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ABSTRACT

In the present thesis we develop a novel simulation-based scheme to probe
the local structural and thermal disorder in crystalline materials by analyzing
X-ray absorption spectra. The proposed method resembles conventional reverse
Monte Carlo approach, but is more computationally efficient, as it benefits
from the advantages provided by evolutionary algorithm. We believe that the
proposed method improves the accuracy of currently available approaches for
EXAFS analysis, especially in the case of strongly distorted local environment.
The proposed approach is applied to the study of several materials such as
crystalline Ge, HyReO3, ZnO and nanocrystalline CoWO, and CuWO,.
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1. INTRODUCTION

1.1. General introduction and motivation

The properties of materials are strongly dependent on their structure. A detailed
investigation of material structure is an essential step before any technological
application of the material is possible. Two the most important experimental
approaches for structure studies are diffraction and X-ray absorption spectroscopy
(XAS) [1]. The first one is mainly providing information on the equilibrium atomic
structure, while the latter probes the instantaneous local structure of the material.
Availability and evolution of synchrotron radiation sources has stimulated the
development of XAS theory and methodology during the last decades, thus also the
possibilities, provided by this method, are expanded significantly.

Important advantage of XAS approach in comparison to diffraction methods
is that it is element-specific, thus the information on the local environment of
the atoms of particular type can be obtained. Also XAS method can be applied
to studies of wide range of different samples: for concentrated and for diluted
systems, for crystalline and for nanostructured, amorphous, liquid samples and
even for investigations of gases [2].

Extended X-ray absorption fine structure (EXAFS) is a part of X-ray
absorption spectrum and contains information on the local atomic structure of the
material [3]. EXAFS spectroscopy is the main experimental technique, used in this
work. EXAFS experiment consists of X-ray absorption coefficient measurement
as a function of the energy of incident radiation. If the energy of incident X-ray
photon is sufficiently large, it excites an electron from the core state to an empty
delocalized state. Such electron then can interact with electrostatic potentials
of neighbour atoms, which results in the modulation of the value of absorption
coefficient — an EXAFS spectrum. By analyzing such signal one can get the access
to the information on average interatomic distances, relative thermal motion
of atoms and static disorder. Important aspect is that EXAFS is also sensitive to
many-atom distribution functions, for example, to distributions of bonding angles.

Thus an EXAFS spectrum contains an unprecedented amount of information
on sample structure, but, obviously, the analysis of such complicated signal is
challenging.

To address this problem, several simulation-based approaches can be used, such
as classical and ab-initio molecular dynamics (MD), Monte Carlo (MC) and reverse
Monte Carlo (RMC) methods, and different combinations of these approaches.

In all these cases a large amount of atomic configurations is generated, and
one can calculate corresponding theoretical EXAFS spectrum, averaged over
configurations and/or over absorbing atom sites. The obtained EXAFS spectrum
then can be directly compared with the experimental data. In the MD approaches
the atomic configurations are generated by the integration of classical Newtons
equation of motion. The interatomic forces, required for such calculations, are given
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by an empirical potential function [4], as in classical MD, or obtained in ab-initio
calculations [5]. Empirical potential function is required also for MC simulations.

The main limitation of classical MD and MC methods is that for complicated
systems with low symmetry the construction of empirical potential functions
is a challenging task. Ab-initio MD approaches, in turn, currently are limited to
very simple systems due to extreme demand for computational resources. To
avoid this problem one can use RMC-type methods. In this case the generation
of atomic configurations is not determined by any physical considerations, but is
a random process. For each atomic configuration one calculates corresponding
theoretical EXAFS spectrum that is then compared to experimentally obtained
data. Accordingly to how close are the theoretical and experimental EXAFS
spectra, the proposed atomic configuration is either accepted or discarded. By
choosing appropriate parameters of calculations, one can ensure that after given
(and usually large) number of steps the simulated atomic configuration will
represent the atomic structure of the sample [6]. This method is general and can
be applied to a wide range of problems. Unfortunately, it is also computationally
inefficient. Thus the further development of simulation-based approaches for the
EXAFS analysis is necessary.

1.2. Aim and objectives of the work

The research, presented in the thesis, consists of both experimental (EXAFS
measurements at synchrotron radiation sources) and theoretical (software
development and computer simulations) parts.

The main goal of the thesis is to develop novel simulation-based
approach (RMC/EA-EXAFS), based on the reverse Monte Carlo method and
evolutionary algorithm (EA), for the analysis of EXAFS data from crystalline and
nanocrystalline materials. The novel approach inherits from the RMC method its
general applicability, but is more computationally efficient. The objectives of the
present work are:

o to perform temperature-dependent EXAFS studies of crystalline wurtzite
type ZnO and crystalline and nanocrystalline tungstates CoWO, and
CuWOy, at synchrotron radiation sources;

o to demonstrate the potentiality of the method for the analysis of
experimental EXAFS spectra from crystalline materials, starting with the
case of monoatomic crystalline germanium, and then applying it to more
complex many-atom systems such as perovskite-type ReOs, wurtzite-type
ZnO and two wolframite-type tungstates as CoWO, and CuWOy;

o to demonstrate the potentiality of the method for the analysis of
experimental EXAFS spectra from nanocrystalline tungstates CoWO, and
CuWOy

 to demonstrate the ability of the EXAFS technique in general to provide
information on many-atom distribution functions, correlation effects
and anisotropy of thermal disorder.
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1.3. Scientific novelty of the work

Within this thesis a novel method for EXAFS analysis, based on the use of
evolutionary algorithm, has been proposed and realized by author in the original
software. The new method allowed us for the first time (i) to follow in-situ the
development of the local structure of crystalline rhenium oxide upon intercalation
of hydrogen ions and to discriminate two different effects in this process (one,
related to electronic effects, and the other, related to lattice deformations);
(ii) to reveal that in wurtzite-type ZnO the interactions of atoms, which lie in
the same crystallographic ab-plane, differ significantly from the interactions
of atoms, which are located at similar distances, but in different ab-planes, that
results in the changes of the equilibrium position of oxygen atom along c-axis
upon temperature increase; (iii) to obtain structure model for crystalline and
nanocrystalline tungstates (CoWOy4 CuWO,), analysing simultaneously the
EXAFS data at two absorption edges (Co/Cu K-edge and W Ls-edge).

1.4. Author’s contribution

The research, presented in the thesis, has been mostly carried out at the
Institute of Solid State Physics, University of Latvia. The author also has taken
part in 10 experiments using synchrotron radiation that have been carried out
at the international synchrotron facilities as HASYLAB/DESY (Hamburg,
Germany), ELETTRA (Trieste, Italy) and SOLEIL (Paris, France). In particular,
the author participated in temperature-dependent EXAFS measurements of
Zn0O, CuWO,4 and CoWOy, which are directly relevant to the present work. The
experimental EXAFS data on Ge and HyReO; have been taken from [7] and [8],
respectively.

Besides, the author participated in temperature-dependent EXAFS
measurements of ZnWQ4, MnWQO,, SnWOy,, NiO, CusN, ScFs3, Y,03; and Fe-Cr
alloys and pressure-dependent EXAFS measurements of SntWO,. The results of
these studies are not included in the thesis, but allowed us to elaborate a novel
simulation-based approach for the EXAFS data treatment.

The new approach for EXAFS analysis, based on the use of evolutionary
algorithm, was proposed and developed by the author, and was implemented in
the original software, written by author in C++ language. Simulations have been
carried out by the author at the Latvian SuperCluster facility [9], and consequent
post-processing of the obtained results has been carried out by a set of original
programs, written by the author in Wolfram Mathematica environment. The
author has participated in 7 international summer schools during 2007-2014.
The results of the research have been presented at 10 international conferences.
Main results have been published in 15 SCI papers, and the author is the main
contributor for 9 of them.



2. EXPERIMENTAL

X-ray absorption coefficient y(fiw) is not a smooth function of incident
radiation energy hw. Sharp variations, so called absorption edges, located at
some specific energies, can be observed, when fw is getting large enough to
make another deep core level (K, Ly, L,, L3, ...) to participate in the absorption
processes.

Term EXAFS, Extended X-ray Absorption Fine Structure, is referred to
small oscillations of y as a function of hw, located starting from about 30...40 eV
above the reference energy E, associated with given absorption edge, and up to
about 1000 eV beyond the edge. It is common to express EXAFS spectrum y(k)
in terms of wavenumber k = V2m,(hw - Ey)/h?, (m, is the electron mass, and % is
the Plank’s constant).

In synchrotron sources X-rays are produced by bending the trajectories
of fast, charged particles by strong magnetic field. Such sources have high
brilliance, provide possibility to scan continuously the energy of the photons,
used for experiment, and, importantly, provide radiation with sufficiently
high energy to excite electrons from the atomic core levels, which is often
higher than 10 keV. Thus such sources are suitable for EXAFS experiments.
Within this study EXAFS measurements for ZnO (Zn K-edge, Ey = 9.7 keV)
and for microcrystalline and nanocrystalline tungstates CuWO, and CoWOy4
(Co K-edge, E = 7.7 keV, Cu K-edge, Ey = 9.0 keV, W Ls-edge, E; = 10.2 keV)
have been carried out at HASYLAB/DESY synchrotron radiation facility in
Hamburg.

In the conventional XAS experiment absorption spectrum is measured
point by point, and the change of the energy of photons, diffracted in the sample
direction, is ensured by step-by-step rotation of monochromator crystal(s). The
intensity of the incident beam and the intensity of the beam that has passed
through the sample are measured using ionization chambers - reservoirs,
filled with inert gases and high-voltage electric field applied. The intensity of
X-rays is proportional to the current, produced by drift of ionized gas atoms in
the applied electric field. Various sample environments can be easily installed
around the sample - e.g., nitrogen or helium cryostats, furnaces, equipment for
different in-situ experiments.



For the XAS measurements in transmission mode the thickness and
concentration of the sample should be carefully adjusted, in order to ensure
appropriate signal-to-noise ratio. The sample preparation technique that ensures
probably the best homogeneity of the sample for measurements in transmission
mode, is the deposition on nitrocellulose Millipore filter: the powder is ground
and suspended in the water or other appropriate liquid, and then is filtered
through the Millipore filter using water pump, and then is fixed using Scotch
or Kapton tape. This method is used for preparation of the most of the samples,
analyzed in this work.!

' More details regarding sample preparation and EXAFS measurements, presented
within this thesis, can be found in our papers: J. Timoshenko, A. Anspoks, A. Kalinko,
A. Kuzmin, TEMPERATURE DEPENDENCE OF THE LOCAL STRUCTURE AND
LATTICE DYNAMICS OF WURTZITE-TYPE ZnO, Acta Mater. 79 (2014) 194-202, and
J. Timoshenko, A .Anspoks, A. Kalinko, A. Kuzmin, ANALYSIS OF EXAFS DATA FROM
COPPER TUNGSTATE BY REVERSE MONTE CARLO METHOD, Physica Scripta 89
(2014) 044006 (6 pages).
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3. REVERSE MONTE CARLO/EVOLUTIONARY
ALGORITHM METHOD FOR EXAFS ANALYSIS

Simulations based approaches allow one to obtain a 3D model of material
atomic structure from its EXAFS. The 3D model is defined as a set of atomic
coordinates in a sufficiently large piece of investigated material. For such model
the corresponding theoretical EXAFS spectrum can be calculated using existing
ab-initio codes [10, 11] and then compared with the experimental data. If the
constructed model gives a good agreement between theoretically calculated
and experimental EXAFS spectra, then one may expect that the coordinates of
atoms in the model represent the atomic configuration of the real material.

Monte Carlo (MC) technique incorporates a broad class of methods that
can be used to solve different types of problems. The common idea of all Monte
Carlo methods is to use random rather than deterministic process [12].

Reverse Monte Carlo (RMC) method was proposed by McGreevy and
Pusztai in [6, 13]. The aim of this approach was to minimize the difference
between the experimental and numerically simulated diffraction and/or EXAFS
data by consequent random modifications of the structure model.

Nowadays, RMC method is a well-established approach for structure
investigations. Currently, however, most of the existing RMC implementations
are focused on the analysis of diffraction data [14, 15] and/or on studies of
disordered materials [16, 17]. The possibility to apply RMC analysis to the
treatment of EXAFS data from crystalline systems taking into account all so
called multiple-scattering (MS) effects, is, in turn, weakly explored due to the
significant computational complexity of such task. If MS contributions are
included in the analysis, usually they are treated in approximate way [18].

The goal of the presented thesis is to contribute to the advancement of this
field and to provide a versatile and computationally efficient tool for RMC-
EXAFS analysis of the local structure of crystalline materials.

Within this thesis a novel RMC-type method for the analysis of EXAFS
data has been developed and implemented by the author in EvAX (Evolutionary
Algorithm for XAS data analysis) program, written in C++ language.

Four main building blocks of our approach can be identified:

Ab-initio EXAFS calculations

Excellent codes for the ab-initio simulations of EXAFS data are available
nowadays. In our case we use the FEFF8 code by Ankudinov, Ravel, Rehr et al.
[10] for this purpose: it is implemented as inner routine in EvAX program.
As it is the most time-consuming part of simulations, it is necessary, however,
to reduce the required number of FEFF calculations as much as possible.
Therefore, first of all, in the present study we carefully examine the importance
of all scattering paths and employ high-dimensional clustering algorithms
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to agglomerate similar paths. Secondly, the calculations of EXAFS spectra are
parallelized, to employ the potentiality of multiprocessor systems.

Signal processing

The noise should be removed from the experimental EXAFS data.
Additionally, the conventional Fourier transform (FT) can be used to separate
contributions from different coordination shells. However, in this study we
demonstrate that the use of novel wavelet transform (WT) is preferable,
since it gives the representation of the analyzed signal in real and frequency
spaces simultaneously and provides more information, allowing one to better
discriminate different contributions to the total EXAFS spectrum [19].

Optimization algorithms

Structure model that gives the best agreement between calculated
and experimentally measured EXAFS data can be obtained by performing
a search for global minimum in high-dimensional space. The reverse
Monte Carlo method, based on Metropolis algorithm [12, 13], is a widely
acknowledged tool for this purpose. In this study we employ for the first
time for simulation-based EXAFS analysis a much more efficient approach,
based on evolutionary algorithm (EA). In the EA approach several structural
models are simulated instead of just one as in conventional RMC. Exchange of
information between different models allows one to explore configurational
space more efficiently [20].

Postprocessing of obtained results

The information on interatomic distances, bonding angles, amplitudes and
correlations of atomic motion, etc., should be extracted from the obtained set of
atomic coordinates; since we are dealing with relatively small structure models
(supercells), the statistics is rather poor and robust statistics methods should be
employed at this stage.

The basic elements of the EvAX algorithm are emphasized in Fig. 3.1. An
advanced postprocessing of obtained results is realized as a separate set of
interactive tools, created in Wolfram Mathematica environment.
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Fig. 3.1 Schematic representation of the developed EvAX algorithm

Calculation starts with some initial configuration, for instance, with equilibrium
configuration known from diffraction experiments. At each iteration a new configuration
is generated by randomly displacing all atoms. Configuration-averaged EXAFS
spectrum is obtained in ab-initio calculations, and is then compared with experimental
EXAFS data using Fourier or wavelet transforms. According to Metropolis algorithm,
considered atomic configuration is either accepted or discarded. If EA is applied, this
process is carried out for multiple configurations, and a new set of configurations is
created at each iteration from the old one, using evolutionary operators: selection and
crossover. The process is repeated till there is no improvement of the agreement between
experimental and simulated EXAFS data. The final 3D structure model thus is consistent
with experimental data and can be used to estimate the values of structure parameters of
interest.
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4. OVERVIEW OF THE MAIN RESULTS

4.1. Validation of proposed method?

Before applying the proposed method to experimental data, we have
validated it using model EXAFS spectra, obtained from molecular dynamics
(MD) simulations [21]: sets of atomic configurations, generated by MD
procedure, were used to calculate configuration-averaged EXAFS spectra (MD-
EXAFS) that later were used instead of experimental EXAFS data in RMC/EA
calculations. In this case the true values of structural parameters, corresponding
to EXAFS spectrum, were known and could be used to demonstrate the
accuracy of presented approach.

Two model spectra were considered: Ge K-edge EXAFS spectrum for
crystalline germanium’® and Re Ls;-edge EXAFS spectrum for perovskite-type
rhenium trioxide ReOj; [21]. In both cases it was demonstrated that RMC/EA
method is able to reconstruct reliably the local structure of material. Further in
this section we will focus on the case of Re L;-edge MD- EXAFS data*.

RMC/EA calculations for Re L;-edge MD-EXAFS have been performed
by the EvAX code, employing evolutionary algorithm with different number of
simultaneously used structure models (atomic configurations).

The conventional RMC calculations (calculations with only one structure
model) were unsuccessful in this case (Fig. 4.1(a)): with only one atomic
configuration the given number of iterations was too small, and the system got
trapped in some local minimum, thus providing the largest final residual.

2 The material, presented in this section, has been published as J. Timoshenko, A. Kuzmins,

J. Purans, EXAFS STUDY OF HYDROGEN INTERCALATION INTO ReO3 USING THE
EVOLUTIONARY ALGORITHM,; J. Phys.: Condens. Matter 26 (2014) 055401 (15 pages).

*  See our paper J. Timoshenko, A. Kuzmin, J. Purans, MOLECULAR DYNAMICS SIMULA-
TIONS OF EXAFS IN GERMANIUM, Cent. Eur. J. Phys. 9 (2011) 710-715 for the details
of MD simulations.

*  Results, obtained for Ge K-edge EXAFS data, were published as J. Timoshenko, A. Kuzmin,
J. Purans, REVERSE MONTE CARLO MODELLING OF THERMAL DISORDER IN
CRYSTALLINE MATERIALS FROM EXAFS SPECTRA, Comp. Phys. Commun. 183
(2012) 1237-1245.
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Fig. 4.1 EA analysis of ReO3; model EXAFS spectrum

Dependence of the final residual between EA-EXAFS and MD-EXAFS on the number
of simultaneously used atomic configurations in the EA method (a). The Re Lj-edge
MD-EXAFS spectrum y(k)k* and the one, reconstructed by the EA method using
32 atomic configurations (b), their FT moduli (¢), and the WT modulus of the MD-EXAFS
spectrum (d).

An increase of the number of simultaneously modelled atomic configu-
rations, in turn, leads to almost exponential improvement. With 32 atomic
configurations being used, the EA method for the same number of EXAFS
calculations is able to reconstruct accurately the model data (Fig. 4.1(b) and
(c)). The radial distribution functions (RDFs) around absorbing Re atom,
calculated for our MD model and reconstructed by the EA method, are also in
good agreement (Fig. 4.2).
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Fig. 4.2 RDF’s and atomic displacements for ReO3; model
RDF around Re atom for the first four coordination shells (Rey-O;, Reg-Res,
Reo-O3, Reg-Rey), reconstructed for the MD model by EA method and compared with
RDE obtained directly from MD coordinates (a); distributions of deviations u from
equilibrium positions (DDF) for oxygen and rhenium atoms in the direction parallel and
orthogonal to Reg-Re; bond, calculated using the EA method and obtained directly from
MD coordinates (b-d).

4.2. Hydrogen intercalation into ReO5’

Regarding EXAFS spectroscopy, it is necessary to note that the multiple-
scattering (MS) effects are essential for crystals with cubic symmetry as
rhenium trioxide (space group Pm3m) [22, 23]. Due to pronounced MS effects,
contributions from the second, third and further coordination shells are
inaccessible for the conventional methods. On the other hand, sensitivity of
EXAFS to MS effects provides the possibility to probe directly the many-atomic
distribution functions, and also the correlations of different atomic displacements.

° The material, presented in this section, has been published as J. Timoshenko, A. Kuzmins,
J. Purans, EXAFS STUDY OF HYDROGEN INTERCALATION INTO ReO; USING THE
EVOLUTIONARY ALGORITHM,; J. Phys.: Condens. Matter 26 (2014) 055401 (15 pages).
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Fig. 4.3 Influence of hydrogen intercalation on EXAFS spectra

Experimental and calculated by the EA-EXAFS method Re Ls;-edge EXAFS signals
x(k)k? (a, b, ¢) and the WT moduli of experimental signals (d, e, f) for pure crystalline
ReOs, for ReOj after 2.5 hours in H, atmosphere and for intermediate state.

In situ EXAFS measurements for the intercalation of hydrogen ions
in platinized ReO; have been carried out in [8], where one can find also
experimental details. Briefly, platinized polycrystalline ReO; has been exposed to
hydrogen flow for 2.5 hours at room temperature. Next, the air flow was passed
through the sample to oxidize it and to deintercalate the hydrogen ions. The
EXAFS spectra have been in-situ measured before the intercalation process, after
the intercalation process and continuously during the deintercalation phase.
Within this thesis we carried out RMC/EA analysis of these data (Fig. 4.3).
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As one can see, the significant reduction of the amplitude of EXAFS spectra,
which is a result of disorder, induced by the presence of hydrogen ions, is
successfully reconstructed by our RMC/EA scheme.

Thermal and static disorder in the material can be characterized by mean-
square displacements (MSD) and mean-square relative displacements (MSRD)
of involved atoms. MSRD factors for the first four coordination shells and the
values of the MSD factors for rhenium and oxygen atoms, calculated from the
atomic coordinates of the final RMC/EA models, are given in Fig. 4.4. The
knowledge of both MSRD ¢? and MSD (u?) quantities provides one with the
access to correlation effects in atomic motion, since the two parameters are
related as 0= (u?), + (u®)g - (u,ug), where (1*), and (u?)y are corresponding
MSD factors for atoms A and B, (u,ug) is the correlation of A and B atoms, and
0* is MSRD for A-B bond.
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Fig. 4.4 Time-dependencies of MSRD and MSD factors in the hydrogen
deintercalation process
Changes of the MSRDs for the first four coordination shells (a), and MSD factors for
the displacements of Re and O atoms in the direction, parallel (...;) and orthogonal (..., )
to the direction of Rey-Re, bond, (b) in the intercalation/deintercalation process.

In pure ReO; the MSRD factor for the third coordination shell (O3) is
several times larger than the corresponding MSRD factors of the first (O;) and
second (Re,) coordination shells, and also it is about twice as large as the MSRD
factor of the fourth (Reys) coordination shell. The large values of the MSRD
factor for the Reo-O; can be explained by (i) the large amplitude of oxygen
oscillations in the direction, orthogonal to the Rep-Re; bond, and (ii) relatively
weak correlation of motion for Rey and O; atoms. One can estimate that the
correlation effects in the Rey-Os pair vibrations are negligible, since the MSRD
factor for Re-O3 pair (Fig. 4.4) is close to the sum of MSD factors for the two
atoms (%), + (420, /2 = 0.013 A2
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As one may expect, the presence of hydrogen induces pronounced disorder
in the lattice. The MSRD factor (0.036 A2) for the Rejy-Re, pair increases
almost 20 times in HyReO; with respect to that (0.0021 A?) in pure ReOs. It
does not mean, however, that the Re lattice is completely distorted. The most
significant contribution to the increase of MSRD is attributed to the reduction
of the correlation in a motion of two neighbouring rhenium atoms. To estimate
correlation effect, one again can compare the MSRD factor for the second
coordination shell with the sum of the MSD factors for rhenium atoms, equal to
2(1) . = 0.0066 A2 for pure ReO; and =~ 0.031 A2 for H,ReOs.

The latter value for HyReOj3 is close to the actual value of the MSRD factor
(0.036 A?), whereas for pure ReOs it is about three times larger than the actual
MSRD (0.0021 A?). Thus, the motion of two neighbouring rhenium atoms is
strongly correlated in pure ReOs, whereas it is mostly uncorrelated in HyReOs.

After the sample is exposed to air, the structural parameters gradually
return to the values, characteristic for pure ReOs;. One can roughly
approximate these trends with exponential functions f(t) = fyur. + a exp(-t/7)
(solid lines in Fig. 4.4), where fyur is the value of corresponding structural
parameter (MSD or MSRD) for pure ReOs;, a is a free parameter, ¢ is the
experimental time, and 7 is the characteristic relaxation time. One can notice
that the times 7 differ significantly for different structure parameters. In
particular, the values of 7 for MSD and MSRD factors for the third (O3) and
fourth (Rey) coordination shells, having weak correlation of atomic motion
with absorbing rhenium atom, are in the range from 0.7 to 2.5 hours. On
the contrary, the values of T for MSRD factors for the first two coordination
shells, which are strongly influenced by the correlation of atomic motion,
are much smaller, being about 0.16 hours for the MSRD of the second (Re,)
coordination shell and even smaller (0.01 hours) for the first (O;) coordination
shell. We propose that such difference in the characteristic relaxation times is
due to the fact that the changes of the structural parameters in both of these
sets have different physical origin. The changes of correlation of atomic motion
and, correspondingly, of MSRD factors in the first two coordination shells have
electronic origin and, thus, short relaxation times. They arise due to additional
electrons localized largely at rhenium atoms and introduced together with
hydrogen ions to maintain charge neutrality [8].

On the contrary, the variation of the MSD and MSRD parameters in
the third and fourth coordination shells reflects static disorder, caused by
the presence of hydrogen atoms in the ReOs lattice. These variations can be
associated with the tilting of ReOg octahedra, as observed by neutron diffraction
studies [24, 25].
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4.3. Anisotropic dynamics of wurtzite-type zinc oxide®

Zinc oxide (ZnO) is a wide band-gap semiconductor, which has many
promising technological applications [26-29] and, therefore, is an extremely
popular research topic during the last years [30-32]. Crystalline lattice of ZnO
in most common wurtzite-type phase is essentially anisotropic [33-35] that is
reflected in its piezoelectric [36] and pyroelectric [37] properties. The wurtzite
structure has a hexagonal unit cell with two lattice parameters, a and ¢, and
belongs to the space group of P6;mc [26].
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Fig. 4.5 Experimental Zn K-edge EXAFS spectra for zinc oxide

Experimental spectra x(k)k* and they Fourier transforms (FT) for polycrystalline
wurtzite-type ZnO, measured at temperatures from 10 K to 300 K.

Lattice is composed of two interpenetrating hexagonal-close-packed
sublattices, each built up by one type of atoms (Zn or O), which are displaced
with respect to each other along the threefold c-axis by the amount of the
internal parameter u. Both Zn and O atoms are tetrahedrally coordinated
by four atoms of the other type, and the value of the parameter u controls the
degree of the ZnOy tetrahedra distortion.

In this study we employed reverse Monte Carlo method coupled with
evolutionary algorithm for the analysis of temperature-dependent (10-300 K)
Zn K-edge EXAFS data from polycrystalline wurtzite-type ZnO, taking into
account all important MS contributions, anisotropy of the system and also the
thermal disorder effects.

¢ The material, presented in this section, has been published as J. Timoshenko, A. Anspoks,
A. Kalinko, A. Kuzmin, LOCAL STRUCTURE AND DYNAMICS OF WURTZITE-TYPE
ZnO FROM SIMULATION-BASED EXAFS ANALYSIS, Phys. Stat. Solidi (c) 11 (2014)
1472- 1475; and as J. Timoshenko, A. Anspoks, A. Kalinko, A. Kuzmin, TEMPERATURE
DEPENDENCE OF THE LOCAL STRUCTURE AND LATTICE DYNAMICS OF
WURTZITE-TYPE ZnO, Acta Mater. 79 (2014) 194-202.
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X-ray absorption spectra of wurtzite-type ZnO (99.99%, Alfa Aesar) were
acquired at the HASYLAB/DESY C bending-magnet beamline [38]. A liquid He
flow cryostat was used to control sample temperature.

The supercell, used in the calculations, the experimental (T = 300 K)
EXAFS spectrum and the calculated EXAFS spectrum corresponding to the
final RMC/EA configuration (RMC/EA-EXAFS) are shown in Fig. 4.6, along
with the corresponding Fourier and wavelet images. A good agreement between
the experimental and calculated Zn K-edge EXAFS spectra is achieved both
in k and R space. This result suggests that the structural model, obtained by
the RMC/EA method, is reliable enough to be used in further analysis for the
extraction of more detailed information.
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Fig. 4.6 RMC/EA simulations for 300 K temperature experimental EXAFS data

Upper left panel: supercell used in the RMC/EA simulation (blue large balls are
zinc atoms, red small balls are oxygen atoms). Upper right panel: the experimental
(T = 300 K) and calculated K-edge EXAFS spectra and their difference. Bottom left
panel: Fourier transforms of the experimental and calculated EXAFS spectra and their
difference. Bottom right panel: the wavelet transform of the experimental EXAFS
spectrum.
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According to the X-ray diffraction data [34, 35] (see dashed lines in
Fig. 4.7), the average distances < R>p(Zny-Zn;) and < R>p (Zny-Zn;) should
vary little solely due to the lattice thermal expansion. However, the interatomic
distances, as revealed by our RMC/EA-EXAFS analysis, (circles in Fig. 4.7)
grow with increasing temperature due to the additional contribution caused by
thermal vibrations [39].
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Fig. 4.7 Structure parameters for wurtzite-type ZnO

Upper panels: temperature dependences of Zn-O (left panel) and Zn-Zn (right
panel) average interatomic distances; dashed lines show X-ray diffraction data in the
range from 4.2 to 300 K from [34, 35]. Lower left panel: temperature dependence of
the internal parameter u, obtained from our RMC/EA simulations; the values of the
parameter u obtained from diffraction studies are shown by green empty circles (neutron
diffraction [42]) and green filled circle (X-ray diffraction [43]). Lower right panel: MSRD
factors as a function of temperature for the four atom pairs (Zng-O;, Zng-O,, Zny-Zn,
and Zny-Zny); solid lines: fits by the Einstein model).

At the same time, the average distances between zinc and four nearest
oxygen atoms, forming ZnO, tetrahedron, vary differently with increasing
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temperature. The average distance < R>pxaps(Zng-O,) between the absorbing
zinc and the apical oxygen atom, located along the c-axis, increases, whereas
the average distance < R>pxaps(Zno-O;) between the absorbing zinc and the
three basal oxygen atoms, located within the ab-plane, is slightly reduced. This
result is a consequence of variations of the internal parameter u. Our analysis
shows that the parameter u increases by about 0.01 with increasing temperature
from 10 K to 300 K. This result is especially intriguing, since it is known that
the parameter u is responsible for pyroelectric properties of wurtzite-type
compounds [40].

Temperature dependencies of the parallel MSRD’s for the four atom pairs
(Zno-04, Zny-Oy, Zny-Zn; and Zny-Zn,) were fitted using correlated Einstein
model [41] (bottom right panel of Fig. 4.7). The obtained values of the Einstein
frequency w were used to estimate effective bond-strength constants .

The obtained results suggest that the atoms, located within one ab-plane
(i.e., Zno-Zn; and Zny-O; atom pairs) are interacting more strongly than the
atoms, located in the neighbouring layers along the c-axis (Zny-Zn; and Zngy-O,
atom pairs), although the distances between, correspondingly, Zny-Zn; and
7Zny-7Zn,, and Zny-O; and Zny-O,; are close.

4.4. Structure of nanosized tungstates’

CoWO, and CuWOy, are wolframite-type compounds [44]. Cobalt tungstate
has monoclinic structure (space group P2/c) [45, 46], while CuWOy has even
lower, triclinic symmetry (space group PI) [45-47]. The low symmetry of
these compounds is due to (i) the first-order Jahn-Teller effect that results in
deformation of CuOg octahedra in CuWOQy, and (ii) the second-order Jahn-
Teller effect that deforms the WOg¢ octahedra in both CoWQO4 and CuWO,.

Both CoWO, and CuWOy, are promising catalytic materials, for instance,
for photocatalytic oxidation of water. Catalytic properties of these compounds
are especially pronounced in their nanostructured form. Thus the properties
of such materials strongly depend on the atomic structure, which, in turn, for
nanostructured sample can significantly differ from that in the bulk.

X-ray absorption spectroscopy may be a proper tool to investigate the
structure of wolframite-type compounds due to its local sensitivity and element
selectivity [3]. In this work to reconstruct the 3D structure of nanocrystalline

7 The material, presented in this section, has been published as J. Timoshenko, A. Anspoks,

A. Kalinko, A. Kuzmin, ANALYSIS OF EXAFS DATA FROM COPPER TUNGSTATE BY
REVERSE MONTE CARLO METHOD, Physica Scripta 89 (2014) 044006 (6 pages); and
as J. Timoshenko, A. Anspoks, A. Kalinko, A. Kuzmin, LOCAL STRUCTURE OF NANO-
SIZED TUNGSTATES REVEALED BY EVOLUTIONARY ALGORITHM (accepted for
publication in Physica Status Solidi A in 2014).
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CuWO, and CoWO, we analyze corresponding EXAFS data using the reverse
Monte Carlo and evolutionary algorithm technique.

X-ray absorption measurements were performed in transmission mode at
the HASYLAB/DESY C1 bending-magnet beamline at the Co and Cu K and W
L;-edges. Nanocrystalline CoWO,4 and CuWO, powder samples were obtained
by co-precipitation method from aqueous solutions [48, 49]. Microcrystalline
powders were obtained from nanopowders by annealing at 800°C for 4-8 hours.
Both microcrystalline and nanocrystalline samples were previously characterized
using Raman spectroscopy, FTIR measurements and X-ray diffraction:
nanosized tungstates appeared to be X-ray amorphous, which indicates that the
synthesized nanocrystallites are just a few nanometers large.

Room temperature EXAFS data for microcrystalline and nanocrystalline
CoWOy and their Fourier transforms are compared in Fig. 4.8. One can note
that the amplitude of EXAFS for nanocrystalline CoWOy is significantly smaller
(especially for W Ls-edge spectrum) suggesting strong structure distortion due
to size reduction and accompanying structure relaxation effects.
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Fig. 4.8 EXAFS spectra for nanocrystalline CoWO,
Experimental Co K-edge and W Ls-edge room temperature EXAFS spectra for
microcrystalline (“bulk”) and nanocrystalline (“nano”) CoWO, and their Fourier
transforms.

The FT peaks beyond the second one are almost completely suppressed
for nanocrystalline CoWQ,, indicating the lack of order beyond the first few
coordination shells. This may be interpreted as an evidence of the very small
size of nanoparticles.

In this section for the first time our RMC/EA-EXAFS approach is applied
to reconstruct the structure of nanomaterials. Since the experimentally
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measured CoWO, and CuWO, EXAFS spectra are averaged over large number
of nanoparticles, as a starting configuration an ensemble of 64 identical
nanoparticles was used. These nanoparticles consist of four WOs and CoOg (or
CuOg) octahedra and correspond to one of the four proposed models (A, B, C,
D, see Fig. 4.9).

G g

Fig. 4.9 Suggested structure models of CoWO, nanocrystallites

Additional complication arises from the fact, observed in the studies for
polycrystalline CoWO,4 and CuWO,, that EXAFS spectrum, measured at single
absorption edge, does not contain sufficient information to unambiguously
reconstruct the 3D structure of such complex materials. The influence of
multiple-scattering effects is small in the observed systems, therefore EXAFS
is determined practically only by pair-distribution functions of involved atoms
and contains, for instance, no information on bonding angles.

To treat the above mentioned problem, we perform RMC/EA fit of the
Co (Cu) K-edge and W Lz-edge EXAFS spectra simultaneously, using a single
structural model for both spectra.

The experimental Co K-edge and W Ls-edge EXAFS spectra from
nanocrystalline CoWO, at room temperature and their Fourier transforms
along with the results of EA simulations starting from four different structural
models are shown in Fig. 4.10. Similar results were obtained also for
nanocrystalline CuWOy, at room temperature and at 10 K.

As one can see, all four models (A, B, C and D) are able to reproduce
the experimental EXAFS spectra from the first coordination shell (broad,
asymmetric peaks in FTs between 1 and 2 A) around metal atoms, thus
confirming that the building elements of nanosized tungstates are distorted
metal-oxygen octahedra.

The main differences between the results, obtained for the four proposed
models, are observed in the further peaks of FTs that are located between 2 and
4 A and correspond to the contribution from the further coordination shells and
multiple-scattering effects - i.e., to the part of EXAFS that is difficult to access
precisely by conventional methods.
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In the FTs in Fig. 4.10 it is seen that the model A (i.e., the model without
edge-sharing CuOg (CoOg) octahedra) contradicts the obtained experimental
Co K-edge EXAFS data: the amplitude of FT peaks for simulated spectra is
much lower than that for the experimental spectra.

Models B, C and D with edge-sharing CoOg octahedra give similar and
quite remarkable results: the agreement between calculated EXAFS spectra
and experimental Co K-edge and W Lj;-edge data is excellent even for the
complex peaks at 2-4 A. Careful examination of the final total differences
between calculated and experimental EXAFS at both Co(Cu) K and W L; edges
shows that the model B (i.e., the model without edge-sharing WOg octahedra)
describes slightly better the obtained experimental data for both CowO, and
CuWOy cases: this model provides slightly better agreement for the W L;-edge
EXAFS. Note that the presence of two neighboring Co or Cu atoms as in models
B, C and D is required for Langmuir-Hinshelwood-like mechanism of water
oxidation reaction [50], thus our result is consistent with the observed high
catalytic activity of tungstate nanoparticles.
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Fig. 4.10 RMC/EA analysis of EXAFS spectra for nanocrystalline CoWO,

Left panels: the experimental Co K-edge and W Lj-edge EXAFS spectra for
nanocrystalline CoWO, at room temperature are shown by circles and the results of
RMC/EA simulations starting from four different structural models (A, B, C, D as
in Fig. 4.9) are represented by thick solid lines. Thin solid lines in the left panels show
the difference between experimental EXAFS and the result of corresponding RMC/EA
calculation. Right panels: the corresponding Fourier transforms are shown.
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5. CONCLUSIONS

In this thesis we have presented a novel reverse Monte Carlo (RMC) - type
approach for the advanced analysis of EXAFS data for crystalline and nano-
crystalline materials. A number of original features in our approach allows us
to outperform other existing methods in this field in the terms of computational
efficiency and the complexity of information that can be obtained. Let us
emphasize them here once again.

First of all, we considered that the complex structure of EXAFS spectra due
to a contribution of the multiple-scattering effects and of distant coordination
shells is not an obstacle, but rather a source of valuable structural information
that can be treated using simulation-based approaches and possibilities,
provided by modern ab-initio codes for EXAFS data modelling. While such
advanced analysis is computationally expensive, it allows one to discover a new
potentiality of the EXAFS spectroscopy as a method not only for local structure
studies, but also for probing more distant coordination shells, for revealing the
anisotropy and correlations of atomic thermal motion and static displacements,
for investigations of bonding angles and more complex many-atom distribution
functions. These possibilities can bring new light even to studies of relatively
well-known materials as was demonstrated in this thesis, for instance, on the
example of the analysis of EXAFS data for wurtzite-type ZnO, where RMC-
type approach allowed us to reveal essential differences between dynamics of
Zn-O and Zn-Zn bonds aligned along the c-axis and in the ab-plane of ZnO
hexagonal crystal lattice.

Secondly, as it was shown, the optimization process that employs the
power of evolutionary algorithm (EA), implemented by us for the first time
for simulation-based EXAFS analysis, allows much more efficient exploration
of the possible configuration space (in our case - configurations of atomic
coordinates in 3D structure model). This approach allowed us to make feasible
advanced analysis of complex compounds with low symmetry even with only
decent computational resources available. We would like to emphasize that this
aspect is very important to make the approach, presented here, broadly available
and applicable to many other material studies. Computational efficiency of
the method is also an issue, when one considers that to extract the dynamical
information from EXAFS measurements it is not enough to interpret a single
spectrum. Instead one should analyze a whole series of experimental data,
obtained, for instance, at different temperatures. This approach revealed the
displacement of equilibrium position of oxygen atoms along c-axis of hexagonal
ZnO lattice. Obviously, the same principle applies to the processing of EXAFS
from any in-situ experiment, and within this thesis we presented the results
of RMC/EA study of EXAFS data for the in-situ measurements of hydrogen
intercalation/deintercalation process into ReOj; lattice. We were able to reveal

27



and distinguish two different effects that are caused by insertion of H* jons: the
changes in the correlation of atomic motion due to the localization of additional
electron and the distortion of rhenium-oxygen octahedra.

Thirdly, the wavelet analysis has been applied for the first time for
quantitative EXAFS interpretation. The representation of EXAFS spectra
in real and frequency spaces simultaneously using wavelet transform (WT)
allowed us to obtain more information from the same experimental data and
to have much better control over the difference between the experimental and
calculated EXAFS data. Especially useful the WT turns to be for the analysis
of EXAFS data from the materials, containing both light and heavy elements,
such as transition-metal oxides (e.g., ReO; and ZnO), tungstates (e.g., CaWO,
and CoWOy), etc. Note that the usage of WT can be advantageous even for
conventional EXAFS analysis (curve-fitting).

As it is with a solution to any inverse ill-posed problem, the information,
obtained by RMC-type methods, should be taken cautiously and cross-checked
with other available experimental and theoretical data. In our approach we have
constrained the allowed atomic displacements from the known equilibrium
positions to be smaller than some given value. It allowed us to stabilize the
solution and to incorporate indirectly the results of diffraction experiments.
This aspect, however, limits the presented approach to the analysis of crystalline
materials. Within this thesis it was also demonstrated that for the analysis of
complex materials, such as cobalt and copper tungstates, the use of EXAFS data
at several absorption edges (e.g., W Ls-edge and Co/Cu K-edge) is required
to obtain unambiguous solution. Luckily, the RMC/EA-type approach allows
simultaneous analysis of several EXAFS spectra in a straightforward way.
Important step in the development of our method was also the validation of
its stability and precision of different obtainable structural parameters, by
applying it to the analysis of model EXAFS data, based on molecular dynamics
(MD) simulations. Thus MD calculations can be used to check the results of
RMC analysis. On the other hand, the RMC/EA-EXAFS approach allows us
to identify the problems with the force fields, used for molecular dynamics
calculations.

One can expect that in the future different combinations of our RMC/
EA and other numerical simulations can provide even more insight on the
local structure and dynamics of different materials. Especially intriguing is the
possibility to use the results, provided by our RMC implementation, i.e., the
3D structural model, consistent with available experimental data, for ab-initio
calculations of electronic structure, and, hence, chemical and optical properties
of materials.

Finally, in this thesis it was shown that the developed RMC/EA approach
allows us also to validate the consistency of different structure models with
available experimental data: in particular, we have shown that the nanoparticles

28



of CoOWO, and CuWOy, consist of WOg and CoOg (CuOg) octahedra. Moreover,
our analysis of EXAFS data beyond the first coordination shell that was
made possible by presented RMC/EA scheme, has shown that CoOg (CuOg)
octahedra have common edges, while the WOg octahedra probably do not. This
example introduces a very promising and broad field of future studies, where
the approach, presented in this thesis, is applied to investigation of not only
crystalline solids, but also of materials, where the equilibrium structure is not
known a-priori: i.e., various nanostructured materials, complex mixtures, solid
solutions and disordered solids.
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6. MAIN THESES

The main results of this thesis are:

The developed reverse Monte Carlo/evolutionary algorithm method allows
one to efficiently analyze EXAFS data for crystalline and nanocrystalline
materials, taking into account static and thermal disorder and multiple-
scattering effects.

The intercalation of hydrogen ions into ReOj lattice leads to two different
effects with different characteristic times: (i) the reduction of correlations
in atomic motion that occurs relatively fast and (ii) the tilting of ReOg
octahedra that is much slower process. The significant reduction of the Re
L;-edge EXAFS amplitude from HyReO; compound in comparison with
that from pure ReO3 mostly is a result of changes of atomic correlations.
The analysis of the Zn K-edge EXAFS spectra suggests that the lattice
dynamics of ZnO is essentially anisotropic: the interactions of atoms that
lies in the same ab-plane are significantly different from the interactions of
atoms that are located at similar distances but in different ab-planes. As a
result, the equilibrium position of oxygen atoms along c-axis changes upon
increasing temperature.

Simultaneous analysis of EXAFS spectra at the Co/Cu K-edge and W L;-edge
in CoWO, and CuWO, nanoparticles allows one to reconstruct their atomic
structure. It is shown that the nanoparticles consist of a few distorted WOq
and Co(Cu)Og octahedra, where the latter ones are connected by edges.
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