6                             (1) 

GeO4, CGeO5, CGeO6 are the fraction of GeO4, GeO5 and GeO6 
Fig. 2. a,b and c are fitting parameters which are equal to 3.679, 5.413 and 5.950 
g/cm2, respectively. As shown from Fig. 1, the calculated data from the simulation 
and by (1) are in excellent agreement. 

x

there are two peaks located at 90  and 130 , but the curves vary strongly with 

°

liquid germania. This indicated that germania has a more compacted packing of 
basic units, a fact that is reflected in the O-O coordination numbers, 9 for germa-
nia, compared to 6 for silica [23] 

x  

3

the LD system changes from corner-sharing network to HD system in which the 

or by faces (three-oxygen connectivity). Obviously, three-oxygen connectivity is 
relatively unstable due to ionic charge of oxygen closed to 2. 

Fig. 3. The distributions for O-Ge-O bond-angles in GeO4(a), GeO5(b), GeO6(c) and for 
Ge-O-Ge angles between two adjacent basic units(d); a typical error bar is ±3.5% of data. 
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where C given from 

pressure: the height of left peak increased with pressure, whereas it decreased for 

by Ge-O-Ge angle and so-called bridge oxygen distribution. As seen from Fig. 3 d, 
The detailed information about linkage between two adjacent GeO  is provided 

F
GeO         

igure 4 displays the distribution of different connectivity. Two adjacent units 

the right peak. Notice that in liquid silica the angle Si-O-Si (144 ) is bigger than in 

 (x =  4, 5 and 6) are linked to each other through bridge oxygen atoms. As 

linkage between two adjacent units was performed by corner as well as by edges 

density. Meanwhile the fraction of two-oxygen connectivity increased with increas- 
ing density. Furthermore, graphs present a jump at point of 5.45 g/cm . It means that  

shown in Fig. 5, most connectivity is one-oxygen and its fraction decreased with
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The valuable information about void distribution in disordered system can be 
inferred from void radii distribution (VRD), shown in Fig. 5.  The major changes, 
observed here are the shifting of the main peak to smaller radius with density and 
the VRD became broader upon low density. In particular, the position of VRD 
peak changes from 1.05 ± 0.05 for LD  to 0.75 ± 0.05 Å for HD system. 
Generally, the shape of VRD strongly changes with density. In the considered 
density range, the height of VRD increased from 0.12 to 0.20 (see Fig. 5).    

Voids are not isolated in system, rather they can aggregate and form large void 
cluster. In the current work we examined two kinds of void aggregations: void 
cluster (VC) and void tube (VT). First void aggregation is a set of voids consisted 
of a central void and several smaller voids overlapped with central void. The 
second one contained a number of voids with radius bigger than radius of oxygen 
atom and each void in VT must overlap at least with one adjacent void by section 
circle with a radius also bigger than the oxygen radius. From geometric viewpoint 
the VT is a channel along which the oxygen can travel without intersection with 
any atomic sphere. Some typical VC and VT clusters detected in our models are 
presented in Fig. 6. 

To gain more detail about VC we calculated its volume. The VC’s volume was 
computed by generating several thousand points in a cubic cube containing VC 
inside. The volume of VC is calculated as: VVC = Vcube.nin/ntotal. Here Vcube is the 
volume of the cube; ntotal is total number of generating points, nin is number of 
points located within VC. The VC volume distributions are presented in Table 2. 
 

Fig. 4. The density dependence of the fraction of different connectivity 
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mVGe to (m+1)VGe. Here VGe

3

Density, g /cm3 Volume range,
Å3 3.56 3.72 3.88 4.06 4.24 4.43 4.63 4.82 5.33 5.45 5.55 

2085 2243 2294 2372 2512 2570 2558 2738
 196   220   228   227   196   161   118     84     84     70     34 
   98   101    86    46    17     18      2       3       1      1       0 
   43    39    16      4      3      0       0       0      0       0 
   19    14      3      1      0       1      0       0       0      0       0 
     9      5      3      0      0       0      0       0       0      0       0 
     4      4      0      0      0       0      0       0       0      0       0 

8      6      2      0      0      0       0      0       0       0      0       0 
     1      0      0      0       0       0       0       0      0       0 

     3      0      0      0      0       0       0       0       0      0       0 
>147.1       1      1      0      0      0       0       0       0       0      0       0 

Fig. 5. The radii distribution of voids
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–
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117.68–  132.39      3   
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3 

(Volume of germanium is 4πrSi
3/3 = 14.71Å3; rGe is the germanium atomic radius),  

decreased with density. Meanwhile, in contrast the number of VC with volume 

 is the volume of Ge atom and m = 0,1...10. Next column 
showed the number of VC. For example, at 0.85 GPa there are 220 VC with volume 

Here we can see that the number of voids with volume bigger than 29.42Å

Table 2. The volume distribution of VC. The first column indicated the volume range of 
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smaller than Ge volume increased as density increased. At density of 3.56 g/cm3 

we found 26 very big VCs with volume 5 times bigger than volume of germanium 
atom. Obviously, these VCs prefer the microscopic cavity. 

Table 3 showed that the number of VC and VT increased by 1.5 and 3.5 times, 
respectively as density increased from 3.56 to 5.55 g/cm3. For each model we 
denoted the largest VT among ones detected in system as LVT. Upon density of 
3.56 g/cm3 the LVT contains 6701 voids, which is 95% of the voids with radius 
bigger than the oxygen radius. Hereafter, we call this void as O-void (OV) and 
void with radius bigger than germanium radius as Ge-void (GV). At higher 
density system the number of OV in LVT rapidly decreased. Accordingly, in the 
system with a density of 5.55 g/cm3 the LPT has only 92 OVs ( about 2% of OVs). 
To estimate the behavior of void and void aggregation with density we calculated  
 

1 2  3
10 × 10 × 10 Å. Here b1,b2 and b3 
and 5.49 g/cm3 

in VC 

the ratio between the volume occupied by different voids or void aggregations and 

Fig. 6. The VC (a1) in simulation cell and the VT (b ,b  and b ) in cubic box with size of 
 corresponds to the models with densities of 3.6, 4.8,  

, respectively. The numbers under the picture indicated the number of voids 
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VC VT VVT 
VCs,  VTs and the number of voids in  largest VT.  

Density, g/cm3  
3.56 3.72 3.88 4.06 4.24 4.43 4.63 4.82 5.33 5.45 5.55 

NVC 1867 1930 2126 2363 2459 2477 2492 2599 2655 2629 2772 
NVT   189   216   275   395   465   454   494   591   587   616   670 
NVVT 6701 6827 6845 6226 5060 4415 1058   346   458   212     92 
 
the volume of simulation cell. Fig. 7 displays the volume fraction of all voids, OV, 
GV and LVT versus density.  

We can see that for LD system the volume fraction of all voids, OV and LVT is 
close to each other, but upon higher-density, the volume fraction of LVT rapidly 
decreased to zero. The difference between volumes occupied by all voids and OVs 
in contrast increased. The volume fraction of all voids and OVs also can be 
expressed via fractions of GeO4, GeO5 and GeO6  as given below 
 

       υv = avCGeO4 + bvCGeO5 + cvCGeO6                  (2) 
 

Here av = 0.538; bv = 0.322; cv = 0.342 for all voids and av = 0.529; bv = 0.286;  
cv = 0.281 for OVs. The data calculated by (2) is presented in Fig. 7 and we 
observed again a good agreement. This result supports the view that polymorph of 
GeO2 liquid concerns  the presence of three species of GeO4, 5 6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 Fig. 7. The density dependence of volume fraction of voids and void aggregations 
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4. Conclusions 

The simulation shows that the germania liquid is made up by mixture of three 
species GeO4, GeO5 and GeO6 their relative amount varying with density. This is 
reflected by fact that the density as well as volume fraction of voids can be 
expressed by a linear function of GeO4, GeO5 and GeO6 fractions. LD liquid (low 
pressure) is constructed mainly by GeO4 and has a large number of OV, GV and 
very large LVT. This LVT contains most of the OVs and is spread over whole 
system. Furthermore, we also found several microscopic cavities (large VC) in the 
LD system. For HD liquid, the number of OV, GV as well as the volume of LVT 
are significantly decreased in comparison with LD liquid. Structure of LD differs 
from HD liquid also in the fraction of oxygen connectivity between basic units.  
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Formation of Chiral Aggregates of Tetralactam 
Macrocycles on the Au(111) Surface  
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Abstract. Monolayers of a large tetralactam macrocycle were prepared by vacuum subli-
mation on the Au(111) surface and investigated by scanning tunnelling microscopy. The 
macrocycles form three different highly ordered monolayer structures α, β, and η. The α 
and β structure are stable at room temperature and can be understood as two dimensional 
networks which are held together by hydrogen bonds between the next neighbour mole-
cules. These structures were described in detail before [Kossev et al., Adv. Mat. 17, 513 
(2007)]. The third structure, which is described here, is only observed after heating at 400 
K and rapid cooling to low temperatures. It consists of chiral aggregates, composed of three 
molecules. These aggregates are either left or right handed. The surface is covered by a 
racemic mixture of long range ordered domains with either left or right handed aggregates.  
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1. Introduction 

During the last years an increasing interest in self-organized molecular structures 
on microscopically well defined surfaces has evolved [1-4]. Whereas at the 
beginning of these investigations the adsorption of smaller organic molecules  
on surfaces was studied, the curent trend goes in the direction of larger and larger 
molecules, for instance biomolecules or larger molecules which are used in the 
synthesis of supramolecular structures. Of particular interest are of course adsorbate/ 
surface combinations where long range ordered, two dimensional structures form 
spontaneously [2]. Besides their attraction from an aesthetic viewpoint, ordered 
structures of large organic molecules on surfaces are of interest for building 
molecular architectures with well defined functionalities, e.g., for sensors, for 
catalytic purposes, or for surface supported molecular machines [5].  

Adsorbed layers of molecules which exhibit chiral structures are of special in-
terest. The formation of the chiral structures may have two different origins [2, 6]. 
Either intrinsically chiral molecules are adsorbed (including molecules which 
exhibit a chiral geometry only in the adsorbed state, but not in the gas phase), or 
the lateral arrangement on the surface of the intrinsically non-chiral molecules 
leads to chiral structures. 

In this manuscript, we report on a chiral self-organised structure of large mac-
rocycles on the Au(111) surface. These macrocycles (see Fig. 1) exhibit no intrin-
sic chirality and also form two other non-chiral long range ordered structures 
(named α and β). These have been described in detail in a previous publication [7] 
but for comparison we will briefly mention some of the most important aspects of 
the α structure at the beginning of the results section. 

The macrocycle investigated here was first reported by Hunter [8] and has 
been used intensively in the synthesis of mechanically interlocked molecules, as 
catenanes and rotaxanes [9-15]. The structure of the molecule is illustrated in Fig. 1. 
The macrocycle contains four amide groups (see Fig. 1), which are, in particular, 

Fig. 1. Structure of the tetralactam macrocycle (TLM). (a) Chemical structure; (b) hard 
sphere model, view perpendicular to the molecular plane and in-plane view. The structure 
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was obtained by DFT calculations [1]. Oxygen atoms are red, nitrogen atoms are dark blue 

236 

a)

0.92 nm

2.42
nm

1.92 nm

a) b)



Formation of Chiral Aggregates of Tetralactam Macrocycles
 

involved in the formation of hydrogen bonds during the threading process in the 
rotaxanes synthesis [16], or in the formation of the above mentioned α and β struc-
tures of the macrocycles adsorbed on surfaces. The molecule is rather flexible, 
since the rotational barriers for the amide groups are small [17]. Due to these  
rotations, the molecule itself does not posses a chiral structure. The projections  
of the two conformers with the lowest energies into the plane of the ring exhibit 
the symmetry D2h (see Fig. 1 in ref. [17]). For these two conformers, the protons 
of the four amide groups are pointing inward, whilst the carbonyl groups are ori-
ented outward. The four dimethyl phenylene groups are roughly perpendicular to 
the ring plane and can act as “spacers or legs” if the molecule is adsorbed on a  
surface. In the following, the molecule will be abbreviated as TLM (tetralactam 
macrocycle). We note that the macrocycle is non-planar and despite its rigidifying 
building blocks conformationally rather flexible (for details see ref. [7]).  

2. Experimental  

The adsorption experiments described in this paper were done exclusively under 
UHV. As the substrate surface we chose the close-packed Au(111) surface, since 
this surface is chemically rather inert and, hence, exhibits only a weak tendency to 
form localized bonds between Au surface atoms and specific functional groups of 
the TLM molecule. However, for the structure reported here, we will discuss 
below that interactions between Au surface atoms and the TLM molecule are 
important in addition to intermolecular interactions. 

(scanning tunnelling microscopy), using a beetle type STM from RHK technology 
at different temperatures. In order to avoid a destruction of the adsorbate struc-
tures by interaction with the STM tip, very small currents in the pA range had to 
be used. For the synthesis, purification and details of the deposition of the TLM 
molecules on the Au(111) surface see ref. [7]. In the experiments described here, 
the sample was kept at low temperature (~150 K) during the deposition. Subse-
quently, the sample was annealed at room temperature for about two hours prior to 
the first STM measurements, which showed large domains of the α structure. The 
heating of the sample was performed by radiation from a hot filament behind the 

tures. We note that although TLM is a rather large molecule (M = 905.05 g/mol), 
vapour deposition of intact molecules onto surfaces is possible due to the high 
thermal stability of the substance [7].  

3. Results and Discussion 

temperature and is the predominating structure on the Au(111) surface at room 
temperature. 

3.1. The α Structure 

We start with a short description of the so-called α structure. An STM picture  

sample. The STM images were recorded at room temperature or at low tempera-

of this structure is shown in Fig. 2. A corresponding hard sphere model of the 
structure is given in the lower part of the figure. This structure is stable at room  

The structural investigations of the adsorbed layers were performed by STM 
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Fig. 2. (a) STM image of the α structure of TLM on Au(111) recorded at room temperature. 
Each molecule causes three protrusions in the image, which are arranged in the shape of a 
chevron. The unit cell is indicated. In the middle of the image there is a defect with two 
missing molecules. Scan size: 11.3 nm × 6.73 nm, (Usample = 1.36 V, I = 1.5 pA). (b) Stick 
model of the α structure. The unit cell and the protrusions seen in STM images are indi-
cated. The hydrogen bonds between the NH- and the carbonyl groups which stabilize this 

 I. Kossev et al.

structure are indicated by dashed lines  
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From the stick model it can be seen that the structure consists of rows of mole-
cules which are built up from partially overlapping (stacked) molecules. There are 
two molecules per unit cell. As a consequence of the overlap, the principal planes 
of the macrocycles are not parallel to the surface, but inclined by about 20°. In the 
STM image (see Fig. 2) each molecule contributes three protrusions which stem 
from the upper half of the inclined molecules. The two stronger protrusions result 
from methyl groups located on two benzene rings, which are about perpendicular 
to the plane of the macrocycle. The smaller protrusion stems from a benzene ring 
on the “corner of the molecule” which lies on top of the respective ring of the next 
molecule along the chain.  

The reason for this formation of linear chains of molecules is the formation  
of hydrogen bonds between the next neighbour molecules, as it is illustrated in  
Fig. 2. Each molecule is bonded to its two neighbours along both directions of the 
chain via two hydrogen bonds which form between carbonyl and NH groups. For 
completeness we mention that in addition to this α structure, there exits a second 
structure similar to the α structure, which is named as β structure and which was 
also described in detail in ref. [7]. In this β structure, the TLM molecules are also 
arranged in hydrogen-bonded aggregates. However, the average number of hydro-

ηη

A third structure, which is completely different as compared to the two structures 
described above, is obtained if a sample with the α structure is heated at 400 K and 
subsequently quenched to 80–90 K. This structure is illustrated in Fig. 3 and will 
be named as η structure in the following. It is also long range ordered and forms 
well ordered large domains on the Au(111) surface. These domains consist of chiral 
aggregates which show six protrusions each. An example of a right-handed and  
a left-handed aggregate is shown in Fig. 3(b) and (d), respectively. Within one 
domain, we observed only one type of chirality for these aggregates, and thus the 
domains have to be considered as chiral, too. We note that the η structure is only 
obtained by this preparation process if the surface coverage is not too high, i.e., 
below the coverage required for the formation of a complete monolayer of the  
α structure. Otherwise the β structure preferentially forms.  

From the preparation route of the η structure and from STM observations, we 
conclude that this structure forms from the α structure, that is present at room 
temperature, at elevated temperatures (400 K). If the sample is cooled down to 
room temperature slowly, we did not observe the η structure, but only the α and β 
structures. However, if the sample is quenched to low temperatures, the η struc-
ture is preserved at low temperatures due to kinetic hinderance. In principle it 
should be possible to observe the η structure also at high temperatures (400 K). 
However this was not possible due to experimental reasons. We finally note that 
the η structure was considerably more fragile with respect to interactions with the 
STM tip than the α and β structure. This indicates that the lateral bonding between 
the molecules by hydrogen bonds which stabilizes the α and β structures is not 
present for the η structure. 
 

3.2.1. Preparation and Thermodynamic Stability 

gen bonds per molecule is reduced by one third with respect to the α structure.  

3.2. The Chiral η Structure 
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with right handed aggregates (33.5 nm × 23.2 nm, Usample = 1.25 V, I= 2.0 pA). (b) Enlarged 
detail from (a), as indicated by the dotted circle (3.39 nm × 3.30 nm), showing one right 
handed aggregate. (c) Image of a domain with left handed aggregates (10.1 nm × 6.42 nm, 
Usample

In Fig. 4(c) a hardsphere model of the complete unit cell of the η structure is 
shown. Within the error of the experiment, the angle γ of the unit cell is deter-
mined as 120°, and the unit-cell vectors have an equal length of a = 3.0 ± 0.1 nm 
(see Fig. 4(c)). The structure is thus within error hexagonal, which fits to the 
threefold rotational symmetry of the chiral aggregates, that form the basis of the 
unit cell. The space group is p3m1. There are three molecules per unit cell, which 
covers an area of 7.80 ± 1.0 nm2. This yields a surface area of 2.60 ± 0.3 nm2 per 
TLM. The value corresponds well to the estimated footprint of the flat lying TLM 
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left handed aggregate 

3.2.2. Formation of Chiral Aggregates 

Fig. 3. STM images of the chiral η-structure, recorded at 80–90 K. (a) Image of a domain 

 = 1.25 V, I = 2.4 pA). (d) Enlarged detail from (c) (3.35nm × 3.37 nm), showing one 
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moieties. For comparison, the surface area per molecule in the α and the β struc-
ture is 2.35 ± 0.19 nm2 and 2.26 ± 0.22 nm2, respectively. This means that the η 
structure is the structure of the lowest molecular density on the surface, which is 
about 10 – 20% smaller as compared to the other two structures.  

Fig. 4. (a) Explanation of the STM protrusions seen for a left-handed aggregate. The six 
dominant protrusions are indicates by black ellipses. (b) Corresponding hard sphere model 
of an aggregate consisting of three molecules. The dotted ellipses and circles in (a) and (b) 
indicate secondary small protrusions which are seen only, if the contrast of the STM image 
is strongly enhanced. These are discussed in text. (c) Hardsphere model of the unit cell of 
the η-structure for left handed aggregates. The unit cell is indicated by the black lines. The 

 

high symmetry sites marked by A, B and C are discussed in the text 
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This latter fact becomes understandable, if the hardsphere model of the chiral 
aggregates which form the η structure is considered. Fig. 4(b) shows such a model 
for a right-handed aggregate. The aggregates consist of three TLM molecules 
which form a cyclic trimer. There is a threefold rotational axis at the centre of the 
trimer. For this model, we made two assumptions. The first is that the molecular 
geometry of the TLM macrocycle in the η structure is similar to that which was  
successfully used in the model of the α structure [7]. The second assumption 
concerns the protrusions in the STM image. As described above, the two main 
protrusions in the STM image of the α structure are due to two methyl groups on 
two benzene rings which are roughly perpendicular to the surface. We assume that 
these methyl groups are also responsible for the dominant protrusions in the STM 
images of the η structure. 

As illustrated in Fig. 4(b), we obtain a good agreement between the positions of 
the protrusions observed in the STM image with those predicted on the basis of 
the shown hard sphere model. However, we also see from the hardsphere model 
that the two methyl groups located on the two benzene rings which are further 
away from the centre of the chiral aggregate do not lead to such pronounced pro-
trusions in the STM images (see the dotted ellipses in Fig. 4(b)). Small local 
maxima are detected at these positions only, if the contrast in the STM image is 
artificially strongly enhanced. Two explanations for this observation can be con-
sidered. First, the two noted benzene rings may be slightly tilted out of the vertical 
orientation into the plane of the surface, which brings the methyl groups closer to 
the surface. As an additional consequence the ring planes of the macrocycles 
would be slightly tilted with respect to the surface, and the molecular geometry 
would, hence, slightly differ from that shown in Fig. 4 (b). Secondly, it is further 
conceivable that local groups of the TLM rings are partially closer to the surface 
due to the formation of chemical bonds between the amide groups and the 
Au(111) surface in the region indicated by the dotted ellipse in Fig. 4(b). This 
could also cause that the noted methyl groups are not seen as protrusions. This 
possibility of a formation of chemical bonds to the Au surface will be discussed in 
more detail further below. 

The interesting question is of course, which interactions between the molecules 
are present and cause the formation of the described cyclic trimers. Since the reso-
lution of the structural details in our STM images is limited we can only give 
some speculative ideas on the basis of the hardsphere model of the lateral arrange-
ment of the macrocycles that is shown in Fig. 4(c). We note that the geometry of 
the macrocycles in this model has not been optimized, e.g., by density functional 
theory calculations, as it was done for the other structures in ref. [7]. Local tilts of 
the ring segments can be expected due to the above noted flexibility of the mole-
cule, and the exact local configuration of the macrocycles, hence, likely differs 
from that illustrated in Fig. 4(c). Nevertheless we find that there are three high 
symmetry sites within the structure, which are labelled as A, B, and C. There 
exists a threefold rotational axis at all three sites. For all three sites A, B and C, we 
discuss the formation of hydrogen bonds between carbonyl and NH groups of 
adjacent molecules.  
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At the site A, van der Waals interactions and weak CH−O bonds between the 
C=O and the hydrogen on the phenyl rings appear to be possible. However 
stronger hydrogen bonds between the C=O and the NH groups are not possible 
here, since the latter are oriented away from this site. The site C is formed by three 
cyclohexylidene groups of three macrocycles, and can be excluded for the forma-
tion of hydrogen bonds, while reasonably strong Van-der-Waals interactions may 
play a role in stabilizing the assembly here. The site B possibly offers the best 
possibilities for hydrogen bond formation between NH groups and phenyl rings 
[18], and for π-π interactions between the phenyl rings of the next in the β struc-
ture neighbouring TLM molecules, after small geometric distortions of the ring 
geometry. However, hydrogen bonds between NH groups and phenyl groups are 
generally only weak [18].  

Therefore, we suppose that the van der Waals interaction between the macrocy-
cles, and possibly also the π-π interactions between the phenyl rings, at the site B 
play a more important role for the lateral ordering than hydrogen bonds. In addi-
tion, it is conceivable that the CH−O bonds between the isophtalacid units and the 
phenyl rings at site A are relevant and in particular induce the chrial arrangement 
via the local geometry at this site (see Fig. 4(c)). Concerning the intermolecular 
bonding, the η structure, hence, differs considerably with respect to the α and β 
structures that are laterally held together by hydrogen bonds between NH and 
carbonyl groups. 

Finally, we comment on the possibility of chemisorptive bonds between the 
molecule and the surface. Since the surface area per molecule in the η structure is 
larger than in the α or β structure, the interaction between the molecule and the 
underlying Au surface is presumably stronger and more relevant for the η struc-
ture than for the former two structures. Indeed, for a chemically similar, but 
smaller macrocycle, the formation of chemisorptive bonds between the carbonyl 
oxygen atoms and the Au(111) surface was recently deduced by photoemission 
and high-resolution electron loss spectroscopy by Whelan et al. [19]. However, the 
macrocycle investigated by Whelan et al. does not exhibit the methyl groups 
which can act as spacer groups between the ring plane of the molecule and the 
surface for our macrocycle [20]. Hence the bond formation between the carbonyl 
oxygen and the Au surface is considerably easier for the macrocycle investigated 
by Whelan et al., compared to the one investigated here.  

Nevertheless, for our macrocycles, it may be possible that conformational 
changes occur which lead to a partial orientation of the dimethylphenyl groups 
into the plane of the ring and, hence, allow direct contact of the carbonyl oxygen 
atoms with the surface. In particular at the high sample temperatures (400 K) 
required for the formation of the η structure, conformational changes of the TLM 
molecules can be thermally activated. As a consequence, chemisorptive O-Au 
bonds of two carbonyl groups in one half of the TLM molecule may form and 
bring one half of the macrocycle closer to the surface, while the other half is still 
further away due to the vertically oriented methyl groups. As a result, the ring 
plane of TLM molecules is in a tilted geometry with respect to the surface. This 
tilted geometry and the noted orientation of the dimethylphenyl groups (into the 
ring plane) in the half of the molecule that is oriented away from the position A 
(see Fig. 4(c)) do nicely explain the above described STM images of the chiral 
aggregates. 
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From a detailed analysis of our STM images we further find, that the two high-
est protrusions of each TLM molecule appear to be not fully symmetric to each 
other. This means, that the corresponding parts of the TLM molecule differ 
slightly in their geometry and electronic structure. Thus we conclude that the indi-
vidual macrocycles are chiral in the adsorbed state [2]. The formation of chiral 
aggregates in the η structure may, hence, be understood as a self-organized proc-
ess that optimizes the packing of the tilted molecules on the surface in order to 
optimize the lateral interactions between the molecules and the interaction with 
the Au(111) surface, via the formation of two Au-O bonds per molecule after 
conformational changes. Evidently, this self organization requires some space and 
can only take place if the surface coverage is not too high as it was observed.  

As noted above, the η structure forms at high temperatures. The α structure is 
obtained again, if the sample is held at room temperature. Hence, the α structure 
exhibits the smaller free energy at room temperature, which indicates that the 
lateral intermolecular hydrogen bonds which stabilize the α structure overcompen-
sate the O-Au bonds that are formed in the η structure. On the other hand, one has 
to conclude that entropic contributions stabilize the η structure at high tempera-
tures. These may be contained in larger thermal vibrations of the macrocycle seg-
ments, which are less possible in the α structure due to the stronger intermolecular 
bonds in this structure. 

4. Conclusions and Summary 

We have found the monolayers of large achiral macrocycles, which are used  
for the synthesis of mechanically interlocked molecules, to self-organize on the 
Au(111) surface in long range ordered structures. In one of these structures, chiral 
aggregates of three molecules form which are ordered in long range ordered 
domains. These domains are present on the surface in a racemic mixture. Since 
the free molecules are not chiral, this system constitutes an example for surface-
induced chirality. The formation of the chiral aggregates seems to be a complicated 
self-organized process which involves conformational changes of the macrocycles, 
intermolecular interactions, and bonding to the substrate.  
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Surface Resonant Raman Spectroscopy  
at Indium-Nanowire-Terminated Si(111) 
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Abstract. In this article we analyse the surface vibrational modes of In terminated Si(111) 
surfaces by Raman spectroscopy. Surface Resonant Raman Spectroscopy allows us to iden-
tify a number of surface phonons with high spectral precision. The phase transition of the  
(4 × 1) to (8 × 2) surface structure is found to be accompanied by characteristic changes of 
the surface phonons. The surface phonon modes are discussed with respect to various struc-
tural models suggested. 

1. Introduction 

The vibrational properties of a material are closely related to its atomic structure. 
To date, a significant body of information concerning the structure of quite diff-
erent condensed matter systems such as molecules, solids or surfaces have been 
collected by vibrational spectroscopy. One of the most traditional spectroscopy 
methods in this regard is Raman Spectroscopy (RS) [1]. First described by C.V. 
Raman in 1928, it is nowadays a powerful technique used in a diversity of diff-
erent disciplines for analysing gases, fluids and solids. On the other hand it has, 
until recently, rarely been employed as a surface analysis tool. High Resolution 
Electron Energy Loss Spectroscopy (HREELS) [2,3] and Helium Atom Scattering 

However, Raman Spectroscopy has in recent years been successfully applied to 

vibrational modes has been obtained by the study of Sb monolayer terminated 
(110) surfaces of III-V semiconductors. Surface vibrations of Sb terminated III-
V(110) surfaces were compared to ab-initio phonon calculations performed by 
different theoretical approaches to test the validity of the model approximations 
[11]. Accordingly, Surface Resonant Raman Spectroscopy can be used to study 
the surface structure formation on semiconductor surfaces [12]. In particular the 
accurate Raman frequencies as well as the Raman selection rules are linked to the 
surface structure and thus are valuable to validate different competing structural 
models.  

In this paper we discuss Raman modes recorded on the In-nanowires on Si(111) 
(4 × 1) and (8 × 2), the two reconstructions known to occur at RT and LT. The 
surface phonon modes are discussed with respect to available other experimental 
and theoretical results, in particular with regard to the controversial discussion of 
the atomic structure of the (8 × 2) reconstruction.  

, and J. McGilp  

  12489 Berlin, Germany
ISAS-Institute for Analytical Sciences, Department Berlin, Albert-Einstein-Str. 9, 

(HAS) [4–6], in contrast, are preferably used for surface vibrational spectroscopy.  

probe surface phonons as well [7–11]. Much of the Raman work on surface 
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2. Experimental Methods 

The Raman measurements were performed using a setup in near back scattering 
geometry attached to a UHV vessel. A schematics of the setup is shown in Fig. 1. 
The measurements were performed at a base pressure of 8 × 10–11 mbar. The UHV 
vessel was equipped with a liquid helium cooling stage with integrated direct 
current heating, a Knudsen cell for In evaporation, LEED, AES, STM and optical 
windows. Vicinal Si(111) with an offcut of 1° towards [-1-12] were used. The 

(8 × 2) surface phase transition was monitored in situ with Reflectance Anisotropy 
Spectroscopy [13]. 
 

 
 
Fig. 1. Experimental Raman-UHV setup. A triple grating monochromator and Ar/Kr- ion 
lasers are used. The sample is placed inside an UHV vessel which is equipped with heat- 
ing and cooling facilities, LEED, STM, evaporation sources and additional windows for 

 
The incident laser beam was directed onto the sample at an incident angle of 

50° with respect to the surface normal. At the semiconductor surface the incident 
light is diffracted such that the propagation direction inside the crystal is only few 
degrees off the normal. This ensures the “near-backscattering”-geometry. The 
scattered light was focussed onto the entrance slit of a triple monochromator and 
detected by a liquid nitrogen cooled CCD array. The frequency scales of the 
Raman spectra were calibrated by using Ar- and Kr- plasma lines.  

Raman spectra were taken with a Kr ion laser operated at 647 nm (1.91eV). 
The spectral resolution was about 1.5 cm–1. In order to correct the Raman spectra 
for apparatus artefacts and to ensure comparability of spectra on clean and mono-
layer terminated samples, the Raman intensities were normalized to the symmetry 
allowed bulk TO phonon of Si.  

formation of the single domain (4 × 1) surface and the transition into the (4 × 1)– 

Ellipsometry and Reflectance Anisotropy Spectroscopy  
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Reflectance Anisotropy Spectroscopy (RAS) measures the difference in reflec-
tance, at near normal incidence, of light linearly polarised in two orthogonal 
directions at the surface plane of a cubic material.  With a three-domain surface of 
equal statistical weight, no anisotropy would be observed because of domain 
averaging. Consequently, the amplitude of the RAS signal is maximum if the 
surface is single domain [13]. Deposition at 400°C was controlled by maximising 
the main In-related RAS feature at 2eV. After cooling to RT, LEED patterns 
showed a single domain (4

3. 

As a result of symmetry considerations the Raman selection rules describe for 
which polarisation of incoming and scattered light a certain phonon mode is 
Raman active (termed as “allowed”) or not (termed as “forbidden”). The selection 
rules are given as Raman tensors which are tabulated for all irreducible 
presentations of the crystallographic point groups [1]. 

Silicon crystals (diamond structure) belong to the point group Oh. For Raman 
backscattering on the (111) surfaces the principal axes of light polarization are the 

bulk TO mode is then symmetry allowed in any polarization configuration, i.e., for 

Different selection rules apply for the surface phonons modes, since the 
termination of the 3D-crystal imposes a symmetry reduction. A single domain 
indium nanowire terminated Si(111) refers to the point group Cs. The corres-
ponding normal modes group into A  and A  surface modes which are symmetry 
allowed under parallel or perpendicular polarization configuration, respectively 
[10]. The Raman tensors in the coordinate system x = [1 –1 0], y = [1 1 –2] are 
given by [10]: 
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configurations both refer to tensor component c. Consequently the surface Raman 
spectra differ for the three inequivalent polarization configurations [12]. The 
difference in the two possible A  scattering configurations (components a, b) 

Results and Discussion 

 × 1) reconstruction. 

[1 –1 0] and the [1 1 –2] crystal directions. Deformation potential scattering of the 

([1 –1 0], [1 –1 0]), and along ([1 1 –2], [1 1 –2]), respectively [1]. 
polarizations of incident and scattered light (Ei,Es) along ([1 –1 0], [1 1 –2]), along  

3.1. Raman Selection Rules 

configurations refer to tensor components a and b, respectively. A -modes 
appearing under the ([1 1 –2], [1 –1 0]) or ([1 –1 0], [1 1 –3]) polarization 

A 

A -modes appearing under the ([1 –1 0], [1 –1 0]) and ([1 1 –2], [1 1 –2]) 

′ ″

′

″

″

′

′

249 



results from the fact that the surface unit cell is anisotropic, with the In chains 
extending along the [1 –1 0] direction. Raman spectra shown in the following 
correspond to tensor component “a”. The surface structure is shown in Fig. 2 for 
the (4 × 1) and (4 × 2) reconstructions, according to a model calculation [14]. 
Please note that the (8 × 2) structure follows from the (4 × 2) structure if the pair-
wise displacement of In atoms, as indicated by arrows in Fig. 2(b), is shifted by 
half a lattice constant along [1–10] in adjacent In zig-zag chains. 
 

 
Fig. 2. Schematics of the (4 × 1) (a) and (4 × 2) (b) surface structures according to the 

Due to the large penetration depth of light, the experimentally recorded Raman 
spectra are a superposition of bulk and surface phonon excitations. However, the 
Raman scattering cross section depends significantly on the resonance of incident 

surface phonons couple predominantly to surface electronic states: Since the 
atomic displacements related to surface phonons are confined to few topmost 
atomic layers, the deformation potential scattering is mediated by surface elec-
tronic states. Accordingly, bulk modes scatter predominantly via the bulk electronic 
states. For the Raman experiments on Si the bulk resonance is fulfilled at the  
E1-bulk critical point of 3.4 eV [16]. The In-nanowire terminated Si surface gives 
rise to distinct electronic band structures. Optical transitions of the surface are 
revealed by RAS spectra, as shown in Fig. 3. Strong surface related optical tran-
sitions appear in the spectral range between 1.8 and 2.1 eV, well separated from 
the E1 band gap of Si. Consequently, the surface phonons are favourably recorded 
under surface resonant conditions, using exiting laser lines close to the surface 
electronic transitions.  
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3.2. Surface Resonance Effects 

model of Wang et al. [14]. The unit cells are marked by the red and blue boxes 

and scattered light with electronic states [1] As demonstrated by Santos et al. [15] 
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Fig. 3. Reflectance Anisotropy spectra obtained on the clean Si(111) substrate as well as  
on the In nanowire terminated surface at RT and 140K, respectively. The surface optical 
response shows strong, distinct features for the (4 × 1) and (8 × 2) surface phases. Raman 
spectroscopy is performed with a Kr laser line at 1.91eV, in resonance to the surface optical 
absorption. 

Surface phonon modes were already measured for the (4 × 1) and (8 × 2) phases 
with HREELS at 300 and 90K respectively. A mode at 60 meV (484 cm–1) was 
observed for the (4 × 1) phase, and two modes at 61 meV (492cm–1) and 33 meV 
(266cm–1) were observed for the (8 × 2) (see Tab. 1) [17]. Surface Raman spectro-
scopy reproduces these modes and reveals many additional modes. Raman spectra 
of (8 × 2) and (4 × 1) samples are shown in Fig. 4. Strong modes at 435cm–1 and 
59cm–1  as well as weaker modes at 33, 65, 150, 474, and 493cm–1 are observed 
for the (4 × 1) surface. The bulk Si TO mode at 520cm–1 is not shown Fig. 4 since 
it is approximately 500 times larger than the full scale. The surface phonon modes 
are grouped in two distinct frequency regions: In the low frequency range, up to 
100cm–1, the surface vibrational modes involve mainly displacements of the In 
atoms of the outer atomic layer. The higher frequency modes above 250cm–1 
involve, to the contrary, dominant displacements of the Si atoms in between the 
In-zig-zag chains. Both kinds of surface modes are separated in frequency since 
the atomic mass of In (115 amu) is much larger than that of Si (28 amu).  
 

3.3. Surface Phonon Modes of In-nanowire Terminated Si(111)  
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Fig. 4. Comparison of Raman spectra of the (4 × 1) and (8 × 2) phases at 30K. The (4 × 1) 
phase was conserved at 30K by a very small surface contamination. At room temperature 
Raman spectra of such samples showed no significant differences from those of clean 
samples. The lines mark the structures related to the (4 × 1) phase, additional modes for the 
(8x2) phase are marked with dotted lines. All measurements were taken at 647 nm and 

On formation of the LT phase, significant differences in the spectra were 
observed, especially in the low frequency region. Very sharp modes appear at 33 
and 45cm , while the mode at 65cm–1

–1. Thus the formation of 
the LT phase is accompanied by the retention of the RT phase modes at similar 
intensities and frequencies (which is a remarkable observation in itself) and the 
appearance of new modes in the immediate vicinity of the RT phase modes. The 
atomic configurations of (4 × 1) and (8 × 2) reconstructions must therefore be very 

structure is no surprise since by the enlargement of the surface unit mesh from  
(4 × 1) to (8 × 2) the number of atoms per unit cell rises by the factor of four:  
In the outermost atomic layer, the (4 × 1) cell contains 4 In and 2 Si atoms, the  
(4 × 2) contains 8 In and 4 Si and the (8 × 2) 16 In and 8 Si atoms. We expect 
more surface modes to exist than those identified in the present set of spectra. This 
will depend on the photon related Raman cross section, as well as spectrometer 

similar. The larger number of (8 × 2) surface modes as compared to the (4 × 1) 

energies new modes are observed at 266, 415 and 459 cm

incoming and scattered polarisation along [0 1–1] direction  

–1  cannot be distinguished anymore. At higher 
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–1

The line width of a mode is given in brackets. The energy difference for the (4 × 1)-mode at 
484 cm–1 visible with HREELS is due to a temperature related shift, since the (4 × 1) 

 
In a recent ab-initio DFT-GGA-calculation by Bechstedt et al. [18] the surface 

phonon modes of the In-Si(111) (4 × 1) structure was calculated.  Surface modes 
of A and A
ment patterns determined. Based on the displacement patterns the modes were 
characterized as surface phonons and surface resonances involving mainly In-In-, 

frequency modes are associated with In-In- and the high frequency modes with  

modes end calculated modes can be established since the eigenfrequencies of most 
of the modes differ significantly.  

  
 
 
 
 

′ , measured for both phases at 30 K. 

′ ″

In-Si or Si-Si-vibrations (see Table 2). The calculation shows that in fact the low 

 symmetry were identified and eigenfrequencies as well as displace-

Si-Si- displacements. However, no one-by-one correspondence between Raman 

HREELS data were taken at 300 K 

Table 1. Overview of A  surface phonon modes, in cm

sensitivity and spectral resolution. In particular broad modes may be composed by 
the superposition of adjacent eigenmodes. 
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The limited agreement between experiment and ab-initio calculation shows that 
the structure formation of the In nanowires on silicon is still not satisfactorily 
understood. In particular, approximations inherent to DFT slab calculations appear 
problematic and, moreover, the structural changes upon the phase transition into 
the (8 × 2) structure are under discussion. A change of 2% in phonon eigen-
frequency in modes common to both reconstructions would suggest very little 

structural changes suggested by in other works [19, 20]. We suggest that bonding 
arrangements, inherent in hexagon or trimer formation, should result in a new set 
of significantly different surface modes, which was clearly not observed by Raman. 

While large changes in atomic positions are not supported, the formation of a 
charge density wave driven restructuring is more likely. A doubling of the surface 

backfolding of the surface phonon branches within the reduced Surface Brillouin 
Zone. As the phonon branches are expected to show dispersion, the backfolding 
would lead to the appearance of new phonon modes at the centre of the SBZ, with 
the original mode being retained at an unchanged energy. The modes at 33 and  
45 cm–1, 415 and 435 cm–1, together with the separation of the 150 cm–1 mode into 

directly be proven, our Raman results comply well with a restructuring without 
substantial modification of the bonding configuration in the surface layer.  

4. Summary 

In conclusion, we identified surface phonon modes for Indium-nanowire termi-
nated Si(111) surfaces by Surface Resonant Raman spectroscopy. The eigenfrequ-
ency of the surface phonons were analysed and compared to HREELS results. The 
appearance of new surface phonon modes upon phase transition into the (8 × 2) 
surface phase is attributed to the change in periodicity, i.e., backfolding of surface 
phonon dispersion branches. The atomic structure of the (8 × 2) surface phase 

Ref.[18] 
Table 2. Symmetry, character and eigenfrequency of calculated surface modes (taken from 

unit cell induced by small changes in the atomic positions would give rise to 

3.4. Implications to Surface Structure 

change in In-In-bond lengths on forming the (8 × 2) phase, in contrast to the severe 

two, lend themselves to this interpretation. While the CDW mechanism can not 
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remains still an issue to discussion. We would like to note that the accurate Raman 
frequencies represent a sensitive test of the accuracy of ab-initio calculation 
methods, which have not yet lead to a satisfactory structure model. 
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The Properties of Nano-Hexaferrite Sr-La 
Prepared by Citrate-Gel Method 

1 1 2
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Abstract. Nano-Hexaferrite SrFe12O19 has been prepared using the Citrate-gel method. 
The crystalline structure, the particle size and the magnetic property were investigated by 
X-ray diffraction (XRD), Transmission Electron Microscopy (TEM), as well as Vibrating 
Sample Magnetometer (VSM). The influence of the La concentration on the particle size 
and properties of the samples has been examined.The presented results show that the 
Intrinsic Coercivity (Hc) and the Magetization M (at H = 13.5 kOe) were higher than those 
of the samples prepared by ceramic technology. 

1. Introduction  

The pure Ba, Sr hexagonal ferrites or the ones including La as a dopant have been 
investigated and produced by ceramic technology for a long time. The energy 
product (BH)max sr B c
achieved. However, in order to use it for modern technique such as micro-electro 
mechanical systems (MEMS), micro-wave absorption, biomedical applications ..., 
the materials must have nano-particle size and high magnetic properties. For this 
reason the magnetic nano-particles including soft and hard nano-ferrites have 
attracted much attention of the scientists in the world.  

In this paper, our results on the properties of the Sr-La nanoferrites prepared by 
citrate-gel method are reported. We have systematically studied the influence of 
the ratio of Sr/Fe, the concentration of La as a dopant substituting Sr, as well as 
the heat treatment temperature on the properties of the samples. 

2. Experimental Methods 

The samples of (SrO)1-x (La2O3)x/2 2 3
[SrO. (n. Fe2O3)] (n = 5.2; 5.3; 5.5; 5.7; 6.0) were prepared using the citate-gel 
method. The raw materials (PA) are: Fe(NO3)3.9H2O, Sr(NO3)2, La(NO3) and 
Citric acid (CA). The raw materials with the given compositions disolved into the 
mixed solution and then heated at 80°C with magnetic mixing for 8 hours. During 
this process, NH4OH was added to the solution until a pH of about 7 was reached 
and a gel was formed. The gel was dried at 80–100°C for 24 hours into the 
xerogel. The xerogel was heated at 300°C –500°C –700°C –900°C and 1100°C for 
2 hours. The crystal structure was examined using a X-ray diffractometer Siemens  
D-5000.The magnetic properties were studied with a Vibrating Sample Magneto-
meter (VSM). 

of about 4–5 MGOe (B  = 4550 G; H  = 3200 Oe) [1] can be 

 6 Fe O  (x = 0.00; 0.02; 0.04; 0.06; 0.08) and  
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3. Results and Discussion 

All samples were sintered at the temperature range of (3, 5, 7, 9, 11) × 102 °C and 
the XRD patterns (Fig. 1) have shown that the hexagonal phase SrFe12O19 has 
been formed at 7000C that is much lower than the respective one in [6,7]. 

2 3
5.7; 6.0 ) heated at 900°C for 2 h. The main phase in the samples was hexagonal 
ferrites phase (SrFe12O19).  

and the lattice strain by various single line methods and multi-order procedures. 
Methods based on full-width-half-maximun (FWHM) and integral breadths were 
described in detail among others by Klug & Alexander [2] and Ziegler [3].  
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Fig. 1. The XRD patterns of the samples with n = 5.7 (1,2); 5.2(3,4) sintered at 500
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Fig. 2. The XRD patterns of the samples with n = 5.2; 5.3; 5.5; 5.7; 6.0 sintered at 900°C 
 

°
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Figure 2 shown the XRD patterns of the samples SrO.n Fe O  (n = 5.2; 5.3; 5.5; 

Refined peak shape parameters were used for the calculation of the crystal size 
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WINFIT utilized the single line variance approach of Arkai & Toth [4]. 
Additionally, a procedure for separation of size and strain proposed by Dehlez  
et al. [5] was available. From the Pearson exponent of the PSF, the contribution 
of Gaussian and Lorentzian components can be calculated, which are assumed to 
be proportional to size broadening and strain broadening of the crystallites res-
pectively. Finally, size and strain parameters were calculated by Fourier analysis 
with results as shown in Table 1 and Table 2. 

Table. 1. Crystal Size according to Fourier analysis for the samples (SrO)x (La2O3)0.5x 
(6Fe2O3) 

Sintering temperarure °C Crystal Size (nm) 
300  34 
500  35 
700  – 
900  36 
1100  46 

Table. 2. Crystal Size according to Fourier analysis for the samples SrO n.Fe2O3 sintered  
at 900°C 

n Crystal Size (nm) 
5.2 27
5.3 22
5.5 18
5.7 21

 

 
Fig. 3. A typical size distribution for the sample (SrO)x (La2O3)0.5x (6Fe2O3) calcinated  
at 300°C 
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Fig. 4. The TEM photography of the sample SrO.5.2 Fe2O3 sntered at 900°C for 2 h 

As in Fig. 4 shown the particles have a needle shape with the ratio (diameter/ 
length) of about (30/200) nm. According to Stoner-Wohlfarth, generally, the coer-
civity HC can be determined as following : 

HC = a (K1/IS) + b ( N⊥ – N// )IS + cλS (τ/IS ) 

s

The first term is the contribution of the crystal anisotropy, the second is the 
contribution of the particle shape anisotropy and the third is the contribution of the 
inner-stress which can be neglected.  

In the case of needle particles, the second term is accountable for strong 
increased HC value of the sample. For this reason this material is used as magnetic 

product (BH)max.  
The M-H loops (by VSM) of the samples SrO.n Fe2O3 ( n = 5.2; 5.3; 5.5; 5.7; 

6.00) sintered at 900, 1100°C shown in the Fig. 5 (a, b) and some of magnetic 
parameters are listed in Table 3 
 

D.L. Minh et al.  

The highest HC of the samples can be more than 6kOe. This value is decreased 
when increasing the sintering temperature due to increasing of particle size. 

The influence of substited La for Sr in the samples (SrO)1-x (La2O3)0.5x 6 Fe2O3  
(x = 0.00; 0.02; 0.04; 0.06; 0.08) on their properties was shown in Table 4.  

SMagnetization; λ : Saturation magnetostriction; τ: inner-stress 
K: Crystal anisotropy constants; N: Demagnetization factors; I : Saturation 

powder for producing anisotropic magnets, which will have a very high energy 
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Fig. 5. The M-H loops of the samples SrO.n Fe2O3 (a) n = 5.2; 6.00 sintered at 900°C.  
(b) The samples sintered at 1100°C 

2 3 max 13.5kOe) 

n Ts 900 C Ts 1100 C 
 HC(Oe) M(emu/g)  HC(Oe) M(emu/g) 

5.2 6121 48.35 5894 45.44 
5.3 4695 49.58 4698 48.25 
5.5 4704 32.89 4698 37.82 
5.7 5849 46.70 5616 45.45 
6.0 5958 51.39 5739 49.43 

  

1-x (La2O3)x/2 6 Fe2O3 ( by VSM  
at Hmax 13.5kOe) 

n Ts 900 C Ts 1100 C 
 HC(Oe) M(emu/g)  HC(Oe) M(emu/g) 

0.00 5958 51.39 5739 49.43 
0.02 5441 54.41 4393 54.40 
0.04 5579 34.50 5865 28.84 
0.06 5894 57.70 5920 57.94 
0.08 5781 54.11 5888 57.52 
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°°

°°

Table 3. The magnetic parameters of the samples SrO.n Fe O  (by VSM at H

Table 4. The magnetic parameters of the samples (SrO)
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The substitution of La for Sr leads to the unconsiderably change of HC but to 
increasing of magnetization M. This may be caused by substituting of La+3 for Sr+2 

and thus Fe+3 are transfered to Fe+2 in 4f2 site, as a result, the magnetic moment of 
the sample is increased. 

4. Conclusion 

The samples of Hexaferrites SrFe12O19 have been prepared using the citrat-gel 
method. The influence of the ratio of Fe/Sr and of the substitution of La for Sr are 

and have the neddle shape with the ratio (diameter/length) of (30/200)nm. The 

sample SrO.5.2Fe2O3 sintered at 900 C for two hours has a rather high coercivity 
HC around 6 kOe. The substitution of La for Sr leads to the increasing of the 
magnetization (M) of the samples. 
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Abstract. In this paper, we describe the preparation of electrochemical glucose sensors 
based on the glucose oxidase (GOx), which is immobilized into multi-wall carbon nano-
tubes (MWCNTs) doped polypyrrole (PPY) membrane during electropolymerization of 
polypyrrole film. The morphology of the MWCNTs doped polypyrrole film was charac-
terized by scanning electron microscopy (SEM). Glucose is detected by using electro-
chemical impedance spectroscopy (EIS). An increase in the glucose concentration results in 
a decrease in the faradic charge transfer resistance (RCT) obtained from the EIS measure-
ments. The results indicate that the electroanalytical PPY/MWCNTs-GOx film was highly 

1. Introduction 

Biosensors are in the forefront of current research in the area of bioanalytical 
chemistry. Unlike conventional chemical sensors, the incorporation of enzymes 
with transducers allows one to fabricate highly sensitive and selective enzyme-
based biosensors. There devices rely on the interaction of a biocatalyst, usually an 
isolated and purified enzyme, with the analyte. Among all the enzyme-based on 
biosensors, glucose biosensor is most widely studied because of its importance in 
the monitor of blood glucose for treatment and control of diabetes. For this glucose 
sensor a unique working mechanism was proposed based on direct electron 
transfer between the enzyme glucose oxidase (GOx) and the conducting polymer. 
Among known conducting polymers, polypyrrole is most frequently used in the 
commercial applications [1] due to the high conductivity, long term stability of 
its conductivity and the possibility of forming homopolymers or composites 
with optimal mechanical properties. Therefore, the polypyrrole is usually used as 
material which associates bioreceptor and transducer of a biosensor. On the other 
hand, carbon nanotubes (CNTs) have gained considerable attention in recent years 
because of their remarkable electronical and mechanical properties, which have 
made them extremely attractive for a wide range of sensing applications from 
structural materials [2] to nanoelectronic components [3]. The ability of CNTs-
modified electrodes to promote electron-transfer reactions has been documented in 
connection with important biomolecules [4].  

Glucose Sensor Based on Multi-Wall Carbon 
Nanotubes Doped Polypyrrole  

sensitive and suitable for glucose biosensors based on GOx. 



In this paper, an electrochemical method is developed to produce glucose 
sensor based on the enzyme glucose oxidase (GOx), which is immobilized into 
multi-wall carbon nanotubes doped polypyrrole (PPY) membranes. Glucose was 
detected based on electrochemical impedance spectroscopy measurements. 

2. Experimental 

Reagents used were of analytical grade or the highest commercially available 
purity and used as supplied without further purification. Pyrrole monomer (99%, 
Aldrich Chemical Co.) was distilled under reduced pressure. Glucose oxidase 
(GOx), β-D-glucose and sodium chloride was purchased from Merck. All solu-
tions were prepared with deionized water of resistivity not less than 18 MΩcm. 
The multi-wall carbon nanotubes (MWCNT, ~95% purity), prepared by Chemical 
vapor deposition, were obtained from Nanolab (China). The diameter of a 
MWCNT is in the range of 40–60 nm and their length is 1-2 micrometers. 

The MWCNT (5g) were functionalized with carboxylic acid groups by ultra-
sonication in a 3:1 sulfuric-acid/nitric-acid mixture (80 ml) for 24 h at 40oC, in 
accordance to previously described protocols [5]. The resulting suspension was 
diluted with deionized water and was centrifuged. The pretreated CNT were washed 
for several times, filtered with 0.1M NaOH (to reach neutrality of pH 7.0), and 
dried at 60oC overnight. The desired amount of the functionalized carbon nanotubes 
(cMWCNTs) (usually 3 mg/ml) was added in deionized water and ultrasonicated 
for about 15 min to form a uniform black solution. Pyrrole (usually 0.5 M)  
was added to the cMWCNTs solution. The PPy-cMWCNTs film was electro-
chemically deposited on the gold microelectrode at a fixed potential and time 
(usually +0.7 V versus Ag/AgCl for 30 min) in the pyrrole-cMWCNTs solution. 
Some electropolymerization experiments involved growing the polymer by cycling 

PPy film (using NaCl 0.5 M) was obtained by the same procedure described above 
without the addition of cMWCNTs and the action of ultrasonication. 

The amount of GOx 3 mg/ml was added in pyrrole-cMWCNTs solution and 
ultrasonicated for about 15 min to form a uniform pyrrole-cMWCNTs-GOx 
solution. The pyrrole-cMWCNTs-GOx film was deposited at a fixed potential of 
+0.7 V versus Ag/AgCl for 30 min. The PPy/Cl, PPy/Cl/GOx, PPy/cCNTs, and 
PPy/cCNTs-GOx films were washed with deionized water several times and 
stored in the buffer solution (pH 7) at 4oC prior to use. 

All electrochemical experiments in this work were performed using a computer-
controlled Autolab PGSTAT12 system (Eco Chemie B.V., Utrecht, The 
Netherlands). The electrochemical cell consisted of three electrodes. Gold or 
platinum microelectrodes were used as the working electrode. While platinum foil 
was used as the auxiliary electrode and either Ag/AgCl 3M KCl was used as the 

T.T.N. Lien et al. 

2.1. Chemical and Reagents 

2.2. Electrodes Preparation 

2.3. Electrochemical Measurements 

the potential at 20 mV/s (from 0.0 to 0.9 V versus Ag/AgCl for 30 scans). A pure 
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reference electrode. The electrolyte and the monomer (pyrrole) were mixed 
together and then the solution was purged with nitrogen for ten minutes to remove 
oxygen from the solution.  

All impedance measurements were performed in the frequency range 10 kHz 
to 10 mHz using a 10 mV alternating voltage superimposed on DC potential. 
Evaluation and simulation were carried out with Zview software.   

Cyclic voltammetry was used during the polymerization of pyrrole on micro-

presence of GOx using the chloride and cMWCNTs dopants. A normal polymer 
growth, with increasing current upon repetitive scanning is observed in the both 
presence of chloride and CNT. The current signals in the presence of CNT are 
smaller than those observed in the presence of chloride, reflecting the more facile 
entrapment of the small inorganic anion. 
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Fig. 1. Repetitive cyclic voltammograms recorded during the electropolymerization of 

    
Fig. 2. Scanning electron microscopy (SEM) micrographs for PPy/Cl film in the absence (a) and 
presence (b) of 0.5 mg/ml glucose oxidase. The films were prepared by cycling the potential at 

a) b) 

3.1. Formation of Electrodes 

Glucose Sensor Based on Multi-Wall Carbon Nanotubes Doped Polypyrrole  

polypyrrole in the absence of 0.5 mg/ml glucose oxidase, using different dopants: (a) 0.5 M 
NaCl, (b) 3 mg/ml MWCNTs. Monomer, 0.5 M pyrrole. Scan rate: 20 mV/s 

20 mV/s (from 0.0 to 0.9 V for 50 scans). Monomer 0.5 M pyrrole and 0.5 M NaCl 

electrode. Figure 1 shows the voltammetric profiles for the PPy growth in the 

3. Results and Discussion 

265 



 

Scanning electron microscopy (SEM) 
was used for characterizing the morpho-
logy of the PPy/Cl, PPy/Cl/GOx and 

shows the morphology of PPy/Cl films 
prior to (Fig. 2a) and after (Fig. 2b) GOx 
immobilized into PPy membrane. The 
morphological changes in the polymer 
structure from those observed in the 

ted that the enzyme was incorporated 
into the conductive polypyrrole mem-
brane. In the Fig. 3 one can observe that 
the morphology of the PPy-cMWCNTs-
GOx nanocomposite film surface with 
bundles of cMWCNTs is covering the 
PPy. This result indicates that there is 
incorporation of cMWCNTs within the 
PPy films during the electropolymeri-
zation. Such morphology is in agreement with previous studies of conducting 
polymer/CNT composites [6-8]. The diameter of the individual PPy/CNT fibrils is 
significantly larger than that of the corresponding MWCNT alone (40–60 nm). 
From the images of cauliflower PPy and PPy nanowires, it was clear that PPy 
nanowires had a large number of microgaps and micropores, which provided an 
important morphological.  

Electrochemical impedance spectro-
scopy (EIS) can be used to investigate 
the properties of a systems impedance 
and reveal the change of electro-
chemical systems and interfaces to 
provide valuable information on charge 
transport phenomena [9-11]. All elec-
trochemical impedance measurements 
of PPy electrodes were recorded in 
glucose solutions with concentration 
change from 0 to 170 mM in the 
frequency range from 10 kHz and 10 
mHz with an ac amplitude of 10 mV.  

Figure 4 presents the Nysquist plot 
of a PPy/Cl/GOx electrode recorded in 
40 mM glucose solution in the frequ-
ency range from 10 kHz to 10 mHz. 
The impedance spectrum includes a 
semicircle in the high frequency region 
corresponding to the electron transfer 
limited process and a linear part at the 

Fig. 3. Scanning electron microscopy
(SEM) micrograph for the electrode surface 
using PPy/cCNTs-GOx film, prepared by 
using 3 mg/ml cMWCNT, 0.5 mg/ml GOx 
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Fig. 4. Nyquist plot of electrochemical 
impedance spectra of PPy/Cl/GOx electrode 
recorded in 40 mM glucose concentration in 
the frequency range from 10 kHz to 10 mHz. 
Symbols show experimental data and line 
shows the fitting data using Zview software. 
The inset shows equivalent circuit for PPy 
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electrode 

3.2.  Glucose Measurements 

and 0.5 M pyrrole at +0.7 V versus Ag/AgCl 
for 30 min  

PPy/cMWCNTs-GOx films. Figure 2 

absence and presence of enzyme indica-
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low frequencies resulting from the 
diffusion limited electrochemical 
process [12]. The diameter of the 
semicircle exhibites the electron 
transfer resistance of the modified 
layer, which shows its blocking 
behavior of the electrode. The 
increase or decrease in its value 
exactly characterizes the modifi-
cation of the electrode surface. The 
impedance data were fitted using 
the Zview software (see in Fig. 5). 
A modified Randles’ equivalent 
circuit [13, 14], shown in the inset 
of Fig. 4, was found to fit ade-
quately the data over the entire 
measurement frequency range. The 
fitted curves were also shown in 
Fig. 4 (solid line), indicating the 
good agreement between the circuit model and the measurement system, especially 
in the higher frequency range. The circuit includes the following four elements: (1) 
the ohmic resistance of the electrolyte solution, RS; (2) the Warburg impedance, ZW; 
(3) Cdl, associated with the double layer, which reflects the interface between the 
assembled film and the electrolyte solution. This element can also be replaced by 
the constant phase element impedance [15], ZCPE; (4) RCT, the electron transfer 
resistance [16]. Ideally, ZW and RS represent the properties of the electrolyte solution 

occurring on the elec-trode surface [17]. RCT accounts for the partial charge transfer 
from strongly adsorbed specimen into the electrode and decreases with in-crease in 
their concentration and applied electrochemical potential. The charge transfer 
resistance RCT and double layer capacitance Cdl can be related to the amount of β-D-

transfer resistance, 1/RCT, is directly proportional to the surface charge density of the 
β-D-glucose adsorbing onto the electrodes.  

The EIS measurements of PPy/Cl/GOx electrode recorded in different β-D-
glucose solution concentrations are presented in Fig. 6. a. The RCT were attracted 
using Randles’ equivalent circuit and the Zview software. The variation of 1/RCT 
versus glucose concentration produced a calibration curve with a short linear 
behavior, i.e. 0–20 mM as shown in Fig. 6 (b). The results show that the values of 
the RCT gradually decrease upon addition of glucose to the solution. This 
confirmed the success of immobilization of glucose on the electrode. Figure 7 (a) 
shows the complex plane plots obtained on an Au/PPy/Cl/GOx electrode for 
different concentration of β-D-glucose from 40 to 130 mM. We also observed the 
decrease in RCT due to increasing the glucose concentration (see Fig. 7 (b)). The 
value of RCT is lowest at 130 mM glucose concentration (RCT  = 267Ω). 

The EIS measurements of PPy/cCNTs-GOx electrode recorded in different  
β-D-glucose solution concentrations from 0 mM to 10 mM are also presented  
in Fig. 8. The inset shows a calibration curve obtained using 1/Rct as a function of 

 
spectra of PPy/cCNTs-GOx electrode recorded in 
120 mM glucose concentration in the frequency 
range from 10 kHz to 10 mHz. Symbol shows 
experimental data and line shows fitting data 

Glucose Sensor Based on Multi-Wall Carbon Nanotubes Doped Polypyrrole  

using Zview program  

Fig. 5. Nyquist plot of electrochemical impedance 

glucose adsorbed onto the PPy/GOx electrode surface [18]. The inverse of charge 

and diffusion of the redox probe, thus they are not affected by modifications 
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glucose concentration C (from 0 mM to 10 mM) at EDC = 0.34 V vs. Ag/AgCl by 
using the following linear regression equation: Y(Ω) = 3.32*10–4 + 1.92*10–4 C 
(mM). The CNTs-dopped PPy exhibits dramatically different electronic properties 
compared to PPy/Cl. From Table 1, RCT of PPy/Cl electrodes were lower than that 
of PPy/CNTs, which indicated that PPy nanowires have a better ionic and 
electronic conductivity. We also observed the decrease in RCT during increase of 
the glucose concentration (see Fig. 9). 

0 500 1000 1500 2000 2500 3000 3500
0

400

800

1200

1600

2000

2400

2800

Glucose concentration (mM)

a)

PPy/Cl-/GOx
-Z

,, ( ΩΩ ΩΩ
)

Z,(ΩΩΩΩ)

 0mM GO
 1mM GO
 2mM GO
 3mM GO
 4mM GO
 5mM GO
 6mM GO
 8mM GO
 10mM GO
 15mM GO
 20mM GO
 25mM GO

0 4 8 12 16 20 24

3.5x10-4

4.0x10-4

4.5x10-4

5.0x10-4

5.5x10-4

6.0x10-4

 experimental data
 linear fitting

1/
R

C
T( ΩΩ ΩΩ

-1
)

b)

 

 

 
 
 
 
 

 
 
 
 

Fig. 6. (a) Complex plane plots obtained 
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Fig. 7. (a) Complex plane plots 
obtained on Au/PPy/Cl–/GOx electrode 
for difference concentrations of β-D-
glucose in buffer solution (7.2 pH), 
EDC = 0.32 V vs. Ag/AgCl, Eac = 10 mV 
and frequency from 10 kHz to 10 mHz. 
(b) The calibration curve obtained using 
1/RCT as a function of glucose concen-
tration C (from 0 mM to 130 mM)  
at EDC = 0.32 V vs. Ag/AgCl with  
the linear regression equation: Y(Ω) = 
1.32*10–4 + 2.84*10–5
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Fig. 8. Complex plane plots obtained 
on Au/PPy/cCNTs-GOx electrode  
for difference concentrations of β-D-
glucose in buffer solution (7.2 pH), 
EDC = 0.34 V vs. Ag/AgCl, Eac = 10mV 
and frequency from 10 kHz to 10 mHz. 
The inset shows calibration curve 
obtained using 1/Rct as a function of 

DC 

Y(Ω) = 3.32*10–4 + 1.92 *10–4 C (mM) 
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Fig. 9. (a) Complex plane plots 
obtained on Au/PPy/cCNTs-GOx 
electrode for difference concentrations 
of β-D-glucose in buffer solution (7.2 
pH), EDC = 0.34 V vs. Ag/AgCl, Eac = 
10 mV and frequency from 10 kHz to 
10mHz. (b) The calibration curve 
obtained using 1/Rct as a function of 
glucose concentration C (from 10 mM 
to 170 mM) at EDC = 0.34 V vs. 
Ag/AgCl with the linear regression 
equation: Y(Ω) = 1.50*10–3 + 5.83 *10–5 

  
Table 1. The values of RCT for PPy/Cl and PPy/CNTs electrodes 

RCT (Ω) RCT (Ω) β-D-Glucose 

n (mM) 
PPy/Cl PPy/CNTs 

β-D-Glucose 
concentration 

(mM) 
PPy/Cl PPy/CNTs 

0  2691 2273  30 1111 316 
1 2605 1913  40   830 263 
2 2535 1432  45   745 240 
3 2471 1128  50   700 227 
4 2386 1000  55   597 212 
5 2352   794  60   512 192 
6 2327   689  65   493 196 
7    579  70   445 178 
8 2283   520  90   357 147 
9    480 100  131 

10 2167   440 120  117 
15  1958  130   267  
20  1768  140  103 
25 1270  170    88 

4. Conclusion 

This work demonstrated the preparation of PPy/Cl (in bulk) and PPy/CNTs (in 
nanowires) electrodes for glucose biosensors by an electrochemical method. 
Based on the presented studies, it proves that the electrochemical impedance 
spectroscopy can be used for detection of glucose. In comparison with bulk PPy 
electrodes, PPy nanowires have a higher conductivity. 
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Abstract. Structural and spectral properties of curcumin and metal- curcumin complex 
derived from turmeric (Curcuma longa) were studied by SEM and vibrational (FTIR and 
Raman) techniques. By comparison between curcumin commercial, fresh turmeric and a 
yellow powder obtained via extraction and purification of turmeric, we have found that this 
insoluble powder in water is curcumin. The yellow compound could complex with certain 
ion metal and this metal-curcumin coloring complex is water soluble and capable of 
producing varying hues of the same colors and having antimicrobial, cytotoxicity activities 
for use in foodstuffs and pharmacy. The result also demonstrates that Micro-Raman spec-
troscopy is a valuable non-destructive tool and fast for investigation of a natural plant even 
when occurring in low concentrations. 

1. Introduction 

Curcuminoid is a natural yellow-orange compound derived from the root of 
Curcuma longa. This compound has been employed for a long time as dye, 
medicine and food additive in the Asian countries. Today it is also used as spice, 
in curry, and as food dye (E100) and preservative [1]. The medicinal activity of 
curcuminoid has been known since ancient times. Curcuminoid has powerful 
antioxidant and HIV antiproteases activities, anti-inflammatory and cancer pre-
ventive properties and it may help in Alzheimer’s Disease (AD) [2].  

The goal of our research is to get a deeper understanding of the structural and 
spectral properties of curcuminoid derived from turmeric on molecular level and 
to find a mechanism of action in AD. In this paper we investigate the structural 
and spectral properties of different types of curcumin: curcumin commercial, 
yellow powder extracted and purified from turmeric, a metallo-curcumin complex 
and fresh turmeric by SEM and vibrational (FTIR and Raman) techniques. The 
Raman technique also has been used for rapid and non-destructive plant analysis. 
From which we could achieve information about the microstructure, chemical 
composition and also the distribution of this specific compounds in the fresh 
curcuma root. 



2. Experimental Methods 

Materials. Extraction and isolation of curcuminoid. The curcuminoid was 
obtained by extraction and isolation from a rhizome of turmeric (Curcuma longa) 
as described in detail in [3]. The thin cut rhizome of turmeric purchased from a 
local market was air-dried and powdered after removal of the essential oils by 
water steam distillation. The powdered turmeric (500 g) was extracted three times 
with ethyl acetate (1500 ml). The crystal was filtered and washed with alcohols. 
Recrystallization from acetone afforded the curcumin. Yield: 1,25%. 

Synthesis of metallo-curcumin complex. The metallo-curcumin complexes were 
prepared by a reaction of curcuminoid with certain metal ions [4]. A solution (5 
mmol) of metal salt (ZnCl2, SnCl2, MgCl2) and methanol (20 ml) was added drop 
wise at 50°C to a solution of curcuminoid (10 mmol) in methanol and acetone 
(1:1, 50 ml). After complete addition the reaction mixture was stirred for 2–3 h 
until the color was changed. The pH of the mixture was adjusted to 7.5–9.5 using 
ammonia to precipitate the metal complexes. The precipitate is filtered and 
washed with water and finally rinsed with methanol. The wet cake is dried at 70–
80°C. The yield is 4,3% of manganese, 14,1% of zinc and 33,1% of tin complex 
with curcuminoids. 

Curcumin was purchased from Fluka Chemical Co. (Sigma- Aldrich Co.) and 
used as received for comparison.  

Apparatus. The content of curcuminoid was determinate by gas chromatography 
system HP 5890 and the metal content was analyzed on a Thermo Quest-CE 
Instrument [5]. The surface morphology of samples were obtained on a Field 
Emission Scanning Electron Microscope, S-4800, Hitachi. FTIR spectra were 
recorded on a Nicolet in the 4000–400 cm–1 range with 32 scans in using the  
KBr pellet technique. Spectral resolution was 4 cm–1. The Raman spectra were 
scanned on a confocal Labram Raman Micro- spectrometer Dilor-Jobin Yvon-Spex, 
equipped with a detector CCD in the range of 100–1800 cm–1. For excitation, we 
used the red line (632.8 nm) of a He-Ne laser. 

3. Results and Discussion 

Curcuminoid. Structure Description. The curcuminoid was obtained by 
extraction and isolation from a rhizome of turmeric (Curcuma longa). Chemical 
analysis by gas chromatography shows that this yellow compound is a mixture of 
51,1% curcumin I, 32,6% curcumin II (mono demethoxy curcumin) and 6,1% 
curcumin III (bis demethoxy curcumin) [3]. Molecule of curcumin have a 
conjugated symmetrical structure with single (-C-C-) and double (-C=C-) bonds 
alternately. They have two benzene rings, two methoxy and particular two 
hydroxy groups. Curcumin can exist in at least two tautomeric forms: keto and 
enol. In the central part of the molecule it can have a C=O and a C-OH group for 
the enol form and two C=O groups for the keto form.  
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Vibrational spectra. The Raman with 632.8 nm excitation and FTIR spectra 
obtained in solid state of curcumin (Fluka Co.) and curcuminoid were presented in 

The Raman spectra in the range of 100–1800 cm–1 and the FTIR spectra in  
the range of 400–4000 cm–1 of curcuminoid indicate the global characteristic  
vibrational groups. In comparison between curcumin (Fluka Co.) and curcuminoid 
we have seen that almost vibrational modes of these samples are the same. This 
 

200 400 600 800 1000 1200 1400 1600 1800

12
68

56
8

11
5396

0

11
83

12
51

14
29

16
00

16
25

e

d

c

b

a

 

In
te

ns
ity

 (a
.u

)

Wavenumber (cm-1)  
Fig. 1. Raman spectra of (a) curcumin (Fluka Co.), (b) curcuminoid, (c) Mg-cur., (d) Zn-cur. 
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confirms that the chemical structure of curcuminoid obtained from turmeric is 
comparable with curcumin. In the highest frequency region both phenolic ν(OH) 
vibrations of the curcumin have calculated frequency at 3595 cm  by [6], but in 
practice this band could be shifted downwards due to the intramolecular and 
intermolecular hydrogen bonds. In the Figure 2 we have seen this ν(OH) sharp 
band at 3515 cm–1 (IR). Moreover, for enolic ν(OH) mode the theoretical spectra 
predicts a strong band at 2979 cm–1, but we have not seen this band neither in the 
IR nor in Raman spectra. We know that the diketo form is preferred in solid phase 
and the enol form in solution [5]. In our case all spectra were carried out in solid 
state, for this reason all our IR and Raman spectra of obtained curcuminoid show 
only bands of the diketo form. In the region from 2700–3000 cm–1 (IR) we have 
seen few bands with low intensity which are assigned to the aliphatic C-H 
stretches. In the middle region, a strong band at 1623 cm–1 (IR) and 1625 cm–1 
(Raman) can be assigned to ν(C=C) of the benzene ring. The observed shoulder at 
1633 in IR and 1638 in the Raman spectrum is a characteristic band of C=O 
vibrations of the diketo form. Furthermore we have found a very strong band at 
1600 cm–1 in this region. In agreement with the author in [6] we refer it to a 
mixing of ν(C=C) and ν(C=O) of the benzene ring. The most prominent band in 
the IR spectrum is at 1509 cm–1, while the corresponding Raman band at 1507 cm–1 
is weak. These are attributed to highly mixed vibrations (Table 1). Most bands in 
frequency region 1400–1490 cm–1 are highly mixed, except one very clear band at 
1429 cm–1 (IR and Raman). This band is assigned to deformation vibrations of the 
two methyl groups. In IR spectra one band and one shoulder at 1274/1250 cm–1 
and one very weak band at 1183 cm–1 are attributed to the in plane deformation 
vibrations of (CCH) of phenyl rings and skeletal in plane deformations, res-
pectively. In the Raman spectra we have seen the same vibration at nearly the 
same frequencies (1270/1250 cm–1 and 1183 cm–1) with very high intensity at 
1183 cm–1. In the range of 1320–1200 cm–1 the observed bands at 1322 cm–1 

–1 (IR) and at 1206 cm–1

ν(C-O) and δ(C=C-H) of interring chain, respectively [4]. In this region the 
vibrations of the phenyl group are strongly mixed with skeletal ones. For this 
reason one prominent band at 1152 cm–1 in both IR and Raman spectrum was 
assigned also to (C-O-C) vibration. The IR bands at 1023, 810 and 713 cm–1 and 
one Raman band at 886 cm–1 could be assigned to ν(C-H) out of plane vibration of 
the aromatic ring. In the same region we have seen IR bands at 960 and 853 cm–1 

–1 we could 
see deformation vibrations of both benzene rings and the out of plane vibrations of 
both OH groups which are at 460 cm–1 (Raman) and 466 cm–1 (IR). The low 
frequency region we assign to torsion vibrations. These bands were very weak 
because of the absorption of the lattice modes. We could see more clearly about 
these vibrations if we will use the laser line that approaches the electronic levels 
corresponding to metallic transitions in the near-UV. All observed IR and Raman 
frequencies of obtained curcuminoid, curcumin (Fluka Co.) and metallo-curcumin 
complexes are listed in Table 1. 
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–1

which were attributed to ν(C-O) vibrations. In the range of 700–400 cm

 (Raman, IR) can be attributed to (Raman)/1314 cm
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Table 1. Observed Raman (632.8 nm excitation) and FTIR frequencies in wavenumbers 
(cm–1) of the curcumin (Fluka Co.) and curcuminoid and metallo-curcumin complex 
studied  

 
 3518  3519   3519 
 3419  3413   3422 
 3006  3006   3006 
 2918  2920   2920 
 2848  2848   2848 

 

1630 1633  1638  1633  1631 1633 
1625 1623  1625  1623  1626  

1600 1600  1600  1600  1600 1600 
 1509 1507 1509  1507 1506 
  1492  1491  
 1465 1466  1468 1465 
  1454       1454   

 

1428 1429  1429 1429  1429 3
1322 1314 1322 1314  1322 1329 
1270 1270 1268 1274  1270 1274 
1250 1250 1251 1250  1250  
1206 1207 1208 1207  1207 1213 
1183 1183 1182 1183  1183  
1152 1153 1150 1153  1153 1163 
 1023  1023   1027 
    966sh  
962 960 960 960  960 963 
886      
 853  853  853 859 
 810 805 810  805 812 
 723  725   725 
569 554 568 536  570 600 
  518  518  
456  460 466  459 467 
376  378  387  
280    270  
  247    
  233    
  212  210   

 
 

Curcumin 
(Fluka Co.) 
Raman IR 

complex 
Curcuminoid Metallo-cur. Assignment 

Raman IR Raman IR 
ν(OH) 
ν(OH) 

ν(C-H) 

ν(C=O) of ketone groups 
mixing ν(C=O) and 
ν(C=C) 
ν(C=C) benzene ring 

1427 

mixing of vibrations 

mixing of vibrations 

δ(CH ) 
ν(C-O)  
δ(C-O-C)  

δ(C=C-H)  
δ(C-O-C) 
δ(C-O-C) 
ν(C-H) 
Me-O 
ν(C-O) 
ν(C-H) 
ν(C-O)  
ν(C-H)  
ν(C-H) 
Out-of-plane def. of benz.  
ring and OH group 

Torsion  
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Fresh tumeric. In spite of that curcumin is present in the root in an amount of 

spectrum and that the characteristic bands occur almost at the same positions  
as for the curcumin and curcuminoid in the Figure 1. The most intense bands 
appearing at 1633 and 1602 cm–1

cm–1

spectra and the image of one transverse section of fresh curcuma roots with the 
points where we have taken corresponding Raman spectra. From this figure we 

the core (A and B points) and it is lower in outer or near the skin (C point) of the 
curcuma root.  
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Fig. 3. Raman spectra and the image of one transverse section of fresh curcuma roots: at (a) 

Metal-curcumin complex. All obtained metallo-curcumin coloring complexes 
(Zn-cur., Mg-cur. and Sn-cur.) have been investigated by Raman and FTIR spectra 
in solid state. We will pay attention all regions in which there is indication of 
appearance either of metal-ligand structures like metal-oxygen or metal-nitrogen 
groups or enhance in the intensity of the bands assigned to ν(C-O) when the metal 
could break a double bond C=O of ketone groups and bonding with oxygen. In 
comparison between curcuminoid and metallo-curcumin complexes (Figure 1 and 
Table 1) we have seen that almost characteristic bands of the Raman spectra were 
in the same positions (in the frequencies and also in intensities). Below 500 cm–1 

we have seen some weak bands but it is very difficult to attribute them to Me-N 
or Me-O vibrations, except one shoulder at 966 cm–1 which could be assigned to 
Me-O normally appearing belongin at this frequency (Table 1). By FTIR analysis 
we could not see any band g to metal-oxygen bond. But we could predict that if 
the metal ions used possess the ability to attract the ion pair electrons on oxygen 
atoms of the curcumin molecule to form a complex, the (C-O) bonds must increase.  
 
 
 

the center point in the core, (b) outer point in the core and (c) in near the skin  
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mixing ν(C=O) with ν(C=C) of the benzene ring and the bands at 1190 and 976 

only 3–5%, we have seen clearly in Figure 3 that it dominates in the Raman 

 in the spectra are vibrations of the (C=C) and 

 are due to C-O-C and C-O-H, respectively. Figure 3 shows the Raman 

can see that the highest concentration of the dyeing substance was observed in 

276 



Structural and Spectral Properties of Curcumin and Metal- Curcumin Complex 

960cm-1/I1023 cm-1∼1 in the case of 
curcumin (Fluka Co.) and curcuminoid. But in the case of metallo-curcumin 
complexes this ratio is changed. For Mg-curcumin and Sn-curcumin this ratio is 

same explanation applies also for the ratio of intensities between 853 and 810 cm–1 
frequencies (we note that 960 and 810 cm–1

and 1023 and 853 cm–1 are characteristic bands of C-H). Thus using IR tech-
niques, we quantify curcumin an affinity for manganese, zinc, and tin ions. It is 
shown that Zn2+ was little binding, but Mg2+ and Sn2+ ions could bind at least two 
curcumin molecules. This conclusion can be confirmed by investigations of the 
morphology of these samples by SEM (Figure 4). 

Scanning Electron microscopy. The surface morphology of curcuminoid and all 
obtained metallo-curcumin copmplexes (Mg-cur., Zn-cur. and Sn-cur. complexes) 
were examinated by SEM and shown in panel a, b, c and d of Figure 4.  

Our curcuminoid shows rods or plaque in the dimension of a micron (a). These 
plaques become much more porously (in the case of Mg-cur. (b) and Sn-cur. 
complexes (d) in Figure 4). In the case of Zn-curcumin complex (c) we have seen 
small broken plaques. Thus the curcuminoid readily binds the Mg2+ and Sn2+ in 
contrast to Zn2+. In addition these metallo- curcumin coloring complexes are water 
soluble. These properties gave us the idea to use the curcuminoid for removing the 
metal ions in the brain so it reduces plaque formation which is formed in the brain 
and causes Alzheimer’s Disease (AD). 
 

 
(a) 

 

 
(b)                     (c)                   (d) 

Fig. 4. SEM image of the surface morphology of (a) curcuminoid, (b) Mg-cur., (c) Zn-cur. 
and (d) Sn-cur. complexes 

nearly ∼2. While this ratio was not changed for the Zn-curcumin complex. The 

From IR spectrum in Figure 2 we have seen that I

 are characteristic bands of C-O bond 
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4. Conclusions 

All vibrational assignements in detail on molecular level of the compound which 
was obtained by extraction and isolation from a rhizome of turmeric (Curcuma 
longa) and it’s metallo-curcumin complexes for a deeper understanding of the 
microstructure is presented. In addition the surface morphology was studied  
by SEM. An easy binding to metal ions has been given us an idea to use the 
curcuminoid for removing the metal ions in the brain so it reduces plaque 
formation which is formed in the brain and causes Alzheimer’s Disease (AD). 
We can also note that Micro-Raman spectroscopy is a valuable tool for non- 
destructive and fast investigations of natural plants even for compounds occurring 
in low concentrations. Besides due to the intense curcumin bands this technique 
allows us to determine the distribution of specific compounds. 
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Abstract. An experiment has been made in order to study the impact of SWNTs in in-situ 
chemically polymerized PANi-SWNTs composites. It is found that the SWNTs surface plays 
a role of nucleation sites for PANi growth. The presence of SWNTs enhances the degree of 
polymerization and increase the conductivity (polaron or bipolaron lattice) of PANi. When 
radiated by a near-infrared laser (1064 nm) the dried materials emit strong fluorescent bands 
in mid-infrared region which are assumed to be the transitions from the π-orbital (highest 
occupied molecular orbital) to polaron and bipolaron lower levels. The bands are speculated to 
arise from charge transfer interactions between the PANi and SWNTs, which brings new 
polaron and bipolaron levels into the band gap of PANi. The PANi-SWNTs also exhibits an 
improvement in NH3 gas sensing characterization in comparison to neat SWNTs and PANi. 
The results are interpreted as a modification in the chemical and electronic structure of PANi. 

Polyaniline (PANi), a pi-conjugated polymer, has been the subject of intense 
experimental and theoretical studies because of its outstanding states of oxidation 
and protonation. Depending on the degree of oxidation and protonation, the 

 

Fig. 1. Simplified band models used to describe polaron, bipolaron levels and allowed transitions. 
The transition w corresponds to the π to π* transition of the benzenoid unit. The transitions w1, w1b 
and w2, w2b are the transitions of polaron and bipolaron states, respectively. The transition w3 is 

1.   Introduction 

transition from lower into the uper binding polaron  

conductivity of PANi can be tuned in a large range from conductor to insulator [1–7].  
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The charge carriers responsible for PANi conductivity are polaron and bipolaron 
arising from chemical doping, charge injection, or electronic defects within the pi-
orbitals backbone. Figure 1 depicts a simplified model of the formation of polaron 
and bipolaron in band gap of PANi. The energy levels of the π-orbital (highest 
occupied molecular orbital) and of the π*-orbital (lowest unoccupied molecular 
orbital) form the valence band and conduction band, respectively [8, 9]. The electron-
phonon coupling results in a gap between valence and conduction band. In the single 
charged case two localized polaron levels are created in the gap. With the number of 
polaron level increasing the discrete levels are combined into a lower and upper band 
(bipolar on). Depending on the state of electronic occupation, the possible allowed 
transitions W, w1, w2, w3, w1b and w2b are described in the model, see Fig 1. The 
transitions W, w2, w3, and w2b are mostly in the violet and visible region. On the 
other hand, the transition from valence band to lower polaron (bipolaron) level w1 
and w1b gives rise to a band in the infrared region as shown in photoinduced 
absorption and chemical doping spectra  [8, 10].  

Single-wall carbon nanotubes (SWNTs) also exhibit excellent electrical pro-
perties which are somewhat comparative to that of PANi. Both materials show a 
strong interaction via dono-acceptor binding as evidence of a relatively high 
dispersion of CNTs into aniline [11,12]. The combination of SWNTs and PANi in a 
composite is expected to improve their unique characterizations. Based on these 
considerations, an effort has been made in order to study the effect of SWNTs on 
characteristics of in-situ chemically polymerized PANi-SWNTs composites which 
were synthesized with chemical treatment of SWNTs in acidic aqueous solution of 
HCl under bath ultrasonic. In this paper, SEM images, FTIR and Raman spectra  
of the composites are measured and analyzed. Gas sensing characteristics are tested 
to evaluate the impact of SWNTs. Some most relevant results are presented and 
discussed in this report. 

2. Experimental Procedure 

Korea, were used as starting materials. Aniline 99.5% (Aldrich. Co.) as monomer, 
ammonium persulphat (APS, Kanto Chemical Co. Inc.) as oxidant were used to 
synthesis PANi. All the materials were used as received.  

PANi was chemically synthesized with the following routine: 30 ml of aqueous 
solution of 1.0 M acid and 0.2 M aniline was mixed with 30 ml of aqueous 
solution of 0.2 M APS at temperature of 0oC [13-15]. The synthesis of in-situ 
chemically polymerized PANi-SWNTs composites was carried out in two steps. 
Firstly, 20 mg SWNTs were chemically purified in 5 ml HCl (37%) acid at 120°C 
for 3 h in an ultrasonic bath. Secondly, aniline and distilled water were added  
to the acidic solution containing purified SWNTs to have an aqueous solution of 
1.0 M acidic and 0.2 M aniline. The procedure then was made following the 
routine as that of PANi. The synthesis was carried on in an ultrasonic bath in order 
to increase the rate of polymerization. The color of the mixture was gradually 
changed from transparent, colorless to blue, and to dark blue-green indicating 
the emeradine base and salt polyaniline formed in the solution. After a certain  
duration, the reaction was terminated by pouring ethanol into the mixture. The 
resulting PANi and PANi-SWNTs composites were filtered out, washed repeatedly 
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Commercial AP grade SWNTs (mean diameter about 1.2 nm) from ILJIL Co. 
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with distilled water and with dilute acidic solution. After dried, the products were 
characterized using SEM, FTIR, and Raman spectra. 

Gas sensitivity was determined using a PANi-SWNTs or PANi layer coated on 
interdigitated Pt electrodes. The test sample was put in a closed chamber with installed 
electrodes, gas inlet, and outlet. The sensing signal was monitored and analyzed by a 
personal computer. The sensitivity is determined as a change in resistance of the 
PANi-SWNTs or PANi layer between Pt electrodes as follows: 

   
0

0

R
RR

S
−

= ,                                                (1) 

where R0 and R are the layer resistances in open air and upon exposure to the target 
gas, respectively.  

3. Results and Discussions 

Experiments indicate that the morphologies of PANi and PANi-SWNTs composites 
have different features. As can be seen from SEM images in Fig. 2, PANi without 
SWNTs grows in granular structure, the orientation of PANi is planar and random. On 
the other hand, in PANi-SWNTs composites PANi firmly grows on the surface of 
SWNTs and the orientation of PANi is perpendicular to the SWNTs surface. The 
potential mechanism of the formation of PANi film and colloids seems to be 
applicable to explain the different structure here. In pure PANi, the oxidation of aniline 
produces aniline oligomers. Due to its hydrophobic the PANi oligomers separate from 
aqueous solution and then adsorb themselves to form nuclei and to grow. The resulting 
PANi then has a  granular form. In the case of PANi-SWNTs composites, the aniline 
oligomers are adsorbed and anchored at strong binding sites on SWNTs surface [16]. 
The oligomers stimulate the growth of the PANi chain and then form a nucleus. The 
strong bond between SWNTs and PANi via donor-acceptor interaction is accounted 
for the growing mode [11, 12]. By the auto-acceleration mechanism, new oligomers 
form and the polymerization proceed, PANi particles grow. In PANi-SWNTs 
composites, SWNTs play a role of nucleation sites for PANi growth. Depending on 
the synthesis condition, the preferable anchoring sites give the different morphology. 

Fig. 2. SEM images of PANi (a) and in-situ chemically synthesized PANi-SWNTs composites (b) 

281 



 

The interaction between SWNTs and PANi is expected to affect the electronic 
structures of both PANi and SWNTs. 

vibration modes standing for PANi emeradine are clearly observed. The bands 
around 1478–1485 cm–1 and 1577–1580 cm–1

quinoid moiety, respectively. The semiquinoid indicating the change in quinoid to 
benzennoid form, i.e. the protonated structure is assigned to the adsorption band at 
1300 cm–1. The strong band at around 1173–1175 cm–1

mode of (N=Q=N) which is considered as degree of delocalization of electrons. As 
–1) 

and benzenoid vibration intensity (1485 cm–1) in PANi-SWNTs is higher than that 
of PANi (1580 and 1478 cm–1

peaking at 1300 cm–1 in the composite is more intensive. The feature indicates the 

than the neat PANi, or in the other words the interaction between PANi and SWNTs 
promotes and/or stabilizes quinoid form. From chemical view of consideration, 
SWNTs enhance the degree of polymerization of PANi. A slight blue-shift in 
vibration modes of PANi is also found in the composite. The shift is assumed as 
modi-fications in PANi chemical structure.  

The Raman spectrum of starting dispersed SWNTs acidic solution contains the line 
of 1593,5 cm–1 standing for the G-line (in-plane stretching E2g mode) of CNTs while 
that of starting ANi solution contains 1649.1, 1206.4, 797, 721.8 cm–1 modes standing 
for ANi. As can be seen from Fig. 4, the vibration modes of both SWNTs and PANi at 
around 1590 cm–1 appear in Raman spectra of PANi-SWNT composites. The band in 
the region of 1500 cm–1 was attributed mainly to the benzenoid (B) ring stretching 
vibration while the band near 1600 cm–1 is related to the quinoid (Q) structure of the  
PANi chain. The intensity of the benzenoid ring stretching vibration is less than that of 
the quinoid. Both the 1590 and 1500 cm–1 absorption bands exhibit an increase in 
intensity and a red shift during the protonation process. The red-shift is an indication of 

D.N. Huyen

Fig. 3. FTIR spectra of PANi and in-situ chemically synthesized PANi-SWNTs composites 

can be seen from Fig. 3, the ralative ratio of quinoid vibration intensity (1577 cm

The FTIR spectra of PANi and the PANi-SWNTs are shown in Fig. 3. The 

 are assigned to the benzenoid and 

 is assigned for the vibration 

, respectively). The semiquinoid vibration mode 

fact that in the composites the PANi has more quinoid and semiquinoid structure 

15
77

.2
 

14
84

.7
 

13
84

.5
 

13
00

.6
 11

36
.8

 

15
80

.6
 

14
78

.4
 

12
99

.7
 

11
35

.6
 

Wave number [cm-1]

PANi

A
bs

or
ba

nc
e 

[a
.u

]

PANi–SWNTs
composites

4000 3000 2000 2500 2000 1500 1000 500

282 



In-situ Chemically Polymerized PANi-SWNTs Composites 

the change of a benzenoid structure to the polaron lattice in the polymer chain. The 
1170 cm–1 band can be assigned to a vibration mode of B - NH = Q structure, which is 
formed during the protonation process and indicates the existence of positive charges 
on the chain and the distribution of the dihedral angles between the Q and B rings. 

1170 cm–1 was attributed to an electronic-like band and was considered as a measure 

Fig. 4.  Raman spectra of PANi and in-situ chemically synthesized PANi-SWNTs composites 

Fig. 5. Fluorescent bands of PANi and PANi – SWNTs composites excited by 1064 nm laser 

of the degree of delocalization of electrons. In PANi-SWNTs composites, the 

This band increases with the degree of doping of the polymer backbone. The band at 

stretching vibration modes are slightly shifting towards the red region indicating  
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Excitation by 1064 nm laser from Raman Nicolet 6700, the dried PANi and 
PANi-SWNTs composites emit broad bands peaking at around 3400 cm–1 

as shown in Fig. 5. This band is assumed to be the superimposition of N-H, O-H 
1  and w1b

highest occupied molecular orbital (HOMO) to lower polaron level or bipolaron 
band [17, 18]. The width of the transition band is broadened toward the red region 

interactions between the PANi and SWNTs. The interaction brings new polaron and 
bipolaron levels into the band gap of PANi, as a result the fluorescent band broadens 
toward red region.  

Experiments found that the conductivity of both PANi and in-situ chemically 
synthesized PANi-SWNTs composites are sensitive to ambient change. Using a 
vacuum pump to change the air pressure, the conductivity of the materials are varied. 
As shown in Fig. 6, the resistance of materials increases as air pressure reduces (the 

formation of shallow levels in their band gaps (chemical doping) and then alters 
their conductivity (in open air, both SWNTs and PANi are p-type semiconducting 

SWNTs will change again if we change the gas concentration (the pump on or off) or 
add some other gases. As an example, the resistance of PANi and SWNTs increases 
upon exposure to NH3 gas whose sensing feature is shown in Fig. 7.  The reason for 
the reduction of free carriers (hole) in PANi and SWNTs is the addition of electrons 
from adsorbed NH3 molecules into their valence band. As can be seen from the plot, 
the sensitivity of the PANi-SWNTs composite at low NH3 concentration is higher but 
at high NH3 concentration the sensitivity of PANi is higher. The saturation of gas 
adsorption is assumed to be the reason. The most striking point is the good recovery of  
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PANi-SWNTs composite. As shown in Fig. 8, after the gas is off the resistance of 

Fig. 6. Resistance of PANi and PANi-SWNTs as function of air pressure (P: pump on, O: 

able in air. The interaction between gas molecules and PANi/SWNTs results in the 

vacuum pump on). The main reason accounting for the change in conductivity is the 
adsorption of oxygen, water vapour and variety of gas molecules which are avail- 

materials). From physical view of consideration, the conductivity of PANi and 

open air) 

in both FTIR and Raman spectra and are speculated to arise from charge transfer 
(red shift) when SWNTs are added. The feature has been frequentely observed 

(0.42eV) 

a higher conducting structure (polaron lattice). As a dopant, the presence of 
SWNTs enhances the conductivity of the PANi. 

 (as shown in Fig. 1) from stretching modes and the optical transition w
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3

3

4. Conclusion 

In in-situ chemically polymerized PANi-SWNTs composites, SWNTs and SWNTs 
bundle surfaces are found to play the role of nucleation sites for PANi growth. In 
FTIR and Raman spectra, the intensities and band positions assigned for absorption 
and vibration modes of SWNTs and PANi are varied. The presence of SWNTs in the 
composites affects the polymerization and chemical bonding structure of PANi. From 

 

the composite completely returns to the origin. The improvement is assumed to be 
due to the larger surface area, larger sensing sites due to the modification of elec- 
tronic structure as a result of PANi-SWNTs interaction.   

Fig. 7. Conductivity of PANi and PANi-SWNT composite as function of NH  concentration 

Fig. 8. Repeativity  of PANi and PANi-SWNT composite upon exposure to 150ppm NH  
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the chemical view of consideration, SWNTs enhance the degree of polymerization 
and increase the conductivity (polaron or bipolaron lattice) of PANi. The PAN-
SWNTs interaction brings new polaron and bipolaron levels into the band gap of 
PANi. PANi-SWNTs composites also exhibit high gas sensitivity, fast response and 
perfect recovery. The modification in electronic structure of PANi and SWNTs in the 
composite is assumed as the reason for the improvement.  
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Abstract. This paper presents the investigations of a novel type of piezoresistive pH 
sensors exploiting the chemo-mechanical energy conversion due to hydrogel swelling. pH-
sensitive poly(vinyl alcohol)-poly(acrylic acid) (PVA-PAA) hydrogel is used for this aim. 
The pH sensor has been designed including a commercial piezoresistive pressure sensor 
chip, a hydrogel layer, and a rigid grid. Behaviour of pH sensor under swelling of polymer 
hydrogel has been simulated using finite element method (ANSYS). The sensor simulations 
have been performed using the experimental material parameters of PVA-PAA hydrogel. 
The sensor characteristics including the silicon diaphragm deflection and output voltage 
have been measured. There were good relative agreements between simulations and 
experimental results. 

1. Introduction 

Polymer hydrogels have been known for long time as a so-called smart material 
due to their ability of large, reversible volume changes in response to various 
external stimuli, such as temperature, pH, solvent concentration, and electric field. 
Nowadays, hydrogels are becoming more and more interesting for applications in 
sensors and actuators [1-6]. Researches on gel-based sensors and actuators were 
focused mostly on device design and fabrication. However, a systematic investi-
gation of the material properties and the implementation into appropriate models 
combined with the simulation of the complex device behaviour has not been 
delved yet.  

In this paper, we present our development of a pH sensor exploiting the 
swelling property of PVA-PAA hydrogel by mechano-electrical transduction via a 
silicon piezoresistive pressure transducer chip. The general sensor principle is as 
follows: The swelling state of a hydrogel will change due to pH value changes 
causing the flexible plate bending. It results in the change of membrane stress 
leading to the resistance change of the integrated piezoresistors and consequently 
the appropriate Wheatstone bridge output voltage. For silicon piezoresistive sensors, 
the output voltage can be theoretically determined as [7]: 

                  



  (1.1) 

where Uin is the applied voltage, π// and π⊥ the parallel and perpendicular 
piezoresistive coefficients, σl and σt the membrane longitudinal and transverse 
stresses, σRes the piezoresistors’ stress.  
 Our investigations will combine both the material characteristics of PVA-PAA 
hydrogel and the behaviour of the hydrogel-based sensor obtained by modeling 
and simulation as well as the experiments using the real fabricated sensors.  

2. Material Model of PVA-PAA Hydrogel 

For the aim of producing pH sensors, which rely on the hydrogel swelling, a good 
understanding of the appropriate material model is required that enable the cal-
culation of the sensor behaviour. Based on the free swelling experiments and 
mechanical tests, a visco-hyperelastic model is possibly applied for PVA-PAA 
hydrogel. The hyperelasticity can be described by a Mooney-Rivlin model with 
two parameters [8]: 
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where λ1, λ2, λ3 are the principal stretch ratios, and C1 and C2 material parameters 
characterizing the instantaneous response of the hyperelastic material. Here C1 and 
C2 are related to the initial shear modulus, G0: 

G0 = 2(C1 + C2)                                                     (2.2) 

while the viscoelasticity can be expressed by a Prony’s series for the shear 
modulus [9]: 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
−−= ∑

=

−n

i

t

i
iegGtG

1
0 11)( τ                                     (2.3) 

where gi and τi are material parameters characterizing the relaxation behaviour 
which is a property of viscoelasticity. 

The material parameters C1, C2, gi and τi were determined by mechanical tests, 
i.e., uniaxial tensions [10] combined with the curve fitting procedures using a 
software for finite element method (FEM) called ANSYS. The calculated values 
of these parameters are summarized in Table 1. All these parameters will be used 
as input data for the simulation of the hydrogel-based pH sensor characteristics. 

Table 1. Material parameters characterizing the viscohyperelasticity of PVA-PAA hydrogel 

Constant C1 
[MPa] 

C2 
[MPa] 

g1 g2 g3 τ1 
[s] 

τ2 
[s] 

τ3 
[s] 

Value 0.15 0.06 0.147 0.1433 0.2337 18.975 261.069 1476.9 

( )( ) ( )out in // l t in // Res
1 1
2 2

U U Uπ π σ σ π π σ⊥ ⊥=− − − =− −
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3. Sensor Modeling and Simulation  

Sensor modeling and behaviour simulation were carried out by finite element 

simulation work was to predict the pH sensor characteristics. 

The structure of the piezoresistive pH sensor would include three components 
which are directly connected with each other. The hydrogel layer is considered as 
a thin square slab. It is placed between the upper flexible bending plate of the chip 
and a lower rigid grid (Figure 1). The grid contains a number of small holes, 
which are supposed as channels for transferring the solution to be analyzed. 

Fig. 1. Cross-section of hydrogel-based piezoresistive pH sensor, Wch chip size, Wc cavity 
size, Wm membrane width, Wg gel width, Wh hole size, tch chip thickness, tm membrane 
thickness, and tg gel thickness 

In this work, a FE model was adjusted to the real dimensions of the commercial 
silicon piezoresistive sensor chips (Table 2).  

Table 2. Geometrical parameters used for pH sensor modeling 

Quantity wch 
[μm] 

wm 
[μm] 

wc 
[μm] 

wg 
[μm] 

wh 
[μm] 

tch 
[μm] 

tm 
[μm] 

tg 
[μm] 

Value 5100 3100 3800 1300 200 380 20 

The sensor model was built by the parametric modeling facility provided by the 
ANSYS Parametric Design Language (APDL) using macros which allow design 
changes relatively easily. In our work, only a quarter of the model was considered 
for the numerical analysis due to the chip symmetry. The sensor model was built 
using three elements. The SOLID45 is used to model the silicon chip and the rigid 
grid. The HYPER58 is employed for modeling the hydrogel slab, which is a solid 
but has hyperelastic properties. It describes the large and elastic deformation of 
the hydrogel. The CONTAC49 is applied to realize the contact of the surfaces 
between hydrogel, silicon membrane, and rigid grid within the sensor structure. 

Two simulation procedures have been established to calculate the static and 
the dynamic response of hydrogel-based sensors. The static simulation enables  
to calculate the instantaneous sensor response subjected to the given strains 

3.1. Sensor Design 

3.2. Sensor Modeling 

30–50 

method (FEM) using the ANSYS 8.1 software package [8]. The purpose of the 
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corresponding to the pH range of 5.5 to 11. The dynamic simulation is carried out 
to compute the time-dependent characteristics. 

Due to the isotropic deformation of PVA-PAA hydrogels, an equivalent strain has 
been introduced using the thermal expansion term offered by ANSYS to describe 
the strain due to chemical swelling [8]. The simulation was performed only for the 
swelling process of the hydrogel, but did not consider any temperature influences. 
Additionally, the following assumptions have been used for the sensor simulation: 

(i)  The reference state of hydrogel is considered as that one at pH 1. 
(ii) Calculations are applied for gel swelling process from pH 1 to higher pH 

values. 
(iii) The sensor is assumed to be fixed at the bottom. The grid is considered to 

be so rigid that it is not significantly deformed by hydrogel swelling 
process. 

The FE sensor model obtained by ANSYS is shown in Figure 2 (left side).  
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3.3. Simulation Assumptions 

3.4. Simulation Results 

Fig. 2. Sensor FE model (left) and membrane deflection profiles (right) 

Fig. 3. Longitudinal and transverse membrane stresses profiles (left) and pH-dependent 
transient stress within the piezoresistors (right) 
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The simulations were performed for sensors with the hydrogel thickness of 30, 
40, and 50 μm. The membrane deformations in different pH solutions from 5.5 to 
11 are obtained from the finite element static analysis (FEA). A typical case of the 
membrane deflection is shown in the right side of Figure 2 corresponding to the 
gel thickness of 40 μm. As expected, the membrane bending exhibits the shape of 
a curved shell. The center membrane deflections of this case have been calculated 
in the range of 10.2 to 15.1 μm. Another important result obtained from static 
analysis is the membrane stress distributions both of longitudinal and transverse 
stress along the axis from the membrane centre to edge. This analysis results are 
shown in Figure 3 (left side). It can be seen that the longitudinal stress gradient is 
higher than the transverse one.  

 
The FEA dynamic analyses result in the time-dependent response of the mem-

brane stress within the piezoresistor after a step-like change from pH 1 to higher 
pH values as shown in Figure 3 (right side). Consequently, the sensor output 
voltage is determined using equation (1.1). In this case, the supplied voltage Uin is 
assumed to be 5 V for convenience of the comparison with the measurements. The 
calculated maximum values and the time-dependence of the sensor output 
voltages due to the hydrogel swelling in different pH solutions are presented in 
Figure 4. Here, the sensor output voltage at pH 1 was supposed as reference state 
and assumed to be zero. The operation range is determined by the maximum 
calculated voltage compared to the reference state. 

4. Experimental Verification 

Relying on the mentioned design, pH sensors have been realized using the rigid 
grids made of silicon and fabricated by micromachining technology. The mem-
brane deflection and output voltage characterizing the sensor performance have 
been experimentally verified using those manufactured pH sensors.  

The membrane deflection measurements were carried out by the nanofocus 
microscan profilometer (Nanofocus AG, Oberhausen, Germany). The left picture 
in Figure 5 presents a measured result corresponding to 40 μm hydrogel thickness.  
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It revealed that the sensor, namely the silicon diaphragm, exhibited a sufficiently 
good response to the PVA-PAA hydrogel swelling. The corresponding values  
of the centre membrane deflections are between 9.1 and 14.3 μm for pH values 
of 5 to 11.  

These pictures demonstrate the sensor response to pH value changes for both 
measurement regimes. The output voltage increases with increasing pH. A tran-
sition occurs between pH 4 and pH 5. It is because the pH value rises above the 
dissociation constant of PAA (pKa = 4.7). It means that the ionization process of 
polycarboxylic groups within the polymer network happened and created the 
electrostatic repulsion force leading to the significant increase of the swelling 
degree. In most cases, the polycarboxylic groups were fully ionized at pH 11. The 
maximum sensor output voltage of this case is in the range of 75 to 130 mV 
corresponding to a pH range of 5.5 to 11. 

Comparing with the simulation results, a relatively good agreement with 
experimental results was obtained as shown in the right picture of Figure 5. 

The sensor long-term output voltage has been measured using so-called pulse-
wise and step-wise pH excitation regimes between pH 1 and pH 4…11. One of the 
measurement results is shown in Figure 6. 
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deflection values with simulation (right) 
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Fig. 6. Sensor long-term output voltage, left is pulse-wise and right step-wise cycling (gel 
thickness: 40 μm, parameter: pH value) 
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 Design, Simulation and Experimental Characteristics of Hydrogel 

All the sensor output characteristics according to the gel thickness of 30 to 50 
μm obtained from simulation and experiment are summarized in Table 3. Once 
again, these results also disclose that the experimental characteristics appeared to 
be well-suited for the calculations. 

Table 3. Simulated and measured sensor output voltage in pH range of 5.5 to 11 

Output voltage (mV) Gel thickness 
(μm) Simulation Measurement 
30 75…125 65…120 
40 85…140 75…130 
50 100..155 95…145 

5. Conclusion 
In this work, the behaviour of a pH sensor relying on the swelling of PVA/PAA 
hydrogel has been investigated theoretically and experimentally. A viscohyper-
elastic model has been applied for the hydrogel. The sensor behaviour has been 
modeled and simulated successfully by finite element analysis using the analogy 
of chemical swelling and thermal extension. Some main characteristics of pH 
piezoresistive sensor have been computed including membrane deflection, mem-
brane stress, and consequently sensor output voltage. The experimental verifica-
tions have pointed out that a relatively good agreement between simulation and 
measurement results of both the sensor membrane deflection and the output 
voltage could be reached. 
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Optimization of the Thermostable Nanogel 
Systems for High Temperature Reservoir 
Application 

and Nguyen T. Quynh Anh 

Institute of Applied Materials Science, 1 Mac Dinh Chi St., 1st Dist.,  
Ho Chi Minh City, Viet Nam 

Abstract. We designed experiments to find optimal thermostable nanogel systems that 
meet the requirements for use in high temperature oilfield reservoirs. The Response Surface 
Method is used to build second-order regression functions that correlate statistically gel 
strength and gelation time with the experimental parameters, like clay concentration and 
crosslinker concentration. Via in situ intercalative free-radical copolymerization, nanogels 
have been prepared from acrylamido-2-methylpropane sulfonic acid (AMPS), acrylamide 
(AM) (weight ratio of which in nanogel systems equals to 1:1) and montmorillonite-alkyl 
ammonium clay. The mixture of Hexamethylenetetramine (HMTA)/Phenyl acetate (PhAc) 
was used as a crosslinking system. The Lagrange multiplier method is used to optimise the 
resulting statistical model and to determine the maximum value of gel strength with the 
constraint of gelation time for practical applications. After a gelation time of 10.8 hours and 
storage for 32 days at 150°C the gel strength can reach up to 96%. The optimal nanogel has 
a clay concentration of 0.55% and a HMTA/PhAc mixture concentration of 0.80%. The 
characteristics of these nanogel systems meet the requirements for the use as water isolating 
materials in the White Tiger basement reservoir and provide a good basis for the further 
design of similar gels. 

1.  Introduction 

were designed  for water shut-off in the harsh conditions (high temperature, 
granite fractured stone-collector …) which can be found in the production wells of 
the White Tiger basement reservoir. However, there were some limitations of the 
existing polymer such as degradation (thermal, mechanical, shear…) and polymer 
rheology. In order to overcome these weaknesses, this study was conducted to 
select the optimal nanogel systems based on AMPS-AM copolymer-clay using a 
statistical model by employing the Response Surface method and optimizing this 
model by using the Lagrange multiplier method. 

E-mail: nptung@vast-hcm.ac.vn 

In our recent works [1, 2, 3, 4, 5], several thermostable polymer nanogel systems 

Nguyen Phuong Tung, Nguyen T.Phuong Phong, Nguyen Hoang Duy,  



2. Experimental 

− Nanofil 757 (Montmorillonite sodium clay), a commercial chemical from 
Sub-Chimie-Germany; 

− Acrylamide monomer (AM) 99%, Aldrich; 
− Acrylamido-2-methylpropane sulfonic acid (AMPS) 98%, Lubrizol; 
− Potassium peroxydisulfate 99.5%, China; 
− Hexamethylenetetramine (HMTA) 99%, Aldrich; 
− Phenylacetate (PhAc) 99%, Aldrich;  
− Acetic acid 99%, China. 

− Glass vials (Thick wall glass pressure tubes employing a thread of a Teflon 
cap with an O-ring seals were used. These tubes are available from ACE 
GLASS – Catalog. N  8648-04-USA). 

− Oven Shellox (USA) 
− The test equipment for medium nitrogen pressure made by the Fine Mecha-

nical Workshop-Institute of Applied Mechanics-VAST 
− Scanning Electronic Microscopy JSM-5500 (Japan)  

3.  Results and Discussion 

The nanopolymer was synthesized by standard in-situ polymerization techniques. 
The strategy of the synthesis is described in Fig. 1. First, separated clay (<2μm) 
was swollen in the mixture solution of AM and AMPS monomers by strong dis-
persion with magnetic stir in a 1000 ml glass beaker [6]. Second, the initiator  
 

 
 
 
 
 
 
 
 
 
 
 
 

Monomer

Clay 

Additive 

Swelling & 
Mixing

Initiator 

Copolymerization PG 

Fig. 1. Synthesis of preformed gel (PG) 

2.1. Chemicals 

2.2. Apparatus and Equipments 

3.1. Nanopolymer Synthesis 

°

N.P. Tung et al.

− Digital Programmable Water Bath Brookfield TC-100 (USA). 
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(Potassium peroxydisulfate, K2S2O8) and NH4Cl were added into a composition of 
4.0% AM + 4.0% AMPS + 0.3% K2S2O8 4
deionized water. The reaction was initiated by heating the solution to 60 C. The 
polymerisation mechanism is strongly exothermic and self accelerating yielding 
large amounts of ammonia. The reaction is finished in half an hour and followed 

illustrated in Fig. 2 shows that the clay is well-dispersed within the polymer 
matrix. 
 

 

 

aged at desired temperatures in a laboratory oven at 150 C for 32. For sample 

with 5 ml gelant and then put in small stainless-steel containers with tightly fitting 
O-ring screw caps. The valve of the cap was connected to a balloon filled with 
nitrogen. A small amount of water was added into these containers to create the 
thermal transparent medium. The Nitrogen pressure was kept at 7 atm in the 
containers to avoid boiling of both water and gelant. The temperature was 
increased from 35°C to 140°C and then to 150°C with a rate of 1°C/2 min. The 
samples were taken out every hour during the first days, daily during the first 
week and weekly during the first month for analysis. After cooling down and 
releasing of the nitrogen pressure, the tubes were opened and the gelling rate was 
recorded according to Marathon code [7]. The last sample was evaluated after 
storage at 150°C for 32 days. The appearances of the gel samples are shown in 
Fig. 3. They were rigid and yellow. Perhaps “ringing gels” with strong and 
excellent elongation recovery like rubber have been formed. The morphological 
investigation of these gels by the SEM technique is shown in Fig. 4. In the SEM 
images, the 3-dimensional network structure of these gels is clearly visible. 

The crosslinkers used in this study were HMTA and PhAc as a replacement of 
Phenol and Formaldehyde. These crosslinkers have multi-functional groups, 
which can build a complex three dimensional network with –CONH- bridges 
during the gelation process [8]. They provide a slow gelation even at high 
temperature and produce rigid, stable gels. The crosslinker concentration is critical 
for the structure and properties of the gel. The resulting gels are stronger with 
increasing crosslinker concentration due to the formation of a denser network.  

Fig. 2. TEM picture of nanopolymer 

°

°

+ 1.0%  NH Cl + 0.3–1% clay + 

by aging at room temperature. Analyzing the final product by TEM technique 

3.2. Polymer Gelation 

screening under nitrogen pressure, the 15 ml thermostable test tubes were filled 

In bottle tests, gel samples including nanopolymer, crosslinkers and additives were 
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In previous works [4, 5], we have investigated the effect of the crosslinkers 

(HMTA and PhAc) on gelation time and gel strength. We found that the most 
suitable HMTA/Phenylacetate ratio for crosslinking reaction was about 2/5. In this 
study a series of experiments are performed and analyzed statistically to find the 
optimal nanogel systems. 

Optimization and control of gelation processes require a strong knowledge of the 
correlation between experimental variables and the properties of the resulting 
copolymer. Statistical analysis of the experimental data was done by home written 
software which was implemented in the computer language Pascal. The measured 
response functions are gelatin time and gel strength. Gelatin time is defined as the 
time needed for the gel forming solution to reach gel strength level G according to 
the Marathon code. Gel strength depends on two factors: water content separated 
from the gel system and the hardness of the gel [7].   

Based on some screening tests of the nanogel system, the experimental varia-
bles were chosen to design the experiments of gelation process using the Box – 
Hunter method to find out the optimal conditions for gelling systems. In these 
experiments the clay concentration (Z1) was varied from 0.3% to 1%, the HMTA 
concentration was varied from 0.1% to 0.3% and the PhAc concentration was 
varied from 0.25% to 0.75% (HMTA/PhAc ratio was always set to 2:5). Variables 
that were assumed to remain constant included the aging process from 30°C to 
140°C (with a temperature rate of 5°C/10 minutes and storage at 150 C for 30 
days).  

 

Fig. 3. Appearance of nanogels after thermal aging 

Fig. 4. SEM picture of nanogel after aging 150 C (32 days). °

3.3. Optimisation of Gelation Process 

N.P. Tung et al.

°
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The experimental variables Zi were converted into variables Xi  following the 
equation: 

0−
=

Δ
i i

i
i

Z Z
X

Z
 

The exponential regressive equation (according to Box and Hunter) 

Y = b0 + b1X1 + b2X2 +...+ bnXn + b12X1X 2 +...+ bn1,nXn1,n + b11X1
2 +...+ bnnXnn

2  (1) 

is estimated by standard exponential regressive methods. The parameter b0 is 
defined as 

2
0 1 2 3 ' 4

1 1 1 1 1

2 2
5 6 7

1 1 1 1

N k N N N

i ij j i ij j ii ij j
j i j j j

N k N N

ii ij j ij J j
j i j j

b a Y a

b a X Y a X Y a Y

= = = = =

= = = =

= −

= + −

∑ ∑∑ ∑ ∑

∑ ∑∑ ∑
 

The regression was done using the experimental data shown in Table 1, 
yielding the following results: 

 

With b0 = 12.05; b1 = –1.24; b2= –1.23; b3 = –0.82; b12 = 0.02; b13 = 0.02; b23 = 
–0.02; b11 = –0.39; b22 = 0.35; b33 = –0.16 in which the coefficients b12, b13, b23 are 
nonsense.   

Optimal equation in the X coordinate system:  

Ŷ1= 12.053 – 1.239X1 – 1.234X2 – 0.816X3 – 0.39X1
2 + 0.352X2

2 – 0.16X3
2   (2) 

Optimal equation in the Z coordinate system:  

1 1 1
2 – 26.42Z2 + 35.2Z2

2 + 9.44Z3 – 16Z3
2        (3) 

With b0=95.22; b1= 2.38; b2= 1.71; b3= 1.42; b12= –0.13; b13= –0.13; b23= –0.13; 
b11= –2.26; b22= –2.79; b33= –4.21 in which the coefficients b12, b23, b13 are 
nonsense. 

Optimal equation in the X co-ordinate system:  

Ŷ2= 95.222 + 2.376X1 + 1.714X2 + 1.421X3 – 2.264X1
2 – 2.794X2

2 – 4.209X3
2  (4) 

Optimal equation in the Z coordinate system:  

 Ŷ2 = –123 + 250.16Z1 – 226.4Z1
2 + 128.9Z2 – 279.4Z2

2 + 477.2Z3 – 420.9Z3
2   (5) 

The response surfaces of gel strength and gelation time were illustrated in  
Fig. 5 and Fig. 6. 

X Y ; b = a X Y ; b = a X Y ;

(a) Gelation time: 

(b) Gel strength: 

Ŷ  = 12.022 + 26.61Z – 39Z
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A nanogel system which can be applied in oilfield treatments must meet two 
requirements: (a) the formed nanogel must be stable at reservoir conditions for a 
long time; (b) the gelation time must be long enough to allow gelant injection into 
the reservoir (from 10 to 13 hours according to the White Tiger basement reser-
voir characteristics and Vietsopetro company’s technical requirements [9, 10]). 
Therefore we want to find out the maximum gel strength with the gelation time as 

Tucker theory [11], the maximum value of a function y = f(X) = f(X1, X2, …,Xn) 
i i

following Lagrangian function:  

L(X,λ) = f(X) + Σ λi(gi(X) – bi) 

in which, λI   are the Lagrange multipliers. 
The maximal values of f(X) under the conditions mentioned above are found by 

solving the following equation system: 

                                                    =
∂

∂

jX

L

       =
λ∂

∂

i

L
0      for all i 

For our problem, the optimal equations of gelation time and gel strength are 
given by: 

Gelation time: Ŷ1= 12.053 – 1.239X1 – 1.234X2 – 0.816X3 – 0.39X1
2  

+ 0.352X2
2 – 0.16X3

2  

Gel strength: Ŷ2= 95.222 + 2.376X1 + 1.714X2 + 1.421X3 – 2.264X1
2  

– 2.794X2
2 – 4.209X3

2  

The Lagrangian function is  

L(X, λ) = Ŷ1 + λ (Ŷ2 – b) 

or 

L(X, λ) = 95.222 + 1.2.376X1 + 1.714X2 + 1.421X3 – 2.264X1
2 – 2.794X2

2  

                                – 4.209X3
2 + λ(12.053 – 1.239X1 – 1.234X2 – 0.816X3 – 0.39X1

2  
                     + 0.352X2

2 – 0.16X3
2 – b) (6) 

In this equation  λ is the Lagrange multiplier and b the gelation time. 
 

N.P. Tung et al.

the Optimal Gel System 
3.4. Application of the Lagrange Multiplier Method to Determine 

a constraint using the Langrange multiplier method. According to the Kuhn – 

constrained by the functions g (X) = b (i = 1, …, M) can be found using the 

0     for all j 
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To find out the maximum gel strength the equations are solved as follows: 

1

L

X

∂
=

∂
 –2.376 – 4.528X1 + λ(–1.239 – 0.78X1) = 0 (7) 

2

L

X

∂
=

∂
 1.714 – 5.588X2 + λ(–1.234 + 0.704X2) = 0 (8) 

3

L

X

∂
=

∂
 1.421 – 8.418X3 +λ (–0.816 – 0.32X3) = 0 (9) 

L

λ

∂
=

∂
12.053 – 1.239X1 – 1.234X2 – 0.816X3 – 0.39X1

2 + 0.352X2
2 – 0.16X3

2  

                – b = 0 (10) 

The equation system above was solved numerical on a computer with 
constraints of X∈[–1, 1] and b∈[10, 13]. The results are shown in Table 2. After a 

Table 2. The calculation results through Lagrange method 

X1 X2 X3 Z1 
(%) 

Z2 
(%) 

Z3 
(%) 

Gelation 
time 

(Hours) 

Gel Strength 
(%) 

0.52 0.31 0.17 0.55 0.23 0.57 10.8 96.2 

4. Conclusion 

The optimal conditions of gelation time and gel strength by combining two 
response functions to form a desired function via Lagrange multipliers were 
determinated. Using this function, the optimal composition of a gel system which 
has gelation time and gel strength suitable for application in high temperature 
oilfield reservoirs like the White Tiger reservoirs, was determined. This method 
proofed to be useful to optimize and control gelation time and gel strength in a 
way that satisfies the technical requirements of oil producing companies. 
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Abstract. Using high-resolution electron microscopy, we have found in a sample of 
Damascus sabres from the 17th century both cementite nanowires and carbon nanotubes. 
These might be the missing link between the banding and ancient recipes to make that 
ultrahigh carbon steel. The sample considered belonged to the wootz-type of Damascus 
steel which is fundamentally different from welded Damast. The nanotubes have only been 
revealed after dissolution of the sample in hydrochloric acid. Some remnants showed not 
yet completely dissolved cementite nanowires, suggesting that these wires were encap-
sulated by carbon nanotubes. Only recently, considerable progress has been achieved in 
reproducing the process of making the characteristic pattern of wootz. We propose a con-
nection between impurity segregation, nanotube formation, nanotube filling with cementite, 
cementite wire growth, and formation of large cementite particles. Needless to say that the 
presence of a nanostructure will have an impact upon the mechanical properties. 

1. Introduction 

Damascus blades featured two qualities not found in European steels at that time: 
an attractive wavy-like banding, known today as Damast, an extremely sharp edge 
(according to the legend a sword could slice through a silk handkerchief floating 
in the air) (cf., e.g., [1-4]). When talking about the damast pattern three kinds of 
technologies have to be distinguished carefully: (i) false damast, (ii) artificial  
or welded, (iii) genuine or wootz-based. False damast (i) is made by a treatment  
of the surface region of a steel blade only (for example by etching or scratching). 
It can easily be identified when looking at the cross section. Type (ii) is obtained 
when thin steel blades of different carbon content are welded by repeated forging 
and folding. This technology is widespread giving rise to spectacular patterns, the 
formation of which depends mainly on the flow of material during forging. In this  
sense it may be called artificial. In what follows we will restrict ourselves on the 
type (iii), whose Damast pattern appears after forging a cake-like piece of ultra-
high carbon crucible steel. The formation of the pattern depends on the formation 
of cementite (Fe3C) particles of a certain size, shape and spatial distribution.  
It is just this process of formation, obviously representing a complex combination 
of plastic deformation, diffusion and phase transitions, that still needs further 
exploration.  



How was genuine Damascus steel done ? It is generally agreed that those ingots 
of crucible steel were made in ancient India (‘wootz’) and Central Asia (‘bulad’), 
then sold to the Near East and to Europe for forging. Details of the blade pro-

this type of steel got lost. Numerous attempts have been made since that time to 
reproduce this quality. Thanks modern methods of analysis, progress has been 
achieved on a trial-and- error basis [5–6]. The processes behind pattern formation 
at nanoscale, however, are still subject of controversy.  

2. Experimental Methods 

Our analytical methods have been applied to samples of genuine Damascus sabres. 
We were lucky to get them from the Berne Historical Museum. There are a few 
earlier reports dealing with samples of the identical sabres [7–10]. They are docu-

We have collected data for phase analysis using optical microscopy, high re-
solution transmission electron microscopy (HRTEM; Philips CM200FEG) and 
X-ray diffraction. Furthermore, elemental analysis with the aid of optical spectro-
metry and electron beam microanalysis as well as nanohardness measurements 
have been performed. For details of our methods and the results we refer to [12–16]. 
Though several metallographic studies of this material have been published by 
other authors, no HRTEM has been applied to historic specimens.  

Focussing on the results of HRTEM, apart from the presence of microscopic 

structuring of the material at nanoscale has been observed. One component of this  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. TEM image of  cementite nanowires in a Damascus sabre. Left panel: The dark 
stripes indicate wires of several hundreds nanometers in length. Right panel: View showing 

M. Reibold et al.  

3. Results and Discussion 

an almost circular cross section (dotted) 

particles of cementite already known from the early works of [17], a pronounced 

mented as product of the famous blacksmith Assad Ullah (17th Century) [7, 11].  

duction were kept secret. At the end of the 18th century the ability to produce 
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is the appearance of wire-like objects of cementite structure (Figs. 1–4). They are 
locally ordered in colonies of parallel wires, changing orientation in neighboured 
regions. Their spacing is of the order of 100nm. From earlier work on conven-
tional steels cementite plates or laths have become known already, however, on a 
much larger microscopic scale. The spacing of lattice planes in high-resolution 
mode has been used to identify the structure (see, e.g., Fig. 2). 

where dislocations are tangled between them.  
To check a previous proposal made by Kochmann (cf. [13]) presuming carbon 

nanotubes in this Damascus steel, a small remnant (ca. 2 × 3 × 4 mm) of the 

one week in a glass evaporating dish. Unlike iron and iron carbide, carbon should  

d
3

Fig. 3. Same as Fig. 2 for cross section of 
a cementite nanowire piercing the image 
plane 

Fig. 4. Dislocation lines tangled at nano-
wires in a sample prior to annealing. Two 
samples are marked by arrows. No. 1 shows 
a straight section between the wires and  
No. 2 is bent around a wire 

sample, also investigated by [12–14], was dissolved completely in HCl (20%) for 

The mechanical effect of wire-like obstacles may be anticipated from Fig. 4, 

  

101 and 100, respectively

Fig. 2. Nanowire of Fig.1 in high-resolution mode
Inset : Fourier transform. Reflections (  = 0.4434 nm
0.3342 nm and 0.4900 nm) are indexed as Fe C 001,
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be retained. With the aid of a copper grid covered by an amorphous carbon  
layer the remnants were picked up from the acid and investigated by HRTEM 
(Figs. 5–7). This experiment has been repeated about one year later dissolving a 
second sample. Cylindrical remnants found this way were of two types: (i) straight 
(Fig. 5) and bent (Fig. 6) homogeneous particles and (ii) embedded particles 
(Fig. 7). Determination of the lattice spacings and consideration of the chemical 
processing let us conclude that the particles found are carbon nanotubes occa-
sionally filled with cementite. This mode of nanostructuring is also suggested 
looking at Fig. 8, which was obtained from our most recent sample not yet dis-
solved in HCl. The formation of carbon nanotubes and nanowires in steel  

 
 
 
 
 
 
 
 

 

is characteristic of carbon nanotubes, in 

 
 

Fig. 6. Bent homogeneous remnants with 
a fringe spacing of 0.349 nm, which is 
characteristic of carbon nanotubes  
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this case multiwalled  

with a fringe spacing of 0.342 nm, which 
Fig. 5. Straight homogeneous remnant 
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during a thermomechanical treatment has not yet been observed. Taking ancient 
recipes of wootz-technology into account, we have speculated that organic 
additions with the aid of metallic catalysts might have given rise to this carbon 
nanotube formation [15, 19]. Recent results of wood research (group of Barry 
Goodell) seem to support this route[18]. 

4.  Conclusions 

The nanostructure of an ancient steel sample opens a new view upon the formation 
of the Damast pattern. The formation of carbon nanotubes could be a missing link 
between the role of impurities and the existence of cementite particles. Moreover, 

Fig. 7. Embedded remnant with a fringe 
spacing of 0.63 nm, which is charac-
teristic of cementite. It is embedded in an 
almost structureless surrounding, which 
prevented dissolution 

of an outer wall partly filled with a 
dense material. TEM image of a preli-
minary study of sabre No. 9 (according 
to Zschokke [7]) showing similar nano-
structuring like sabre No. 10 

Fig. 8. Wire-like particles consisting 
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the effect on the special mechanical properties of Damascus steel deserves further 
investigation. 
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Abstract. Materials research at the Gesellschaft für Schwerionenforschung (GSI) in 
Darmstadt, Germany, employs the energetic heavy-ion beams from the large accelerators 
operated by GSI, and encompasses a broad spectrum of basic and applied aspects. This 
article gives an overview of the main topics and illustrates them with some recent results. 
Phase transitions have been stimulated in graphite and zircon by simultaneous exposure to 
high pessure and heavy ions. The damage trails caused by energetic heavy ions along their 
trajectories in materials such as organic polymers and mica are transformed by chemical 
etching into channels with diameters down to the nanometer scale. These pores can serve as 
model systems for biological ion channels and, furthermore, represent promising devices 
for biosensor applications. Metal and semimetal nanowires have been created by filling 
etched ion tracks in polymer foils, related studies focusing on electrical, optical, and 
thermal properties of single nanowires. The heavy-ion microprobe is able to target a sample 
with a single ion including uranium, having specific kinetic energies up to 12 MeV/amu, 
with a precision of about 1 µm. Single-ion irradiation of individual cell nuclei in a cell 
culture is one of the objectives under investigation. 

1. Introduction 

GSI, a member of the Hermann von Helmholtz Association of German Research 
Centers, operates several accelerators for heavy ions, namely the HLI high-charge 
injector, the UNILAC linear accelerator, and the SIS heavy-ion synchrotron. 
These facilities generate ion beams of all elements, in the case of the SIS even in 
all charge states up to bare uranium nuclei. The kinetic energies amount to  
1.4 MeV/amu at the HLI, 4 to 12 MeV/amu at the UNILAC, and approx. 50 
MeV/amu to 1 GeV/amu (for light elements up to 2 GeV/amu) at the SIS. The GSI 
Materials Research Department utilizes the available ion species and kinetic 
energies to perform irradiations of a variety of materials and to pursue a wide 
spectrum of aims. This brief overview addresses a few examples representing the 
main topics being performed in cooperation with numerous German and foreign 
partners [1]. 

A broad field is dedicated to basic research and concerns heavy-ion induced 
alterations in solids such as lattice defects or phase transitions, for example influ-
enced by simultaneous exertion of high pressure or by low sample temperature. 
Thus, for the first time, solid samples being exposed to a high pressure in a 
diamond anvil cell were irradiated with relativistic heavy ions which propagated 
through several mm of diamond to reach the sample. 



Other activities encompass aspects both of basic and applied research. Heavy 
ions with high kinetic energy generate long, absolutely straight damage trails,  
so-called latent tracks, along their trajectories. These tracks can be transformed,  
by means of chemical etching, into narrow channels with diameters down to the 
nanometer scale. By irradiation of a polymer foil with only a single ion, one 
obtains a single-pore membrane, particularly suitable to study the flow of elec-
trolytic ion current and the translocation of objects such as biological molecules. 

Filling a material into these channels makes it possible to produce, depending 
on the deposition parameters, poly- or single-crystalline nanowires. Among the 
wire characteristics investigated are electrical resistance and thermal instability, 
but also quantum effects caused by the restricted geometry. 

A heavy-ion microprobe operated with the UNILAC beam is employed for 
radiation sensitivity tests of objects such as microelectronic circuits or biological 
cells. This probe is able to place single heavy ions, including uranium, having 
energies of up to 12 MeV/amu, with a precision of the order of one micrometer. 
This allows, for example, the irradiation of individual cells in a cell culture with 
single ions. 

2. Research Activities 

Energetic heavy ions passing through a solid deposit their kinetic energy in small 
fractions almost exclusively via interaction with the electrons of the target. This 
very rapid energy transfer stimulates fast processes, in many materials causing 
damage trails along the ion trajectories. There occurs a broad range of alterations 
from point defects to complete amorphization. 

GSI Materials Research applies a variety of tools and methods in order to meet 
the conditions suitable for specific experiments and to characterize samples prior 
and subsequent to irradition with ions. Thus, a helium decompression cryostat  
has been installed in the beamline of the UNILAC irradiation site, allowing ion 
exposure at fixed sample temperatures from 5 K up to room temperature. Before 
and after irradiation, the samples can be studied in situ by means of an optical 
spectrometer [2]. 

When impinging on the surface of a solid, an ion creates in many cases a  
tiny damage at the impact site which can be analyzed efficiently only by high-
resolution microscopy. Figure 1 displays micrographs of tracks on the surface of 
highly oriented pyrolytic graphite (HOPG) acquired with a scanning tunneling 
microscope [3]. The surface had been irradiated by uranium ions under crazing 
incidence. On their way into the bulk, the projectiles lifted up some of the surface 
material, causing a bulge that diminishes with increasing penetration depth. 

A series of experiments has been started recently using relativistic heavy ions 
from the SIS heavy ion synchrotron [4]. In these studies, a solid sample is 
mounted in a diamond anvil cell and simultaneously exposed to high pressure and 
energetic heavy ions. This arrangement is illustrated schematically in Fig. 2, taken 
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2.1. Heavy-ion Induced Material Alterations 
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from [4]. The ions exit the SIS beam line through a thin metal window, travel 
about half a meter through ambient air and then traverse the front diamond and the 
pressurized sample. 

One of the first materials to be investigated was HOPG. Transmission electron 
microscopy images of the sample after the ion exposure did not show, in contrast 
to ion irradiation without external pressure, any individual tracks but exhibited 
complete amorphization and partial recrystallization of randomly oriented graphite 
bands. This result was very surprising also due to the fact that the fluence of  
1 × 1011 ions/cm2 had been sufficiently low to be far from the situation of track 
overlapping. 

Further exciting findings concern the mineral zircon, ZrSiO4. The sample trans-
formed to the high-pressure phase reidite at a pressure significantly lower than that 
necessary without ion bombardment. This phase transition was revealed by 
additional lines typical of reidite in the Raman spectrum. Figure 3 shows a section 
of the zircon spectrum recorded (a) before and (b) after ion irradiation, displaying 
bands of reidite in (b). 

Fig. 1. Scanning tunneling microscopy images (48 nm × 48 nm) of highly oriented 
pyrolytic graphite, irradiated with 2.64 GeV uranium ions under grazing incidence. The 
direction of ion propagation is from bottom right to top left (taken from [3]). 

Fig. 2. Scheme for the exposure of a diamond anvil cell, containing a pressurized sample, 
to relativistic heavy ions from the GSI heavy-ion synchrotron [4]. 
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Fig. 3. A section of the Raman spectrum of pressurized zircon (a) prior and (b) subsequent 
to irradiation with 2 × 109 uranium ions/cm2. The pressure amounted to 14.2 GPa. New 
bands of the high-pressure phase reidite at 810 and 840 cm–1

 
In a number of radiation-sensitive materials such as organic polymers and mica, 
the ion-induced damage trails, also called latent tracks, are transformable by 
chemical etching into channels with diameters down to the nanometer scale. For 
this purpose, the foil containing latent tracks with a certain area density, in many 
cases preferably only a single track, is inserted in an electrolytical cell and serves 
as a diaphragm dividing the cell into two separated compartments. A schematic 
view of this experimental arrangement is depicted in Fig. 4. (from [5]). The left 
chamber is filled with an etchant, whereas the right one contains a stopping solu-
tion which is neutralizing the etching solution in the pore tip after breakthrough  
to keep the diameter as small as possible. 

After removing the stopping solution, the size of the apertures at both sides of 
the pore can be increased in a controlled manner by continuing the etching 
process. The channel geometry, in particular cylindrical or conical with various 
opening angles, can be determined by choosing specific etching parameters with 
respect to the membrane material, such as etchant, pH value, temperature, and 
applied voltage. 
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 occur in (b) [4] 

2.2. Nanopores and Nanowires 
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 Detailed studies have focused on the fabrication and analysis of membranes 
containing a single conical nanochannel [6]. These membranes are characterized 
by a pronounced permselectivity for ions in aqueous solutions. The selective 
transmission originates from charged ligands on the inner wall of the nanopore 
that interact electrostatically with ions traversing the channel, leading to rectifying 
current-voltage characteristics. The left diagram in Fig. 5 displays experimental 
current-vs.-voltage curves recorded with a single conical nanopore in a poly-
ethylene terephthalate membrane. The radii of the small and large pore apertures 
amounted to 3 and 200 nm, respectively. The electrolyte was unbuffered KCl at 
pH 5.6, whose concentration was varied from 1 to 0.01 M. Theoretical modeling 
of these data provided satisfying agreement as illustrated in the right diagram of 
Fig. 5 (for details see [6]). These nanopores can serve as model systems for 
biological ion channels and, furthermore, represent promising devices for bio-
sensor applications. 

Fig. 5. Current-vs.-voltage curves for different parameters, (left) experiment and (right) 
theory [6] 

Fig. 4. Schematic view of an electrolytical cell [5] 
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Polymer membranes containing ion track-etched nanopores can also be used as 
templates for the controlled fabrication of poly- and single-crystalline nanowires. 
The group of materials employed so far at GSI comprises Cu, Au, Bi, Ni, Co, and 
Pt. For the purpose of wire fabrication, a membrane is first covered on one side 
with a thin gold layer, subsequently reinforced by a Cu layer, and then inserted in 
an electrolytical cell containing a suitable electrolyte. Nanowires are grown 
electrochemically inside the nanopores starting from the Au/Cu layer used as an 
electrode. Depending on the voltage and temperature at which the deposition takes 
place, the wires will be fine- or coarse-grained, or even single-crystalline. 

Using 30-µm thick membranes, wires with lengths of the order of 30 µm and 
diameters down to 30 nm have been produced, these wires thus having an aspect 
ratio of 103. The analysis of the crystallinity of a gold wire with diameter 40 nm 
by means of high-resolution transmission electron microscopy is illustrated in  
Fig. 6. The single-crystalline lattice becomes visible under high magnification and 
is confirmed via electron diffraction [7]. 

A major aspect of nanowire research concerns so-called finite-size and quantum-
size effects [8, 9] expected when the geometrical wire dimensions approach the 
size of characteristic parameters such as the electron mean free path and the Fermi 
wavelength. Bismuth is particularly suitable since these parameters are remarkably 
large even at room temperature. Further favourable properties of Bi are the small 
effective electron mass and the very low charge carrier density. With decreasing 
Bi nanowire diameter, conduction band and valence band recede from each other, 
and the solid undergoes a transition from a semimetal to a semiconductor. 

Single cylindrical Bi nanowires of different diameters were consecutively 
placed on an infrared (IR) transparent substrate and irradiated with monochro-
matic IR light from the ANKA synchrotron radiation source at Karlsruhe Re-
search Center, Germany. When tuning the IR wavelength, the wires showed an  

Fig. 6. Characterization of a single-crystalline gold nanowire: (a) Wire section imaged with 
high-resolution transmission electron microscopy at low magnification. (b) Framed area in 
(a) displayed with large magnification visualizing the gold lattice. (c) Electron diffraction 
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IR absorption edge which shifted to higher wavenumbers (i.e., to shorter wave-
lengths) as a function of decreasing wire diameter [9]. The absorption spectra  
of wires with diameters 400, 160, 120, 60, and 30 nm are depicted in Fig. 7. The 
absorption thresholds are estimated by extrapolating the edges by straight lines 
down to the points of intersection with the abscissa. This absorption behaviour is 
ascribed to interband transitions, and the blueshift is interpreted as a quantum-size 
effect originating from the diameter-dependent splittings and shifts of the energy 
bands. 
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Fig. 7. Infrared absorption spectra of single Bi nanowires [9]. 

As already briefly mentioned before, the GSI heavy-ion microprobe is capable of 
irradiating objects with single ions with an accuracy of about 1 µm. Therefore, it 
has been used frequently for mapping of radiation-sensitive sites in micro-
electronic circuits with the aim of examining the reliability for space applications. 
A further very important activity concerns the irradiation of individual living cells 
with single ions [10, 11]. It is possible to automatically recognize and target an 
ensemble of about hundred cells within several seconds. The fate of the cells 
subsequent to ion exposure is followed by employing staining and fluorescence 
microscopy. In particular, the behaviour and development of cells that were hit 
and of those that were not hit by an ion can be tracked and compared for an 
extended time period. The precise targeting and damage visualization is optimally 
illustrated in Fig. 8, displaying a stained cell nucleus and its damage sites caused 
by ion irradiation [12]. 
 
 
 
 
 

2.3. Heavy-ion Microprobe 
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Fig. 8. Confocal laser microscopy image of 
stained (red in original) nucleus of a human 
fibroblast cell (diameter ~15 µm) irradiated 
with the GSI ion microprobe. Each area 
indicated by a circle was targeted by four 
He ions with kinetic energy 4.8 MeV/amu. 
The sites hit by ions were revealed by the 
cell reaction to the DNA damage via stain-
ing (yellow in original) a protein in-volved 
in damage repair (This picture was taken 
from the front page of [12]. Courtesy GSI 
and biophysics & materials research team). 
 

3.  Outlook 

While the activities described in this article will be continued and further 
developed, materials rersearch is facing additional major challenges, since GSI is 

countries and by numerous external research groups, GSI is working towards the 
construction of a heavy-ion double synchrotron, of collector, storage, and cooler 

experimental arrangements. The UNILAC and SIS will be employed as injectors 
for these future accelerators. The GSI biophysics and materials research groups 

experiments with high-energy and high-intensity ion beams. For this purpose, a 
dedicated experimental cave is planned, which will be shared also with atomic 
physics groups. The scientific goals of materials research within FAIR concentrate 
on the effects induced by heavy ions with kinetic energies up to 10 GeV/nucleon 
when traversing a solid, and further on the simultaneous exposure of large solid 
samples (i.e. with centimeter dimensions rather than only of some ten µm) to high 
pressure and ion irradiation (see [BIOMAT]). 
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Abstract. Infrared spectroscopy is not only a powerful tool for the study of vibrational 
modes, it is also very effective for the investigation of metal nanoobjects such as films, 
wires, and dots. Metal films with thickness in the nm range can be studied with trans-
mittance spectroscopy, which, via the development of the plasmon resonances, allows for 
the observation of their morphological development. Individual metal islands have their 
plasmon resonance in the visible range and only a weak tail of that resonance in the 
infrared. But nevertheless they can be detected with the help of adsorbate absorption lines. 
Their signals appear increased for molecules on metal islands. More signal enhancement is 
expected for metal particles at resonance, like metal nanorods with a length in range of 
infrared wavelengths that show a typical antenna resonance in the infrared related to 
considerable enhancement of the electromagnetic field. 

1. Introduction 

Infrared (IR) spectroscopy is an analytical method more than 100 years old [1]. 
But it still is a method at the frontiers of science. Reasons are the long time 
continuously used for further improvements of the method and, as a consequence, 
its high technical standard that allows the detection of intensity changes of 10–4 
and better, which is below monolayer sensitivity. The method is almost non-
destructive and, particularly under vacuum conditions, it can be applied as an in 
situ for the observation and control of growth processes of nanofilms and nano-
particle arrays. In the case of metal nanoobjects, the signal is due to the absorption 
by charge carriers [2, 3, 4, 5] that extends into the visible range. Moreover, in 
combination with IR microscopy the method can be extended to the spectroscopy 
of single nanoobjects. [6] For adsorbate-on-metal systems IR spectroscopy has the 
advantage to study both the charge carriers and the adsorbate vibrations within 
one experiment [3, 7, 8, 9, 10, 11] and to exploit field enhancement. The experi-
mental basics of the following examples are given for example in Ref. [2, 3, 4, 5]. 

2. Metal Island Films                                

In the IR region the long-wavelength tail of the plasmon resonance of metal 
islands can be investigated. If the number of islands is too small to see this tail 
directly in the IR spectrum it is possible to detect adsorbate signals because of 
surface enhanced IR absorption (SEIRA) [7, 11, 12]. The main contribution to 



SEIRA comes from electromagnetic field enhancement in the vicinity of the metal 
particle. Far from resonance this enhancement is less than a factor of 10. [12] In 
Fig. 1 and Fig. 2 we show that enhancement is sufficient to detect adsorbates from 
residual gas on a growing metal film. In this experiment some parts of the eva-
porator were not completely outgassed, which gave a high hydrocarbon pressure. 
The IR spectra clearly show C-H stretch vibrations (in the range between 2850 
cm–1 and 2950 cm–1) appearing during film growth. Different to the growth at a 
pressure below 10–9 mbar where at 10 nm average thickness a smooth films has 
formed, [5, 11, 13] the hydrocarbons see to induce three-dimensional particle 
growth indicated by the nearly dispersion-less spectrum at 10 nm in Fig. 1. [14]  
It corresponds to a metal film close to the percolation threshold. With atomic force 
microscopy it turned out that this film really was consisting of densely packed 

The electromagnetic field between densely packed metal islands may be 
strongly enhanced over a large frequency range because such an ensemble has an 
extremely broad resonance from the visible to the IR [14]. As a consequence  
for IR transmittance spectroscopy of metal-island films close to the percolation 
threshold, all IR active vibration lines from adsorbates between metal islands 
become particularly strong. [7, 8] According to the distribution of the nearfield 
enhancement, the SEIRA signals are maximum between metal islands at their 
smallest distance. SEIRA enhancement factors up to 2000 are experimentally 
proven [15] but have to be considered as average values over ensembles of more 
or less randomly packed islands. It is important to note, that the enhancement 

Fig. 1. Selection of relative transmittance spectra measured during deposition of Ag on 
UHV-cleaved MgO(001) at 300 K. The average film thickness is given for each curve. The 
pure substrate was used as reference. Due to the hot evaporator the pressure was increased 
to 5 × 10–8 mbar from hydrocarbons. The range of respective vibration bands is marked for 
the lower film thicknesses, for the higher thickness a vibrational feature at about 2900 cm–1 
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nearly spherically particles [13]. 

clearly depends also on the dielectric function of the particles [7, 8]. 

is clearly visible  
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Fig. 2. SEIRA from hydrocarbons on Ag-island films during growth (average Ag thickness 
is given for each curve). Typical C-H stretch vibrations are indicated (in cm–1

3.  Nanowire Resonances 

Nanowires or nanorods with length of microns have their main resonance in the 
IR, [6] which opens the way to further increase of field enhancement for SEIRA. 
For example, rod-like lead particles grown on a specially prepared Si (335) 
surface under ultra-high vacuum conditions (UHV) as a consequence of aniso-
tropic diffusion [16, 17] show such antenna resonance (Fig. 3). Under ideal condi-
tions (diameter small compared to length L, ideal metal) the resonance wavelength 
λ  can be described with the following formula 

eff/ 2n Lλ =  (1) 

with neff as the refractive index around the wire. [6] With  

2
eff Si 1n n= +  (2) 

and the refractive index nSi for the silicon substrate a length of about 1 μm for the 
rods gives a resonance, which is in agreement with the atomic force microscopy 
image. For polarization perpendicular to the wire only the IR spectrum typical for 
metal islands is observed. From the signal strength of the antenna resonance the 
extinction cross section  σ ext

can be estimated from the relative transmittance (Trel) 
spectrum via the relation  

( )rel ext Si1 2 / 1T nσ ρ− = +  (3) 

) 
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With a rod diameter of about 100 nm and an area density ρ ≈5 × 10–7nm–2 of 
wires (from [17] and from atomic force microscopy) a scattering cross section of 
about 10times the geometrical one follows, which indicates field enhancement  
(of about a fact of 3 in the farfield).  Field enhancement in the nearfield will be 
investigated with adsorbate vibrations in our next experiments. 

IR spectroscopy of individual nanowire resonances in comparison to theoretical 
calculations with the Boundary Element Method [18] have clarified that the 
detailed resonance curve is sensitive not only to the diameter but also to the metal 
dielectric function in the IR [6, 19].  

Fig. 3. Relative transmittance spectra Trel of growing Pb nanorods on Si(335)/Au at room 
temperature (left). The electric field is polarized along the long axis of the rods. The 
average thickness for the final spectrum corresponds 15 monolayers  (ML) lead. On the 
right an atomic force microscopic image is shown. It is taken in air immediately after  
the UHV preparation. 
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Abstract. We report on a physical mechanism of coherent control with shaped intense 
femtosecond laser pulses. To this end we study photoelectron spectra from the multi-photon 
ionization of potassium atoms using tailored femtosecond laser pulses. Our results are 
interpreted in terms of Selective Population of dressed states (SPODS). Two realizations of 
SPODS by Photon Locking and Rapid Adiabatic Passage are discussed. A physical picture 
of SPODS based on the interplay of the laser electric field and the atomic wave function is 
presented. In addition, coherent control of a larger molecule (isopropyl alcohol) by shaped 
femtosecond laser pulses is demonstrated experimentally. 

1. Introduction 

With the advent of femtosecond laser pulses the temporal aspect of the interplay  
of light and molecular dynamics came to the fore and became experimentally 
accessible. The beauty of femtochemistry lies in our ability to observe [1] and to 
manipulate [2,3] ultrafast processes as they occur. Shaped femtosecond optical 
laser pulses [4] are the suitable tools to exert microscopic control on molecular 
dynamics at the quantum level. Fig. 1 depicts the concept of quantum control 
exerted by suitably shaped femtosecond laser pulses.  

Initially, the quantum system is in the ground state |i>. The dynamics induced 
by specifically designed laser pulses (three examples of which are depicted in 
Fig. 1) drives the system towards one of the possible final states |fi>. This 
particular target state represents for instance a specific excitation in an atom or 
molecule which initiates a desired physical process or chemical reaction. 
Important require-ments for applications of quantum control are (1) the ability to 
address different target states, i.e. tunability among the manifold of final states, 
and (2) to ensure that only one of the final states is populated, i.e. high selectivity 
among the final states. The combination of pulse-shaping techniques with closed 

conceivable observable as reviewed for example in [9,10]. However, it is not 
always possible to deduce the underlying physical mechanism from the electrical 
fields obtained by this procedure. Therefore, the need to bridge the gap between 
the efficient ‘black box’ closed loop optimal control methods and detailed 
understanding of the physical processes especially in strong laser fields is quite 

Matthias Wollenhaupt, Tim Bayer, Andrea Klumpp, Cristian Sarpe-Tudoran,  

loop adaptive feedback learning algorithms [5–8] allows to optimize virtually any 



 

Fig. 1. Principle of quantum control by shaped femtosecond laser pulses: control is 
obtained by the design of pulse shapes that guide the quantum system from an initial state 

i
  

Fig. 2. Quantum control of multi-photon processes via an intermediate resonant state: (a) 
shaped resonant laser pulses are used to steer the initial population in state |i> via the 
intermediate resonant state |r> to an individual target state |f> within a manifold of final 
states. (b) and (c) selective population transfer is obtained by manipulating the energy of 
the resonant state |r>. (d) selection of a particular target state among the manifold of final 
states is achieved by tuning the intermediate resonant states into resonance with the desired 

 

evident. To that end we combine femtosecond laser techniques with atomic-/ 
molecular beam techniques and photoelectron-/ion detection techniques [11] in 
order to investigate the physical mechanism of strong field quantum control on 
simple systems with well characterized shaped pulses. So far we have extended 
weak field methods to free electrons [12]. New techniques making use of polari-
zation control in molecular multi-photon excitation [13] and shaped intense laser 
pulses for molecular alignment [14,15] open further dimensions in this field. 

Within this context, shaped resonant intense pulses are of special interest, as 
this class of pulses is of general importance. Resonant control scenarios will be 

|i> to different final states |f > with high efficiency and high selectivity  

target state 
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mediate resonant state |r>. In general, strong laser fields give rise to an energy 

the dominant pathways as shorter and shorter pulses with ultra broad spectra 

resonant strong field control. In this scenario, control is exerted via the inter-
become available. Figure 2 shows the general picture of the physical principles of 
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splitting of the resonant state into two (so called dressed) states in the order of ħΩ, 
where Ω describes the Rabi-frequency. The decisive step in switching among 
different final electronic states is realized by manipulation of dressed state 
energies and dressed state populations. By suitable phase shaping of the driving 
laser field, it is possible to populate only one of these two (dressed) states [16], 
i.e., to realize Selective Population of Dressed States (SPODS). Effectively, popu-
lation of a single dressed state corresponds to a controlled energy shift of the reso-
nant state into a desired direction as illustrated in Fig. 2(b) and (c). In Fig. 4(b),  
a physical picture for population of a single dressed state is given. Generally, 
during laser excitation the driving laser field precedes the atomic dynamics by a 
phase of π/2. However, in the case of SPODS the wave function of the super-
position state |ψ(x,t)|2 and driving laser field are perfectly in-phase (no phase shift) 
or anti-phase (phase shift of π). This is exemplified in the upper (lower) panel of 
Fig. 4(b) for selective population of the upper (lower) dressed state. Depending  
on the orientation of the atomic dipole with respect to the laser field vector E the 
interaction between the atomic dipole and the laser field gives rise to a positive or 
negative energy contribution. By variation of the laser intensity the energy splitt-
ing can be controlled and thus a particular target state among the manifold of final 
states are addressed (cf. Fig. 2(d)) providing tunability. 

2. Experimental  

An experimental implementation of resonant strong field control is shown in 
Fig. 3(a). This approach makes explicit use of the manipulation of the temporal 
phase of a pulse sequence with attosecond precision [17]. Sequences of pulses are 
generated by sinusoidal phase modulation in frequency domain [4,18,19] with our 
home-built pulse shaper [20]. The shaped pulses are allowed to interact with 
potassium atoms in an atomic beam. Photoelectron spectra for different pulse 
shapes are measured using a Time-Of-Flight (TOF) electron spectrometer. Experi-
mentally we make use of a 1+2 REMPI process on potassium atoms (see Fig. 
3(b)). An intense fs-laser couples coherently the 4s and 4p states and at the same 
time ionizes the system in a two photon process. The shape of the photoelectron 
spectra reflects the temporal phase of the excited state amplitude [11]. In parti-
cular, the photoelectron spectra map the dressed state population. During the time 
evolution, the dressed states are characterized by a time-dependent energy splitt-
ing giving rise to the observed Autler-Townes (AT) splitting [21] in the photo-
electron spectra. Employing two-photon ionization as the non-linear probe step 
precludes averaging over the intensity distribution within the laser focus since the 
ionization probability is highest in the spatial region of highest laser intensity. 
This technique permits us to overcome the common problem of washing out 
intensity dependent strong field effects. 
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Fig. 3. (a) Schematic of the experimental set-up: tailored pulse trains are created via 
applying a phase mask in the Fourier plane of our pulse shaper [20]. In the case discussed 
here, the spectrum of our femtosecond laser pulse (785 nm, 30 fs, 0.35 – 2µJ) is phase-
modulated in frequency domain with a sinusoidal phase function ϕ(ω) = A sin[(ω-ω0)  
Τ + φ] with A = 0.2, T = 170 fs and ω0 = 2.40 fs–1 to produce a sequence of pulses in time 
domain separated by T. The pulses are focused on a potassium atomic beam. The resulting 
photoelectrons are detected with a magnetic bottle Time of Flight photoelectron spectro-
meter. (b) Schematic of the excitation scheme (potassium-atoms): The bare states are indi-
cated with thin lines. Thick lines illustrate the dressed state splitting during the interaction 
giving rise to a symmetric Autler Townes splitting (left). Selective population of a dressed 
state with a tailored pulse train is shown in the right panel, leading to a strongly asymmetric 

3.  Results and Discussion 

locked double pulses and (c) chirped femtosecond laser pulses. In both cases the 
experimentally observed photoelectron spectra are in good agreement with our 

state picture [17] and with the help of dressed states [16]. Briefly, the first pulse 
creates a coherent electronic superposition state. Depending on the relative optical 
phase of the second pulse either the upper or the lower dressed states are popu-
lated with high selectivity as seen in the alternating peaks in the photoelectron 
spectra. This realization of SPODS is based on Photon Locking [22]. An alterna-
tive realization of SPODS shown in Fig. 4(c) is based on Rapid Adiabatic Passage 
(RAP) [23,24] by chirped laser pulses. In our experiment chirped pulses are 
created by quadratic spectral phase modulation. By variation of the chirp para-
meter, we can switch between the population of the upper and the lower dressed 
state. Up-chirped pulses lead to population of lower dressed state and vice versa. 
Making use of adaptive feedback learning algorithms we are able to control the 
dressed state population by more than 90% as seen by the corresponding 
suppression of one AT component [16].  
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Autler Townes doublet  

Figure 4 shows two realizations of SPODS on potassium atoms using (a) phase-

simulations [19]. The results shown in Fig. 4(a) have been discussed in the bare 
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Fig. 4. Selective population of dressed states (SPODS) on potassium atoms via (a) Photon 
Locking in a two-pulse experiment and (c) Rapid Adiabatic Passage (RAP) using chirped 
pulses. Measured photoelectron spectra (false colour representation) as a function of the 
pulse parameters (a) delay and (c) chirp are in good agreement with the simulated results. 
(b) population of a single dressed state manifests itself by in-phase or anti-phase oscilla-
tions of the wave function of the superposition state |ψ(x,t)|2 with respect to the driving 
laser field vector E. Examples for two orientations of the electrical field vector E with 
respect to the wave function during selective population of the upper dressed state (upper 
panel) and lower dressed state (lower panel) are shown 
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With the help of tailored pulse trains we demonstrate that SPODS is highly 
selective, tunable (up to 250 meV) and robust [25]. In Fig. 5 experimental results 
– obtained with a pulse train created by applying a sine mask in the Fourier plane 
of the pulse shaper (see Fig. 3) – are displayed.  

Fig. 5. The Selective Population of Dressed States (SPODS) is directly mapped into the 
measured photoelectron spectra by variation of the phase φ. The maximum of the asym-
metric photoelectron distribution alternates between 0.33 eV and 0.52 eV. These results are 
obtained at a laser energy of W = 0.5 µJ. A section through the distribution along the 
energy axis at φ = 0.7 π – indicated with the violet trajectory – yields the photoelectron 
spectrum (A) where the lower dressed state is selectively populated as depicted in the inset 
to (A). Fringes in the spectrum with an energy separation of h/T arise from the interference 
of free electron wave packets [12] launched during the different pulses. Selective 
population of the upper dressed state is achieved at φ = 1.7 π as indicated with the magenta 
trajectory and plotted in spectrum (B). The signal of the slow photoelectrons at 0.33 eV (S) 
and the fast photoelectrons at 0.52 eV (F) – as indicated with the red and blue bars – is 
obtained as a function of the phase φ by taking a section through the distribution along the 
phase coordinate. The contrast of F and S, i.e., (F–S) / (F+S) as shown in (C) is a measure 
of the selectivity of dressed state population. The phases corresponding to the highest 
selectivity for population of the lower dressed state – spectrum (A) – and the upper dressed 
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state – spectrum (B) – are indicated with violet and magenta arrows respectively  
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Besides the experimental demonstration of SPODS on atoms, theoretical 
studies on potassium dimers (K2) have been performed [25,26]. These studies 
confirm the applicability of strong field control by SPODS to molecules. In 
particular, the insights into the physical mechanism of strong field control 
obtained on atoms can be used to design shaped laser pulses to efficiently switch 
the final population among different electronic states of a diatomic molecule. For 
applications to chemistry, it is particularly important to validate coherent control 
strategies on larger molecules. As a first step, we investigate the mass spectra – 
measured with a TOF spectrometer – from dissociation of isopropyl alcohol 
(C3H8O) using a pulse sequence. The results shown in Fig. 6 show pronounced 
variations in the molecular ion yield upon variations of the phase φ in the pulse 
sequence. In these experiments we simultaneously measured the atomic ion yield 
of K39 and K41 at about 7.8 µs and 8.1 µs respectively. Here no significant varia-

integrates over all accessible final electronic states. This result confirms that neither 

shaper. These observations show that control on the molecular dynamics of 
isopropyl alcohol is exerted by the optical phase of the shaped pulse.  

Fig. 6. (a) false color representation of TOF - mass spectra from the dissociation of 
isopropyl alcohol (C3H8O) using a pulse sequence. Shaped laser pulses are generated by 
sinusoidal spectral phase modulation of E = 10 µJ, λ = 790 nm, Δt = 30 fs pulses using a 
phase function ϕ(ω) = 0.5 sin[50 fs (ω – 2.4 fs–1) + φ]. The phase φ is varied within 4π. (b) 
sections through the mass spectra at φ = 2 rad (red) and φ = 5.5 rad (black) exhibit a strong 
variation of the molecular ion yield. At m = 45 u (C2H5O+) a variation in the molecular ion 
yield by a factor of 3 is observed. The insets show a magnification of the spectra.  
The atomic ion yield of K39 (7.8 µs) and K41 (8.1 µs) measured simultaneously shows no 
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variation with the phase φ  

scattering losses or spectral/spatial cross-sensitivities are introduced by our pulse 

tions of the ion-yield with the phase φ were found as expected since ion detection 

333 



However, so far it is not fully clear whether the physical mechanism underly-
ing our observations on isopropyl alcohol is based on SPODS. Currently, other 
physical mechanisms such as spectral interference [27,28] can not be ruled out.  
In future we will carry out systematic studies on the intensity dependence of phase 
control of larger molecules. Intensity dependent phase effects as observed in strong 
field control of atoms [17] and molecules [26] provide a critical test to discri-
minate weak field control scenarios such as spectral interference from strong field 
control exemplified by SPODS.  

4.  Conclusions 

Since switching between selective population of either dressed states occurs 
within a few femtoseconds, this technique is also interesting for applications in the 
presence of decoherence processes. SPODS can be realized with very different 
pulse shapes making use of diverse physical mechanisms ranging from Photon 
Locking [17,25,29] – to Rapid Adiabatic Passage [24]. In this sense, SPODS 
provides a unifying framework to describe resonant strong field control scenarios. 
We believe that SPODS is at play in many other circumstances as well, for ins-
tance in adaptive closed loop experiments [16,30,31]. Because SPODS combines 
high selectivity (more than 90% as observed in our experiments) and tunability 
(several hundred meV) with efficient population transfer, relevant applications  
to chemistry – so far investigated theoretically [25,26] – are within reach. Initial 
studies on mass spectra from dissociation of isopropyl alcohol using pulse sequ-
ences show pronounced phase effect.  
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Abstract. Experimental investigations of four-wave mixing (FWM) in Semiconductor 
Optical Amplifier (SOA) modules have been performed. SOA modules were prepared 
based on 1550 nm InGaAsP/InP SOA chips. The distributed-feedback (DFB) laser modules 
based on the 1.55 μm InGaAsP/InP BH λ/4 phase-shifted DFB laser chips have also been 
prepared for the light sources. The dependence of the FWM effect on the frequency 
detuning between pump and probe signals, SOA dc operating currents and input pump 

observed effect.  

Wavelength Division Multiplexing (WDM) is one of the most important techn-
ologies in modern fiber optic telecommunication systems. Wavelength converters 
are essential devices to exploit the full fiber bandwidth in a wavelength division 

ductor gain mediums, like the active layer of an SOA or a semiconductor laser, 
have third-order nonlinear susceptibility which is considerably larger than those 
observed in optical fibers. FWM in SOAs also can be used for other applications 
in modern all-optical fiber optic networks. At the same time, studying FWM in 
SOAs one can understand and eliminate FWM noises in WDM systems. In this 
paper we report the preparation of the SOA, DFB laser modules and the experi-
mental investigation of FWM effects in the prepared SOA modules.  

2. Results and Discussion 

Angled-facet Semiconductor Optical Amplifier (SOA) and DFB laser module 
preparation. In this work we used the 1 mm angled-facet (tilted) 1550 nm  
InGaAsP/InP SOA chips which were designed and fabricated at the Heinrich-
Hertz Institute (HHI) in Berlin. They have a buried heterojunction structure with a 
tensile strained layer (0.15%) to keep the polarization dependence as small as 
possible. In oder to prevent back reflection the SOA was designed 7° off axis with  
 

fiers (SOA) is a strong candidate to implement this function [1, 2, 3, 4]. Semicon-

1. Introduction 

signal power were studied. The FWM effect is the result of nonlinear interactions between 

 Institute of Materials Science, Vietnamese Academy of Science and Technology, 

InGaAsp/InP Semiconductor Optical Amplifiers 

  18, Hoang Quoc Viet st., Cau Giay, Hanoi, Vietnam

the medium and the optical fields, some physical FWM mechanisms are proposed for the 

multiplexed network. Four-wave mixing (FWM) in semiconductor optical ampli-



respect to the crystal axis (that is why it is called angled-facet) and the facets are 
anti-reflection (AR) coated with a TiO2/SiO2 double layer. AR coating was done 
by RF sputtering with in-situ control of the reflection spectra. The facet reflection 
coefficient is expected to be lower than 10–4 as the result of both effects of angled-

long SOA chips at the Institute of Materials Science (VAST), Hanoi. The SOA 
chip was soldered on the gold plated diamond heat sink, then the heat sink was 
soldered on a copper plate attached to the peltier cooler. In some cases, the SOA 
chips were attached to the gilded copper heatsink with electrically conducting 

ultrasonic welding and the thermal sensor was also attached to the copper plate for 
controlling the SOA temperature. Fiber-to-fiber optical coupling was performed. In 
order to have good coupling efficiency between 9/125 single mode fibers and the 
SOA chip we tapered the fibers using electrical arc. The fibers were coupled at 
23° angle relatively to the crystal axis in order to have the best coupling effici-
ency. The tapered fiber with the tip diameter of about 15μm gives a coupling 
efficiency of about 25%. The fibers were fixed to the copper plate with epoxy 
Araldite 2014 and the capping process completed the SOA module preparation.  

The results of the characterization showed that SOA modules have 3dB-ASE 
bandwidth Δλ ~35 nm with the maximum at 1540 nm (at operating current I = 60 
mA). The ASE spectra are shown in figure 1a for different operating current of the 
SOA module (RBW = 0.01 nm). Here the ripples due to the residual reflection are 
<1 dBm. Figure 1b shows the dependence of the SOA optical gain on optical 
output power at two operating currents I = 60 mA and I = 80 mA, the small signal 
gains are about 12 dB and 17 dB and the saturation output powers are around –5 
dBm and –1 dBm, respectively. The 3dB saturated gain is achieved at rather low 
output power, the nonlinearity effects are, thus, not too difficult to be observed. 
The dependence of gain on input light polarization is still rather high (~4dB) and 
the SOA noise figure is about 12 dB.  
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Fig. 1. (a) ASE spectra of SOA module at operating current of 50 mA (1), 60 mA (2), 70 
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facet and anti-reflection coating. We prepared SOA modules based on such 1 mm-

epoxy EPO-TEK H20E. The electrical contacts were made of 25μm gold wires by 
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Normally, as pump light source in FWM experiments the DFB laser must have 
high enough output power. Here we prepared the DFB laser modules based on the 
1.55 μm InGaAsP/InP BH λ/4 phase-shifted DFB laser chips with an integrated 
200 μm spot-size converter region [5]. The DFB laser chips were also fabricated 
at Heinrich-Hertz Institute (HHI). The laser chips were attached to the gilded 

single mode fiber was butt-coupled to this chip with the coupling efficiency of 

coupling efficiency between the tapered fiber and the DFB laser chip without 

DFB laser modules. The threshold currents of the DFB laser modules are smaller 
than 5 mA at room temperature and their output power can be developed up to  
10 dBm and the operating current can be increased up to 100 mA. By changing 
the temperatures of the DFB laser modules with the thermoelectric cooler control 
unit (temperature stability: ±0.1°C) we can have different wavelengths of the probe 
signal as shown in Fig. 2a. The coefficient of the wavelength shift with temp-
erature was defined as dλ/dT = 0,09 nm/°C. From the optical spectra we can see a 
good side mode suppression ratio ( >40 dB) of the DFB laser module. Figure 2b 
shows the images of our prepared SOA and DFB laser modules. 

Four-wave mixing in SOAs. In a typical FWM experiment, a strong pump wave 
at frequency ωp and a week probe wave at ωs are combined and coupled to the 
waveguide modes of the SOA, which is a traveling wave amplifier. Dynamic gain 
and index gratings are formed due to the beating of the pump and probe waves,  
at a detuning frequency given by Ω = ωp–ωs. The pump and the probe waves are 
subsequently scattered by these gratings which give rise to the FWM sidebands 
ωc, as shown in Fig. 3a. In this figure Pp(0) and Ps(0) are the optical power of 
pump and probe waves at the SOA input, and Pp(L), Ps(L) and Pc(L) are the 
optical power of the pump, probe and conjugate waves at the SOA output res-
pectively while PN(L) is the ASE optical noise power. 

InGaAsP/InP Semiconductor Optical Amplifiers  

(I = 20 mA): (b) Image of the prepared SOA and DFB laser modules 
Fig. 2. (a) Optical spectra of the prepared DFB laser module at different temperatures  

copper heatsink also with electrically conducting epoxy EPO-TEK H20E and the  

about 40% due to the integrated waveguide (spot-size converter) region while the 

contacts were also made by ultrasonic welding 25 μm gold wires. The 9/125 

integrated waveguide was 20 ÷ 25% [6]. We prepared both cooled and uncooled 
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 a) b) 

measurements 

Our experimental setup for studying the FWM effect in SOAs is shown in  
Fig. 3b. Pump (λ1) and probe or signal wave (λ2) from the 1550 nm DFB laser 
modules are combined in a 50:50 optical coupler before entering the SOA. The 
isolators were put at the DFB laser module outputs to prevent the back reflection 
to the lasers. To vary the intensity of the pump or probe wave without the change 
of their wavelength we used the variable optical attenuator (VOA). The polari-
zation of the pump and probe waves could be changed with the fiber polarization 
controllers. The temperature of the DFB laser modules and SOA could be changed 
and stabilized (±0.1°C) with the peltier coolers. The optical spectra of the pump, 
probe and conjugate (FWM) (λ3) waves at the SOA’s output were measured with 
an optical spectrum analyzer (OSA) Advantest  Q8384 (RBW = 0.01 nm). Both 
pump and probe waves were dc signals in our experiments. 

FWM efficiency depends strongly on the polarization of the pump and probe 
waves. With the rotation of the fiber coils in the polarization controllers we could 
have the maximum efficient FWM (maximum intensity of conjugate wave λ3) as 
shown in Fig. 4a when the polarization of the pump and probe wave are the same. 
The relative intensity ratio between pump and probe waves was also changed with 
VOA for observing the change in intensity of the conjugate wave (λ3 = 1541.58 
nm). The frequency detuning between the pump (λ1 = 1543.42 nm) and the probe 

2
detuning between the FWM conjugate wave and the pump wave is observed.  
The higher order FWM waves are also observed but with much smaller intensity. 
The detuning shown in Fig. 4a is a negative one because the pump frequency is 
higher than the probe frequency. We also observed the case of positive detuning 
when the pump frequency became lower than the probe frequency. In this case the 
conjugate wave λ3 is at the right side of the wave λ2. Keeping the constant ratio 
between the intensities of the input pump and probe waves we changed the 
detuning between the pump and probe frequencies by changing the temperature of 
the DFB laser module (which gives the probe wave signal) with the peltier cooler. 
Each time the conversion efficiency of FWM in SOA was calculated by the 
following formula [1,2]: 
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Fig. 3. (a) Generation of the FWM sidebands in a SOA; (b) Experimental setup for FWM 

(λ  = 1545.25 nm) waves in this case is Ω = 230 GHz (Δλ = 1.84 nm). The same 
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 Fig. 4. a) FWM in the prepared SOA module:  Pp(0) = 1.4 dBm, Ps(0) = –10.7 dBm, ISOA = 
70 mA (T = 25°C); b) Dependence of the FWM conversion efficiency on the frequency 
detuning at ISOA = 70 mA (T = 25°C) and Pp(0) = 1.7 dBm, Ps(0) = –10.7 dBm  

For detuning frequencies less than a few gigahertz, the largest contribution to 
the FWM susceptibility is due to carrier density modulation (CDM) which arises 
from the beating of the pump and probe waves. The intensity beating due to  
the pump and the probe leads to a pulsation of the population inversion in the 
medium. This pulsation of the total carriers leads to a gain modulation as seen  
by the traveling waves, which gives rise to the FWM sidebands. Due to the slow 
recovery of the carrier density, determined by the carrier lifetime τs, which is on 
the order of several hundred picoseconds, the efficiency of FWM mediated by 
CDM drops off for frequency detunings much larger than 10 GHz. At the large 
detuning frequencies, that is suitable for our case, the gain and index gratings are 
formed by intraband processes, such as carrier heating (CH) and spectral hole 
burning (SHB) [1]. Instead of a pulsation of the total carriers in the conduction 
and valence bands of the semiconductor, the occupation probabilities of the in-
dividual transition levels are modulated to form the gain and index gratings that 
give rise to the FWM sidebands. The pulsation of the occupation probabilities 
create distortions in the equilibrium Fermi distribution functions of the carriers, 
which relax back to their equilibrium state through different scattering processes, 
such as CH and SHB. SHB arises from carrier-carrier scattering which tend to 
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where Pc(L) is the optical power of the conjugate wave at the output of the SOA 
which depends much on the SOA length L, and Ps(0) is the optical power of the 
probe wave at the SOA input.  

The dependence of the conversion efficiency on the frequency detuning for the 
SOA operating current I = 70 mA (T = 25oC) is shown in Fig. 4b where the input 
power of the pump and probe waves were kept constant (Pp(0) = 1.7 dBm, Ps(0) = 
–10.7 dBm). The conversion efficiency of FWM decreases with increasing frequ-
ency detuning. We could have a maximum detuning of about 3.3 nm in the 
wavelength by changing the temperature of the probe laser source with the peltier 
cooler while the temperature of the pump laser source was kept at 20°C. To 
achieve more detuning one needs to have a tuning laser. 
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restore a quasi-equilibrium Fermi distribution function. Typically, carriers scatter 
each other at a time scale, τSHB, which is of the order of 50-100 femtoseconds. The 
quasi-equilibrium Fermi distribution function is characterized by a temperature 
which is different from the lattice temperature. The relaxation to the lattice 
temperature is through the emission of optical phonons with a time constant due to 
carrier-phonon scattering lifetime, τCH, which is of the order of 0.5–1 picoseconds. 
Thus the relaxation of the carriers can be explained as a three step process: (1) the 
carriers first scatter with each other to create a quasi-equilibrium Fermi distri-
bution which has a temperature Tx that is different from the lattice temperature 
(SHB), (2) the temperature of the carriers then relaxes to the lattice temperature 
through carrier-phonon scattering (CH) and (3) the carriers then recombine 
through stimulated recombination. 

The conversion efficiency of FWM depends on the SOA saturated gain Gsat, the 
input pump power Pp(0) (in dBm) and the detuning as given by the following 
formula [1]: 

3

. 10
1

1( ) 3 2 (0) 20log .
1sat p m

m m

G P c
i

η
τ=

Ω = + +
− Ω∑  (2) 

where τm is the lifetime of the above processes CDM, CH and SHB which corres-
pond to m = 1,2 and 3, respectively, and cm is the complex coupling coefficient. 
The conversion efficiency strongly depends on the length of the devices through 
the saturation of SOA. In our case we have fixed the SOA length so that the 
saturated gain increases when the SOA dc operating current increases as shown in 
Fig. 1b.  

Figure 5a shows the dependence of the FWM conversion efficiency on the 
SOA operating current at the fixed frequency detuning (λ1 = 1543.38 nm, λ2 = 
1544.40 nm, Ω = 128 GHz) and the fixed optical powers of the input pump and 
probe waves (Pp(0) = 1.7 dBm and Ps(0) = –9.77 dBm). The higher SOA operating 
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Fig. 5. a) Dependence of the FWM conversion efficiency on the SOA operating current 
p s

conversion efficiency on the input pump power (ISOA = 70 mA, Ps(0) = –8.8 dBm, Ω = 90 
GHz) (T = 25°C) 
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when P (0) = 1.7 dBm and P (0) = –9.77 dBm (T = 25°C); b) Dependence of the FWM 
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current gives a higher SOA optical gain so that the optical power of the conjugate 
wave is higher and, as a consequence, the FWM conversion efficiency is higher. 
For a longer SOA chip (>1mm) it is expected to have a more efficient FWM. 
When keeping the probe signal power (Ps(0) = –8.8 dBm), the SOA operating 
current (ISOA = 70 mA) and the detuning (λ1 = 1544.53 nm, λ2 = 1545.24 nm,  
Ω = 90 GHz) constant, an increase of the input pump signal power Pp(0) at first 
results in an increase in the conversion efficiency. Higher input pump power  
(~ –2 dBm) will saturate the SOA and cause reduction of the gain so that the 
conversion efficiency decreases with increasing Pp(0) as shown in Fig. 5b. When 
the pump signal power was kept constant a change of the probe signal power 
caused a little change in the conversion efficiency. 

3.  Conclusion 

Semiconductor Optical amplifier (SOA) and DFB laser modules operating in the 
region of 1.55 μm have been prepared based on the angled-facet InGaAsP/ 
InP SOA chips and InGaAsP/InP BH λ/4 phase-shifted DFB laser chips with 
integrated spot-size converter region. A four-wave-mixing effect was observed 
experimentally by using the prepared SOA and DFB laser modules. The depen-
dences of the FWM conversion efficiency on the frequency detuning, SOA optical 
gain and input pump power have been investigated which show the qualitative 
behavior of this third – order nonlinear effect in the semiconductor optical 
amplifier. This effect can be used for many functional applications of SOA in 
fiber optic communication such as in WDM technology. 
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Abstract. The photoreflectance (PR) is a sensitive optical method for examining the 
surface and interface properties of semiconductors . The important substrates that are 
available for light emitting technology are GaAs and InP. In this report, we simulate PR 
Spectra of GaAs in two cases: single-layer model (surface field is homogeneous in depth d), 
and multi–layer model (surface field decreases with depth d). By the multi-layer model, we 
received simulation results that are very similar to the experimental results. Important 
semiconductor materials exploited in optoelectronics are the x 1 xAl Ga As−  alloys which are 
lattice matched very well to GaAs substrates. With the multi-layer model we simulated the 
PR spectra of the heterojunction structure x 1 xAl Ga As / GaAs / GaAs−  (x = 0.05) for 
heterojunction– LEDs. The two-channel (X,Y) lock-in phase analysis is one of the most 
powerful methods for studying multi-component PR spectra . In this report, we set up the 

3-D phase diagrams indicate the number of the spectral components in a multi-component 
PR spectra (Franz-Keldysh oscillation-FKO; Exciton or Low-energy oscillation inter-
ference-LEOI).  

The PR spectra experiment: our optical system is placed in front of the monochromator 
and has a scalable and tidiness structure. Collecting and processing data are automatically 

0.05 0.95Al Ga As(n) /GaAs(p ) /
GaAs(p )

−

+ .  
                                           

0 7 0.05 0.95Al Ga As(n)/Air,  
0E 1.42eV=

0.05 0.95Al Ga As(n) /GaAs(p )− . with 0

1

E =

+
 ) –layer . 

 
 
 

 

          These spectra include three separated parts: The PR with the maximum 
interface) simulated PR spectra of the hetero junction structure 

 E  = 1.48  eV that shows the interface and the PR with  
Especially, the peak   correlates to the interface 

phase diagram in three-dimensions: X(E), Y (E) and E (energy of photon) coordinates. The 

Nguyen Thi Ngoc Ha , Truong Kim Hieu , Le Hong Vu , Huynh Sa Hoang , 1

Pham Thanh Tam , and Vuong Trung Kien  

1.38 eV

controlled by a PC. The controlled-program has a simple, easy used GUI (graphic user 

 in the experimental spectra points out the radiative recombination transition tran- 
sition band–impurity (acceptor Si) in the GaAs(p 



1. Introduction 

Modulation spectroscopic techniques, which are sensitive to the optical properties 
of solids, are the oscillations in the vicinity of the optical transition energies at 
critical points, so-called Franz-Keldysh (FK) oscillations. By most useful method 
for the analysis of epitaxial layers for compound semiconductor devices. Photo-
reflectance (PR) spectroscopy can be a non-destructive and contact-less inspection 
technique because of the optical modulation of the built-in electric field by modu-
lated photo excitation.  

In the PR technique, a modulated laser beam with an energy above the band 
gap of the material being studied creates the photoinduced variation in the built-in 
electric field. For a case of an n-type semiconductor, because of the pinning of the 
Fermi energy at the surface, there exists a space-charge layer. The occupied surface 
states contain electrons from the bulk. Photoexcited electron-hole pairs are sepa-
rated by the built-in field, with the minority carrier (holes for this case) being 
swept toward the surface. At the surface, the holes neutralize the trapped charge, 
reducing the built-in field. 

When the low-field criteria are not satisfied,  the dielectric function can exhibit 
the Franz–Keldysh oscillations. 
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E  is the photon energy; Γ is the broadening parameter ;  
Ω  is the electro-optic energy given by: 31
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Fs   is the magnitude of the electric field: 3/ 22eFs μ
= Ω  

μ  is the reduced interband effective mass in the direction of the field. 

x 1-x

In this model, the surface layer of the semiconductor is divided into j  
plane-parallel layers. The field Fν is assumed to be constant within each layer ν. 
Then the complex refractive index (n, k) in each layer is defined as 

( ) ( )v v vN N F 0,E N F ,EΔ= = + . 
In this case, the reflectance signal is  calculated from the formula: 

 ( )
( )

( )0

0

2

0

Re

Re

R

Rr
E

R
R −

=
Δ ; 2

L
0

L

N NR
N N

⎡ ⎤−
= ⎢ ⎥+⎣ ⎦

                            (1.2) 
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1.1. Photoreflectance Modulation Spectroscopy [1,2] 

1.2. The PR Spectra of  Al Ga  As/GaAs /GaAs as Multilayer [2, 3, 5, 6, 7]. 
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Simulation and Lock-In Phase Analysis

The results of calculations in the context of the multilayer model are shown in 
Fig. 1. As can be seen, consideration of the inhomogeneity of the electric field 
gives rise to a negative low-energy peak, a flattening and energy shift of the main 
peak, and additional damping of the Franz–Keldysh  oscillations. For comparison 
with the calculation model (dash line), the single spectra of PR typical of GaAs 
samples is shown by the solid line in Fig. 2.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

There are a few methods of the heterostructures multilayer PR spectra. The first 
one uses the fact that we have many signals from different depths in the sample.  
In this case, the PR signal consists of three subsignals in Fig. 3:  

 
 

 

sF

vF

dv

zeld0
dv  

Fig. 1. The field Fs is reduced with depth 

(solid line) 

1.3. The Theory of Heterostructures Multilayer PR Spectra [3, 4, 5, 6]. 

Fig. 2. The PR of GaAs with the model calculation (dash line) and experiment signal
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⎡ ⎤Δ Δ Δ Δ⎛ ⎞ ⎛ ⎞ ⎛ ⎞ ⎛ ⎞= + +⎜ ⎟ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎢ ⎥
⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎣ ⎦s i i

R R R RA
R R R R

  (1.3) 

Δ⎛ ⎞
⎜ ⎟
⎝ ⎠s

R
R

:  PR signal of x 1 xn Al Ga As / Air−−  

1

Δ⎛ ⎞
⎜ ⎟
⎝ ⎠i

R
R

,
2

Δ⎛ ⎞
⎜ ⎟
⎝ ⎠i

R
R

 : PR signal of the interfaces.  

These subsignals are given with the accuracy of a constant factor A - the decrease 
coefficient of PR signal from interfaces. 

   

Fig. 3. The PR subsignals of surface and interfaces 

x 1-x As/GaAs /GaAs  

 R
R

Δ   

Eg

Fig. 4. The PR of Al Ga
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(∆R / R)s
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GaAs
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2. Experimental Methods 

The automated instruments in our set-ups were a monochromator that was 
equipped with a stepper motor, a lock-in amplifier. The conventional photo-
reflectance apparatus uses a mechanical chopper (210Hz) to modulate the laser 
lights. 

We have two laser which have different power, one goes to the sample, one 
goes to the lock-in amplifier to make a reference signal. The modulation of the 

laser. The laser light will have a characteristic wavelength corresponding to radia-
tion with an energy above the band gap of the sample studied to assure that an 
adequate number of electron-hole pairs are photoexcited to produce the PR signal. 

In the Fig. 5, a beam of light from the lamp is hitting the sample surface in  
the same area as the impinging laser light. The signal separator, connected to the 

tional to I0R, and AC component is proportional to I0ΔR. The AC component is 
measured with a lock-in amplifier. A computer divides the AC signal by the DC 

PR spectra. We also calculated  x = 0,5  as a suitable parameter.  
These spectra include three separated parts: the PR spectrum with the maximum 

0 7E 1.48 eV= 0.05 0.95
trum with 0 0.05 0.95Ga )− . 
Especially, the peak with 0 1E 1.38 eV=  in the experimental spectrum points out the 
radiative recombination transition band–impurity (acceptor Si) in the GaAs(p + ) –layer. 

Fig. 5. The experimental set-up 
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1,2   : Laser sourses. 
3      : Chopper. 
4      : Sample. 
5      : Lens. 
6      : Monochromator. 
7,10 : Detectors. 
8      : Amplifier. 
9      : Lock-in Amplifier. 
11    : ADC card. 
12    : Computer. 
13    : Moto-step. 
14    : Lamp. 
 

Simulation and Lock-In Phase Analysis

2.1. The Experimental Set-up [7] 

GaAl
E = 1.42eV Al

In Fig. 7  show that the multilayer PR spectra is very similar to the experimental 
component giving the PR spectra as Fig. 6. 

sample is produced by photoexcitation of electron-hole pairs created by the 10 mW 

detector, separates the signal into two components. The DC component is propor-

 that shows the interface  , and the PR spec-As(n)/Ai r
As(n)/GaAs(pcorrelates to the interface  
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3. Lockin-Phase Analysis of PR Spectra[1,2]   

The use of a two-channel lock-in amplifier whose output is a complex signal 
consisting of a signal in phase with the modulation and a second imaginary com-
ponent shifted relative to it by 90°, leads to the result that the PR spectra, with the 
time dependence of the reflection signal R(t) taken into account, is described as 
follows: 

( ) ( ) ( ) ( ), , , ,s s 2 2

R R 2E F E F 1 i
R R 1

Δ Δτ ω ωτ
π ω τ

= −
+

            (1.4) 

Fig. 6. The experimental PR spectra Al0.05 Ga0.95 As/GaAs /GaAs  at room temperature 

Fig. 7. The PR of Alx Ga1–-x As/GaAs/GaAs with the calculation (dash line) and experi-
ment signal (solid line). 

N.T. Ngoc Ha et al. 
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where E is the photon energy, Fs is the electric fieldintensity, and ω= 2πf is the 
modulation frequency. The time dependence R(t) yields the phase delay δ of the 
photoreflectance signal relative to the phase of the modulating light. The lock-in 
amplifier defines the amplitude of the first Fourier component of the input signal 
at the  reference frequency and for the preset phase. Using a two-channel lock-in 
amplifier, one can determine either the component of the signal in phase with the 
reference frequency (X) and the component shifted by 90° (Y), or the amplitude 
r(E) and phase δ(E) of the modulated variable signal relative to the modulating 
signal: ( ) ( ) ( ) ( ) ( )i ER E r E e x E iy E

R
δΔ

= = + . The phase of the signal δ is defined 

as the angle between the phase of the scattered modulating light and the PR signal.  

          ( )
( )

( )
( )

Im
tan

Re
Y E 1 i
X E 1 i

ωτ
δ ωτ

ωτ
−

= = = −
−

   (1.5) 

with:                     
( ) ( )

( ) ( )

n

j
j 1

n

j
j 1

X E X E

Y E Y E

=

=

=

=

∑

∑

 

τ is the time constant. 
The simulated shape of the 3D phase diagram is an indication of the complex 

character of the  PR signal. (Franz-Keldysh oscillation-FKO; Exciton or Low-
energy oscillation interference-LEOI). 

line is the projection of two components PR on the plan (X,Y,O). This projection 
is the 2D phase diagram shown in Fig. 9.  

In case of the one component PR spectra (example: FKO component), the 
shape of 2D phase is linear. 

From simulated results, base on 3D phase diagram, we suggest a method to 
determine components of the complex PR spectra: 

In Fig. 8, the (ABC) plan is called the plan of FKO.  The 2D phase diagram is a 
linear line as Fig. 9. 

– Determining the other components:  

In Fig. 8, the exciton component peak is D. This peak is not on (ABC) plan. So, 
if the 3D phase diagram of PR spectra has peaks which are not on the plan of 
FKO, these PR spectra have more than one component. 

 
 
 
 
 

Simulation and Lock-In Phase Analysis

In Fig. 8, on the (OXY) plan, the solid line is Franz-Keldysh effect. The dash 

– Determining the FKO component:  

351 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 

Fig. 9. The  shape of the 2D phase diagram of complex PR spectra  

N.T. Ngoc Ha et al. 

Fig. 8. The simulated shape of the 3D phase diagram of complex PR spectra 
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– From the theory of photoreflectance modulation spectroscopy, we have simu-
lated heterostructures multilayer PR spectra Alx Gas1-x As/GaAs/GaAs. The 

– To determine components of the complex PR by Lockin- phase analysis, we 
have used the 3D phase diagram instead of the 2D phase diagram of other 
authors [1]. This makes the determining PR components  easily. 

 
 
 
 

Fig. 10. The  shape of the 3D phase diagram of FKO PR spectra 

Fig. 11. The  shape of the 2D phase diagram of FKO PR spectra 

Simulation and Lock-In Phase Analysis

4. Conclusion 

simulated PR is very similar to the experiment PR at room temperature. 
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Principally Basic Effects of Laser on the Bulk 
Semiconductor Bands  

N. Vinh Quang 

Institute of Physics and Electronics, 10 Dao Tan, Hanoi, Vietnam 

Abstract. Overcoming mathematical difficulties, it is finally solved the last case (the real-
symmetry bands of zinc-blend structure bulk semiconductors interacting with the non-
linearly polarized laser) of the very long-standing problem (the effects of external field on 
crystal spectrum), initiated by L.D. Landau 77 years ago. 

The existence of a qualitatively new effect, which is simultaneously removing the s (spin 
index) and l-h (light, heavy holes) degeneracy, is theoretically proved. The “configuration”  
of the spliting of main quasi-band edges is strongly dependent on the polarization character 
of laser and is changed when the frequency changes from the values smaller than (or equal 
to) the band gap to the ones greater the band gap. The numerical evaluation shows that the 
effect is sufficiently strong for observation, for which a pump- probe experiment is 
proposed. 

For the first time, paying attention to the uniqueness of the main quasi-band conception, 
all of the principally basic effects are clearly classified. 

1. Introduction 

The problem “the effects of external electromagnetic field on the electronic  

1930 L.D. Landau initiated the investigation of the problem by considering a time-
independent magnetic field case [1]; in 1940 W.V. Houston examined the time-

1969 when V.M. Galitskii [3], other authors and N. Vinh Quang [4-6] considered 
the case of linearly polarized electromagnetic wave; in [7] the case of circularly 
polarized laser interacting with the Wurtzite structure semiconductors is solved; 
the “last” unsolved case is a one of non-linearly polarized wave interacting with 
the real-symmetry bands of Zinc-blend structure bulk semiconductors. That case is 
most mathematically complicated, since the l-h degeneracy causes the essential 
difficulties as in the exciton problem [8]. In addition, in the “last” case Hamiltonian 
is not invariant for the time-inversion, therefore there is no degeneracy like the 
Kramer one [9], hence, we have to take into account s (spin index) degeneracy 
simultaneously. This is why that “last” case is unsolved up to now. In this paper, 
overcoming mathematical difficulties, it is finally solved the” last “case. A quail-
tatively new effect that is the s-l-h splitting due to elliptically polarized laser is 
found. The numerical evaluation is made to show that the effect can be observed 
 
 
 

E-mail: nvquang@iop.vast.ac.vn 

states and spectrum in a crystal” is many-year long- standing 77 years ago, in 

independent electric field case [2]; studying the time-dependent case is begun from 



by the experiment, which is proposed. Its low dimension case is discussed. 
Using the uniqueness of main quasi-band notion [7], all of the principally basic 
effects are clearly classified. In this paper,the system of the atomic units is used. 

It is taken from Kane’s band theory [10, 11] the electron’s Block wave functions. 
As in [4] we determine a state ( , )r tϕ of the crystal in the field 

→
A (t) from the 

time-dependent Schrödinger equation with the Hamiltonian  

( ) [ ]

[ ]

2

in t 2

2 2

,

,

ˆ 1 ˆ( ) ; ( )
2 4

1 1 1ˆ ˆ ˆ ˆ( ) ( ) ; ( )
2 4

o o
PH t H H H V r V r

m m

H in t e A t Q e A t Q P V r
m m m

σ

σ

≡ + ≡ + + ∇

≡ + ≡ + ∇        (2.1) 

where m,-e, P̂ and ˆσ are the mass, charge, the momentum and spin operator 
of the electron, respectively; ( )V r is the crystal potential. 

The set of equations for defining coefficients n ka δ  in the expansion of the 
wave function ( , )r tϕ  into the set of eigen-functions is obtained in [12]. Using 
the Kane’s functions it is found that the spin index (+)[(–)] stationary state of c-
band mix only the spin index (+)[(–)] ones of h-band and the spin index (–)[(+)] 
ones of l-band. 

In [12] the existence of a qualitatively new effect, which is simultaneously 
removing the s (spin index) and l-h (light, heavy holes) degeneracy, is just theo-
retically proved without using RWA (rotating wave approximation) for circularly 
polarized laser. 

Now we complete the problem by considering the “last part” of the “last case”: 
the one of elliptically polarized laser. Then field is 

                  →
A

(t) = ( →
i

g cosωt – 
j
→ sinωt)A0 ; ; ,1i j i j

→
⊥ = =                (2.2) 

where g is real number describing elliptical degree. 

( ) ( ) ( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( ) ( ) ( )

( ) 0 1 1 2 2 1 2

( ) 0 3 1 2 1

( ) 0 2 1 2 1 1 2 2

0, 0 ( ) , 1 ,

0, 0 ,

0, 0 ( ) , 1 , ,

c c

h h

l l

E k A E k u u

E k A E k

E k A E k u u

δ α δ δ δ α δ δ

α δ δ δ

δ α δ δ δ α δ δ δ

+ − −

+

− − −

→ = → + + −⎡ ⎤⎣ ⎦
→ = → + +

→ = → + + − +⎡ ⎤⎣ ⎦

 
 
 
 

the main quasi-bands are obtained: 
Repeating the formalism developed in [12], 3 different dispersion relations of 

  (2.3) 

2. S-L-H Splitting  
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where  
 

( ) ( )

( ) ( )

( ) ( )

1 /2
1 1 2

1 /2
2 1 2

1 /2
3 1 2

3 /2
3 / 2

2 2 2 2
1 2 1 2 1 2 1 1 2 2

32

2,
3 33

2,
3 3 33

2, cos
3 3 33

3 / ( ) ; 0
2

; ( ); ( )

; 2
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,

,

,

3 3

,

,

vp

vp

vp

q p

v s t

v v v sp s q t

u

θα δ δ

π θα δ δ

π θα δ δ

θ

δ δ δ δ δ δ

−

= −

⎛ ⎞= − − −⎜ ⎟
⎝ ⎠
⎛ ⎞= − − − −⎜ ⎟
⎝ ⎠

⎛ ⎞= − − ≥ ≥⎜ ⎟
⎝ ⎠

≡ + ≡ − Λ + Λ ≡ − Λ + Λ

⎛ ⎞≡ − + ≡ − +⎜ ⎟
⎝ ⎠

1 ; 0
0

,
: 0

y
y
≥⎧≡ ⎨ <⎩  (2.4) 

with 

               
( ) ( )

1 2

1 0 2 0

,, ,

22 1 1 ,,
3

G c h c lE E E E E

e ei A Q g i A Q g
m m

δ ω δ ω δ ω≡ − ≡ − − ≡ − −

Λ ≡ − + Λ ≡ − −              (2.5) 

Q being a Kane’s parameter. 
Three others equal 

   

( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )
( ) ( ) ( )

( ) 0 1 2 1 2 2 1

( ) 0 2 2 1 1 2 1 1

( ) 0 3 2 1 20, 0 ,,

c c

h h

l lE k A E k α δ δ δ

− − −

− − −

+

⎡ ⎤⎣ ⎦
⎡ ⎤⎣ ⎦

→ = → + +

       (2.6) 

where the 1 2 1( , )α δ δ , 2 2 1( , )α δ δ , 3 2 1( , )α δ δ
1 2δ δ↔ . 

From (2.2) – (2.6) it follows that the s and l-h degeneracy at the top of l-h bands 
are simultaneously removed.  

When GE〉ω  the “configuration” of the split main quasi-band edges is              

( ) ( ) 0 ( ) ( ) 0( 0 , ) ( 0 , ) ( 0 , ) ( 0 , )h o l l o hE k A E k A E k A E k A− − + +→ > → > → > →   
(2.7) 

When GE≤ω  the “configuration” of the split main quasi-band edges is     

cos +

cos − ,

θ πarccos

E k→0, A =E k→0 +u (δ )α δ ,δ + 1−u δ α δ ,δ ,

E k→0, A =E k→0 +u (δ )α δ ,δ + 1−u δ α δ ,δ +δ ,

( )y
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are determined from (2.4) by 
the replacement



( ) ( ) 0 ( ) ( ) 0( 0 , ) ( 0 , ) ( 0 , ) ( 0 , )l o h l o hE k A E k A E k A E k A+ + − −→ > → > → > →  (2.8) 

Thus, the “configuration” of the spilt main quasi-band edges is strongly changed 

when the frequency ω  continuously changes from GE≤ω  to GE〉ω   
The results for the case with the field 

                         0( ) ( cos sin )A t i g t j t Aω ω= +
                

             (2.9) 

are obtained from the above obtained results by the following substitutions:  

                  ( ) ( ) ( ) ( ) ( ) ( ); ;c c h h l l+ ↔ − + ↔ − + ↔ −                        (2.10) 

Thus, the polarization character of the field plays an important role in s-l-h 
splitting effect. 

The reason of the s-l-h splitting is the fact that the Hamiltonian H (t) is time-
periodic simultaneously being not invariant for time inversion, while the states 

In order to make clear the practical significance of the s-splitting of c-band 

                                    
2

0 , 2 3

5

,7

2
GE e V

Q e V

≈

≈                        
                   (2.11) 

when the field has intensity 4
0 6 , 7 5 .1 0 /E V c m≅ and g=1 we obtain the 

following essential results.  

For GE〉ω : 

                            

[ ]
( ) ( )

( ) ( )

( ) ( ) 18

c s

h l

l l

l h

E

− −

− +

+ +

Δ →

Δ ≅

Δ ≅                      (2.12) 

When GE≤ω

                         

[ ]
( ) ( )

( ) ( )

,

,

( 0 ) 40

18

25

58

c s

l h

l h

E k

m e V

m e V
+ +

− −

Δ → ≅

Δ ≅

Δ ≅

Δ ≅                   (2.13) 

H (t).must be classified according to the representation of the symmetry group of 
Th e e lliptical case is different from the circularly one only quantitatively but not 
quailtatively. 

Δ ≅ 40

h + ) l ( − )(

( 0k m) ≅ 58 e V ,

m eV,

m eV,92

me V ,

m e V.

m eV.
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.

meter as in [13]: 
and  s-l-h splitting let us now calculate these effects for InSb. Using the band para- 
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Hence, s-l-h splitting should be observed by the following pump-probe 

4
0 6 ,75 .10 /E V c m≅

meV then we study the absorption spectrum of the additional weak linearly 
polarized light [20] with the frequency near 18 meV waiting for the peak, which 
should be appeared due to the transitions from the main quasi-band h (+) to the 
main quasi-band l (+). 

The particular feature of the s-l-h splitting effect, namely, the change of the 
“configuration” of the splitting of main quasi-band edges under the continuous 
changes of the frequency from GE≤ω  to GE〉ω  could be used for determining 
exactly the band gap. 

Since any arbitrarily directed time-independent electric field cannot cause s-l-h 
splitting (see Kramer’s theorem [9]), the s-l-h splitting is a qualitatively new effect 
and could not be considered as a high –frequency Franz-Keldysh effect [14,15]. 

As a principally basic effect, the s-l-h splitting has a significant sense. It is 
important not only for the theories of optical and transport processes associated 
with intense electromagnetic wave (for instance, laser annealing, the generation of 
a strong field in semi conducting  lasers [16] etc.), but also for studying the 
discrete symmetries in electrodynamics [17]. 

In addition, since the change of the electron spectrum has essential influence  
on the superconductivity’s properties of semiconductor, the s-l-h splitting may 
be important in studying the high-Tc superconductivity’s non-equilibrium mecha-
nism in semiconductors [18]. 

3.  Principally Basic Effects 

Due to the uniqueness of the main quasi-band conception [7] we are able to 

ductor bands that are the shifts,field-induced-gaps (FIG), l-h splitting, s-splitting 
and s-l-h splitting. The s-splitting and s-l-h splitting are qualitatively new and 
could not be considered as a high–frequency Franz-Keldysh effect.  

the side of lower (higher) energy. 
When the frequency is smaller than (or equal to) the band gap, the C (V) edges 

are shifted to the side of higher (lower) energy. 

ii. Field-induced-gaps (FIG) [3-6] 

They appear at the resonant points when the frequency is greater than the band 
gap. 

 beam of with the frequency just smaller than 237 

i. Shifts of the main quasi-band edges [4–7, 12] 

classify clearly all of the principally basic effects of lasers on the bulk semicon-

When the frequency is greater than the band gap, the C (V) edges are shifted to 
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experiment. Let a sample of InSb be irradiated by the circularly polarized 



It appears in the linearly polarized wave case. 

It appears in the non-linearly polarized wave case in the Wurtzite structure semi-
conductors.  

v. s-l-h splitting [12] 

It appears in the non-linearly polarized wave case in Zinc-blend structure semi-
conductors. 

These principally basic effects,the Landau sub-zone, and the Franz-Keldysh 

on the electronic states and spectrum in a crystal”, which together with the effects 
of the hydrostatic pressure, and uniaxial stresses have to form a irreplaceable 
chapter in a book on optical properties in semiconductors [8] and [19]. 

4.  Discussion 

In future, the low dimension [21] case of the effects will be considered later for 
studying the relaxation and dephasing quantum kinetics for a quantum dot and for 
a quantum well [22] optically excited by laser. 
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Controlling the Bragg Wavelength Spectral 
Profile Expansion of FBG Sensors  
by Nano-Particle Coated Layers 

National Key Laboratory for Electronic Materials and Devices, Institute of Materials 
Science, VAST of Vietnam, 18 Hoang Quoc Viet Rd., Caugiay Dist., Hanoi, Vietnam 

Abstract. This paper presents the results of a detailed study of spectra profile expansion  
of Bragg wavelength on the embedded fiber-Bragg-grating (EFBG) and the method for 
controlling it for optical sensors. The fiber-Bragg-grating (FBG) was coated by nano-
particle layers with various thicknesses (600–2000 nm) and bonded to substrates of various 
materials with a large thermal expansion coefficient. With this embedding method, the 
variation of the line-width expansion of Bragg wavelength with cooling down FBG has 
been controlled. The nano-EFBG morphology was investigated by FE-SEM and the nano- 
EFBG sensors are studied in ambient from 77K (liquid nitrogen) to 393K. The expansion of 
spectral profile caused by transverse loading from nano-particle/embedded layers, can be 
changed in the range of 0.1–1.3 nm between before and after cooling down. This result may 
be used for the strain-temperature sensors, but has potential application in FBG dispersion 
compensation devices.  

1. Introduction 

Wavelength tuning of fiber Bragg gratings (FBGs) by lateral or transverse load, 

response characteristic of the FBG upon temperature, lateral and transverse load  
is highly dependent on the surrounding media, its configuration and the contact 
conditions. As we known, by fixing FBG on a substrate with a large thermal 
expansion coefficient, the sensitivity of temperature FBG sensor can be enhanced 

that an FBG embedded in composite material at 4.2K-300K showed the same 
temperature dependence as that of non-embedded FBG sensors, because the 
composite materials had small thermal expansion coefficients. Suresh and Tjin 
had been developed the embedded FBG with two layers from carbon composite 
and deformable materials for shear force sensors with a linear variation of the 
wavelength shift [11]. Therefore, selection of substrate materials is especially  
important for embedded FBG sensors. For EFBG temperature sensors, when the 
contact surface between embedded material and glass fiber is homogeneous and 
smooth, there is no significant change in the profile of both spectra, before and 

Pham Van Hoi*, Pham Thanh Binh, Ha Xuan Vinh, and Tran Thi Cham 

Key word: Nano particles • embedded fiber Bragg grating • fiber optic sensors 

to 1.5–15 times that of pure FBG [5, 7–9]. But, Reid and Ozcan [10] demonstrated 

temperature and/or vibration is attractive for optical sensing [1–6]. The wavelength 
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after cooling down [8]. But in practice, contact surface between substrate and FBG 
has micron-size roughness. From this non-homogeneous contact surface, the trans-
verse load would be changed from point to point along the FBG, when sensor is 
cooling down, and it is caused a significant change in the line-width of Bragg 
wavelength between before and after cooling down [12].  

In this paper, we propose use of nano-particles thin film of CdSe as a 
controlled-roughness layer on FBG and it is embedded in different materials 
with various thickness and configuration, for a fiber optic sensory application. We 
examined several types of embedded FBG sensors in the large temperature range 
(from 77 K to 393 K). The line-width expansion of Bragg wavelength, which 
depend upon thickness of nano-particle coated layer and bonded material substrate, 
has been studied and discussed. We compared the experimental spectra expansion 
of Bragg wavelength caused by transverse load with a theoretical one. 

2. Experimental Procedure 

In our work, the FBG was written by holographic method using a KrF-Excimer 
laser (248 nm) and Talbot interferometer. The optical fiber was a commercial 
photosensitive germanosilicate single-mode fiber. An FBG has one or multi-
grating (maximum 5 grating at different Bragg wavelength) into one fiber. The 
Bragg wavelength at room temperature was in the range of 1530–1550 nm (the 
spacing between each Bragg wavelength was of 5 nm for FBG-array), a reflec-
tivity was of 75–90% and a Full-width-half-maximum (FWHM) bandwidth was of 
0.15–0.30 nm. The length of FBG was 15 mm. The broad-band light source was 
an Amplified Spontaneous Emission (ASE) from Erbium-doped Fiber Amplifier 
(EDFA). The spectral measurement was performed with a reflection scheme 
using 1550 nm- fiber optic circulator. The reflection spectrum was observed with 
an Optical Spectrum Analyzer (Advantest Q8384), which has spectra resolution  
of 0.01 nm. The shift of Bragg wavelength induced by the change of temperature 
is [8]:  

( )[ ] Tpe
B

B Δ+−=
Δ

ξα
λ

λ
1                                       (1) 

Where α = (1/Λ) (δΛ/δT) is the linear thermal expansion coefficient, Pe is the 
photo-elastic constant (Pe ≅ 0.22 [6]) and ξ = (1/neff) (δneff/δT) is the thermo- 
optic coefficient of fiber, respectively. The coefficients α and ξ are not linearly 
depending on temperature in a large range. For germanosilicate fibers, α is so 
small (0.5 × 10–6.K–1) that the effect of the thermal expansion is one order less 
than that of the thermo-optic refractive index change (ξ ≅ 10–5.K–1).  

If the effect of thermal expansion is large enough, the temperature sensitivity of 
the FBG sensor can be proportional to the thermal expansion coefficient. 

When FBG is embedded into materials, transverse strain may arise that will 
also shift the period of the grating. In addition, the non-homogeneous of contact 
surface between FBG and substrate causes the perturbation of transverse loading 
along the fiber, when the temperature is cooling down. This perturbation of strain 
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on fiber provides expansion of spectral profile of Bragg wavelength. The shift of 
Bragg wavelength by pressure can be calculated by following formula [13]: 

Ppp
E

n
E

eff

B

Δ+−+
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−=
Δ )]2)(21(

2
21[ 1112

2

νν
λ
λ

                          (2) 

Where: ν is Poisson’s ratio, p11 and p12 are components of strain-optic tensor, 
and E is modulus of elasticity. The FBGs were assembled as shown in figure 1. In 
our experiment we used colloidal nano-particles of CdSe with size of 6–10 nm for 
coating FBG with effective thickness from 600 nm to 2000 nm. The epoxy (OCI –
USA Inc.) and the large thermal expansion materials such as copper, Teflon were 
used as substrate. The configurations of substrate are rectangular and/or cylinder 
with various sizes. The embedded FBG was inserted into metallic housing and put 
into various environment temperatures such as Dewar vessel containing liquid 
nitrogen, ice or boiled water and/or thermal furnace. The use of FBG array permits 
to study in detail the change of spectra line-width of reflection light in various 
temperatures. The measurement was performed in thermal equilibrium during 
several scanning times of optical spectrum analyzer (more than 10 minutes). 

 

 
 
 
 
 
Fig. 1. Schematic of FBG temperature sensors: The FBG coated by nano-particle CdSe 
with thickness of 600–2000 nm (left) and Nano-particle coated FBG is bonded into an 
epoxy cylinder (d = 3 mm) coated by Teflon cylinder with d = 10.3 mm 

3. Results and Discussions 

Figure 2a shows SEM images of micro-bending and micro-size roughness of 
contact surface between glass fiber and epoxy substrate of epoxy/Teflon embedded 
FBG sensor. The micro-bending of tens-micron radius provides optical loss of 
reflection power and the micron-size roughness on contact surface provide the 
perturbation of transverse strain on fiber that causing change of spectral profile of 
Bragg wavelength. Figure 2b demonstrates the SEM image of fiber coated by 
nano-particle of colloidal CdSe with thickness about 2 microns. This nano-particle 
layer can control the level of homogeneous of contact surface between fiber and 
embedded materials. Figure 3 presents the experimental results of wavelength 
shifts of different materials-substrate embedded FBG sensors in low temperature  
range (77–360K). At room temperature range (301–360 K) the Bragg wavelength 
shift of non-embedded FBG was of 0.648 nm and the average temperature 
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Fig. 2. SEM – images of non-homogenous surface between epoxy and glass fiber in epoxy/ 
Teflon embedded FBG (a) and CdSe-Nano-particle coated FBG (b) 

 

 

 

 

 

 

 

 

 
 
Fig. 3. Wavelength shifts of different material–substrate embedded FBG with temperature 
from 77K to 370 K  
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sensitivity corresponds to 11.3 pm.K–1. At low temperature range (77–301 K) the 
Bragg wavelength shifted by 3.49 nm (from 1539.63 nm to 1536.14 nm). For non-
embedded FBG, there is no significant change in the line-width spectra and in 
reflection peak level before and after cooling down. This result is well comparable 
to sensitivity value of typical silica FBG [8]. It is remarkable, that when FBG 
bonded into epoxy, the Bragg wavelength was slightly shifted to long-wavelength 
zone (for example the Bragg wavelength shift about 0.2 nm in our case). Figure 4 
shows the experimental wavelength shifts of one FBG bonded into epoxy cylinder 
with diameter of 3 mm (fig. 4a) and the other coated by 2-micron layer of nano-
CdSe and epoxy (fig 4b) at 301 K, 277 K and 77K. Both types of EFBG had been 

Fig. 4. The expansion of spectral profile of epoxy/Teflon substrate FBG was of 1.62 nm (a) 
and of CdSe-nano epoxy/Teflon -embedded FBG was of 0.51 nm (b) observed after some 
times cooling down 
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coated by Teflon cylinder with diameter of 10.3 mm. The sensitivity of both epoxy/ 
Teflon substrate sensors is the same value (about 164 pm.K–1 at room temperature 
and average sensitivity corresponds to 71–73 pm.K–1 from room temperature to 
liquid nitrogen temperature). The signal peak level decreased by some decibel  
(3–5 dB) and it is considered to be micro-bending induced in the coating of the 
fiber (see Fig. 2). A significant change in the spectral profile of Bragg wavelength 
of EFBG, when the sensors inserted into liquid nitrogen several times, has been 
observed.  

To study the line-width expansion of Bragg wavelength, two group of EFBG 
sensors were taken. The epoxy/Teflon embedded FBG with rectangular and 
cylinder configurations were taken for the first group. The nano-CdSe coated 
layer/epoxy/Teflon embedded FBGs were in the second one. The nano-CdSe 
effective thickness was of 600, 1000, 1500 and 2000 nm. The characteristics of 
various embedded FBG upon the temperature is shown in Table 1.  

The spectra line-width of EFBG has been compared with that of non-substrate 
FBG at the same temperature. The spectra line-width at –10dB was increased from 
0.3 nm for non-substrate FBG to 1.62 nm and to 0.4–0.51 nm for the epoxy/Teflon 
and nano-CdSe coated/epoxy/Teflon sensors, respectively. We can explain this 
effect by the micron-size space between the fiber and the surrounding materials,  
which made non-homogeneous contact surface of FBG. The micron-size rough-
ness on contact surface can be provided a perturbation of transverse strain from 
point-to-point along the fiber, when the embedded FBG was cooling down. This 
perturbation of transverse strain caused the non-homogeneous change of Bragg 
periods of the FBG. We used the value of ν, p11 and p12, E for silica glass fiber 
from reference [13], and the neff changed from 1.444 at room temperature to 1.441 
at 77 K for calculation of transverse pressure on FBG. The calculation result of  
∆P changed from 10.4 to 136.9 MPa is well comparable to elasticity condition of 
strain on silica glass fibers. 

Table 1. Characteristics of various embedded FBG temperature sensors 

Type of Sensors T0 (°K) λ0 (nm) Ts 
(°K)

λs (nm) Wave-length 
shift (nm) 

Line-width 
at -10dB 

(nm) 

Average 
sensitivity 
(pm/°K) 

Epoxy-embed.FBG 
Epoxy-copper FBG 
Epoxy-Teflon FBG 
(one side) 
Epoxy-Teflon FBG 
(two side) 
Epoxy-Teflon FBG 
(cylinder) 
Nano-CdSe coated/
Epoxy-Teflon FBG 
Non-embed. FBG 

301 
301 
301 

 
301 

 
301 

 
301 

 
301 

1529.90
1550.00

 
1550.20

 
1539.89

 
1539.81

 
1539.63

77 
77 
77 
 

77 
 

77 
 

77 
 

77 

1524.32
1544.91
1544.36

 
1532.78

 
1523.91

 
1523.44

 
1536.14

5.58 
5.08 
5.64 

 
17.42 

 
15.98 

 
16.37 

 
3.49 

1.1 
1.2 
1.2 

 
1.54 

 
1.62 

 
0.51 

 
0.3 

24.91 
22.68 
25.18 

 
77.78 

 
71.34 

 
73.08 

 
15.58 
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4. Conclusion 

Nano-embedded-FBG temperature sensors for large temperature range (from  
77K to 373K) have been developed. Nano-EFBG sensors using epoxy/Teflon 
cylinder configuration achieved the high-sensitivity coefficient of 164 pm.K–1 at 
room temperature and of 73 pm.K–1 at large range from 77 K to 373 K, respec-
tively. The expansion of spectra line-width of EFBG sensors at low temperature 
changed from 0.1 to 1.3 nm and it depended upon thickness of nanoparticle coated 
layers. This phenomenon may be explained by a perturbation of transverse strain 
along the fiber, which caused by micron-size space between fiber and surrounding 
materials.  

This work was supported by the Vietnamese Physics Research Program for 2006-
2007.  
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Abstract. We report on the design, fabrication and application of a novel MEMS device 
consisting of two cantilever-tip tongues which can be deflected electrostatically indepen-
dent from each other. The MEMS/NEMS chip is embedded in a complete scanning probe 
microscopy environment. We demonstrate operation as non-contact AFM, EFM, and the 

1. Introduction 

Scanning probe microscopies (as atomic force or scanning tunneling microscopy) 
have revolutionized not only nano-scale analytics but also provided real tools  
for active working in the nano-world. Despite of this tremendous progress a basic  
deficiency is preventing a large-scale and even industrial application: there is 
always only one single element in action. Therefore the technique needs to be 

and more complex highly local physical and chemical analysis as well as active 
interaction with and modification of sample surfaces on the µm, nm and even 
atomic scale.  

Till now, only a few attempts going towards parallelization have been under-
taken [1, 2] with the only exception of the famous “millipede” from IBM [3, 4]. 
The latter is a unique array comprising 1024 single cantilevers for simultaneous 
data storage and reading. This is a NEMS device of a highly involved but also 
highly specialized kind. 

We will present here a complementary approach using only a (very) few 
cantilevers but ensuring high versatility and especially individuality of each single 
cantilever probe.  

Michael Hietschold , Falk Müller  ,  Anne-Dorothea Müller , and Thomas Gessner  

D-09107 Chemnitz, Germany 
 Center for Microtechnologies, Chemnitz University of Technology, 

accomplishment of a temporary device by controlled deposition of the tips on a Si surface.  

extended to multiple-tip operation to gain efficiency and speed by proper 
parallelization. Actually, controlled cantilever-tips are ideal active working ele- 
ments for smart systems. The huge field of applications covers topographic reading 



2. Concept of a Double-Cantilever Device  

General Set-Up: It is based on electrostatically driven cantilever tongues with inte-
grated probe tips. They can be moved independently from each other as can be 
measured their individual deflection. A completely adapted microscope-environ-
ment including mechanical stage, electronics and digital control has been develo-
ped to operate the device. The main intention in the past has been operation as 
non-contact AFM with extension to scanning electrical force microscopy (EFM). 

Figure 1 shows a SEM image of a MEMS/NEMS chip with the two cantilever 
tongues. The tongues are made from a Si wafer. This part is bonded on a Pyrex 
chip carrying metallic electrodes. Applying a voltage between one cantilever tongue 
and its counter electrode, the tongue can be attracted (i.e. retracted from the sam-
ple) in a controlled manner. An optimized pattern of holes in the cantilever tongue 
minimizes damping during movement in air at ambient pressure.  

Detection of Cantilever Elongation: Usually, the cantilever elongation is detec-
ted by a laser beam which is reflected from the outermost end of the cantilever. 
Since the geometries of both tongues are a little bit different from each other, their 
eigen-frequencies will also be slightly different which allows discrimination of the 
 

Fig. 1. (Left) Top view of the MEMS/NEMS chip showing the Si unit (upper half) bonded 
onto a Pyrex glass chip (lower half) with electrodes (not visible for below the Si tongues) 
which allow independent elongation of the Si cantilevers and capacitive sensing of their 
elongation. The free-standing part of the Si tongues carries a pattern of holes and in their 
foremost parts the integrated probe tips (not visible at this magnification). The bulk-Si parts 
are broken away in the next step giving access to the electrical contacts on the back-part of 
the Pyrex. (Right): schematic representation of the MEMS chip in side and top view.  
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signals belonging to the single cantilever tongues in the non-contact modus. This 
laser-beam deflection approach is nowadays fairly well accepted and used wide-
spread. But it has the clear disadvantage that some part of the sample surface close 
to the probing tip is illuminated unintentionally. For local electrical measurements 
on semiconductor surfaces this turns out to be a major obstacle because of additi-
onal uncontrolled carrier generation. 

To avoid this an independent capacitive detection has been included here. It is 
realized for the non-contact AFM by measuring the displacement current due to 
the change in the distance between the foremost (sensing) parts of the oscillating 
cantilever tongues and their counter-electrodes. 

Cross-talk between the cantilevers has been investigated. It is mainly due to air-
flow in and out of the gap between the cantilever tongues and their fixed counter-
walls (as has been demonstrated in HV). This effect prevents a further reduction 
of the distance between the probing tips.  

Design of Probing Tips: They are integrated in the outermost end of the 
cantilever tongues, and have to be fabricated highly reproducible with a very sharp 
apex, which determines the lateral resolution. 

etching. Their total length is 3 µm, and the apex radii are less than 10 nm. The 
mutual distance between the two tips on the neighboring ends of the cantilever 
tongues is about 10 µm. The flank angle can be further reduced till to about 10° by 
additional finishing. It could be shown that these tips can be further modified e.g. 
by electron-beam deposition of metallic super-tips. This procedure should allow to 
fabricate also magnetic tips suitable for magnetic force microscopy (MFM). 

Microscope Environment: To have a really functioning microscope, there has 
to be supplied an environment comprising a mechanical stage fitting to the MEMS 
chip and allowing to level it with respect to the sample surface plane as well as 

Fig. 2. SEM and TEM images of the integrated probe tips on the outermost part of the 
cantilever tongues. The faint skin around the tip at high-resolution is a contamination layer 

3. Applications 

Imaging of Test Samples: Imaging of the surface topography in the non-contact 
AFM mode requires external excitation of the cantilevers (by applying an ac 
signal between the cantilever-tongue and its counter-electrode) near to their 
mechanical eigenfrequency – here in the order of 20 kHz. Approaching the range 
 

components can be found in [5–10].  
corresponding electronics and software. More details about these (macroscopic) 

Figure 2 shows electron microscopy images of the tips fabricated by anisotropic 

50 mm

40 nm

a b
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of the van der Waals interaction there acts an additional vertical force gradient 
which shifts the effective eigenfrequency of the cantilever. The topography is 
obtained by adjusting the mean height of the probe tip so that either the amplitude 
or the phase shift of the cantilever movement are preserved. We could demon-
strate such a type of non-contact imaging by both of the cantilever tongues on test 
structures [5,6].  

Electrical force microscopy (EFM) is a scanning probe method which allows 
local electrical characterization of the sample surface in addition to non-contact 
AFM topography [11]. Basically there is applied an additional signal 

 
U = Udc + Uac sin ωelt 

 
between the cantilever-tip and the sample surface. This leads to electrostatic 
forces modulated with ωel as well as a second harmonics. We have been able to 
implement this method using the MEMS/NEMS structure presented with the 
additional requirement of a sufficient electrical conductivity of the cantilever 
tongues which can be ensured by proper doping of the Si and metallization of 
the tip.  

a Si wafer surface leading to a square lattice made of the doped dots with 1 µm 
distance between the dots as well as diameter of the dots. This example shows that 
the doping profile can be measured with sub-µm resolution. 
 

 
Fig. 3. EFM imaging of a test sample as described in the text. Upper raw: Topography; 
Lower raw: EFM-signal (2nd harmonics representing the vertical gradient of the tip-sample 
capacitance); Left-hand side: Conventional AFM; Right-hand side: obtained using one of 
the cantilever tongues of the MEMS structure 
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Figure 3 shows EFM on a special test sample: a regular pattern of doped dots on  
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Controlled Cantilever-Tips Adapted from the Scanning Probe Microscopies 

Temporary Devices: A completely different type of experiment demonstrating the 
versatility of the concept is illustrated in Fig. 5. The metallized tips are put in a 
controlled manner on a Si surface. Furthermore two biases are applied: one bet-
ween the two tips and another one between the sample and one of the tips. At the 
points of contact there appear Schottky diodes and the whole set-up is nothing else 
than a transistor (a MESFET).  

We have measured I-V-characteristics as shown in Fig. 4 and compared them 
with a simple simulation of this temporary device [9] which disappears as soon as 
the tips are retracted. 

Fig. 4. Schematic set-up (left) and I-V characteristics (right) of a temporary MESFET 
device (the voltage on the axis is that one applied between the tips corresponding to the 
source-drain voltage whereas the different curves belong to different values of the voltage 
between the right tip R and the sample corresponding to the drain-gate voltage)  

4. Summary and Outlook 

We have presented a double-cantilever probe device which has been shown to be 
able to image in a non-contact AFM mode surface topography with a resolution of 
vertically about 1 nm and laterally about 10 nm. Furthermore this device has been 
successfully modified into a EFM. An experiment using the two probe tips for a 
controlled contact to a Si wafer has resulted in a temporary MESFET. 

The versatility of the underlying concept is expected to allow further extensions 
towards multiple-tip devices having more than two tips as well as tips func-
tionalized in a different manner. Already as few as four to five tips would allow an 
astonishing variety of experiments as 4-point measurements on crystallites, elec-
trical screening during BEEM (ballistic electron emission microscopy) or com-
bined electrical and magnetic measurements using individually functionalized 
tips. We are convinced that smart systems incorporating one or even more con-
trolled probe tips will open access to a huge field of applications. Smart systems 
integration [12] will enable a convenient usage of such kind of instruments. 
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Abstract. This paper presents the design and the fabrication of a miniaturized three-degree-
of-freedom piezoresistive acceleration sensor based on MEMS technology using deep 
reactive ion etching. Finite element method (FEM) using the ANSYS program has been 
applied to study the mechanical and electrical behavior of the device. The fabricated sensor 
with the dimension 1 × 1 × 0.45 mm3 can detect simultaneously three components of the 
linear acceleration at the frequency bandwidth 100 Hz.  

1.  Introduction 

Micromachined silicon accelerometers have great advantages concerning the 
sensitivity, the size, the productivity with batch fabrication processes utilizing IC 
technology, micromachining technology and low power consumption. In recent 
years, however, for many applications such as automobile applications, space 
navigation systems, robot motion monitoring systems, portable microsystems, 
biomedical applications, and etc., reduction of chip size and increase of sensitivity 
of silicon based accelerometers have been in the focus of study. Various types  
of silicon accelerometers based on piezoelectric, piezoresistive and capacitive 

response but do not respond to a constant acceleration. Capacitive accelero- 
meters have a dc response, a low drift, and very low-temperature insensitivity, but 
the detected signal is difficult to measure because of the parasitic capacitance of 
connecting leads. Piezoresistive accelerometers have a dc response, simple read-
out circuits, high sensitivity, high reliability, and low cost in addition to the poten-
tial for mass production. Nowadays, multi-degree-of-motion sensing devices are  
highly demanded in many applications such as in the biomechanical field, robotics, 
and human gesture recognition system applications [10].  

In this work, we present a miniaturized three-degree-of-freedom piezoresistive 
acceleration sensor with overall active device area of 1 mm × 1 mm. The device 

principles have been developed [1–9]. Piezoelectric accelerometers have a fast 

1 Dai Co Viet, Hanoi, Vietnam,  
International Training Institute for Materials Science, Hanoi University of Technology,  

Graduate School of Science and Engineering, Ritsumeikan University, 1-1-1 Noji Higashi, 



was fabricated on n-type single crystal silicon-on-insulator (SOI) wafer by using 
bulk micromachining technology.  

2. Design of the Acceleration Sensor 

Silicon acceleration sensors generally 
consist of a seismic mass attached to a 
fixed frame by suspension beams. The 
structure of the sensor is shown in Fig. 1. 
The seismic mass is suspended on the 
four surrounding beams, which are fixed 
to the frame at the middle. Si piezo-
resistors are located at suitable places of 
the surface of the sensing beams. When 
an external acceleration is applied to the 
chip, the seismic mass will be displaced 
due to the inertial force. The resistance 
of Si piezoresistors will be changed due 
to the deformation of sensing beam by 
this displacement. The resistance variations of resistors will be converted into 
electrical signals by using imbalance of excited Wheatstone bridge circuits. In our 
design, the sensing beam of the accelerometer has the dimension 340 × 60 × 10 
μm3. The overall size of the sensor chip is 1000 × 1000 × 450 μm3. 

The mechanical sensitivity and the resonance frequency greatly depend on the 
geometric properties of the sensor.  Simulation using finite element method (FEM) 
has been performed to verify mechanical behaviors of the structure as well as to 
optimize the design. The ANSYS software has been used for the analysis of the 
motion of the seismic mass, the mechanical stress in the beams and the resonance 
frequency of the sensor. In order to simplify the calculation, the frame is not 
modeled with the condition that pedestals are built at the middle of beams. The 
structures are meshed in such a way that a high density of elements is available 
where the deformation was expected to be very high, such as the clamped edge of 
the suspension beam. 

The ANSYS Block Lanczos solver is used for the mode analysis. The reso-
nance frequencies gained by the FEM are listed in table 1, and the mode shapes 
are represented in Figure 2.  

Table 1. Resonance frequencies of the accelerometer 

 
Mode 1   46494 Vibration in the Z-direction 
Mode 2 600110 Vibration in the Y-direction 
Mode 3 600110 Vibration in the X-direction 
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2.1. Accelerometer Structure 

2.2. Structural Analysis by FEM 

Frequency (Hz) Description 

sensor 
Fig. 1. 3-D model of the acceleration
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the X-direction mode due to the linear acceleration Az (b)  and vibration in the Y-direction 
mode due to the linear acceleration Az (c) 

In order to define the optimal positions of the piezoresistors in the sensing 
beams, it is necessary to perform stress analysis. The distributions of longitudinal 
stress components on the top surface of the Si sensing beams due to application  
of accelerations are illustrated in Figure 3. The FEM result shows that on the top 
surface of beam the stress components other than the longitudinal one are very 
small so that it can be neglected. The distributions of longitudinal stress induced 
by vertical acceleration Az on the four beams are similar and symmetrical. In the 
case of horizontal accelerations (Ax or Ay), the maximal longitudinal stress on  
the beams being perpendicular to the acceleration direction is larger than that on 
the beams being parallel to the acceleration direction. Thus, for measurement of 
acceleration Ax the piezoresistors are arranged on the Y-oriented beams, and vice 
versa. It is shown that the maximum stresses do not occur near the clamped edge 
of the sensing beam, possibly due the fact that the structure is really in the condi-
tion of large deflection. 

Based on the finite element analysis presented, the piezoresistors to measure 
each component of acceleration have to be arranged on region of the sensing 
beams so that the longitudinal stress induced by that acceleration is largest (Fig. 4). 
In order to avoid the undesirable stress components, the piezoresistors are located 
far enough from the fixed ends. 

To detect the accelerations, piezoresistors are connected to form Wheatstone 
full bridges. When the sensor is under ideal conditions, the bridge is balanced and 

Fig. 3.  Stress distribution along sensing beams due to application of a vertical acceleration 
Az  (a),  and a horizontal acceleration Ax  (b & c) 
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Fig. 2.  Vibration in the Z-direction mode due to the linear acceleration Az (a), vibration in 



Fig. 4. Arrangement layout of piezoresistors on the beams 

the output voltage across the output terminals of the excited Wheatstone bridge is 
zero. As a result of resistance change in piezoresistors due to the stress, the 
previously balanced bridge becomes unbalanced. This unbalance causes a voltage 
to appear across the output terminals of the bridge. This induced voltage can be 
measured as the output of the sensor.   

The accelerometer was fabricated by 
the micromachining process based on 
IC compatible technology and bulk 
micromachining technology. The fabri-
cation process flow of the accelero-
meter is shown in figure 5. A double 
side polished, n-type (100) oriented 
silicon-on-insulator (SOI) wafer was 
used as a starting material. The thick-
nesses of the device layer and handle 
substrate layer are 10 µm and 450  
µm, respectively. First, silicon dioxide 
(SiO2) layers were grown on both sides 
of the SOI wafer by a thermal oxida-

2 2 2
con-trolled to be approximately 0.3 µm. 
Next, photolithography was conducted 
on the front side of the wafer to pattern 
the piezoresistors so that their longi-
tudinal axis aligns with the crystal 
directions <110> and  110< >  of the 

3. Fabrication of Piezoresistive Acceleration Sensor 
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O
tion process at 1100°C for 30min in   

+ H . The SiO  layer thickness was 
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Thermal oxidation 

Piezoresistor patterning 

Boron diffusion 

Al-wire patterning 

Front side & back side 
etching by DRIE  

Buried SiO2 layer 
removal by RIE 

SOI wafer

SiO2

p-type Si

Al wire Contact hole 

Buried SiO2 

Fig. 5.  Fabrication process flow (top to bottom  
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Fig. 6. Microphotograph of fabricated 
 

silicon (100) plane. Then the p-type piezo-resistors were formed by the boron diffu-
sion process, using a spin-on-dopant source, in N2 environment at 1000°C for 60 min, 
and then the drive-in process was carried out in dry O2 environment at  1100°C  for  
30 min. 

After contact holes were opened by wet etching in the buffered HF solution, the 
metallization process was conducted to interconnect piezoresistors and to form 
bonding pads. The aluminum layer with thickness of about 0.5 µm was deposited 
by sputtering method. Next, the sintering process was performed in N2 environ-
ment at 400°C for 30 min to form an Ohmic contact between electrodes and 
piezoresistors. After that, beam pattern  
was defined by photolithography using a 
double-sided mask aligner on the top side 
of the wafer. Then, front side deep reactive 
ion etching (DRIE) process was performed 
to a buried oxide layer. For the etching 
process, a mixture of SF6 and C4F8 gases 
were used. Next, the backside mask was 
patterned on the aluminum layer and the 
DRIE process was carried out on the 
backside of the wafer to form the beams 
and seismic mass of sensor. Finally, the 
buried SiO2 layer was removed by using the 
reactive ion process (RIE).  

The micrographs of the fabricated acceleration sensor are shown in Fig. 6. 

4. Characterization of Acceleration Sensor 

The acceleration sensitivities of the device were determined. The measurements 
were carried out on an electromagnetic exciter. For testing the fabricated acceler-
ation sensors, the dynamic characterization has been performed at 50Hz. Figures 7 
and 8 show the output voltage of the accelerometer as a function of acceleration 
for the components Ax and Az, respectively. Gain factor of the amplifier used in 
this measurement was 1000. The voltage source applied to the sensor is 5 V. The 
net sensitivities for acceleration components Ax (Ay) and Az without amplifier 
are 30.5 μV/g, and 22.9μV/g, respectively.  

One of the most important characteristics of an accelerometer is its frequency 
performance. An accelerometer should have a uniform sensitivity for a large fre-
quency bandwidth. Figures 9 and 10 show the relation between output voltage and 
frequency of the accelerometer for Ax and Az, respectively. It is shown that the 
device frequency bandwidth is in the range of 100 Hz. The frequency performance 
of the acceleration sensor is influenced mainly by squeezed-film air damping [11]. 
 
 
 
 
 

accelerometer 
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Fig. 8. Output voltage vs. applied Fig. 7. Output voltage vs. applied 
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5. Conclusions 

A miniaturized three-degree-of-freedom acceleration sensor with an overall chip 
size of 1 × 1 × 0.45 mm3 was developed. The basic structure of the sensor consists 
of seismic mass suspended on the four surrounding beams, which are fixed to  
the frame at the middles. The piezoresistive effect was used as a sensing principle  
of the sensor. Finite element method (FEM) using ANSYS program has been  
performed to study mechanical and electrical behaviors of the device. The acelera-
tion sensor has been fabricated based on MEMS technology using deep reactive 
ion etching. The output voltage versus applied acceleration characteristics was 
carried out based on the dynamic method. The sensitivities for three components 
of acceleration are linear. 
 
 
 

acceleration Ax acceleration Az 

relation for lateral vibration relation for vertical vibration 
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