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Abstract

The x-ray absorption spectroscopy is widely used structure determination
technique, which is highly sensitive to the local structure. However, the
nowadays extended x-ray absorption ﬁne structure (EXAFS) spectra analysis meets complications due to the presence of multiple scattering eﬀects
and thermal disorder. In this work we have developed the method of the
EXAFS spectra analysis based on the quantum mechanics-classical molecular dynamics approach coupled with ab-initio EXAFS spectra calculations.
The method allows one to obtain unique information on the local atomic
static and dynamic structure in crystalline materials, through the analysis
of the many-atom distribution functions at required temperature and pressure. The method was applied to the modelling of the EXAFS spectra from
crystalline ReO3 , CaWO4 and ZnWO4 . The investigation of nanocrystalline
ZnWO4 is also reported.
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Introduction
1.1

Motivation

The knowledge of the atomic structure is crucial to understand physical and chemical
properties of any material. It provides a starting point for computer simulation studies
in condensed matter physics, which play nowadays a fundamental role in many areas
of investigation. Among diﬀerent simulation techniques, quantum mechanical calculations, Monte Carlo and molecular dynamics simulations are today the most popular
methods allowing one a detailed access to the static and dynamic properties of the
material in a phase space [3].
While a number of experimental techniques probing structure related properties is
rather large, there are only two direct structural tools, namely x-ray (neutron/electron)
diﬀraction and x-ray absorption spectroscopy, which provide complementary information on the static and dynamic structure of a material.
In the diﬀraction experiment for polycrystalline solid, the Bragg reﬂections are
measured, and then the atomic structure is solved using the Rietveld method [41].
The structure of polycrystalline solid is described by a symmetry group and a small
number of structural parameters, known as the lattice parameters. Note that the
diﬀraction experiments include also information on the thermal atomic motion allowing
one to estimate the mean amplitude of atom vibrations, described by the mean-square
displacement (MSD) parameter.
Since the Bragg peaks appear only in the case of periodic structures, another approach is used for the disordered solids, such as glasses and amorphous materials. In

1

prom-kops-KALINKO-eng-A.indd 5

2012.03.01. 15:30:16

1. INTRODUCTION

6

this case, the experimental scattering signal due to the elastic interaction between
radiation and the solid includes only diﬀuse scattering. An intermediated situation
can occur in nano-materials, where both diﬀuse and Bragg scattering can be present
simultaneously. Therefore, the short and intermediate range order structure in such
materials is determined from the analysis of the total scattering data using the Fourier
transformation (FT) technique [37]. As a result, the atomic pair distribution function
(PDF) is obtained, which shows the probability to ﬁnd a pair of atoms separated by
some distance. Opposite to diﬀraction, the contribution of the thermal atomic motion to PDF is described by the mean-square relative displacement (MSRD) parameter,
which shows a variation of the interatomic distance.
The synchrotron-based x-ray absorption spectroscopy (XAS) is a powerful and versatile experimental technique to probe the local electronic and atomic structure of the
materials [40]. The method is element speciﬁc, being well adapted for complex compounds, and is not limited by the state of the sample, so gases, liquids and solids can
be studied equally well [12, 18]. Using focused x-rays, XAS allows one to study the
local atomic structure around the absorbing atom at macro, micro- and nano-scale [18].
Time-resolved in situ XAS studies are also routinely possible in the range from minutes
down to milliseconds, also under extreme conditions, such as high pressure and/or high
temperature [7, 35]. X-ray absorption spectrum contains information on the manyatom distribution functions and, thus, is sensitive to the 3D structure of the material.
However, due to a complexity of the problem, until now its practical application was
mainly limited to the determination of near-neighbor distances, coordination numbers,
static and thermal MSRDs, bonds anharmonicity, and ion oxidation states.
Some examples of XAS applications include the following. Being structurally local
technique, the XAS is widely used for investigation of hydration structure of diﬀerent
ions in solutions [11]. The structural aspects of glasses are also studied by elucidating
the structural role of the selected ions [23]. One can also probe the homogeneity of
dopants in a glass and to check clustering eﬀect depending on dopant concentration
[2, 10]. Note that no other direct structural methods can provide such information.
XAS is also suitable for the investigation of phase transitions induced by pressure or
temperature [27, 52] and watching in-situ chemical reactions [17]. So, the application
of XAS in diﬀerent areas of physics and chemistry can be undoubtedly helpful to solve
many practical tasks.

2
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The experimental x-ray absorption spectra are conventionally divided into two
parts: the x-ray absorption near edge structure (XANES), which is located up to
about 50 eV above the Fermi level and includes electronic eﬀects, and the extended
x-ray absorption ﬁne structure (EXAFS), which extends up to about 2000 eV above
the Fermi level and includes local structural information around the absorbing atom.
In this thesis only the EXAFS part is considered.
While general theory of the EXAFS has been developed in the past [40], the conventional analysis procedure of the EXAFS spectra is reliably deﬁned only for the ﬁrst
coordination shell of the absorbing atom. It accounts only for the contributions from
the pair atom distributions, known as the single-scattering (SS) eﬀects. The same
analysis of the further coordination shells is also possible, but only when the contribution from the many-atom distributions, known as the multiple-scattering (MS) eﬀects,
are negligible. While such requirement is strictly speaking never fulﬁlled, however the
neglect of the MS contributions can be still a good approximation in some cases [39].
In general case, more advanced analysis of the full EXAFS spectrum, accounting
for the multiple-scattering eﬀects, should be used. Such computer codes are available
today [13, 14, 40], however they are able to perform simulations either for a static atomic
conﬁguration or to account for the thermal atomic motion through simple analytical
approximations such as the Einstein or Debye models. One should point out that
thermal disorder signiﬁcantly aﬀects the EXAFS spectrum, being usually responsible
for up to 20-80% of the total amplitude. Therefore, the accurate accounting of the
thermal atomic motion in the EXAFS spectra is crucial for the analysis but still remains
an unresolved issue.
The possible solution of this problem is to use the molecular dynamics (MD) or
Monte Carlo (MC) simulations in a combination with ab initio EXAFS calculations.
Both methods allow starting from an interaction potential model to obtain a set of
atomic conﬁgurations, which can be used further to calculate the conﬁguration-averaged
EXAFS signal at required experimental conditions (temperature, pressure).

1.2

Aim and objectives of the work

The research activities underlying the thesis include both experimental (sample synthesis and studies by several experimental method including experiments at synchrotron

3
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facility) and theoretical (software development and computer simulations) work.
The main goal of the present work is to further develop the method for the EXAFS spectra modelling based on the quantum mechanics-classical molecular dynamics
(QMMD) approach coupled with ab initio EXAFS spectra calculations. The method allows one to obtain unique information on the local atomic static and dynamic structure
in crystalline materials, through the analysis of the many-atom distribution functions
at required temperature and pressure.
The advantage of the method is its ability to accurately account for thermal disorder within the multiple scattering (many-atom) eﬀects that allows one to perform
direct simulation of the total EXAFS signal. Note that the use of classical molecular
dynamics limits our analysis to the high-temperature region, however such limitation
is not inherent for the method itself and can be overcome by using the quantum MD.
The objectives of the present work are to demonstrate
• the potentiality of the method for the analysis of experimental EXAFS spectra on an example of crystalline systems with the diﬀerent local coordinations.
The three studied compounds ReO3 , CaWO4 and ZnWO4 cover diﬀerent types
of 5d-element (W, Re) local coordination, starting from regular tetrahedral in
tetragonal CaWO4 to distorted octahedral in monoclinic ZnWO4 , and, ﬁnally,
regular octahedral in cubic perovskite-type ReO3 .
• the ability of the EXAFS technique to deal with highly distorted local atomic
structure on an example of nano-crystalline ZnWO4 , having large surface to bulk
ratio.

1.3

Scientiﬁc novelty of the work

The study of the local atomic structure (up to ∼6 Å around the absorbing atom) in
ReO3 , CaWO4 and ZnWO4 crystals has been performed by x-ray absorption spectroscopy (EXAFS) simultaneously taking into account thermal disorder and multiplescattering (many-atom) eﬀects within the QMMD-EXAFS approach.
Signiﬁcant deformation of the local atomic structure around W and Zn atoms in
nano-crystalline ZnWO4 has been determined by the EXAFS technique in comparison
with the micro-crystalline zinc tungstate. The complementary studies by EXAFS and

4
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Raman spectroscopy allowed us to conclude that the [WO6 ] octahedra deformation
in nano-crystalline ZnWO4 results in the formation of short double tungsten-oxygen
bonds.

1.4

Author’s contribution

The major part of the work has been done at the Institute of Solid State Physics,
University of Latvia. The XAS measurements were performed at HASYLAB (Hamburg, Germany) using synchrotron radiation produced by the DORIS III storage ring.
The author has been participating in the nano-samples synthesis, their characterization by the IR and Raman spectroscopy, temperature dependent EXAFS measurements
of nano and microcrystalline ZnWO4 and CaWO4 . The quantum mechanical calculations, analysis of the experimental EXAFS data and the advanced modelling of EXAFS
spectra have been performed by the author at the Latvian SuperCluster facility [22].
The computer code for the force-ﬁeld potential parameters optimization has been also
developed by the author based on the simulated annealing method.
The results of this work have been presented at 9 international conferences and 4
international schools during 2008-2011 and discussed at the scientiﬁc seminar at the
Institute of Solid State Physics, University of Latvia on May 09, 2011. Main results
have been published in 7 SCI papers.

5
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X-ray absorption spectra analysis
using molecular dynamics
2.1

Basics of X-ray absorption

The x-ray interaction with matter occurs elastically (coherent), when the kinetic energy
of the incident photon is conserved, and inelastically (incoherent), when the kinetic
energy of the incident photon is not conserved. In an inelastic scattering process, some
of the energy of the incident photon is lost or gained. There are three types of the
inelastic x-ray interactions with matter: the photoexcitation of electrons, the Compton
eﬀect and the electron-positron pair production.
In Fig. 2.1 photon cross-section dependance on the excitation energy for W atom is
shown. In the hard x-ray range (∼10 keV) photoexcitation process dominates, therefore
the assumption that x-ray absorption coeﬃcient is proportional to the photoexcitation
transition rate can be made.
In x-ray absorption spectroscopy experiments, the absorption of x-rays by the sample with thickness (d) is measured as a function of x-ray energy. The x-ray absorption
coeﬃcient µ(E) is determined by measuring the incident (I0 ) and transmitted (I) x-ray
beams intensities as
µ(E) =

1
I0
ln( ).
d
I

(2.1)

The energy dependence of the x-ray absorption coeﬃcient (Fig. 2.2) shows three
main features: when photon energy increases, the absorption coeﬃcient decreases before an absorption edge, at certain energy the sharp change of the absorption coeﬃcient

7
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Figure 2.1: Photon cross-section components and total attenuation for tungsten atom.
K, L and M are the absorption edges due to the electron transitions from the core levels.

occurs and is called the edge, and, ﬁnally, the oscillating variation of the absorption
coeﬃcient occurs above the edge. These oscillations are called the extended x-ray absorption ﬁne structure (EXAFS). The EXAFS signal χ(E) is deﬁned as the normalized,
oscillatory part of the x-ray absorption coeﬃcient (µ) above a given absorption edge
χ(E) =

µ(E) − µ0 (E) − µb (E)
µ0 (E)

(2.2)

where µb (E) is the background absorption coming from electrons of the outer shells,
and µ0 (E) is the atomic-like contribution. The ﬁne structure, i.e. EXAFS, arises due to
the scattering of the excited photoelectron by a potential from all neighbouring atoms
surrounding the absorbing atom. The photoelectron is excited into empty states above
the Fermi level, and its lifetime is limited by the lifetime of the core-hole and by an
interaction with other electrons. The photoelectron lifetime restricts its mean free path
and, thus, is responsible for the local sensitivity of the method. Therefore, the EXAFS
signal probes the local structural and electronic information around the absorber.
Interpratation of the EXAFS signal gives detailed information about local atomic
structure (distance to the nearest neighbouring atoms, neighbouring atoms count, thermal and static disorder). Conventional EXAFS data analysis is based on the separation
of the EXAFS signals for diﬀerent coordination shells and their independent analysis.

8
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Figure 2.2: (left panel) The experimental x-ray absorption spectrum (µ) of the W L3 -edge
in ZnWO4 . µb is the background contribution, µ0 is the atomic-like contrbution. (right
panel) EXAFS oscillations χ(k)k 2 extracted from the experimental absorption coeﬃcient
shown in left panel.

The Fourier transform (FT) and back-Fourier transform (BFT) are used for this operation. The FT converts EXAFS signal from k-space to R-space, where one can see
the regions, which correspond to the diﬀerent coordination shells. Next, one chooses
the region corresponding to the single coordination shell in R-space and, by performing
BFT, obtains the isolated EXAFS signal in k-space. This signal is further used for the
modelling. The most common technique is a parametrization of the signal within the
so-called Gaussian or cumulant model [15]. Another possibility is to reconstruct the
radial distribution function (RDF) using, for example, regularization technique [29].
In most cases, the accurate analysis can be performed only for the region of the ﬁrst
coordination shell of the absorber, where the multiple-scattering eﬀects do not exist.
In some special cases, when the multiple-scattering contributions into the EXAFS signal can be neglected, it is also possible to extend the analysis to the further (outer)
coordination shells.
Previously described methods are valid for the ﬁrst coordination shell and the outer
coordination shells, when they do not overlap with the multiple-scattering contributions. However, in most practical cases the multiple-scattering eﬀects give strong inﬂuence on the EXAFS signal after the ﬁrst coordination shell. Another important point is
to account for static and thermal disorder in a material. Even in the case of crystalline
material, where atomic positions are strictly deﬁned, the conventional analysis of the

9
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full EXAFS spectrum including thermal disorder is complicated and often impossible.
This is due to a number of ﬁtting parameters required to describe correlated motion of
atoms for each scattering paths. For highly disordered materials as glasses or liquids,
the problem becomes even more complicated.
To overcome these problems, the advanced technique exists which combines molecular dynamics or Monte-Carlo simulations with either conventional EXAFS spectra
analysis or ab initio EXAFS spectra calculations.
In the literature many diﬀerent combinations of advanced EXAFS spectra analysis
can be found. The big part of the works is dedicated to the analysis of the local structure
in glasses [6, 21, 34, 43, 49, 50]. Another part of works considers local structure of metal
ions in solutions [20, 32, 46, 47] or liquid materials [31, 36, 51]. In recent years, works
dedicated to the local structure investigation by EXAFS and MD in monoatomic and
more complex solids become popular [5, 8, 24, 25, 26, 30, 33, 36, 42, 44, 48].

2.2

EXAFS spectra analysis using molecular dynamics
simulations

The today diﬃculties of the EXAFS analysis are mainly connected to the two problems.
The ﬁrst one is an account for the photoelectron multiple-scattering (MS) eﬀects, which
contribute into the EXAFS spectra analysis beyond the ﬁrst coordination shell in Rspace. The second problem is related to an account for thermal and static disorder,
especially, within the MS contribution.
One should note that when the size of the system grows up, the use of simple
Gaussian/cumulant models becomes unpractical, due to a huge number of ﬁtting parameters is required. Considering all MS contributions independently, each scattering
path is described by at least three parameters, i.e. path degeneracy, length and MSRD.
Therefore, an increase of the EXAFS spectrum analysis interval ∆R in R-space leads
to the exponential growth of the number of scattering paths as well as of the ﬁtting
parameters. At the same time, the maximum number of ﬁtting parameters is limited,
according to the Nyquist theorem
Nexp =

2∆k∆R
+ 2,
π

(2.3)

10
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Figure 2.4: General MD-EXAFS simulation scheme.
Figure 2.4: General MD-EXAFS simulation scheme.
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2.2 EXAFS spectra analysis using molecular dynamics simulations

evaluate the EXAFS signal for static conﬁguration, thus accounting for the multiplescattering eﬀects.
In the Fig. 2.4 the general MD-EXAFS simulation scheme [25, 26] is shown. It
combines three calculation methods, quantum chemistry, classical molecular dynamics
(MD) and ab initio EXAFS calculations.
One should point out that a number of important approximations are employed
when doing the MD simulations. First, the use of the Born-Oppenheimer or adiabatic
approximation allows one to separate treatment of electrons and nuclei. As a result,
for each set of nuclear positions, one can get the energy contributed by the electrons.
This energy together with the nuclear-nuclear repulsions determines the total potential
energy and can be used to ﬁnd the forces acting on the atoms. One can introduce the
potential energy surface by requiring that the total potential energy is a function of
atomic positions only, thus eliminating the electrons from the consideration. Next, the
nuclei are treated as classical particles moving on the potential energy surface, thus
replacing the Schrödinger’s equation with the Newton’s one. Finally, the potential
energy surface is approximated by an analytical function (force-ﬁeld) that gives the
potential energy and interatomic forces as a function of atoms coordinates.
The starting point of the analysis is the compound structure, which can be determined for crystalline compounds from diﬀraction experiments. The structural information and other physical properties give an idea for choosing the type of the force-ﬁeld
model, i.e. the interaction potentials between atoms. Once interatomic potentials are
deﬁned, the optimization procedure can be performed to obtain potential parameters,
which reproduce best structure and given properties. Further, the MD simulations are
performed using the obtained force-ﬁeld model to get a set of atomic conﬁgurations.
The results of the MD simulations allow one to make some conclusions about correctness of interatomic potentials. The total and partial RDF functions can be calculated
and compared with the ﬁrst coordination shell RDFs obtained from the conventional
EXAFS data analysis. Additionally the average atomic positions can be compared
with initial structure to check whether there is strong atoms displacements or not. The
strong displacements of atoms from the equilibrium positions indicate the problem with
the FF model.
After performing the MD simulations, every single atomic conﬁguration is used
to calculate the EXAFS signal. Finally, the conﬁguration averaged EXAFS signal is

13

prom-kops-KALINKO-eng-A.indd 16

2012.03.01. 15:30:19

2. X-RAY ABSORPTION SPECTRA ANALYSIS USING MOLECULAR
DYNAMICS

17

calculated and directly compared with the experimentally measured EXAFS spectrum.
At the potential parameters optimization step, the experimentally measured properties can be complemented with that calculated by quantum chemistry methods. The
best example is the phonon dispersion relations through the ﬁrst Brillouin zone. For
the most materials, it is relatively easy to measure vibrational frequencies at the Γ
point of the Brillouin zone using Raman and/or infra-red spectroscopy. However, the
measurement of the phonon dispersion relations is a complicated experimental task,
which can be performed only at large scale facilities exploiting neutrons or x-ray synchrotron radiation and requires the availability of monocrystalline sample [16]. At the
same time, the knowledge of phonon dispersion relations helps to make the force-ﬁeld
optimization procedure more reliable and stabilizes the solution.

2.3

Ab initio calculation of conﬁguration averaged EXAFS

The MD simulation provides with a set of atomic conﬁgurations. Each single conﬁguration describes a static state of the system at some moment of time. The set of
such conﬁgurations can be used to calculate properties depending on the atomic coordinates. In the case of EXAFS, each static atomic conﬁguration is used to calculate
single EXAFS spectrum taking into account all multiple-scattering contributions. Since
each atomic conﬁguration is static, there is no need to introduce the disorder eﬀects in
the multiple-scattering formalism. Finally, the conﬁguration averaged EXAFS signal,
inherently including thermal and static disorder, is calculated as


Nt
� � Nj fjn (k, t)
1 �

χ(k) =
sin[2kRj (t) + δjn (k, t)]
Nt t=1
kRj2 (t)
n

(2.4)

j

where n is the multiple-scattering order (single-scattering, double-scattering, triplescattering, etc.), j is the atomic group number, Nj is the degeneracy of the scattering
path involving atom(s) of the j-group, 2Rj (t) is the scattering path length, fjn (k, t)
and δjn (k, t) are the scattering amplitude and total phase shift functions. The ”time”
variable t indicates the number of the atomic conﬁguration in the MD simulation. Nt
is the total number of atomic conﬁgurations.
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For the accurate simulation of the EXAFS spectra, the set of atomic conﬁgurations
should fulﬁll some conditions.
The ﬁrst is the number of conﬁgurations, which is proportional to the time of the
MD simulation. The characteristic time of the photoabsorption process is in the range
of 10−15 -10−16 seconds. The characteristic time of the atomic vibrations is much longer
being in the range of 10−13 -10−14 seconds. This means that a single photoabsorption
process sees ”frozen” atomic structure. However, the time of the EXAFS experiment is
in the range of minutes, and, thus, the resulting EXAFS signal equals to a superposition
of EXAFS signals from many static conﬁgurations. Therefore, for a solid, where atoms
move close to their equilibrium positions, the simulation time should be larger than the
characteristic time of the atomic vibrations. Ideally, one should choose the number of
atomic conﬁgurations enough large to have the average over the statistical ensemble in
the MD simulation close to the average over time in the experiment. In this work, the
number of atomic conﬁgurations used in the calculation of the averages was at least
4000. Moreover, the convergence of both the average atomic structure and the average
EXAFS signal were controlled.
The second condition is that the time step in the MD simulation should be enough
small to sample correctly the highest characteristic frequency of the material and to
guarantee accurate integration of the equations of motion, thus resulting in a smooth
trajectory for all atoms. The highest characteristic frequency of the material can be
estimated either experimentally from the Raman or IR spectra as well as from inelastic
scattering experiments or theoretically from lattice dynamics calculations. In this work,
the estimated time step of 0.5 fs was used.
The third condition is the size of the MD simulation box. In the simulations of solid
materials the periodic boundary conditions are used. This leads to the correlations between atomic movements at distances larger than the size of the box. Therefore, the
calculation of EXAFS signal without artiﬁcial correlations is possible only at distances
smaller than half of the box dimensions. For example, to analyse structural contributions in the EXAFS signal till 6 Å the size of the MD simulation box should be at least
12 Å in all dimensions.
Another important note should be made regarding the computer code, which is
used to calculate EXAFS signal for the static conﬁguration. In this work we use the ab
initio real-space multiple-scattering FEFF8.x code [4, 40], thus the EXAFS signals are
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calculated taking into account all multiple scattering contributions to the eighth order.
The number of the multiple-scattering paths increases roughly exponentially with the
box size, thus arriving rapidly to the maximum number of paths, which can be treated
by the FEFF code due to the computer memory limitations. Of course, the MS paths
number varies depending on the material. In this work, for all crystals we were able
to calculate the conﬁguration averaged EXAFS signals for the cluster sizes of at least
6 Å.
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3

Experimental
3.1

Samples and characterization

ReO3 and CaWO4 commercial polycrystalline powder with 99.9% purity were used
in this work. ZnWO4 nano- and polycrystalline powders were synthesized by coprecipitation tehnique.
Samples characterization were performed by x-ray diﬀraction, infra-red, Raman and
photoluminescence spectroscopies. X-ray absorption measurements were performed for
CaWO4 and ZnWO4 samples.

3.2

X-ray absorption spectroscopy

X-ray absorption measurements were performed in transmission mode at the HASYLAB DESY C1 bending-magnet beamline (Fig. 3.1) in the temperature range of 10300 K at Zn K (9659 eV) and W L3 (10207 eV) edges. The storage ring DORIS III was
used as an x-ray source. It operated at E=4.44 GeV and Imax =140 mA in a 5 bunches
mode with a lifetime of 4 h. The higher-order harmonics were eﬀectively eliminated by
detuning of the monochromator Si(111) crystals to 60% of the rocking curve maximum,
using the beam-stabilization feedback control. The x-ray beam intensity was measured
by three ionization chambers ﬁlled with argon and krypton gases.
The Oxford Instruments liquid helium ﬂow cryostat was used to maintain the required sample temperature. The temperature was stabilized to within ±0.5 degrees
during each experiment. Several samples of ZnWO4 and CaWO4 were prepared by
depositing an appropriate amount of the powder on Millipore ﬁlters and ﬁxing by a

17

prom-kops-KALINKO-eng-A.indd 20

2012.03.01. 15:30:19

21

3. EXPERIMENTAL

Figure 3.1: Schematic view of the EXAFS experiment at C beamline DORIS III storage
ring. The setup consists of the x-ray source (the storage ring), variable entrance and
exit slits, double-crystal monochromator, three ionization chambers (I1, I2, and I3), beam
stopper. The position of the unknown and reference samples and the optional ﬂuorescence
detector (not used in the present work) are also shown [1].

Scotch tape. The deposited powder weight was chosen to give the absorption edge
jump value �µx � 1.0 at the Zn K or W L3 edges. The tungsten foil was used as the
reference sample to control monochromator stability.
Experimental temperature-dependent EXAFS spectra for the Re L3 -edge in polycrystalline ReO3 were taken from [38].
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4

Results
4.1

Local structure in ZnWO4 nanoparticles

Nanoparticles and microcrystalline ZnWO4 were studied by temperature dependent xray absorption spectroscopy at the Zn K and W L3 -edges. The obtained results were
compared with that determined by complementary experimental techniques as x-ray
powder diﬀraction, Raman and photoluminescence spectroscopies allowing us to probe
diﬀerent aspects of the local atomic and electronic structure.
It was found that the observed changes in the optical properties and lattice dynamics
of ZnWO4 nanoparticles cannot be attributed only to the size reduction, but are related
to the relaxation of their atomic structure, including formation of surface defects.
The presence of strong structural relaxation in ZnWO4 nanoparticles was conﬁrmed
by x-ray absorption spectroscopy study. In the Fig. 4.1 experimental EXAFS spectra
temperature dependence and corresponding Fourier transformations are shown for both
W L3 and Zn K edges. The independent analysis of the EXAFS signals at the W L3
and Zn K edges by the model-independent approach allowed us to reconstruct the ﬁrst
coordination shell RDFs (Fig. 4.2) and to follow their temperature variation. The
signiﬁcant distortions of the [WO6 ] and [ZnO6 ] octahedra, directly observed in ZnWO4
nanoparticles by EXAFS, show only minor temperature dependence. The distortion
results in the shortening of the metal-oxygen (W–O and Zn–O) bonds to the nearest
oxygen atoms and the formation of the W=O bonds, whereas the longest bonds are
elongated and becomes weaker.
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(a)

(b)
Figure 4.1: (a) Experimental W L3 -edge and Zn K-edge EXAFS spectra χ(k)k 2 of
nanoparticles and microcrystalline ZnWO4 . Only representative signals are shown for clarity. (b) Fourier transforms of the experimental W L3 -edge and Zn K-edge EXAFS spectra
χ(k)k 2 of nanoparticles and microcrystalline ZnWO4 . Both modulus and imaginary parts
are shown. Only representative signals are shown for clarity.
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Figure 4.2: The reconstructed RDFs G(R)
G(R) for the ﬁrst coordination shell of tungsten and
zinc in nanoparticles and microcrystalline ZnWO4 at representative temperatures. See text
for details.

4.2
4.2.1

MD-EXAFS data analysis
Application to ReO3 crystal

ReO3 was chosen as an example for the MD-EXAFS method application due to its
relatively simple highly-symmetric atomic structure, which is described by only one
structural parameter. This allowed us to develop simple force-ﬁeld model and to use
classical molecular dynamics method. Quantum mechanical LCAO calculations were
additionally used to determine physical properties of ReO3 , being not available from
experiments. The main achievement of using LCAO calculations was phonon dispersion
curves (Fig. 4.3) which were further used for ﬁne force-ﬁeld model tuning.
Using the developed force-ﬁeld model, the MD simulations were performed at three
diﬀerent temperatures. The MD simulation results were used to calculate dynamical
properties of ReO3 . In particular, the anisotropy of the oxygen atoms thermal vibrations was conﬁrmed (Fig. 4.4 left panel), and the temperature dependence of the
Re–O–Re bond angle distribution (Fig. 4.4 right panel) was determined.
It was shown that the calculated conﬁguration averaged EXAFS signals agree well
with the experimental ones at all temperatures. It was also shown that the analysis of
the EXAFS signals from the outer coordination shells located at distances larger than
2 Å requires consideration of the MS eﬀects (Fig. 4.5), which overlap strongly with the
pair-wise EXAFS contributions.
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Figure 4.3: Phonon dispersion curves calculated by LCAO method.
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Figure 4.4: (left panel) Representation of MD trajectories at 573 K for Re (black) and
O (blue) atoms located in a plane Z = a0 (a0 is the lattice parameter). (right panel)
Distribution of the Re–O–Re angles at 300 K, 423 K and 573 K, calculated from MD
simulations.
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Figure 4.5: Results of the Re L3 -edge EXAFS modelling in ReO3 using MD-EXAFS
method within the SS and MS approximation: (left panel) EXAFS signals and (right
panel) corresponding Fourier transforms.

4.2.2

Application to CaWO4 crystal

Ab initio calculations of the structural and electronic properties of scheelite-type CaWO4
crystal have been performed within the periodic LCAO method using hybrid HartreeFock–DFT theory. The obtained results are in good agreement with known experimental data, including vibrational properties probed by Raman and infra-red spectroscopies. The QM calculations were also used to obtain charges on atoms.
The two force-ﬁeld models [9, 45] were used in the MD simulations performed
at 300 K. The Cooper model [9] was re-optimized to provide the diﬀerence between
experimental and calculated structural parameters of about ±0.01 Å. As a result of the
MD simulations, both models gave similar RDF functions. However, the comparison of
the conﬁguration averaged EXAFS signals with the experimental W L3 -edge EXAFS
spectrum allows us to conclude for beneﬁt of the Senyshyn FF model. Therefore, it
was ﬁnally used to study the inﬂuence of the MS eﬀects on the EXAFS signal.
It was found that the MS contributions have minor inﬂuence on the W L3 -edge
EXAFS signal in CaWO4 (Fig. 4.6). The main part of the EXAFS signal comes
from oxygen atoms in the ﬁrst coordination shell. Besides, there is also noticeable
contributions from the outer group of oxygen atoms located till 5 Å and from Ca atoms
at 3.79 Å (Fig. 4.7). The contribution from the heavy tungsten atoms, located at
about 3.88 Å is surprisingly small due to the thermal disorder (Fig. 4.7).
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Figure 4.6: Results of EXAFS modelling using MD-EXAFS method for Senyshyn forceﬁeld potential model. (left panel) W L3 -edge EXAFS signal in CaWO4 , (right panel) FT
of the W L3 -edge EXAFS signal in CaWO4 . The conﬁguration averaged EXAFS signals
containing only SS (MD-FEFF SS) or all MS (MD-FEFF MS) contributions are shown.

4.2.3

Application to ZnWO4 crystal

Ab initio calculations of the structural and electronic properties of wolframite-type
ZnWO4 crystal have been performed within the periodic LCAO method using hybrid
Hartree-Fock–DFT theory. The obtained results are in good agreement with known
experimental data. Tungsten-oxygen chemical bonding is found to be highly covalent,
whereas zinc-oxygen bonds have more ionic behavior. Calculated density of states is in
good agreement with the experimental XPS spectrum from [19]. The main contribution
to the valence band is due to the Zn 3d states at high binding energies and the O 2p
and W 5d characters at low and medium binding energies.
The calculated phonon frequencies have been compared with the results of infrared
and Raman spectroscopies. Rather good accuracy of ab initio phonon frequencies
calculations makes them suitable for the prediction of the crystal vibrational properties
especially in situations when the experimental approach is diﬃcult or impossible due
to selection rules.
Based on the crystal structure of ZnWO4 and known properties, the three force-ﬁeld
(FF) models were constructed and potential parameters were optimized to give good
agreement with structural properties, elastic constants and vibrational frequencies. The
three FF models give reasonably good matching to the experimental properties. Next
the MD simulations were performed for the three FF models, and the conﬁguration
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Figure 4.7: The W L3 -edge EXAFS χ(k)k 2 components for CaWO4 in the singlescattering approximation and their Fourier transforms (FTs) corresponding to the atomic
groups at diﬀerent distances from the absorbing tungsten atom.
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Figure 4.8: Results of EXAFS modelling using MD-EXAFS method for selected forceﬁeld model. (left panel) W L3 -edge EXAFS signal in ZnWO4 , (right panel) FT of the W
L3 -edge EXAFS signal in ZnWO4

averaged EXAFS signals were calculated. However, none of the calculated EXAFS
signals gives good matching to the experimental signal (Fig. 4.8). The problem is
that the developed FF models, based on simple pair potentials, cannot accurately
describe the distorted structure of ZnWO4 , being due to the electronic Jahn-Teller
eﬀect. Therefore, more sophisticated simulation methods should be used, like reverse
Monte-Carlo or ab initio molecular dynamics.
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Conclusions
In this thesis the MD-EXAFS method for the EXAFS spectra modelling has been further developed based on the quantum mechanics-classical molecular dynamics (QMMD)
approach coupled with ab initio EXAFS spectra calculations. The method expands possibilities in the interpretation of EXAFS spectra by accurate accounting of the thermal
disorder within the multiple scattering eﬀects. This allows one to obtain structural information contained beyond the ﬁrst coordination shell on the many-atom distribution
functions. In particular, the angles between chemical bonds and amplitudes of thermal
vibrations including correlation eﬀects can be determined.
The capability of the MD-EXAFS method has been demonstrated on an example
of EXAFS spectra analysis for three polycrystalline compounds ReO3 , CaWO4 and
ZnWO4 , having diﬀerent local coordinations. Besides, an example of the local structure determination in ZnWO4 nanoparticles, based on the conventional EXAFS data
analysis, is presented.
Besides the MD simulations, the quantum mechanical LCAO calculations have been
also performed for ReO3 , CaWO4 and ZnWO4 crystals. The self consistent procedure was used to ﬁnd electronic structure and atomic charges. Then optimization of
structural parameters was done and further diﬀerent properties such as bulk modulus, phonon frequencies and phonon dispersion curves were calculated. Thus obtained
physical properties were used during the force-ﬁeld model optimization to increase the
number of observables additionally to the experimentally available data.
In the case of ZnWO4 nanoparticles the EXAFS spectra at the Zn K-edge and W
L3 -edge were measured and used in the analysis, allowing one to obtain information
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on the local atomic structure around both absorbing atoms. It was found that strong
relaxation of [ZnO6 ] and [WO6 ] octahedra occurs in nanoparticles comparing to the
crystalline ZnWO4 . While the interatomic W–O and Zn–O bond lengths show broad
distribution already in the crystal, even shorter and longer bond lengths were found in
nanoparticles. The possible explanation of this eﬀect is structure relaxation and diﬀerent distortion of the octahedra within single nanoparticle due to strong inﬂuence of the
surface. The Raman spectra measurements allowed us to conclude that in nanoparticles short double W–O bonds are formed. This conclusion is based on the Raman
frequency dependance from the bond length and correlates well with the appearance of
short W–O distances in nanoparticles according to the EXAFS results.
ReO3 , CaWO4 and ZnWO4 have diﬀerent local coordination around 5d-element (W,
Re): regular octahedra in ReO3 , regular tetrahedra in CaWO4 and strongly distorted
octahedra in ZnWO4 . Such diﬀerence in the local environment provides a good test of
capabilities for the MD-EXAFS method. The structures with regular octahedra (ReO3 )
and tetrahedra (CaWO4 ) can be easily described by a force-ﬁeld model based on the
pair interatomic potentials. However, an additional three body potential is required for
tetrahedral case to stabilize tetrahedral coordination during MD simulations. In the
case of distorted octahedra (ZnWO4 ) three force-ﬁeld models of diﬀerent complexity
were developed which gave reasonable matching between calculated and experimental
physical properties. Force-ﬁeld models for all compounds were further used in molecular
dynamics simulations.
The molecular dynamics allows one to introduce thermal atomic motion eﬀects, and
the temperature value is one of the simulation parameters. Because of the classical MD
method used in the present work, the accurately accessible temperature region is limited
to the high temperatures. In the present work, the lowest simulation temperature was
set to 300 K for all compounds. In the case of ReO3 the simulations were performed
also at 423 K and 573 K.
As a result of MD simulations, sets of atomic conﬁgurations were obtained for
each temperature and used to calculate the radial distribution functions, bond angle
distributions and atomic movement trajectory determination. To check reliability of
the MD simulations, the conﬁguration-averaged EXAFS spectra were calculated and
directly compared with the experimental ones.
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The conﬁguration-averaged EXAFS spectra for both compounds, ReO3 and CaWO4 ,
build from regular octahedra and tetrahedra units, respectively, show good agrement
with the experimental EXAFS spectra. Also the temperature dependence of the EXAFS spectra for ReO3 is well reproduced within the single force-ﬁeld model. Therefore,
we conclude that the force-ﬁeld models describe rather accurately the thermal motion
of atoms, including the correlation eﬀects.
However, all developed force-ﬁeld models for ZnWO4 , having distorted [WO6 ] and
[ZnO6 ] octahedra, did not provide good matching with the experimental EXAFS spectra. The reason of that is the nature of [WO6 ] octahedra distortion, which is caused
by the second order Jahn-Teller eﬀect: tungsten ions in ZnWO4 have 6+ valence state
and 5d0 electronic conﬁguration, however some amount of electronic charge is backtransferred from the oxygen neighbours to the 5d states causing the removal of degeneracy by symmetry lowering. Such situation cannot be described accurately by simple
pair potentials. However, the possible solution to this problem can be the use of the
quantum molecular dynamics simulations. Such calculations nowadays are very time
consuming and are possible mostly for small molecules. For simulation of the EXAFS
spectra from crystals, hundreds or thousands atoms are usually required depending on
the system, therefore the use of the quantum MD simulations is not practical today.
However, the possibility to model such octahedra distortions has been conﬁrmed by
our quantum mechanical LCAO calculations for static ZnWO4 structure.
The good agreement between the experimental and simulated EXAFS spectra for
ReO3 and CaWO4 allowed us to make deeper analysis of their structure and atomic
motion.
In ReO3 the atomic motion trajectories show strong anisotropy of oxygen atoms
vibrations, which are large perpendicular to the Re–O–Re bonds, thus resulting in a
deviation of the Re–O–Re mean angle value from 180◦ to around 176◦ at 300 K and
174◦ at 573 K. The multiple-scattering eﬀect contribution to the EXAFS spectra for
the second and further coordination shells was analysed in details. It was found that
the MS eﬀects are responsible for about 50% drop of the Re L3 -edge EXAFS signal
amplitude in the second coordination shell and about 30% in the third coordination
shell.
In CaWO4 the multiple scattering eﬀects are relatively small comparing to ReO3 .
The W L3 -edge EXAFS spectrum was decomposed into components from diﬀerent
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groups of atoms. The main contribution comes from the nearest oxygens, while more
distant atoms produce a signal being ﬁve and more times less in amplitude. The peaks
in the Fourier transform of the EXAFS spectrum at 2.5 Å and 4.2 Å are due to oxygen
atoms. The peak at 3.5 Å is composed of three contributions from O, Ca and W atoms.
In the future, the MD-EXAFS method can be applyied to the materials with symmetrical local structure with the goal to extract additional information on the local
dynamical structure from EXAFS spectra. Further improvements of the MD-EXAFS
method are possible at the step of the potential parameters optimization by including
additional observables as, for example, mean square relative displacements obtained
from EXAFS conventional analysis. Moreover, the whole EXAFS spectrum may be
used as an observable in the optimization procedure in the future. Another way to
improve performance of the MD-EXAFS method is to use ab-initio MD instead of
the classical one. This will allow one to deal with the materials having strong local distortions, like ZnWO4 , as well as to extend applicability of the method to the
low-temperatures region, where quantum eﬀects dominate.
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Main theses
1. The combined use of classical molecular dynamics and x-ray absorption spectra
calculations from the ﬁrst principles allows one to make accurate interpretation
of the EXAFS spectra for crystalline compounds (ReO3 and CaWO4 ) taking into
account the many-atoms distribution functions. This approach allows one to
access the mean square relative displacements (EXAFS Debye-Waller factor) for
atom pairs and the bonding angles distributions in outer coordination shells.
2. The vibrations of the oxygen atoms in ReO3 structure are anisotropic, having
the vibration amplitude along the Re–O–Re bonds direction smaller than that
perpendicular to the Re–O–Re bonds. It is shown that the perpendicular oxygen
vibrations lead to a decrease of the mean Re–O–Re angle value below 180◦ and
to its weak temperature dependence.
3. The contribution from the single-scattering eﬀects is dominating in the W L3 -edge
EXAFS spectrum of CaWO4 . It is shown that oxygen atoms group at 2.96 Å and
calcium and oxygen groups at 3.79 Å and 4.11 Å, respectively, give the main
contribution into the EXAFS signal beyond the ﬁrst coordination shell.
4. The local atomic structure of ZnWO4 nanoparticles around W and Zn atoms is
noticeably deformed comparing to the microcrystalline powder. It is shown that
the deformation of the [WO6 ] octahedra is related to the formation of the short
(∼1.74 Å) double W=O bonds.
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