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Abstract

Copper molybdate (CuMoQO,) and related solid solutions are multifunctional
materials exhibiting chromic properties, including thermochromism and
piezochromism. Their colour change is caused by the lattice
expansion/contraction, which affects the band gap, or a modification of the
material structure upon a phase transition. Therefore, the knowledge of the
structure and its temperature and composition dependence is crucial for
understanding and controlling the functionality of these materials that
determines their practical applications.

In this thesis, the structure-property relationships in CuMoO,4 and two
series of solid solutions (CuMo;_, W,0,4 and Cu;_,Zn,MoQO,) were studied
by X-ray absorption and resonant X-ray emission spectroscopies (XAS and
RXES). The experimental results were supported by the reverse Monte Carlo
(RMC) simulations coupled with ab initio multiple-scattering calculations.
The RXES method was used to determine changes in the local coordination of
tungsten ions from the crystal field induced splitting of the 5d(W) states
across the phase transitions in CuMo;_, WOy solid solutions.

The obtained results enhance our understanding of the connection
between structural and thermochromic properties of CuMoO, and related
compounds. The ability to tune the thermochromic properties of the material
to more desired temperature range by the addition of tungsten or zinc ions
makes it more promising for applications, for instance, as a cost-effective
indicator for monitoring storage/processing conditions of
temperature-sensitive products (drugs, vaccines, chemicals, biological
materials etc.).



Anotacija

Vara molibdats (CuMoO,) un ta cietie Skidumi ir daudzfunkcionali materiali,
kuriem piemit vairakas ar krasu saistitas TpaSibas, tai skaitd termohromisms
un pjezohromisms. To krasas mainu izraisa rezga izpleSanas/sarausanas, kas
ietekmg@ aizliegto zonu, vai materiala struktiiras izmainas, notiekot fazu parejai.
Zinasanas par struktiiru un tas atkaribu no temperatiiras un sastava ir svarigas,
lai izprastu un kontroletu So materialu funkcionalitati, kas galu gala nosaka to
praktiskos pielietojumus.

Saja darba tiek pétita korelacija starp struktiiru un pasibam CuMoO, un
divam cieto Skidumu sérijam (CuMo;_,W,O4 un Cu;_;Zn,MoQO,),
izmantojot rentgenstaru absorbcijas un rezonanses rentgenstaru emisijas
spektroskopijas (XAS un RXES). Eksperimentalie dati tiek interpretéti,
balstoties uz apgrieztas Monte-Karlo metodes simulacijam kopa ar ab initio
daudzkartgjas izkliedes aprekiniem. RXES metode tiek izmantota, lai péc
kristaliska lauka izraisitas 5d(W) stavoklu saskelSanas noteiktu volframa jonu
lokalas koordinacijas izmainas CuMo;_,W,Oy4 cietajos $kidumos, notiekot
fazu parejam.

legttie rezultati uzlabo misu izpratni par saikni starp CuMoQO, un saistito
savienojumu strukturalajam un termohromajam ipasibam. Iesp€ja pielagot
materiala termohromas 1paSibas v&lamakiem temperatiiras diapazoniem,
pievienojot volframa vai cinka jonus, padara to daudzsolo$aku
pielietojumiem, piem&ram, ka [etu indikatoru temperatiiras jutigu produktu
(zalu, vakcinu, kimikaliju, biologisko materialu utt.) uzglabasanas/apstrades
apstaklu kontrolgsanai.
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Chapter 1

Introduction

1.1 General introduction and motivation

Smart materials have properties that can be altered in a controllable manner
by external stimuli. For instance, they can respond to light, changes in
temperature, pressure, pH, electric and magnetic fields. They play an
ever-increasing role in our developing society and are widely used in different
technological applications.

One such advanced multifunctional material is copper molybdate
(CuMoO,) with several perspective chromic properties such as
thermochromism, piezochromism, tribochromism, halochromism [1-5].
Copper molybdate also has photoelectrochemical, catalytic and antibacterial
features [6—9]. Physical properties of CuMoOy4 depend on temperature and/or
pressure and can also be affected by modifying its chemical
composition [1,2, 10, 11]. Therefore, the structure-property relationship must
be understood to learn how to control the functionality of the material. In this
thesis, CuMoQOy-based thermochromic compounds are investigated to
elucidate the structural origin of their optical properties.

Thermochromic materials change their colour in response to temperature
changes. In the solid inorganic materials, a gradual colour change may occur
due to the lattice expansion/contraction, which affects the band gap, or a distinct
colour change may occur when the structure is modified upon a phase transition
[12, p.42].

Pure CuMoO, has thermochromic properties both at low (100-300 K)
and high (400-700 K) temperatures; however, the origin of the observed
chromic effects is different. Above room temperature, the material exists in
the a-phase, however at low temperatures, CuMoQ4 exhibits a reversible
structural phase transition between « and ~ phases with a hysteretic
behaviour, which is accompanied by a drastic colour change between
greenish and brownish [1]. Note that the thermochromic phase transition is
strongly affected by chemical composition. For instance, the substitution of
Mo®* ions in CuMoO,4 by W% results in the formation of CuMo;_,W,Oy4
solid solutions with different temperature response. Similarly, the substitution
of Cu" ions by other divalent ions as Zn?* is possible.



Chapter 1. Introduction

In the low-temperature range, the considerable optical contrast between
the two polymorphic phases makes CuMoO4 appealing for thermochromic
applications, for instance, in the fields where one needs to monitor
storage/transportation conditions of temperature-sensitive products (food,
drugs, vaccines, chemicals, biological materials, etc.). At the same time, such
inorganic materials with a thermochromism at high temperatures (above 400
K) attract much attention because of their potential applications for
temperature sensing in the ranges where the majority of organic compounds
and liquid crystals are unstable [13]. Possible chromic applications extend
from user-friendly temperature and pressure indicators [2, 3, 10, 14] to
cost-effective “smart” inorganic pigments and sensors [15].

Thermochromic properties of CuMoO, and related materials are closely
connected with the local atomic structure of constituting metal ions. The
knowledge of the structure is crucial for understanding and optimizing the
properties of materials which ultimately determine their practical
applications.

A Dbreakthrough in the study of the atomic structure of materials is
associated with the discovery of X-rays in 1895 by German physicist Wilhelm
Rontgen. Nowadays, large scale research infrastructures such as synchrotron
radiation (SR) facilities play a decisive role in science for studying the
structure and dynamics of materials since they provide high intensity, tunable
electromagnetic (EM) radiation in a wide spectral range, including X-rays.
Theoretical calculations and modelling are equally important in structural
studies.

The main experimental techniques for structural studies are X-ray
diffraction (XRD) and X-ray absorption spectroscopy (XAS). XRD provides
information on the long-range order in the material, while XAS probes the
local atomic structure around a specific chemical element. Both methods
complement each other.

Today SR sources are available worldwide, and XAS has become an
extremely valuable technique for characterising materials. The structural
information in XAS is encoded in tiny fluctuations of the X-ray absorption
coefficient. It is common to divide the X-ray absorption spectrum into two
parts: X-ray absorption near edge structure (XANES), located near the
absorption edge, and extended X-ray absorption fine structure (EXAFS),
which extends far beyond the edge. Though the two parts have the same
physical origin, their distinction is convenient for the interpretation.

The first observations of EXAFS were published more than 100 years
ago [16]. Since then, significant progress in the field of XAS has been made.
Both instrumentation and theory have developed. However, the experimental
XAS data interpretation still might be challenging, especially for
low-symmetry materials as tungstates and molybdates.
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During the past years, significant efforts have been made to develop
advanced data analysis approaches based on atomistic simulations to improve
the reliability, accuracy and amount of structural information that can be
extracted from experimental EXAFS spectra. EXAFS “sees” the structure of
a material as averaged over a huge number of “frozen” atomic configurations,
in each of which all atoms are slightly displaced from their equilibrium
position due to thermal vibrations. Advanced theoretical technique such as
reverse Monte Carlo (RMC) provides a natural way to incorporate static and
thermal disorder into the structural model and allows one to extract
information encoded in X-ray absorption spectra, thus opening new
possibilities for the investigation of the structure-property relationships.
However, the RMC method is a computationally complex and
time-consuming approach.

A complementary technique to XAS is resonant X-ray emission
spectroscopy (RXES). It probes a second-order process that includes both
X-ray absorption and subsequent emission. By selectively extracting the
emitted photon intensity in the narrow energy range that corresponds to the
transitions between energy levels with long lifetimes, one can obtain high
energy resolution fluorescence detected XAS spectrum (HERFD-XAS
spectrum) with a drastically enhanced sensitivity to the local coordination of
the absorbing atoms.

Thus, a combination of XAS, RXES and theoretical studies might shed
light on the correlation between structural and functional properties of such
materials as CuMoQy and its solid solutions.

1.2 Aim and objectives of the work

The aim of this study is to explore and explain the relationship between the
structure and thermochromic properties of copper molybdate (CuMoO,) and
its solid solutions with tungsten (CuMo;_,W,04) and zinc
(Cu1-2Zn;Mo0,) using X-ray absorption and resonant X-ray emission
spectroscopies.

The objectives of the study are:

» to synthesise and characterize a set of pure CuMoO4, CuWOy,
ZnMoO, compounds and two series of CuMo;_,W,0O,; and
Cuy_;Zn,;MoQOy solid solutions;

* to perform temperature and composition-dependent X-ray absorption
and resonant X-ray emission spectroscopies studies of CuMo;_, W, 0Oy
and Cu;_,7Zn,MoQy solid solutions at synchrotron radiation facilities;
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* to analyse experimental X-ray absorption and RXES spectra using
modern theoretical approaches based on ab initio (full-)
multiple-scattering theory and reverse Monte Carlo simulations to
obtain structural information on the local environment of absorbing
atoms;

* to understand the structure-thermochromic properties relationship in the
studied materials.

1.3 Scientific novelty of the work

The research presented in the thesis consists of both experimental (XAS and
RXES measurements at synchrotron radiation facilities supplemented with lab-
based techniques) and theoretical (computer simulations) parts. The results
of the research are of scientific novelty and have been published in several
international journals.

The impact of the W5 jons on the local environment in thermochromic
solid solutions CuMo;_, WO, has been studied for the first time by XAS
and RXES. It was found that an increase of tungsten content promotes the
coordination change of molybdenum atoms from tetrahedral to octahedral that
is accompanied by the material colour change from greenish to brownish.

XAS data analysis was performed using modern theoretical approaches,
including the RMC method. It was shown that the structural model obtained
in RMC calculations can be employed to incorporate thermal disorder effects
in XANES simulations and to interpret temperature-dependent experimental
XANES data.

In CuMoOy, a specific dynamic effect has been discovered at the Cu
K-edge. It is associated to different rigidity of metal-oxygen coordination
polyhedra and influences the thermochromic properties of CuMoQO,4 above
room temperature.

For the first time Cu;_,Zn,MoQO,4 were studied by XAS and it was found
that, among sampled solid solutions, only Cug.g9Zng10MoQ4 exhibits the
thermochromic phase transition with a hysteretic behaviour. It is explained by
the instability of molybdenum coordination which changes from tetrahedral to
octahedral under lattice contraction at low temperatures.

1.4 Author’s contribution

The presented research consists of both experimental and theoretical parts.
Main experiments were conducted at international synchrotron radiation
facilities. During the period 2015-2021, the Author has taken part in 17
experiments using synchrotron radiation that have been carried out at PETRA
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III (Hamburg, Germany), ELETTRA (Trieste, Italy) and SOLEIL (Paris,
France) synchrotrons. In particular, three XAS and one RXES experiments
are directly relevant to the present work.

Sample synthesis, XRD measurements and experimental XAS and RXES
data processing using different programs was performed by the Author at the
Institute of Solid State Physics, University of Latvia (ISSP, UL). All RMC
simulations with EVAX code [17] as well as theoretical XANES calculations
with FDMNES code [18,19] have been carried out by the Author at the Latvian
SuperCluster facility [20]. Interpretation of the obtained results was performed
in collaboration with the supervisor.

The Author has participated in 9 international summer schools during
2014-2021. The results of the research have been presented at 20 international
conferences and workshops. The main results have been published in 21 SCI
papers, and the Author is the first contributor for 11 of them. 8 scientific
publications are directly related to this thesis. The h-index of the Author is 7.

1.5 Contents of the thesis

This thesis is organized into 12 chapters. The first chapter includes general
introduction and motivation where the scope of the thesis is defined, as well as
the objectives, scientific novelty and contribution of the Author are stated.

Chapter 2 is devoted to the overview of an X-ray absorption spectroscopy
(XAS) method. The fundamental physical principles and experimental aspects
concerning XAS are given.

Chapter 3 includes the description of XAS (both XANES and EXAFS)
data analysis. A brief overview of recently developed simulation-based
techniques such as molecular dynamics, machine learning and reverse Monte
Carlo for EXAFS data interpretation is given. Reverse Monte Carlo method
with evolutionary algorithm approach widely used in this thesis is described
more in details.

Chapter 4 is devoted to the overview of a resonant X-ray emission
spectroscopy (RXES) method. Advantages of RXES over XAS are listed and
information encoded in the experimental RXES plane is discussed.

State of the art related to CuMoQOy, and its solid solutions is reviewed in
Chapter 5.

The following Chapter 6, contains details about the synthesised samples
and their characterization. Important technical aspects of XAS and RXES
experiments are also included.

In Chapters from 7 to 10, the main results regarding structural
investigations of CuMoO4, CuMo;_W,04 and Cu;_,Zn,MoO, are
reported. First, the low-temperature XAS study of a thermochromic phase

5
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transition between « and y phases in pure CuMoOy is described. It is shown
that the hysteresis loop of the phase transition is well evident from the Mo
K-edge XANES spectra. Two approaches of EXAFS data interpretation using
regularization-based technique and reverse Monte Carlo method with
evolutionary algorithm approach (RMC/EA) are presented. Next,
high-temperature XAS data are analysed and XANES sensitivity to thermal
disorder is discussed. The origin of strong temperature-dependent variation of
the Cu K-edge XANES spectra is correlated with the thermochromic
properties of the material.

In Chapters 8 and 9, we discuss the role of W5+ ions on the structure and
thermochromic properties of CuMo;_,W,Oy4 solid solutions based on XAS
and RXES data analysis. The influence of Zn?* ions on the properties of
Cu;_,Zn,MoOy solid solutions is discussed in Chapter 10.

Chapter 11 contains the summary and the most important conclusions.
Finally, the main theses of this study are given in Chapter 12.

In the Appendix, the lists of publications and conferences where the
research results were presented are given. The international schools and
experiments at international synchrotron radiation facilities where the Author
has participated are also listed.



Chapter 2

X-ray absorption spectroscopy
(XAS)

2.1 Basic theory of XAS

2.1.1 Phenomenological description of XAS

X-rays are EM radiation, discovered by Wilhelm Rontgen in 1895, with a
wavelength A in the range of 0.01-10 nm corresponding to the energies in the
range of ~100 eV to 100 keV. The relationship between wavelength and
energy is given by the equation A\(nm) = hc/E(eV) = 1239.84/E(eV),
where h is the Plank’s constant and c is the speed of light. Depending on the
energy, X-rays are usually divided into three regions: soft X-rays (below
2 keV), tender X-rays (between 2 keV and ~8 keV) and hard X-rays (above
~8 keV).

In a photoelectric X-ray absorption process, an X-ray photon is absorbed
by an electron in a tightly bound quantum core level (K, L or M shell) of an
atom, as shown in Fig. 2.1.1 [21]. The absorption phenomenon of EM radiation
is described by the Beer-Lambert law:

I(E) = Io(E)e "), @.1)

where Iy(E) is the incident X-ray intensity, x is the sample thickness, [(F) is
the intensity of radiation transmitted through the sample, and p(E) is the
linear absorption coefficient describing the fraction of an X-ray beam that is
absorbed per unit thickness of the absorber. Since the linear absorption
coefficient ;(F) depends on the density p of the material, mass absorption
coefficient (uq(E)=u(E)/p) is often used:

I(E) = Ip(E)e Ha(B)rz, (2.2)

For a material composed of n elements with concentrations cy, Co, ..., ¢, (%),
the total mass absorption coefficient y,, is calculated as:
1 n
= — Cillg - 2.3
100 £ “He? (2-3)

Ha
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Figure 2.1.1: A scheme of the photoelectric effect: the atom absorbs an X-ray photon and the
Is core electron is promoted out of the atom to the continuum, creating a photoelectron and a
core hole (left panel); Decay of the excited state — X-ray fluorescence (middle panel) and Auger
effect (right panel).

The flux of photons propagating through the material is reduced exponentially
due to the interactions of the incident radiation with atoms in the probed sample.
Thus, in the transmission XAS experiment, the incident intensity Iy, and the
transmitted intensity / are measured to obtain px as a function of the X-ray
energy E. The absorption coefficient characterizes the material and depends
on the density of the sample p, the atomic number Z, relative atomic mass A,
and the X-ray energy E and can be described by the empirical relation [21]:

pZ*
AE3
Due to the proportionality i(E) ~ Z*, the absorption coefficient for light and
heavy elements is very different, and good contrast between different materials
can be obtained.

However, the smooth energy dependence of the absorption coefficient
predicted by Eq. 2.4, is interrupted at specific energies by a sharp rise in the
absorption, so-called absorption edges or absorption jumps. They occur when
the incident X-ray energy is equal to that of the binding energy of a core-level
electron, which is excited in the photoabsorption process [21]. Therefore,
energy positions of absorption edges are characteristics of a given element.
Depending on the electronic level being involved (1s, 2s, 2py 2, 2p3/2, etc.),
the absorption edges of elements are denoted as K, L, Lo, L3, etc. edges.

Thus, one can selectively choose the element to probe by tuning the X-ray
energy to the desired absorption edge region. Energies of absorption edges are
tabulated for all elements of the periodic table and those corresponding to the
core levels of heavy elements are well separated in the energy space. The edge

p(E) ~ (2.4)
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Figure 2.1.2: Electron binding energies as a function of atomic number Z.

energies E( vary with the atomic number approximately as Z? (Fig. 2.1.2) [22].
Corresponding energies of the atomic core levels for the atoms studied by XAS
in this thesis are summarized in Table 2.1.1.

Table 2.1.1: Energies of the absorption edges for selected elements.

Z | Atomic symbol | Absorption Edge | Energy (eV)
29 Cu K 8979
30 Zn K 9659
42 Mo K 20000
74 w L3 10207

After the X-ray absorption event, the atom is left in the excited state with
a positively charged core hole (empty place at the electronic level) whose
characteristic lifetime! is ~1071%s. The lifetime of the excited state is much
smaller than the characteristic time of thermal motion (~ 10713 — 107 !4s),
thus the position of all surrounding atoms does not change during the
photoabsorption process [23]. However, the presence of the core hole induces
relaxation of all other electrons in the atom, so that its excited state differs
from the ground one. Finally, the atom returns into the ground state via one of
the relaxation processes, which is accompanied either by the emission of an
X-ray photon (X-ray fluorescence) or by the ejection of an Auger electron
(Fig. 2.1.1).

In the case of X-ray fluorescence (XRF), an electron from a higher energy
level fills the deeper core hole while emitting a photon with a well-defined
energy corresponding to the difference between these two levels. The energy

!The characteristic lifetime 7 can be evaluated from the Heisenberg’s uncertainty principle
AEAT ~ h/2, where AE is ar natural width of an electronic level.
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of the emitted XRF photon is also in the X-ray range” and is a characteristic of
the atom. For instance, the electronic transition between L and K or M and K
electron levels results in K, or K3 emission lines, respectively (Fig. 2.1.1).

The second decay process, the Auger effect, involves electron transition
from the higher electronic level to the empty core level and simultaneous
excitation to the continuum or ejection of the second electron. The probability
of whether relaxation occurs by XRF or Auger emission depends on atomic
number Z and energy level. Light elements with small Z relax mainly
non-radiatively via the production of Auger electrons, whereas relaxation of
heavy elements is mostly radiatively with the emission of XRF photons. In
the hard X-ray regime (E>10 keV), XRF has a larger probability to occur
than the Auger emission. The probability of emission is directly proportional
to the absorption probability, so either of the two processes can be used to
measure the absorption coefficient x indirectly [21].

An example of the W Ls-edge X-ray absorption spectrum of tungsten foil
measured in the transmission mode is shown in Fig. 2.1.3. The absorption
edge at Ep=10207 eV corresponds to the excitation of the 2p3 /, electron to the
empty 5d-states. The amplitude of the absorption edge depends on the sample
thickness x and the absorbing chemical element concentration. The shape of
the absorption edge and the region around it are governed by the electronic
(density of unoccupied states) and atomic (number and type of neighbouring
atoms) structure of the material.

3 W L,-edge W foil

i) 2r <.—Absorption edge 1
3

2 XANES

g ¥ EXAFs -
= - >
3]

3

c 0 N i
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2 \J

o

0

o)

<

_1 1 1
10000 10500 11000 11500
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Figure 2.1.3: X-ray absorption spectrum zu(E) of tungsten foil at the W L3 absorption
edge, showing the near-edge (XANES) region and extended fine structure part (EXAFS).

2Electrons from shallow levels will release ultraviolet (UV) or visible light. It is exploited
in the X-ray excited optical luminescence (XEOL) method [24, p.12].)
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As it is shown in Fig. 2.1.3, the X-ray absorption spectrum can be divided
into two parts: X-ray absorption near edge structure (XANES), also known as
near-edge XAFS (NEXAFS), located around the absorption edge (up to ~30-
50 eV after the edge), and extended X-ray absorption fine structure (EXAFS),
which extends far (thousands of electronvolts) beyond the absorption edge. The
border between the two regions is not strictly defined. Though the physical
origin of both regions is the same, some important approximations allow one
to interpret the extended part of the spectrum in a more quantitative way than
it is possible for the XANES part.

The EXAFS region contains information on the local atomic structure
around the absorbing element (spatial arrangements of nearest neighbours
around the absorbing atoms), including pair and many-atom distribution
functions. From the EXAFS analysis, one can get information on the
coordination numbers, interatomic distances, and their variations due to the
static and thermal disorder.

The XANES part is sensitive to the density of unoccupied electronic
states near the Fermi level and gives information on the local electronic
structure, local symmetry of the probed element, oxidation state and
multi-electron effects. Therefore, the analysis of EXAFS and XANES regions
gives complementary information.

2.1.2 Origin of X-ray absorption fine structure (XAFS)

During the photoabsorption process, the X-ray energy is transferred to the core
electron which is excited and often called a photoelectron. The maximum
kinetic energy FE}, that the photoelectron can reach is:

mev?

E. —
K 2

=F — E, 2.5)

where m, is the mass of the electron, £ is the incident photon energy and
E)y is electron binding energy, i.e. the minimum energy required to eject the
photoelectron (it is also called a threshold energy [21]). On the other hand, E},
can be expressed as:

2 212
P hek
B, = = 2.6
k oM MM ) ( )
where p = h/\¢ — the momentum of an electron, & = 27/\. — the

wavenumber of the electron, and & = h/27 (the reduced Planck constant). A,
is the de Broglie wavelength of an electron. Thus, one can obtain the
relationship between the wavevector k, X-ray photon energy F, and the
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k:,/%(E—EO). 2.7)

So, the ejected photoelectron can be viewed as a spherical wave that
propagates away from the absorbing atom and is scattered at the neighbouring
atoms (Fig. 2.1.4).

biding energy Eo*:

Neighbouring

atoms
Absorbing
atom
Outgoing
Backscattered photoelectron

photoelectron
Figure 2.1.4: Photoelectron scattering by neighbouring atoms.

The origin of the oscillating structure — X-ray absorption fine structure
(XAFS) in the X-ray absorption spectrum is the interference between the
excited photoelectron (outgoing spherical photoelectron wave) and
photoelectron waves scattered by potentials of all atoms surrounding the
absorbing atom. Therefore, the photoelectron scattering process is affected by
the local atomic environment of the material. The interference at the
absorbing atom modulates the absorption probability (absorption coefficient
1), giving rise to an increase when the interference is constructive or a
decrease when it is destructive (Fig. 2.1.5).

In the case of EXAFS, we are interested in the oscillations above the
absorption edge. Therefore, the X-ray absorption coefficient u(E) can be
expressed as:

u(E) = po(E)[1 + x(E)], 28

where po(E) corresponds to the absorption of an isolated atom and y(E)
describes the oscillatory part of the spectrum.

30ne can rewrite the equation above with numerical values and if energies E and Ey are
given in eV, the wavenumber k(A~1)=0.51232/E — Eo.
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Figure 2.1.5: Illustration of an X-ray absorption process: When incident X-ray energy
coincides with the core electrons binding energy Fo, the absorption coefficient has a sharp rise.
The core electron is excited to the continuum, and the photoelectron is created, which travels
as a wave with the wavenumber A ~ (E — EO)’l/ 2 (a); The photoelectron interaction with the
neighbouring atom (scattering) that results in a modulation of the photoelectron wave function
at the absorbing atom and oscillations in the XAS — XAFS (b).

2.1.3 Fermi’s Golden rule

The X-ray absorption process can be described by Fermi’s Golden rule [21,25].
In general, it gives the probability of the transition between two quantum states
of an atom (an initial (ground) state |7) and a final (excited) state |f)) due to
some interaction described with an operator #. In the case of X-ray absorption
(Fig. 2.1.6), the initial state |¢) includes an atom with all core levels filled and
an X-ray photon, while a final state | f) has one electron (the photoelectron)
excited to a higher energy level (localized or delocalized) and other electrons
relaxed due to the presence of the core hole with a positive charge.

X-rays

L\

|i ) |f ) .Qelectron

Figure 2.1.6: Initial and final states of an atom during the X-ray absorption process.

The transition between two states takes place due to the absorption of an
X-ray photon, and its probability can be described with the squared scalar
product | (f| #|i) |2. The operator # describes the interaction of the electron
with the photon and can be treated in a dipole or quadrupole approximation.
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The absorption coefficient p is proportional to the probability of transition to
a new state [21]:

.2
u(E) o< (1710 p(Ey), (2.9)
where p(Ey) is the density of empty electronic states.

In the X-ray absorption spectra, the electric-dipole-induced (7:[ =€é-7)
transitions dominate, so that the electric dipole selection rules have to be
applied*: Al = +1, Aj = 0,£1, As = 0, and the projection of the orbital
angular momentum on the quantization axis Am; = 0, £1. For example, the
K-edge X-ray absorption spectrum corresponds to transitions from 1sy 5 level
to empty np states, Lo-edge from 2p/p level to empty nds/, states and,
L3-edge from 2p3/; level to empty nds/, and nds, states. Transitions from
2p to ns states are also allowed but have a very low intensity and are usually
neglected.

The initial state |¢) is not very affected by the surrounding atoms because
the core-level electron is strongly bound to the absorbing atom. At the same
time, the final state |f) is strongly affected by the neighbouring atoms, since
the excited photoelectron interacts with their potentials.

One can split | f) into two contributions: one that is the isolated atom’s part
| fo) and the second part that corresponds to the change in photoelectron’s final
state due to the scattering from the neighbouring atoms A f as:

1f) = 1fo) +1Af). (2.10)

Then, the X-ray absorption coefficient ;1( E') can be expressed as:
.2
u(E) o< |(FIR1D| p(Ep) = mo(B)1L+x(B),  @11)

where po(E) = ‘( fol|H|i)| and the oscillatory part of the absorption

coefficient is:

‘ 2

X(E) o< (Af|H |3) . (2.12)

Equation above indicates that the EXAFS originates from the interaction of the
initial absorbing atom and the scattered portion of the photoelectron.

“The electronic state of an electron in an atom is defined by quantum numbers with a general
form “nl;”, where n is the principal quantum number, [ is the orbital angular momentum and
j = 1+ s — the total angular momentum, where s is the spin quantum number (s = £1/2 for
an electron).
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2.2  XAS experiment

2.2.1 Synchrotron radiation

A tunable monochromatic X-ray source with high stability and intensity is
required for XAS. Thought during the last decades there has been remarkable
progress with lab-based equipment [26], the primary X-ray source used for
XAS measurements is a synchrotron which is 10! times brighter’ than a
conventional X-ray tube. A synchrotron radiation (SR) source provides a
highly collimated X-ray beam in a broad range of energies — from infrared to
hard X-rays. The first SR sources were available to scientists at around the
1970s.  Four generations of synchrotron radiation facilities have been
developed till now. ESRF-EBS synchrotron in France after its upgrade in the
year 2020 belongs to the fourth generation. During these years, the quality of
XAS data has increased significantly.

Synchrotron radiation is the EM radiation emitted in the tangential
direction to the trajectory by charged particles (usually electrons) which are
travelling with a speed close to the speed of light (relativistic velocities) along
trajectories curved by a strong magnetic field. A scheme of a typical
synchrotron is shown in Fig. 2.2.1. Electrons are first produced in the electron
gun, where they can be ejected from a heated metal filament by thermionic
emission. Next, electrons are accelerated by the evacuated linear accelerator
using electric fields, and then they enter a booster ring where they are
accelerated further until the corresponding energy of the main storage ring is
reached (typically few GeV). In the storage ring the kinetic energy of the
electrons is kept constant (for instance, ~2 GeV at Elettra and ~6 GeV at
PETRA-III in 2020).

Electrons are injected into the storage ring where they remain circulating
and are used for electromagnetic radiation generation. In both the booster and
the storage ring, the electrons are required to remain in a closed orbit. Every
time the magnets deflect the path of electrons circulating in the storage ring,
they emit synchrotron radiation forwards in a narrow cone, at a tangent to the
electron’s path. Strong magnetic fields are applied perpendicular to the
electron trajectory by bending (dipole) magnets or the so-called insertion
devices (undulators and/or wigglers), made from arrays of magnets with
alternating polarity. During radiation emission, electrons lose their energy,
and therefore in some parts of the storage ring, a radio-frequency
electromagnetic field is applied to additionally accelerate the slowest particles
and regain desired energy. By employing different optical elements (mirror

3 A figure-of-merit called “spectral brightness™ equals the intensity expressed in photons per
second, divided by the product of the horizontal and vertical beam divergences, the source size,
and the relative spectral bandwidth [27].

15



Chapter 2. X-ray absorption spectroscopy (XAS)
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Figure 2.2.1: A schematic diagram of a typical synchrotron radiation source (adapted,
Copyright ©EPSIM 3D/JF Santarelli, Synchrotron Soleil): Charged particles (typically
electrons) produced via an electron gun are accelerated in a linear accelerator and then
additionally in the booster ring. Once the particles reach high enough speeds, they are injected
into the storage ring where they are traveling continuously in their orbits. The trajectories of
charged particles in the storage ring are perturbed either by a bending magnet or by insertion
devices (undulators or wigglers). As a result of such perturbation, synchrotron radiation is
emitted. The beam of EM radiation is exploited in beamlines dedicated to different experiments.

systems, crystal monochromators, X-ray lenses, filters etc.), the emitted
synchrotron radiation is directed towards beamlines.

2.2.2 X-ray absorption experiment

During the XAS experiment, the X-ray absorption coefficient p(E) is
measured as a function of the incident X-ray energy. The typical experimental
setup for XAS measurements at the synchrotron is shown in Fig. 2.2.2. The
monochromator consists of two parallel and nearly perfect crystals that are
typically made from silicon and cut along a specific crystallographic plane
direction (e.g., Si(111), Si(311)). X-rays with a particular wavelength A are
selected by rotating monochromator crystals so that they satisfy Bragg’s law:

nA = 2dsind, (2.13)

where d is the crystal lattice spacing, 6 is the incidence angle for the X-rays and
n is an integer (Bragg order). X-ray mirrors with different coatings (e.g., Si,
Rh, Pt) located before the monochromator are used to remove higher harmonics
(X-rays when n > 1) contributions.

A monochromatic X-ray beam is irradiating the sample and the intensities
of'incident I and transmitted I; X-rays are measured with ionization chambers
filled with an appropriate amount of inert gas (such as Na, Ar, Kr). The X-rays
ionize the gas atoms and released electrons and charged ions follow the electric
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Figure 2.2.2: A schematic representation of an experimental setup for XAS measurements:
X-ray source, monochromator, tree ionization chambers for X-ray intensity detection: I - before
the sample, I;- after the sample, I2- after the reference sample and a fluorescence detector for
X-ray fluorescence I registration.

field applied across the ionization chamber and generate a small current (~
several pA). This current is proportional to the X-rays intensity. The current
signal is amplified and converted into the voltage signal. A series of slits are
employed to define the X-ray profile at the sample.

Usually, together with the sample, a reference sample (e.g., metal foil)
containing the same absorbing element as in the investigated sample is also
measured to control the stability of the energy scale during measurements.
The same reference sample is initially used for the energy scale calibration. In
the transmission regime absorption coefficient p(E) for the sample can be
calculated by the equation:

1, Iy(E)
E)= -1 2.14
p(E) "L E) (2.14)
where z is the sample thickness. Analogously, for the reference (ref) sample
tref(E) = ﬁlnggg, where I3 corresponds to the intensity after the

reference sample (Fig. 2.2.2). Note that it is not necessary to know the exact
sample thickness since the contribution of this term is cancelled out during
the normalization procedures made during standard XAS data processing.

Additionally, an XRF detector can be employed for indirect XAS
measurements:

pox Ir /o, (2.15)

where I is the fluorescence intensity associated with the absorption process.
The solid-state XRF detector (typically with Ge or Si as the X-ray absorber) is
located perpendicular with respect to the X-ray beam to reduce the
background signal originated from the elastic scattering. To better face the
detector, the sample is rotated by 45° with respect to the incoming X-ray
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beam. Measurements in XRF mode are usually performed for samples on
thick substrates or diluted samples (down to the ppm level). For thick and
concentrated samples the spectral features suffer from distortions (amplitude
reduction) due to the fact that in the concentrated sample X-ray beam that hits
an atom has already interacted with previous atoms, which changes the
spectrum of X-ray radiation — the self-absorption effects [28,29].

Similarly, an X-ray absorption coefficient p(E) can be measured using
Auger electron yield and total electron yield (TEY) modes and X-ray excited
optical luminescence (XEOL) mode. X-ray absorption experiments can be
realized using different sample environments, for instance, it is possible to
install a cryostat, furnace and equipment for high-pressure or different in situ
and in operando experiments. Thus, it is possible to study the evolution of the
local structure of the sample as a function of different parameters.

2.2.3 Powder sample preparation

For XAS measurements in transmission mode, the sample should be
sufficiently homogeneous, with a size larger than the X-ray beam (on the
scale of ym?), and have an optimal thickness z to ensure an appropriate
signal-to-noise ratio. Also, the concentration of absorbing atoms in the
sampled area should be high enough to ensure significant X-ray absorption.
At the same time, the sample should not absorb too much, since X-ray
intensity /5 has to be measured after passing the sample. A good practice is to
carefully adjust the amount of the sample to have an absorption jump Aux
equal to about 1.0 and total absorption - px less than ~3 [30, p. 87].

One of the powder sample preparation techniques that usually allows one
to obtain highly homogeneous samples is the deposition on nitrocellulose
Millipore filter (Fig. 2.2.3(a)). The powder is ground in an agate mortar and
suspended in distilled water or other appropriate liquid using an ultrasonic
bath. Then the obtained suspension is filtered through the Millipore
membrane using the filtration set with a vacuum or water pump. Finally, the
sample is dried in air and fixed to the membrane using Kapton or Scotch tape.
However, an organic filter membrane is not heat-resistant; thus, this sample
preparation techniques cannot be applied for high temperature measurements.

An alternative is to make a pellet by employing a diluent material that is
transparent to X-rays and is heat resistant, for instance, boron nitride (BN). In
this case, the BN powder is ground and mixed with the sample powder in an
agate mortar. Usually, about 100200 mg of boron nitride is enough for a 13
mm diameter pellet. Then the mixed powder is inserted into the pressing die
between two punches and pressed together using a hydraulic pellet press
(Fig. 2.2.3(b)). For X-ray measurements at room and low temperatures,
cellulose powder can be used to make a pellet.
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Figure 2.2.3: Powder sample preparation methods for XAS measurements: (a) deposition
on a cellulose membrane filter and (b) pressing of a pellet with cellulose.

If there is a small amount of the sample or the concentration of absorbing
atoms is too low to achieve a reasonable signal-to-noise ratio, measurements
in the fluorescence mode can be done.

2.3 Extended X-ray absorption fine structure
(EXAFS)

2.3.1 EXAFS data reduction

The experimental X-ray absorption spectrum u(E) can be decomposed into
three contributions (Fig. 2.3.1): background absorption p(E) originated
from the excitations of electrons with smaller binding energies, the atomic
absorption o(E) which is a smooth background function corresponding to
the absorption of an isolated atom, and the EXAFS x(F) oscillations due to
the excited photoelectron scattering by the potentials of surrounding atoms.
EXAFS x(FE) can be extracted from the experimental spectrum . (E) as:

1(E) — po(E) — pw(E)
to(E)
Several program packages such as EDA [31], Athena [29], XAESA [32],

Larch [33] are available for XAS data processing. The background (1 (E))
and atomic (uo(FE)) contributions are determined empirically by fitting a

X(E) =

(2.16)
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Figure 2.3.1: EXAFS data reduction (left panel), extracted EXAFS spectrum x(k)k* and
its Fourier transform (right panels).

polynomial or spline functions to the experimental data i (F) in the pre-edge
and post-edge regions. The difference between p(E) and y(E) functions at
the threshold energy Ej is known as the absorption jump Ap. The energy
scale of the EXAFS x(E) is defined relative to the value of Ey corresponding
to the zero kinetic energy of the photoelectron, i.e. the wavenumber k£ = 0. It
is more common to rewrite EXAFS as a function of wavenumber y (k) using

relation k = /2%<(E — Ey). An example of the W L3-edge EXAFS for

ﬁQ
tungsten foil is shown in Fig. 2.3.1.

Since the EXAFS oscillations x (k) decay quickly with &, they are usually
multiplied by k", where n most often is 2 or 3. Such k-weighting allows one
both emphasize features at large k values and suppress oscillations in the
XANES region that can be poorly described by the EXAFS theory and are
more sensitive to the inaccuracies in the background subtraction and
estimation of the energy reference Ey [34, p.19].

2.3.2 EXAFS equation

The increasing quality of the experimental data obtained at synchrotron
radiation sources coupled with advances in computer technologies was a
driving force for developing accurate theories to analyse experimental results.
The experimental EXAFS spectrum x (k) contains information on the local
atomic structure around the absorbing atom, including pair and many-atom
correlation functions. Pair correlation functions, also known as radial
distribution functions (RDFs), contribute into EXAFS through the
single-scattering (SS) processes. Many-atom correlation functions give origin
to the multiple-scattering (MS) events when the photoelectron scatters from
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2.3. Extended X-ray absorption fine structure (EXAFS)

more than one atom before returning back to the absorbing atom. Therefore,
the real-space MS theory [25] is used for a quantitative description of
EXAFS.

As mentioned before, EXAFS originates due to the interference between
outgoing and backscattered from neighbouring atoms photoelectron waves.
The EXAFS spectrum can be described within the MS approximation as a
sum of contributions of different scattering paths [25]:

X(k) =Y xa(k), (2.17)
n=2
Xn(k) =D An(k, Ri) sin(2kR; + 6, (k, R)), (2.18)

1

where x,, (k) includes contributions from the (n-1)—order scattering processes
of the excited photoelectron by the potentials of neighbouring atoms before it
returns to the absorbing atom. A, (k, R;) is the total EXAFS amplitude, and
on(k, R;) corresponds to the total phase shift. Since the scattering process of
the photoelectron by an atom depends on its energy and the scattering angle,
the scattering functions A, (k, R;) and ¢, (k, R;) dependent on both the
photoelectron wavenumber & and path geometry R;.

While the series is infinite, in reality, only the first few terms produce a
significant contribution to the total EXAFS x(k), because of the finite
lifetime of the excited state, the disorder and cancellation effects. This
simplifies the theoretical description of the spectrum. Single-scattering (n=2),
double-scattering (n=3) and triple-scattering (n=4) effects are usually the
most important ones (Fig. 2.3.2), however, in some cases higher-order MS
processes should be also considered.
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Figure 2.3.2: Different photoelectron scattering paths: single-scattering (a), double-
scattering (b), linear double scattering (c), triple-scattering (d,e).
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For an in instantaneous atomic configuration, Eq. 2.18 can be rewritten in
a more conventional way [25,35,36] as:

| F. . —2R;
xn(k) = S2 Z W sin(2kR; + 26(k) + ¢i(k, R;))e *® . (2.19)

In the SS approximation, R; is half-length of the scattering path (i.e., the
radius of the i-th coordination shell), and NV; is the number of atoms in the
i-th coordination shell (the coordination number). The backscattering
amplitude f(k) and phase shift ¢(k) of the photoelectron depend on the type
of the neighbouring atom (its atomic number Z). Thus, EXAFS has chemical
sensitivity. Distinct atoms contribute differently to the EXAFS spectrum.
However, the scattering functions for elements which are neighbours in the
Periodic Table are quite close and cannot be reliably discriminated. One can
distinguish between two elements if their Z differs by 5 or so [21]. The phase
shift of the absorbing atom J(k) is taken into account twice since the
photoelectron is leaving and returning to the absorbing atom. An example of
scattering functions is shown in Fig. 2.3.3(a-c).
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Figure 2.3.3: Scattering functions of tungsten in bec W calculated by the FEFF code
[25,37]: the absorbing atom phase shift §(k) (a), the backscattering amplitude f(k, R) (b),
the backscattering phase shift ®(k, R) (c) and the half of the effective mean free path of the
photoelectron A(k)/2 (d).

Half of the effective mean-free path (MFP) A(k)/2 (Fig. 2.3.3(d)) gives an
estimate of how far the excited photoelectron can propagate from the absorbing
atom to be able to return before the core hole is filled. A\(k) depends strongly
on the photoelectron wavenumber k. Terms e~ 2%/A(k) and ﬁ are responsible
for the reduction of the contribution of distant coordination shells and make the
EXAFS a local probe with a possibility to extract structural information up to
about 10 A [23,38].

The parameter S5 accounts for the reduction of the EXAFS amplitude due
to the multi-electron effects [25]. It strongly correlates with the coordination

number N. Typically the S3 has values between 0.7 and 1. It can be calculated
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2.3. Extended X-ray absorption fine structure (EXAFS)

theoretically [25] or obtained from the analysis of the reference compound with
known structure.

Since the time-scale of the photo-absorption process (10~ s) is
much shorter than the characteristic time of thermal vibrations (10~13-1014
s), the atoms are considered to be “frozen” at their instantaneous positions.
Thus, the measured EXAFS is an average over all atomic configurations during
the time of the experiment. The effect of thermal disorder within the harmonic

approximation is introduced in Eq. 2.18 through the additional exponential term
—202k2
e 2%t

16_10—17

Nilfi(k, Ri)| . —2R;
Xn(k) = 5§ Z Uk(}];?R) sin(2kR; + 20(k) + i (k, R;))e 30 27k,
(2.20)

This equation is known as a conventional EXAFS formula [25]. Here, o2 is

called the Debye-Waller factor or the mean-square relative displacement
(MSRD) factor, i.e., the relative variation of interatomic distance. It is
responsible for damping of EXAFS amplitude with increasing wavenumber &
and determines its temperature dependence. Indeed, o? describes both
thermal disorder o7, and static disorder o2, so that:

o =0k + o2 (2.21)

The MSRD factor extracted from EXAFS data contains information on
relative rather than absolute atomic displacements and is affected by the
correlation between atomic displacements. For example, if displacements
from equilibrium positions of atoms A and B are 11'124 and EQB, respectively,
then the MSRD factor 0% 5:

oap = (i) + (W) — 2uatip), (2.22)
where (ii%) and (ii%) are the mean-square displacement (MSD) factors probed
by diffraction experiment and (% 4% ) term describes the correlation of atomic
motion.

If the interatomic distances have a more complex distribution that do not
correspond to the simple Gaussian distribution (as in harmonic approximation),
Eq.2.18 can be rewritten in a form:

—+00 , . —2R;
Xn(k) = S /O gi(R)We AR sin(2kR; + 20(k) 4 ¢i(k, R;))dR,

(2.23)
where g;(R) corresponds to the radial distribution function (RDF). The number
N of atoms with distances between R, to Ry, then can be calculated by
simple integral:

Rmax
N = / g(R)dR. (2.24)
Rmin
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2.3.3 EXAFS spectrum processing

One can decompose the total EXAFS signal into separate contributions
corresponding to different coordination shells by employing Fourier filtering
procedure. The contribution from the nearest atoms containing only SS
effects can be analysed separately because high-order (n>2) scattering effects
have longer path lengths.

The different oscillation frequencies present in x(k) correspond to
contributions from atoms located at different distances (coordination shells)
or from higher-order scattering paths. The direct Fourier transform (FT)
allows one to transfer EXAFS spectrum into the R-space and, thus, to
visualize contributions from different scattering paths:

2 kmazx .

FT(R) = \f / X(E)E"W (k)e~2*E dk, (2.25)
n k'min

where W (k) is the so-called window function, and k™ is the weighting factor.

Note that FT(R) is a complex function. The modulus of the Fourier transform

is equal to:

|IFT(R)| = /R(FT(R))? + S(FT(R))?, (2.26)

where R(FT(R)) and S(FT(R)) are, respectively, real and imaginary parts of
the FT(R) function. The window function W (k) softens the abrupt behaviour
of the x (k) spectrum at kyy,;,, and ky,q.. For instance, 10%-Gaussian, Kaiser-
Bessel and Hanning window functions are widely used [29].

As one can see in the right bottom panel in Fig. 2.3.1, FT(R) of the W
Ls-edge EXAFS contains several relatively well-defined peaks as a function
of the distance R. Note that positions of these peaks do not correspond to
crystallographic distances from the absorbing atom due to the phase shift of the
backscattered photoelectron. The crystallographic distances are slightly larger
by about 0.3-0.5 A and can be determined from the analysis of the EXAFS
spectrum. Furthermore, not all of these peaks correspond to a particular bond
(but are rather overlap of several contributions, including MS).

The contribution X1s¢—shei (k) of the first coordination shell into the total
EXAFS spectrum can be obtained using the back-Fourier transform (BFT):

Rumas

X1st—shell(k) = BFT (k) = IM/Il/'(k)\/z/mm FT(R)e* 4R, (2.27)
where R,,.;, and R, define the range of the isolated coordination shell in
R-space. It can be further fitted in the SS approximation using the theoretical
model described by the Eq. 2.20. As a result of the best fit, the coordination
number N, interatomic distance R and the MSRD factor o2 corresponding to
the first coordination shell can be obtained. The analysis of outer shells requires
more advanced approaches due to the contribution of MS effects.
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2.3. Extended X-ray absorption fine structure (EXAFS)

2.3.4 Ab initio EXAFS calculations

The total EXAFS spectrum corresponds to the average of the EXAFS signals
for all absorbing atoms of the same type in the atomic configuration. These
signals can be calculated by ab initio EXAFS codes such as FEFF [25,37] or
GNXAS [39].

The theoretical EXAFS spectra in this thesis are computed using ab initio
self-consistent real space multiple-scattering approximation, also called the
real-space Green’s function approximation, implemented in the FEFF8.5L
code [25,37].

The calculations are performed for a cluster of atoms centered on the
absorbing one. The cluster potential is described in the so-called muffin-tin
(MT) approximation, in which potentials V; of individual atoms located at
sites R; are spatially localized and are spherically symmetric, while the
interstitial potential V,,,; between the MT spheres is constant (Fig. 2.3.4). The
total potential can be written in the form:

Viot(F) = Vot + > Vi(F = Ry). (2.28)

The radius of the muffin-tin sphere is selected based on the Norman
criterion [37]. If spheres overlap, charge transfer can also occur. Such simple
MT potential approximation works rather well in the EXAFS range, however,
non-muffin-tin corrections to the potential are often required in the XANES
range [18].

In this thesis, the complex energy-dependent exchange-correlation
Hedin-Lundqvist potential was employed to account for inelastic effects,
which determine the mean-free path of the photoelectron [25]. The core-hole
natural broadening was included in tabulated form as reported in [40].

Figure 2.3.4: Model of the muffin-tin potential. Potentials of individual atoms V; and
interstitial potential V,,; are indicated.
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Chapter 3
XAS data analysis

3.1 Analysis of X-ray absorption near-edge structure
(XANES) spectra

3.1.1 XANES features

Spectral features in the XANES originate from the transition of the excited
photoelectron to unoccupied localized and delocalized states. These features
contain information on the atomic and electronic structure of the material.
The XANES region is sensitive to changes in oxidation state, coordination
chemistry, local structure and ligand symmetry around the absorbing atom.
The resolution of XANES features is determined by the excited state lifetime.
It can be improved by exploiting the high energy resolution fluorescence
detected XANES (HERFD-XANES) spectroscopy described in Chapter 4.

In the XANES region, the photoelectron has a large mean-free path,
therefore it participates in a huge number of scattering events, which take
place on a large number of atoms. So, fitting and modelling of XANES
features can be challenging, and most often this region is used as a fingerprint
to identify chemical species in mixtures and complex materials. In this case,
the XANES spectrum of the investigated sample is compared with the
references having known atomic and electronic structure.

During the XANES analysis, one should pay attention to (i) the position of
the absorption edge, (ii) the intensity of XANES features, (iii) the presence and
intensity of the XANES pre-edge features and (iv) the post-edge region [41].

The position of the absorption edge is directly related to the oxidation state
of the absorbing atom. An increase of its effective atomic number Z, ¢y with
oxidation state increases the binding energy of the core electron, leading to a
small shift of the absorption edge to the higher energies. Such shift is called
the chemical shift. Since a definition of the absorption edge is not certain, it is
common to set its value to the maximum of the first derivative of the normalized
XAS spectrum [21]. Note that the edge position is affected not only by the
Z.y but also by the coordination geometry and configuration of the valence
electrons [42, p.18].
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3.1.2 Linear combination analysis of XANES

Linear combination analysis (LCA) is a semi-quantitative method that allows
one to quantify the relative amount of chemical species in mixtures and
multiphase  compounds  contributing to the averaged XAS
spectrum [43, p.218]. It is well suited for situations when the absorber may be
found in different local environments, phases or chemical states.

During the LCA, the normalized experimental spectrum pu(E)! is fitted
to a theoretical curve p,(E) which is calculated as a linear combination of
normalized reference spectra:

() =3 aspun(B), 3.1)

where «; is a fraction of photo-absorbers in the corresponding local
environment or chemical state.

LCA requires good quality of reference spectra. Both the investigated
samples and references should be measured during the same experimental run
to avoid ambiguities due to different set-up configurations. For instance, the
energy resolution strongly affects the smoothness of the XANES features.

3.1.3 Theoretical XANES calculations

Quantitative description and interpretation of XANES requires theoretical
calculations of the absorption coefficient u(E) based on the Eq.2.9.
Significant development has been made in the ab initio XANES modelling.
Nowadays, it is possible to calculate XANES spectra within ab initio full
multiple scattering (FMS) formalisms for a given structure model by
employing codes like FEFF [25, 44] and FDMNES [18, 19]. FDMNES
calculations can be also performed based on the finite difference method
(FDM). This approach allows free potential shape, thus avoids the muffin-tin
approximation. However, it is more time consuming and computing power
demanding.

Direct fitting of the structural parameters to experimental XANES
features can be done by codes like MXAN [45] and Fitlt [46]. Recently
supervised machine learning (ML) and artificial neural networks (ANN) have
been demonstrated as a great tool for extracting structural parameters from
XANES spectra [47]. Note that such interpretation of experimental data
strongly depends on the precision of the ab initio XANES calculations.

'"LCA can be done on XANES data in energy and derivative space, EXAFS in energy (x(E))
or k-space (x(k)), or on the BFT of EXAFS [34, p.222].
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3.2 EXAFS curve fitting

While XANES contains information on the chemical state and symmetry
around the absorbing atom, EXAFS analysis gives more detailed information
on the local atomic environment.

A set of structural parameters (N S3, R, o2) can be obtained by nonlinear
least-square fitting of the experimental data with a theoretical model based on
Eq. 2.20. It is known as a conventional EXAFS analysis [25]. Additionally,
Ey and S? parameters have to be determined. Since there is a strong
correlation between the F and interatomic distances R, it is essential to align
the experimental spectra and the theory on the same wavenumber scale. For
that one needs to adjust the Ej position for the experimental data till there is
an agreement in the frequency (especially in the low-k range) with the
theoretically calculated EXAFS. An alternative is to shift the theoretically
calculated spectrum. S3 parameter correlates with the coordination number
N; thus, it should be determined in advance for a reference compound with a
known structure.

The fi(k), ¢i(k) that are non-structural functions, and A(k) should be
calculated theoretically for each scattering path with codes like
FEFF [29, 37, 44] and GNXAS [39] or extracted from experimental data
measured for a reference compound. Practically, the MS contributions up to
the 8" order can be calculated using ab initio real space MS FEFF
code [25,37].

Computer codes like EDA [31], FEFFIT [48], Arthemis [29], Larch [33],
XAESA [32] can be used for EXAFS curve fitting. However, due to the MS
contributions at larger distances, most often the analysis of only the first
coordination shell of the absorbing atom can be analysed without further
significant approximations. The contribution from the first shell is isolated by
performing direct-FT (Eq. 2.25) and BFT (Eq. 2.27) of the experimental
EXAFS signal.

The conventional EXAFS data analysis may underestimate some of the
structural parameters if large disorder (static or thermal) is present and the
bond-lengths cannot be approximated with a Gaussian distribution. One can
try to solve this problem by the mathematical model employing ¢(R)
functions with a more complex shape or by the expansion of g(R) in the
cumulant series [41]. Cumulant decomposition may be advantageous for the
analysis of anharmonic effects, thermal expansion, nanoparticles and
materials with medium disorder [23]. For strongly distorted materials
cumulant series might not converge.

An alternative is the regularization-like approach [31] described in the next
section or simulation-based EXAFS analysis (see Section 3.5).
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3.3 Regularization-based technique

The first coordination shell analysis can be done with a regularization-based
technique, realised, for example, in EDARDF [31] program. It has an
advantage over the conventional multi-component fitting in cases of strongly
distorted or disordered local environment as one finds, for instance, in
amorphous compounds and low-symmetry crystals like tungstates and
molybdates where the Janh-Teller effect is one of the reasons for strongly
distorted structural units.

The fitting is done by employing general EXAFS expression Eq. 2.23.
This approach is model-independent and, thus, does not require any
preliminary assumptions on the coordination of absorbing atoms.
Regularization-based approach solves the common least-square-fitting
problem [49]. Two regularizing criteria have to be satisfied after each
iteration to limit the shape of the RDF g(R) to physically significant
solutions. Firstly, g(R) must be a non-negative function, so if there are
negative values, they are changed to zeros. Secondly, g(R) is expected to be
a smooth function; therefore a smoothing algorithm is applied to eliminate
possible non-physical behaviour such as steps, breaks and sharp peaks [49].
The initial approximation for g(R) is chosen arbitrarily (for example,
Gaussian).  The theoretical backscattering amplitude and phase shift
functions, used in Eq. (2.23), can be calculated using the FEFF code [25,37].

As a result of the regularization process, the RDF g(R) and corresponding
EXAFS x(k) can be obtained for each experimental first-shell signal.

3.4 Thermal and static disorder

The MSRD factor o2 in Eq.2.20 is responsible for the exponential reduction of
the EXAFS signal at higher k values limiting available information that can be
extracted from EXAFS data measured at high temperatures or for disordered
materials.

For a perfect crystal the RDF for one coordination shell would be g(R) =
N;6(R—R;), where 6(R— R;) is Dirac delta function and NN; is the coordination
number — number of atoms at distances R;. However, distributions of atomic
positions are smeared out due to the static and thermal disorder, and so is the
RDF. In Gaussian approximation, the RDF is expressed as:

(R—R;)?
9i(R) = Ni e : (3.2)

271'01-2

where R; is an average interatomic distance and o2 corresponds to the MSRD
factor. Note that the distance R; probed by EXAFS is the averaged distance
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between the two atoms while diffraction allows one to estimate the equilibrium
distance R, (distance between average atomic positions) (Fig. 3.4.1). Thus,
R; > R.q [34, p.266].

<R ) EXAFS

(R )XRD
Figure 3.4.1: An average interatomic distance probed by EXAFS and XRD.

The contribution of thermal disorder afh is related to the density of
vibrational states and interatomic bond strengths [41, 50]:

h o [“mee dw hw
2 _
o, (T) = 2#/0 - p(w) coth <2kB ) , (3.3)

where & is Boltzmann’s constant, 41 is reduced mass of involved atoms, p(w) is
local projected phonon density of states and w — vibrational frequency. Within
Debye model, p(w) is expressed as:

3w? sin(wR/c)
= (1 - == 34
o) = 2 (1= ), G4
S\
where ¢ = wp/kp, kp = 67{/‘) 3, and V' /n term corresponds to crystal

volume per atom. The Debye model reproduces relatively well MSRD factors
for mono-atomic systems (e.g., metals) with one atom per unit cell, where only
acoustic phonons are present [51].

An alternative is to use a correlated Einstein model [50] where the density
of phonon states is approximated with a Dirac-delta function so that p(w) =
d(w — wg) and:

hwi

h

2

T) = h .
) = 5 coth (28, 6.)

where wpg is a characteristic vibrational frequency or simply an Einstein
frequency. It is connected to the effective bond-stretching force constant
 [50] and the characteristic Einstein temperature © g as:

K= pws, (3.6)
Op = MWE. (.7)
kg
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The Einstein model is more suitable for systems where optical phonons with a
narrow dispersion dominate in the vibrational spectrum.

When one is interested in the approximation of the temperature
dependence of the MSRD factor, both the Einstein and Debye models can be
used to describe th since the difference between the two approximations is
typically less than the uncertainty of the MSRD factor values estimated from
the experimental data [51].

3.5 Simulation-based EXAFS analysis

3.5.1 Introduction

In crystalline and nanocrystalline materials, EXAFS contains valuable
information on distant coordination shells determined by MFP of the
photoelectron.  Several coordination shells included in the conventional
EXAFS fitting procedure make interpretation of the experimental data
challenging because of many fitting parameters and correlation between
them. According to the Nyquist criterion maximum number of fitting
parameters that can be included in the EXAFS model is

N, par — %, 3.9)
7
where Ak and AR are intervals of the EXAFS spectrum in the k- and R-spaces,
respectively.

The analysis of outer coordination shells requires more advanced
approaches due to the contribution from many-atom distribution functions —
MS effects. Furthermore, there is additional EXAFS signal damping due to
the thermal disorder for higher temperature measurements.

In the meantime, it is simple to calculate the EXAFS spectrum for
corresponding structure, taking into account MS effects by employing
Egs. 2.17-2.18 and compare it with an experimental one. However, EXAFS
probes a “frozen” atomic configuration with all atoms slightly displaced from
their equilibrium positions due to the thermal vibrations. One needs to
include that into the theoretical structure model. Several simulation-based
techniques may be used to solve this issue and have a static and thermal
disorder in the structural model (Fig. 3.5.1).

For instance, molecular dynamics (MD) methods [52, 53] allow one to
follow the evolution of atomic coordinates in time. However, interatomic
forces have to be provided in advance. During ab initio MD simulations
Newton equations of motion are solved based on Schrodinger equation. Note
that such ab initio calculations demand an intensive use of high-performance
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Figure 3.5.1: A simplified scheme of X-ray absorption spectra analysis using reverse Monte
Carlo, molecular dynamics and artificial neural network methods.

computing sources. Classical MD exploits empirical potentials and
significantly reduces the requirements for computing sources.

An alternative method to MD is the Monte Carlo (MC) method [54], which
does not require to use Newton equations. Basically, in MC method atoms
are randomly shifted away from their equilibrium positions in the structure
model to minimize the total energy of the system so that it follows a particular
energy distribution. Also, in this case, it is necessary to define a force field
to describe interatomic interactions. The MC method is time-consuming and
computationally demanding.

Nevertheless, the agreement between experimental and theoretically
calculated data strongly depends on the interatomic potential accuracy. Small
deviations in the structure model may lead to significant mismatch with
experimental data. Thus, an inverse problem — building a structure model
from the experimental spectrum might give much better agreement between
the spectrum from the optimized structure and experimental one.

Reverse Monte Carlo (RMC) method is an atomistic simulation approach
based on the iterative random changes within atomic structure model of the
material aimed to minimize the difference between structure-sensitive
calculated and experimentally determined functions [55]. This method does
not require any knowledge of interatomic potentials as it is in conventional
MC or MD simulations.
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3.5. Simulation-based EXAFS analysis

Recently, machine learning (ML) algorithms based on artificial neural
networks (ANN) have been demonstrated as a valuable tool for in situ and in
operando X-ray absorption spectra analysis for distant coordination
shells [56].

A more detailed description of mentioned simulation-based techniques
having potential for EXAFS data interpretation is provided below.

3.5.2 Molecular dynamics (MD) method

Molecular dynamics (MD) is a method to simulate the motion of atoms in the
structural model of the material under defined environmental conditions (for
example, temperature, pressure) [57,58]. As a result, a time-dependent 3D
structure model of the material is obtained. The first MD simulations combined
with EXAFS data analysis were performed in the middle 1990s to study the
hydration of ions in aqueous solutions [23]. The idea of the method is shown
in the Fig. 3.5.1.

During the classical MD (CMD) simulations, the Newton equations of
motion describe the evolution of the system in time. For each atom in the
system, one can apply an equation:

- dv
F=m I (3.9
If the force F acting on the atom is known, it is possible to determine the
instantaneous acceleration dv/dt of the atom and obtain its trajectory. The
force can be determined from the potential used in the calculations, which
describes the potential energy between the particular atom under
consideration and the surrounding atoms. Relationship between potential
energy U and force F is evaluated as:
~ ou
F= o (3.10)
Thus, the motion of atoms depends on the force of atomic interaction which
are determined by the choice of potential parameters. When performing
modelling, it is necessary to obtain optimal values for all variable parameters
in the used potential function. Material properties, such as elastic constants,
atomic coordinates, elementary cell dimensions, obtained by other methods,
are used to optimize potential parameters. The potential is considered to be
good if the sum D of the weighted squared difference between the known
values of the material properties f?* and the calculated values ff° is

minimal:
N

D= wi(ffHe = £97)?, (3.11)

i=1
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where w; is the weighting factor and N is the number of parameters to be
considered. By changing the potential parameters, the values of ficalc are
changed. By performing D minimization, the optimal values of the potential
parameters are obtained.

MD calculations can be performed in NVT (canonical ensemble), NPT
(isothermal-isobaric ensemble) or NVE (micro-canonical ensemble)
approximations. Each letter in the ensemble name refers to a value that will
be kept constant during modelling (N — total number of particles used in the
simulation, V — volume, T — temperature, P — pressure, E — total system
energy). Remaining values not mentioned in the ensemble name may change
arbitrarily during the simulation. To maintain a constant temperature or
pressure, the model uses a thermostat or barostat, respectively (special
algorithms that provide the required temperature/pressure).

As a result of MD simulations, atomic coordinates, trajectories and
velocities are obtained as functions of time.

The MD-EXAFS method, integrated, for instance, in the EDACA
code [59, 60], combines MD calculations with X-ray absorption experimental
data and allows to evaluate the quality of the atomic interaction potential
(force-field) used in the theoretical calculations. The theoretical EXAFS
spectrum can be calculated for each atomic configuration obtained in MD
modelling. By comparing the experimental EXAFS signal of the material
with the time-averaged spectrum in the calculations over all atomic
configurations, it is possible to validate the force-field model used in MD. If
the agreement between experiment and calculated EXAFS spectrum is good,
the corresponding structure model can be used for the experimental data
interpretation.

An example of the MD-EXAFS method applied to bee tungsten Lz-edge
is shown in Fig. 3.5.2. The CMD simulations were performed in the NVT
ensemble with periodic boundary conditions by the GULP4.3 code [52]. The
simulation box with bcc tungsten crystal structure was a 7x7x7 supercell
containing 686 atoms. The MD simulations were performed by employing
two force-field models: the Finnis-Sinclair embedded atom model (EAM)
potential [61] and the second nearest-neighbour modified embedded atom
method (2NN MEAM) potential [62]. For more technical details, see [38].
Both force-field models were able to reproduce well the experimental W
Ls-edge EXAFS spectrum of tungsten; however, the simulation using the
2NN MEAM potential resulted in about twice smaller residual.

The main advantage of the MD-EXAFS method is that no fitting of
experimental data is performed and structure obtained in MD calculations is
used “as it is” for the calculation of configuration-averaged EXAFS. From
MD calculations, it is possible to get information about the structure of the
material and the lattice dynamics (thermal fluctuations of atoms). Besides,
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Figure 3.5.2: The comparison of the experimental and calculated W L3-edge MD-EXAFS
spectra and their Fourier transforms: Results of simulations with two force-field models
(EAM and 2NN MEAM) are compared [38].

specific information (such as contributions from individual coordination
spheres) can be obtained from theoretical calculations which is difficult to get
from the experimental data. The main disadvantage of the method is that the
accuracy of the obtained results depends on the force-field model used. It
should be noted that this type of calculation requires large computational
resources, especially if the system under study consists of hundreds or
thousands of atoms.

3.5.3 Machine Learning (ML) method

Supervised Machine learning (ML) methods being capable to recognise
patterns and correlations in large data sets have opened new opportunities for
experimental data analysis. It has been shown that ML can also be
successfully applied to both XANES [63,64] and EXAFS [56] data treatment.

The idea under supervised machine learning is to numerically find a
mathematical model that estimates the relationship between some input and
output data. When the relation is established based on some set of training
data points, the algorithm is employed to predict the unknown output data for
the input, which is different from the training data. When the artificial neural
network (ANN) method is used, the mentioned mathematical model can be
represented as a network of nodes (Fig. 3.5.1). Typically, nodes are
aggregated into layers. Each node receives input data x;, applies
mathematical operation f(x;,0;), where 6; are weights, and computes an
output that can be similarly further processed by following layers. The
weights are adjusted as training proceeds via a back-propagation
algorithm [65]. The complexity of the mathematical model can be easily
increased by enlarging the number of nodes and layers.

In the case of EXAFS, the first layer (input data) can be initialised using
EXAFS spectra. The nodes in the last layer (output layer) should correspond
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to the structural features of interest. Since the structure of a material can be
described with partial radial distribution functions (histograms of interatomic
bond-lengths), the nodes in the output layer can be assigned to a height of the
corresponding histogram bin [47,56].

Many thousands of training data (spectra), for which the corresponding
structure is known are necessary to approach the underlying relationship
between data points. Furthermore, since the EXAFS spectra are sensitive to
temperature induced atomic vibrations, the thermal disorder has to be
included in the theoretical models used for training the ANN. CMD
calculations appeared as a good tool for generating thousands of slightly
different structural models, taking into account thermal vibrations [47]. Such
calculations are relatively computationally cheap and provide one with
realistic structures consistent with the used force-field model.

Recently, ANN trained based on the results of the CMD simulations was
utilised to follow structural changes during the transition from a body-centred
to a face-centred cubic iron phase [56]. The ANN results can be validated by
comparing the extracted RDF with the RDF obtained, for instance, by RMC-
EXAFS method.

Once the ANN is trained, experimental spectra can be processed within
seconds, making this method attractive for in situ, operando and
high-throughput studies. So, the ML method is advantageous for rapid
analysis of raw experimental EXAFS spectra. However, the results should be
critically evaluated.

3.54 Reverse Monte Carlo (RMC) method

Reverse Monte Carlo (RMC) method, developed by McGreevy and Pusztai in
the late 1980s, is an atomistic simulation approach, in which atomic
coordinates are optimized in an iterative random process. The method allows
one solving an inverse problem — building a structure model from the
experimental spectrum. In the beginning, the RMC method was developed for
building atomic models of disordered materials such as glasses and liquids by
employing diffraction data [55]. However, later the technique has been
successfully applied also for crystalline [66—68] and nanocrystalline [69, 70]
compounds. It has been demonstrated that it is a valuable tool for EXAFS
data analysis.

RMC method provides one with physically meaningful information on the
lattice structure and dynamics obtained from the EXAFS spectrum without
using any force-field models. However, its applications are still limited
because the RMC method requires extremely high computational resources.
Simulations take thousands of iterations till the system reaches a (global)
minimum.
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RMC method was realised in a number of computer codes as
RMCprofile [68], SpecSwap-RMC [71], RMC++ [72] and EVAX [17]. The
last one — EVAX (Evolutionary Algorithms for XAS analysis) program for the
analysis of EXAFS spectra using reverse Monte Carlo (RMC) [73, 74] and
evolutionary algorithm (EA) [17] methods — is described below.

3.6 RMC method with the evolutionary algorithm
(EA) approach

3.6.1 Introduction

The reverse Monte Carlo method with the evolutionary algorithm approach
(RMC/EA) was developed by J. Timoshenko at the EXAFS spectroscopy
laboratory (ISSP, UL) [17, 74,75]. EA algorithm allows one to explore the
possible  configuration space and accelerates convergence in
high-dimensional space more efficiently. Unlike the traditional RMC method,
in this case several atomic configurations are used at the same time and
information between these configurations is exchanged.

EA makes these calculations computationally more efficient. Thus, it is
possible to include in the analysis a larger number of photoelectron scattering
paths and perform analysis of distant coordination shells considering all
significant MS contributions.  Furthermore, EvAX code allows one to
construct a single structure model, consistent with the experimental EXAFS
data, obtained at several absorption edges. The experimental and calculated
spectra are compared in k- and R-spaces simultaneously using continuous
Morlet wavelet transform (WT), which gives better control over the
agreement between the spectra.

The RMC algorithm implemented in the EVAX code allows only small
atomic displacements from their initial positions. Hence, it can be applied for
the analysis of well-defined structures such as crystalline or nanocrystalline
materials. The method does not allow one to refine the coordination numbers
(they are defined by the initial structure model), but one can obtain complex
bond-length distributions (i.e. RDFs), bond angle distribution functions
(BADFs) and analyse changes in interatomic distances, disorder and thermal
effects. Since RMC simulations are based on random processes, they result in
a structural model with the highest disorder (entropy). However, most often,
if the initial structure model guess is close to the real one, the resulting
structure fits the experimental data well. Note that the information encoded in
the experimental data is also limited.

During the last years, the method was successfully used by our group in the
analysis of several materials. Among them are cubic Y203 [76,77], tungstates
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[78-81], perovskites [17,82,83], W [38], MoOs3 [84,85], YH3 [86] just to name
a few. In this thesis, RMC/EA method is successfully applied to the analysis of
CuMoQy and its solid solutions (CuMo;_,W,Oy4, Cuj_,Zn,MoOy,) [87-89].
In the following subsections, the main features (Fig. 3.6.1) implemented in the
EvAX code [17] will be described. For more details see [17,74,75].

START
Experimental .
EXAFS data Metropolis
Ab-initio Monte Carl

calculations of ) \
scattering [/ ExaFs Evolutionary \\
properties W processing . operators
of atoms \ .
Initial structure
model
(XRD, etc.)

Structure parameters
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3D structure bonding angles,
model displacements, etc.)

Figure 3.6.1: A schematic representation of the EvAX algorithm [75]: During the RMC/EA
simulation ab initio calculations of a theoretical EXAFS spectrum are performed for a defined
structure. Next, the experimental and theoretically calculated EXAFS spectra and corresponding
WTs are compared. Then, the structural model is optimized based on EA and Metropolis
algorithms. Finally, the obtained set of atomic coordinates is analysed to extract required
information.

3.6.2 An initial structure model

The RMC calculation starts with an arbitrary chosen initial atomic
configuration. A good starting point for crystalline materials usually is a
supercell (a cell composed of several unit cells) constructed from an average
structure known from diffraction studies. Note that diffraction techniques
allow one to obtain the lattice parameters of the crystalline materials with
much higher accuracy (~1073 A) than modern EXAFS analysis
(~1072 A) [23,38]. Thus, information on lattice parameters, symmetry, and
Wyckoff positions can be effectively utilized when constructing a structural
model of the material. Small random initial displacements for all or some
atoms can be applied at the beginning of the RMC procedure to mimic
thermal disorder. Periodic boundary conditions (PBC) are also applied to
avoid surface-related effects.

EXAFS method is sensitive to the local atomic structure around the
absorbing atom (up to ~10 A) [38]. The maximum distance is limited due to
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the finite lifetime of the excited state and thermal disorder. The supercell size
should be at least two times larger than the largest radial distance in the FT of
the corresponding EXAFS spectrum. The number of atoms in the cell should
correspond to the experimental value of the atomic number density. The
supercell size must be large enough to contain enough absorbers to provide
good statistics.

A new atomic configuration is generated by randomly displacing some or
all atoms in the supercell and the corresponding EXAFS spectrum x"¢* (k) is
calculated. In the EvAX code [17], random displacements of all atoms are
realized using a set of pseudo-random numbers generated by the
Mersenne-Twister algorithm [90]. Since in real crystals atomic displacements
from their equilibrium positions due to thermal vibrations are usually less
than a few tenths of angstroms, one can use some constraints, setting maximal
or minimal allowed shift from equilibrium positions.

3.6.3 Calculation of the EXAFS signal

At each iteration, the RMC simulation requires to calculate the total EXAFS
signal x (k) corresponding to the present atomic configuration and to compare
it with experimental one x4y (k). The total EXAFS spectrum corresponds to
the average of the EXAFS signals for all absorbing atoms of the same type in
the atomic configuration. These signals can be calculated by ab initio EXAFS
codes such as FEFF [25,37] or GNXAS [39]. In all cases presented in this
thesis, we use the ab initio self-consistent real space multiple-scattering
approach as is implemented in the FEFF8.5L code [25,37], where theoretical
EXAFS spectrum is calculated using Eq. 2.20.

The effective scattering amplitude (f¢7(k, R)) and phase shift (¢(k, R))
functions in the Eq. 2.20 describe the interaction of the photoelectron with
atoms along the scattering process. Calculation of these functions requires a
knowledge of the cluster potential. The potential can be estimated either for
the average atomic configuration neglecting potential deviations due to the
thermal disorder effects or recalculated at each RMC iteration. To reduce the
total computation time, in all our cases presented in this thesis, we calculate
the self-consistent cluster potential within the muffin-tin approximation using
complex exchange-correlation Hedin-Lundqvist potential for an average
crystal structure known from diffraction measurements just once before the
RMC run. Calculation of the EXAFS signal is the most time-consuming part
of simulations. Clustering algorithms are employed to agglomerate similar
paths and reduce the number of required FEFF calculations.

39



Chapter 3. XAS data analysis

3.6.4 Comparison of experimental and theoretical spectra

Then, the two calculated EXAFS signals x°'¢(k) and x"* (k) are compared
with the experimental one .z, (k), and depending on the agreement, the new
atomic configuration is either accepted or discarded. Iterations are repeated
till the sum of weighted squared differences £ (or simply a residual) between
theoretically calculated x(k) and experimental X.,(k) EXAFS signals is
minimized. In the k-space, it is calculated using the equation:

€ = IX(R)E™ = Xeap (k)K" |2
k= n ;
[Xeap (k)K" (|2

(3.12)

where ||...||2 is the Euclidean norm and k" (n=1, 2 or 3) is the weighting
factor for EXAFS signal. As an experimental data x..,(k) one can use the
full EXAFS spectrum or just a part of it obtained by the Fourier filtering.
Similarly, the comparison can be done also in R-space by comparing the
Fourier transforms of experimental and theoretically calculated EXAFS
spectra:

o HFT(R) - FTea:p(R)H2

[ ETeap(R)|2

One more way is to minimize the difference between spectra in both k£ and

R- spaces simultaneously by employing, a so-called Morlet wavelet transform
(WT) [91]:

£R (3.13)

€ = [WT(k, R) = WTeap(k, B)||2
’ W Teap (K, B)[|2 ’

where WT'(k,R) and WT,,,(k,R) are the WTs of theoretical and
experimental EXAFS spectra, respectively.

The three criteria mentioned above have different sensitivity. For
instance, in k-space, there is good discrimination between heavy and light
chemical elements producing stronger contributions into the EXAFS signal at
the large and small k-values, respectively. However, in R-space it is possible
to discriminate contributions by frequencies (radial distances). Note that the
FT spectrum depends on the available EXAFS signal range in k-space and the
window function choice.

It is believed that the two-dimensional representation of the EXAFS
signal in k and R-spaces simultaneously (in w-space) by WT will give the
best results during the minimisation procedure [91]. WT decomposes the
analysed spectrum in k£ and R-spaces, revealing, which frequencies
(R-values) are present in the spectrum, and, at the same time, at which
wavenumber (k) values the components corresponding to each R-value
contribute. A good agreement between two signals in the wavelet space
means a good agreement between them in k and R-spaces. WT can also be

(3.14)
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Figure 3.6.2: Comparison of the experimental and RMC/EA calculated W L3-edge EXAFS
spectra for bee tungsten at 7=300 K [38]: x(k)k? and their FTs (upper panels) as well as
the moduli of their Morlet wavelet transforms (WTs) (lower panels). The difference between
the experimental and calculated EXAFS spectra is shown by dotted line. Both modulus and
imaginary parts are shown for FTs.

useful for qualitative EXAFS data analysis. An example of the RMC/EA fit
for W Lz-edge EXAFS spectrum in bece tungsten at 7' = 300 K in £, R and
w-spaces is shown in Fig. 3.6.2. Calculation details can be found in [38].

3.6.5 Metropolis algorithm

The (global) minimum of the minimization problem is reached via the
Metropolis algorithm [54]. Its basic idea is that if the move reduces the
disagreement between the calculated and experimental data (¢ becomes
smaller), then the move is accepted; if it increases, then the move is accepted
with a reduced probability:

if €new < €0l the move is accepted,
if ¢new > ¢old ' the move is accepted, if

__(¢new _ ¢old
exp(%) > ¢ (3.15)

and discarded otherwise,
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where £°¢ and £"°* denotes the difference between the calculated and
experimental signal for the previous and new atomic configuration,
respectively, ¢ is a random number in the range between 0 and 1 and © is a
scaling (also called “temperature” [74]) parameter. If the © parameter is too
large, ¢ will reach the global minimum value but will fluctuate around it with
a large amplitude. However, if © is too small, the calculation may be stuck at
one of the of local minimums. The conventional approach is to set the ©
parameter value to be proportional to the noise level of the experimental
spectrum. An alternative way is to use a so-called simulated annealing
approach [92] where the © parameter is not fixed but slowly decreases. The
simulation starts with a large © value to stimulate a fast approach to the
global minimum and then © is reduced to lower fluctuations of the system
until it is equal to 0. If the annealing is done slowly enough, the system
reaches a global minimum.

§4
0>0
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MINIMUM GLOBAL

MINIMUM
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Figure 3.6.3: A schematic representation of the © parameter role in the Metropolis
algorithm.

3.6.6 Evolutionary Algorithm

The evolutionary algorithm (EA) describes population based techniques for
parameter optimization that tends to mimic biological evolution processes in
nature. In the EVAX code, EA is proposed as an optimization algorithm for
obtaining a 3D structure model from EXAFS spectra [17].

Generally, in the EA, a set of all parameters that should be optimized is
called an “individual”. The function of these parameters, which has to be
maximized, is called a fitness function (FF). Many sets of parameters (many
individuals) having different values form a “population”. At each iteration of
the simulation, some manipulations with the population are carried out to
obtain the new one. In this case, the aim is to maximize the FF.
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When EA is applied to the analysis of EXAFS spectra from crystalline
materials, similarly to conventional RMC, the variable parameters are the
x,y, z coordinates of the atoms in the supercell. Thus, the “individual” is an
atomic configuration. The FF corresponds to the difference between
theoretically calculated EXAFS signal for an atomic configuration and
experimental spectrum. Its maximum value is when this difference is the
smallest. So, in analogy with conventional RMC, the FF can be defined as
—¢.

There are three EA operations usually applied to a given population:
selection, crossover, and mutation, which are also implemented in the EvAX

code (Fig. 3.6.4).
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Figure 3.6.4: Basic operations of the evolutionary algorithm [75].

During the selection operation, one creates a new population (a new set of
atomic configurations) from the individuals of the old population by preferring
those with larger FF. So, the probability to be selected for the new generation
is proportional to the value of an individual’s FF. To keep the total number of
individuals in the population constant, the new population will have several
copies of the atomic configurations with high values of the FF and only a few
with lower FF.

In the crossover process, one replaces some atoms of one randomly
selected atomic configuration with atoms of the other configuration. The
mutation operator applies some random small changes to all individuals of the
population. In our case, all atoms in all configurations are slightly displaced
from their positions in random directions. It is possible to take into account
the information from XRD and constrain the maximally allowed shift.

Although EA is very similar to the RMC approach, it permits a much
more efficient exploration of the possible configuration space, thus requires
fewer computation resources and makes feasible advanced analysis of
complex compounds with low symmetry. It is possible to take into account a
much larger number of photoelectron scattering paths and analyse more
distant coordination shells, including MS contributions.
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3.6.7 Extraction of structural information

The main result of the RMC/EA simulation is the final atomic configuration
that gives a 3D structure model of the material consistent with the
experimental EXAFS data. One should note that such a result is not unique.
Calculations performed with other pseudo-random numbers will give slightly
different atomic coordinates. = However, the obtained distributions of
interatomic distances and angles should be statistically close.

The bond lengths histograms, so-called radial distribution functions
(RDFs), represent the obtained structural model from the perspective of
absorbing atoms. They can be used to extract the structural parameters as
mean interatomic distances and variance of them.

Another way to estimate the variance of interatomic distances directly from
coordinates is the median absolute deviation (MAD) method [93]. In our case,
a standard deviation o of distribution is estimated as:

o =cxXopap = ¢ X median(|R; — median(R)|), (3.16)

where R; are interatomic distances in the structural model and median(R) is
the average distance. The op;ap parameter is converted in a consistent
estimator of o by multiplying MAD value by a scaling constant c
corresponding to particular distribution function. For Gaussian distribution
¢ = 1.4826 [93]. For other distributions, the ¢ values can be obtained
analytically or in numerical simulations. = So, the MAD method is
advantageous when the shape of the distribution function is more complex.

Several calculations with different sequences of pseudo-random numbers
or different initial conditions should be performed to evaluate statistical
uncertainty. Note that RMC simulations tend to converge to the most
disordered structural model consistent with experimental data [68].

When RMC/EA simulations are used to fit experimental EXAFS spectra,
one can validate the obtained sets of atomic coordinates also against diffraction
data. To do this, one should project coordinates of all atoms in the supercell
into a single unit cell. Cartesian coordinates are converted to the fractional
coordinate system by employing the following matrix operations:

1 cosy bccosacosv—cosﬁ
U a asin~y BQ sin~y
_ 1 cos 3 cos y—Ccos &
vl =10 bsiny  4€ Qsiny Y G.17)
w 0 0 ab ?illl’y z

Q = abey/1 — cos? a — cos? § — cos2 + 2 cos a cos 3 cos 7,

where the unit cell (a parallelepiped) is defined by lattice parameters a, b, ¢
and «, 3,v. (u,v,w) are components of fractional coordinate vector and
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(z,y,z) are components of the vector describing atomic positions in
Cartesian coordinates. {2 is volume of the parallelepiped cell.

The average positions for each non-equivalent atom correspond to the
Wyckoff positions and they are used to calculate the diffraction pattern. Thus,
theoretically calculated diffraction pattern can be compared with
experimental one known from the diffraction experiment.

3.6.8 EXAFS-RMC results for XANES interpretation

Structural disorder effects are weak close to the absorption edge, thus the
temperature dependence of XANES is usually minor [43, p.214]. However, it
has been shown in literature that in particular cases XANES is sensitive to
thermal disorder [94-98].  Examples include Ti K-edge XANES in
LiTioO4 [94] and SrTiO3 [95], Al K-edge of corundum and beryl [96, 98], Mg
K-edge of MgO [97,98]. In this thesis, we demonstrate Cu K-edge XANES
of CuMoOy sensitivity to thermal disorder at high temperatures [87].

We show that the results of RMC/EA calculations (sets of atomic
coordinates) can be employed to interpret XANES changes upon temperature
increase (Fig. 3.6.5). An advantage of such approach is that atomic
configurations used in the XANES calculations are already validated against
EXAFS spectra and they contain information about correlation effects.

Repeat to get
i +MSRD(T) many atomic
:+MSD(T) configurations
1

Figure 3.6.5: A scheme for including thermal disorder in the structure for XANES
theoretical calculations: One option is to take diffraction data, apply some random shifts
for atoms within MSD factor radius and check these atomic configurations by performing
theoretical XANES calculations. An alternative is to use diffraction (XRD) data as an initial
configuration for RMC calculations were temperature-dependent EXAFS data are fitted. The
last configuration then can be used to calculate XANES spectra.
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Chapter 4

Resonant X-ray emission
spectroscopy (RXES)

4.1 X-ray emission spectroscopy (XES)

While XAS is the first-order optical process that includes only one photon, X-
ray emission spectroscopy (XES) is a second-order optical process in which a
core electron is first excited by the incident X-ray beam, and the core hole is
next filled by an electron from higher-energy level with the emission of an X-
ray photon. A scheme of main emission lines denoted in Siegbahn’s notation
is shown in Fig. 4.1.1. High energy resolution fluorescence detected XANES
(HERFD-XANES) (and in general fluorescence detected XAS) take advantage
of'a secondary process (the radiative decay of the excited states) which is, in the
hard X-ray range, to a very good approximation proportional to the absorption
coefficient.
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Figure 4.1.1: A scheme of the principal emission lines: Siegbahn’s notation is used. In this
study, the Loy and Loz emission lines of tungsten were measured.

It is common to divide the XES into two categories. The first one is
normal XES (NXES), when the core electron is excited to the high-energy
continuum. It is also called a non-resonant XES. The second category is a
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4.1. X-ray emission spectroscopy (XES)

resonant XES (RXES) when the incident X-ray energy “resonates” with the
excitation threshold of the core electron [24, p.335]. The energy difference
between incoming and emitted photon corresponds to the inelastically
transferred energy. The emitted photon can result from the relaxation of a
valence electron into the empty core hole or by an allowed core-to-core
transition (Fig. 4.1.2). The difference between the energies of the incoming
FEi, and emitted Fq,; X-ray photons is called energy transfer. Both resonant
and non-resonant XES are described theoretically by the Kramers-Heisenberg
formalism [99-101].

(a) valence-to-core XES (b) core-to-core XES
CB f. o }Energy cB f. ([
- transfer
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1 1 Energy
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Figure 4.1.2: A single electron model of the valence-to-core XES (a) and core-to-core XES
(b): CD is conduction band, VB is valence band.

The width of the experimentally measured spectral line is governed by the
lifetime of intermediate and final states (Fig. 4.1.2) involved in the RXES
process and the energy resolution of the employed detector. The lifetime of
the core hole 7 is related to the uncertainty in its energy (broadening I)
following to the Heisenberg uncertainty principle I'r > 7/2 ~ 10716 eV - s,
Note that the intermediate state of RXES is the same as the final state of the
first-order optical process in XAS [101-103]. Detecting the emitted X-ray
radiation with an instrumental resolution on the order of the core hole lifetime
broadening enables to resolve fine structure in the X-ray emission spectra.
The observed fine structure contains information on the electronic
configuration and chemical environment of the emitting atom that is
complementary to what can be obtained in XAS measurements [104].
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Chapter 4. Resonant X-ray emission spectroscopy (RXES)

4.2 RXES experiment

Resonant X-ray emission spectroscopy (RXES) can be considered a particular
case of X-ray fluorescence (emission) spectroscopy. Although it is not a new
technique!, its resent development is due to the available undulator radiation
from the third-generation synchrotron radiation sources and highly-efficient
detectors.

RXES is a photon-in photon-out technique used to probe the local
coordination and electronic structure of the material. It is complementary to
XAS and can be advantageous in cases when it is necessary to differentiate
contributions from different elements, or the sample is not suitable for XAS
measurements (not homogeneous, diluted, etc.). RXES gives bulk-sensitive,
element-specific, and site-selective information about the sample. Its
sensitivity to the electronic structure depends on the final state electronic
configuration that is detected. Note that penetrating properties of hard X-rays
allow probing composition and electronic states of the material under
operando conditions (also in non-vacuum environment) [107].

Since the efficiency of the X-ray emission is low, the
signal-to-background ratio plays a significant role. The experimental setup
requires high-intensity and tunable X-ray photon source such as a synchrotron
and an X-ray spectrometer based on perfect-crystal Bragg optics [104]. Such
spectrometers have an energy bandwidth similar to the lifetime induced
broadening of the corresponding core level and allows one to obtain superior
resolution compared to conventional XANES.

An example of the experimental setup for hard RXES spectroscopy is
shown in Fig. 4.2.1. The X-ray beam is monochromatized by a double-crystal
monochromator and focused in a vertical and horizontal planes by two mirrors
with different coatings positioned downstream of the monochromator. The
ionization chamber is usually used for incident X-ray intensity monitoring.

The two most popular emission spectrometer schemes for RXES
measurements are von  Hamos-type [108] and  Johann-type
spectrometers [109]. The spectrometer acts as a secondary monochromator
for the emitted X-rays with an instrumental energy resolution higher to that of
the primary crystal monochromator that is used for the incident energy
selection. A Bragg crystal spectrally analyses the fluorescence from the
sample and directs it onto the position-sensitive pixelated 2D photon detector.
The solid angle can be enlarged when several analyser crystals are used in
parallel.

! The first laboratory XES experiments were conducted by utilizing the electron beam in 1924
by Lindh and Lundquist [105]. A few years later, Coster and Druyvesteyn performed the first
XES experiments with photon excitation [106].
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X-ray source

Von Hamos
spectrometer Detector

Monochromator

Sample

Figure 4.2.1: A schematic representation of the experimental setup for RXES
measurements: X-ray source (synchrotron), monochromator, an ionization chamber for X-ray
intensity detection Io before the sample, spectrometer to disperse XES signal and a position-
sensitive pixelated 2D detector. Two focusing mirrors located after the monochromator are not
shown for clarity.

In the experiment, the intensity of both incident and emitted X-rays
(inelastically scattered X-rays and fluorescence signals) is recorded and after
the signal processing (pixels are transformed into the energy scale) a so-called
RXES plane is obtained [101]. The double-crystal monochromator is usually
calibrated using a reference foil, and the energy scale of the spectrometer can
be set according to the position of the elastic line on the detector.

By selectively extracting the emitted photon intensity in the narrow
energy range, one can obtain high energy resolution fluorescence detected
XAS spectrum (HERFD-XAS spectrum) with a drastically enhanced
sensitivity to the local coordination of the absorbing atoms. HERFD-XAS
provides a possibility to study the structural and electronic properties of the
material in more details by detecting XANES with an experimental resolution
on the order of the core hole lifetimes of the intermediate and final electronic
states of the absorbing element [101].

Non-resonant XES spectrum is obtained by scanning the emitted
fluorescence with a crystal analyser spectrometer at a fixed incident X-ray
energy well above an absorption edge of the investigated element [24, p.337].
In this case, the X-ray emission spectrum is independent of the incident
energy [101]. The X-ray emission spectra obtained by scanning the emitted
radiation slightly below [110] or above the absorption edge are called
off-resonant X-ray emission spectra [111].

4.3 RXES plane

In the RXES experiment, the intensities and energies of the incoming and
emitted X-ray radiation is monitored. One way of presenting the RXES
intensity plane is to plot the energy of emitted photons against the incident
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Chapter 4. Resonant X-ray emission spectroscopy (RXES)

photon energy (Fig. 4.3.1(a,e)) and the second way is to plot the energy
transfer against the incident energy (Fig. 4.3.1(b,f)). Comparison between
different spectra and quantitative analysis are usually made for line plots
extracted from the 2D RXES planes. Different plane cuts can reveal valuable
information on the structural and electronic properties of the material.

RXES plane obtained by collecting the Lo emission lines is denoted as
2p3d RXES indicating electronic levels involved in intermediate and final
states (an electron from 2p level is excited and the system relaxes by filling
the created core hole with an electron from 3d state).
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Figure 4.3.1: W 2p3d RXES plane and plane cuts for tungsten foil and monoclinic tungsten
trioxide: RXES intensity map as a function of incident and emitted energies for W foil (a) and
m-WOs3 (e); RXES intensity map as a function of incident energy and energy transfer for W foil
(b) and m—WOs (f); Vertical cuts of the RXES planes at the incident energies £;=10190 ¢V and
10242 eV, shown in (a,e) by black and red dashed lines. Principal observed bands (Lo, Lao,
B1-B4) are labelled; (c) The W L3-edge HERFD-XANES spectra measured at emission energy
8399.4+0.25 eV, indicated by the green dashed line in (a,b) and (e,f) are shown in panel (d).

Examples of the 2p3d RXES planes and their cuts in body centred cubic
tungsten (W) and monoclinic tungsten trioxide (m-WOs3) are shown in
Fig. 43.1. Two W emission lines Loy (3d5/5 — 2p3/o transition) and Lag
(3d3/2 — 2p3/y transition) can be distinguished in the RXES planes at
emission energies 8398 eV and 8335 eV, respectively. However, there are
significant differences in the shape of the spectral features. While the
dominant feature in the W foil RXES plane is a strong 2p3/5 — 3ds/9
resonance (at incident energy ~10209 eV), two resonances (at incident
energies of ~10211 eV and ~10215 eV) are observed in the case of m-WOs.
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4.3. RXES plane

The two resonances in m-WOg originate from the crystal field induced
splitting of the W 5d states into the W ta, and e, subbands, since tungsten
atoms have distorted octahedral coordination [107].

The width of a measured X-ray line results from the lifetime broadening
of the corresponding transition (also called intrinsic broadening) and the
energy resolution of the employed detector. For instance, theoretical
core-hole induced line-widths for tungsten different edges are:
Lap, ,=4.57 eV (L3-edge), F3d3/2=4.51 eV (My-edge), F3d5/2=2.01 eV
(Ms-edge) [29]. This width is called the natural width, and the shape of the
spectral line can be described with a Lorentzian function. Since the lifetime
of the deep core hole is shorter than that of the shallower ones, I';, > I'y,
HERFD-XANES allows one to obtain spectral features with smaller line
width than in conventional XANES measured in transmission mode.
However, high resolution detectors are required. The instrumental response
of a detector most often can be reproduced by a Gaussian function. The idea
of the HERFD-XANES is to detect the fluorescence line with an energy
bandwidth on the order or below the core-hole lifetime broadening. This is
achieved through the use of a crystal analyser.

The W L3-edge HERFD-XANES spectra shown in Fig. 4.3.1(d) can be
obtained from Fig. 4.3.1(a) by integrating the emission intensity in the narrow
emission energy region (8399.4£0.25 eV) close to the Lo line (green dashed
cut). At the same time, the conventional X-ray fluorescence spectrum is
obtained when the emission intensity is integrated in a wide emission energy
range. The HERFD-XANES spectrum corresponds to the case with constant
emitted energy and appears as a diagonal cut in the energy transfer vs incident
energy plane Fig. 4.3.1(b,f). Such a plane cut allows one to partially subtract
the intermediate state broadening that is well seen as horizontal tails from the
main emission lines at constant energy transfer. Since W in the oxide has a
higher oxidation state (6+) than in metal, its absorption edge, estimated from
the maximum of the XANES first derivative, is shifted by about 2.7 eV to
higher binding (incident) energies in Fig. 4.3.1(d).

Besides the HERFD-XANES spectra, several vertical cuts of the RXES
plane with constant incident energy can be made. They can be used to
additionally obtain high energy resolution off-resonant X-ray emission
spectra by extracting them slightly below (bands B1 and B2 in Fig. 4.3.1(c))
and above (bands B3 and B4) the resonance (W Ls3 absorption edge),
respectively. Also, these emission spectra contain information on the crystal
field splitting (Fig. 4.3.1(c)), while with a smaller signal-to-noise ratio
compared to HERFD-XANES.

More detailed analysis of the tungsten 2p3d RXES plane of
CuMo;_,W,0O4 solid solutions and crystal field induced splitting of
5d(W)-states is presented in the Chapter 9.
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Chapter 5

Structure and thermochromic
properties of molybdates

5.1 Introduction

Molybdates of divalent metal ions with the general formula AMoOy4, where
A=Mn, Fe Co, Ni, Cu, Zn, etc., form a wide class of functional materials,
considered as promising for different technological applications [112].
Among them, copper molybdate (CuMoO,) and its solid solutions with
tungsten (CuMo;_,W,0O,) are one of the most fascinating multifunctional
materials that exhibit thermochromic [1, 2, 4, 5, 10, 11, 15],
piezochromic [2, 4, 113, 114], tribochromic [2], halochromic [3],
thermosalient [4], photoelectrochemical [6, 8], photoluminescence [115], also
promising catalytic [9, 116, 117], and antibacterial properties [7]. Some of
functional properties are illustrated in Fig. 5.1.1.

In the literature, much attention has been paid to the material’s ability to
change its colour due to the influence of temperature and pressure in the context
of sensing applications [5,10,15]. Pure CuMoO, has thermochromic properties
both, at low (~100-300 K) and high temperature (~400-700 K) ranges.

The chromic properties of CuMoOy4 at low temperatures (below 300 K)
originate due to a reversible structural phase transition accompanied by a
drastic colour change between greenish and brown [113]. It is also possible to
modify the structure of the material by doping to have its thermochromic
properties in the more accessible temperature ranges [10]. Recently, the
possibility to stabilize the low temperature phase at room temperature by
cryogenic quenching was demonstrated in [5]. Such sample consists of low
and high temperature polymorph mixture and changes its colour irreversibly
in the temperature range ~300—473 K [5]. Thus, it is possible to obtain a
CuMoO,4 material as a permanent temperature-time indicator with potential
applications, for instance, in the fields where one needs to monitor
storage/transportation conditions of temperature-sensitive products (food,
drugs, chemicals, biological materials, etc.) [5].

At the same time, such inorganic materials with a thermochromism
(colour change from greenish to brownish upon heating) at high temperatures
(above ~400 K) attracts much attention because of their potential applications
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Figure 5.1.1: A schematic representation of CuMoO4 and/or CuMo;_,W,0, functional
properties reported in the literature: thermochromic (adapted from [5]), piezochromic
(adapted form [2]), halochromic (adapted from [3]), thermosalient (adapted from [4]), catalytic
[117], antibacterial (adapted from [7]).

for temperature sensing in the ranges where the majority of organic
compounds and liquid crystals are unstable [13]. Possible chromic-related
applications extend from the user-friendly temperature and pressure
indicators [2,3, 10, 14] to “smart” inorganic pigments [15].

5.2 Crystal structure and chromatic properties

Currently, at least seven different structural phases of pure CuMoO, are
known in the literature: a-CuMoQy,, v-CuMoQy, 5-CuMo0O4, CuMoOy-II,
CuMoQy-II1, e-CuMoQy, and n-CuMoOy [1,118,119]. The phase depends on
the temperature, pressure, and other conditions used for the synthesis. In this
thesis, the author focuses on two allotropic forms of copper molybdate —
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greenish a-CuMoO, and brownish v-CuMoOy4 phases that are stable at high
and low temperatures, respectively.

Structure, optical, electrical, and magnetic properties of CuMoO, were
studied previously in [1, 10, 13, 120-122]. The pressure—temperature diagram
(Fig. 5.2.1) for CuMoO4 was determined based on a single crystal diffraction
data by Wiesmann et al. in [1]. The first order a-to-y phase transition occurs
upon cooling the material below ~200 K (or by applying pressure above
~0.2 GPa). In addition to the colour change, the a-to-vy phase transition is
accompanied by a volume decrease of 12—-13% that makes the two phases
easily distinguishable [1]. The phase transition was also studied previously
using optical spectroscopy, differential scanning calorimetry, magnetic
susceptibility, and dielectric measurements [10, 13, 14, 123]. It was found that
the transition has hysteretic behaviour so that higher temperature is required
to promote the v-to-a transition than a-to-y. As expected for a first-order
phase transition, both phases are separated by a region where they coexist.
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Figure 5.2.1: Pressure-temperature phase diagram for CuMoOj (adapted from [1]).

At ambient pressure, CuMoQ, remains in the triclinic P1 symmetry up to
the melting point temperature (~1070 K) [1]. Note that the existence of the
B-CuMoQO, phase with hexagonal symmetry was proposed for temperatures
above 840 K in Ref. [124], but its existence was not confirmed in the further
studies [1]. However, in some studies [9, 125], the S-phase is still mentioned.
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Similarly, there was no evidence for the existence of high-pressure CuMoO4-11
phase reported previously [1].

Y-CuMoO,

Figure 5.2.2: The unit cell of v-CuMoOj (left panel) and a-CuMoOy (right panel).

There are significant differences in the crystallographic structure of o and
~ phases (Fig. 5.2.2). The lattice parameters reported in the literature are
compared in Table 5.2.1. The y-phase of CuMoOy is built up of distorted
CuOg and distorted MoOg octahedra [1, 121], while a-CuMoQy is composed
of distorted CuOg octahedra, CuOs5 square-pyramids, and distorted MoQOy
tetrahedra [1, 126]. The first-order (Cu?t[3d”]) and second-order
(Mo57[4d"]) Jahn-Teller effects are responsible for the distortion of CuOg
and MoOg octahedra. The unit cell of CuMoO, structure in both phases
contains six formula units (Z=6) with three non-equivalent copper (Cul, Cu2,
Cu3) and three non-equivalent molybdenum (Mol, Mo2, Mo3) atoms, which
have different local environments, shown in Table 5.2.2 [1]. Thus, the unit
cell of CuMoO4 consist of 36 atoms, and the structural analysis is
challenging.

Table 5.2.1: Lattice parameters for a-CuMoQO4, y-CuMo00QO4, a-ZnMoQO4, CuMoQO4-I1I and
CuWOy reported in the literature. All have triclinic symmetry with space group P1.

Material Cond. a b c «@ B ol Ref.
a-CuMoOy4 RT 9.901 6.786 8369 101.13  96.88 107.01 [126]
~v-CuMoO4 180K  9.699 6299 7966 94.62 10336 103.17 [121]
v-CuMoO4 0.2GPa 9.708 6.302 7.977 9476 103.35 103.26 [1
a-ZnMoO4 RT 9.625 6.965 8373 103.28 96.30 106.72 [127]
a-ZnMoQOy RT 6.966 8371 9.685 96.74 106.87 101.73  [128]
a-CuMo0Oy4 RT 6.788 8372 9904 9689 107.01 101.13 [128]
CuMoOy4-III RT 4714 5848 4.879 91.51 92.48 82.35 [1]

CuWO4 RT 4.694 5830 4877 91.64 92.41 82.91 [129]
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Table 5.2.2: Metal-oxygen interatomic distances in -CuMoO4 and 7-CuMoOy phases [1].

Interatomic distances in a-CuMoOy (R, A)

Cul-O Cu2-O Cu3-O Mol-O Mo2-O Mo3-0O
1.930 1.937 1.909 1.745 1.714 1.702
1.956 1.953 1.910 1.756 1.765 1.705
1.967 1.966 1.931 1.758 1.771 1.839
1.987 1.970 1.987 1.818 1.793 1.851
2.287 2.219 2.339 2.832 2.819 2.808
2.330 2.628 3.555 3.488 2.943 2.922

Interatomic distances in v-CuMoOy4 (R, A)

Cul-O Cu2-O Cu3-O Mol-O Mo2-O Mo3-0
1.928 1.910 1.922 1.690 1.683 1.701
1.933 1.945 1.949 1.776 1.781 1.764
1.937 1.961 1.976 1.875 1.881 1.841
1.972 1.966 1.977 1.930 1.926 2.017
2.295 2.268 2.306 2.132 2.105 2.065
2.428 2.527 2.488 2.478 2.471 2.494

Recently, a mixture of - and -CuMoOy4 polymorphs acquired by a
cryogenic quenching approach was presented in Ref. [5] as promising
permanent temperature recorder due to the thermochromic irreversible phase
transition from the polymorph mixture into the a-phase.

It is worth mentioning that a colour change from green to brown but of
different origin occurs in pure a-phase of CuMoQ, upon heating up to ~673 K
[13]. This colour change is reversible, and the crystal structure is not broken
during the temperature cycle.

The green colour of CuMoQO, at ambient conditions is caused by the
transmission window in the energy range of ~1.9-2.5 eV 500-650 nm
(500-650 nm) (Fig. 5.2.3(a)) [13]. The chromatic properties of CuMoQO, are
associated with the interplay between two optical absorption bands. The first
band, located in the red spectral range above ~650 nm, is related to the
copper 3d°—4p [13] or d-d transitions [10, 120, 130]. The second band,
located in the blue spectral range below ~500 nm, is still not fully
understood. It is attributed to the oxygen-to-metal (0>~ —MoST or
0%~ —Cu?") [10, 13, 120, 130] or Cu?t—MoS* [131] charge transfer
processes. Nevertheless, when the temperature increases from 296 K to
673 K, the transmission window shrinks due to the blue band shift towards
longer wavelengths (Fig. 5.2.3(a)), and the crystal changes both transmittance
and colour [13]. This effect is explained with the electronic properties of the
crystal instead of structural change or chemical decomposition [13].

The control over the structural phase transition temperature of the material
is critical for technological applications at desired temperature ranges. It has
been reported that the properties of CuMoO, can be tailored by reducing the
particle size or by chemical doping and producing solid solutions [4, 10, 11,
132-134].
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Figure 5.2.3: Temperature—dependent transmission spectra of CuMoO4 (adapted from
[13])(a); Correlation between the phase transition temperatures (gray lines) and tungsten
rate x in CuMo;_, W, solid solutions (adapted from [10]) (b).

5.3 Effect of doping

According to the pressure-temperature diagram [1], the phase transition from
the y-to-a phase can be adjusted to more desired temperatures by applying
pressure or by means of chemical doping [1]. One possibility is to substitute
Cu?T ions by divalent ions as Zn?*, Co?* or Mg?* and the other is to substitute
Mob+ by W6+, In both cases, the ion radius size difference induces so-called
“chemical” or “inner” pressure that together with a specific nature of the ions
leads to a particular change of the metal-oxygen polyhedron deformation that,
in turn, modifies the molybdate electronic structure and affects the temperature
of the thermochromic phase transition in the material significantly [2].

Several studies have revealed that the thermochromic properties can be
strongly affected by tungsten addition to CuMoOQy, resulting in a formation of
CuMo;_,W 0Oy solid solutions [2, 3, 10, 11, 15]. Three different crystal
structures with triclinic P1 symmetry are known at ambient conditions for the
CuMo;_, W04 solid solutions [1]. Depending on the tungsten
concentration, phases isostructural to high pressure phases of CuMoO,
(a-CuMo0y,, v-CuMo0,4, and CuMoO4-III) with different Cu, Mo, and W
coordination can be obtained [1, 15, 133]. The solubility limit of tungsten in
CuMo;_, W, 0Oy solid solutions to retain both « and ~ structure types under
ambient conditions is between ~10 and 15% [10]. Furthermore, the o <+ ~y
phase transition temperature depends strongly on tungsten concentration and
becomes higher when the tungsten content increases
(Fig. 5.2.3(b)) [2,10, 11, 133]. Such behaviour was attributed to the stronger
preference of tungsten ions to the octahedral environment, as compared to
molybdenum [2, 10].
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Tungsten concentration above ~15% in CuMo;_,W,O, solid solutions
leads to wolframite-type (CuMoOy-III) phase with the octahedral
coordination of metal ions and do not exhibit pronounced thermochromic
behaviour. However, these materials have properties that are promising for
possible use as photoanodes in water splitting photoelectrochemical
cells [1,6,8,10].

Among all CuMo;_,W,0, solid solutions, CuMog.9oW.1004 seems to
be the most prospective material for technological applications. The most
attractive feature is that both allotropic forms are stable in the temperature
range between 0 and 100°C. It is possible to synthesize stable
v-CuMog 90W0.1004 at room temperature and induce the ~-to-a phase
transition by heating up to 100°C [2, 4, 10, 133]. Besides, Gaudon et al.
demonstrated that a pressure induced by a “finger push” is enough to promote
the a-to-y phase transition in CuMog ggWo.1004 at room temperature. In
Ref. [113] a shock detector based on a mixture of two piezochromic
compounds (CoMoO4 and CuMog ggWq.1004), capable to work at different
temperatures, has been demonstrated.

CuMog.90Wo.1004 also exhibits halochromic properties, i.e. its colour
depends on the solution’s pH (Fig.5.1.1) [3]. This phenomenon has been
explained in terms of surface protonation, which leads to the a-to-y phase
transition [3].

Furthermore, Gaudon with his co-workers observed thermosalient effect
(also called “jumping crystal effect”) while investigating the temperature
induced structural evolution of CuMog.9goWg.1004 (Fig.5.1.1) [4]. During the
«a-to-y phase transition, some crystallites are able to propel themselves
upwards, thereby changing their physical positions which can be detected as
red lights (y crystallites) in an optical microscope. This effect is related to the
transfer from thermal to mechanical kinetic energy. Such energy conversion
in crystals could be of interest to a various range of applications.

Note that the last two properties are not typical for inorganic oxides and
have never been reported in the literature before. These observations support
the conclusion that the «-to-y phase transition in CuMoO, and
CuMog 9oWp.1004 can be described with “domino-cascade” model [4].
However, further studies are necessary to fully understand the structural
background of phase transitions and optical properties of CuMoOy,
CuMog.9oWo.1004, and other solid solutions from CuMoq_, WOy series.

In contrast, there have been only a few papers reporting the effect of
substituting Cu?* ions in CuMoOy. The closest ionic radius to Cu®* (0.73 A)
is for Zn?>* (0.74 A) ion. Indeed, copper and zinc molybdates also form a
complete solid solution series Cu;_,Zn,MoO, (0<x<1) [128, 135]. Note
that a-ZnMoO, phase is isostructural to a-CuMoQy (triclinic P1 symmetry
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5.3. Effect of doping

(Table 5.2.1) (Fig. 5.3.1) [136] and is stable in the whole temperature range
till it decomposes at 1280 K [127,135]. a-ZnMoQy, is composed of distorted
ZnOg octahedra, ZnOjy square-pyramids and MoOy tetrahedra [128]. The
interatomic distances for all non-equivalent zinc (Znl, Zn2, Zn3) and
molybdenum (Mol, Mo2, Mo3) atoms with the nearest oxygen atoms are
shown in Table 5.3.1. The 8-ZnMoQ, phase being stable at high pressure has
monoclinic structure where both Zn and Mo atoms are bonded to six oxygen
atoms [136].

Table 5.3.1: Metal-oxygen interatomic distances in a-ZnMoO, [128].

Interatomic distances in a-ZnMoOy (R, A)

Zn1-O Zn2-O Zn3-O Mol-O Mo2-O Moe3-O
2.043 1.988 1.946 1.742 1.728 1.719
2.065 2.048 2.031 1.745 1.751 1.730
2.072 2.054 2.033 1.761 1.792 1.794
2.080 2.060 2.035 1.809 1.806 1.817
2.103 2.144 2.111 3.496 2.811 3.027
2.144 2.260 3.117 3.654 3.579 3.288

a-ZnMoO, a-CuMoO,

Figure 5.3.1: The unit cell of «-ZnMoOQOy (left panel) and a-CuMoOy (right panel) [128].
Both phases are isostructural. However, strong distortions of the first coordination shell of
copper ions is caused by the first-order Jahn-Teller effect due to the Cu?*[3d°] electronic
configuration which is absent for Zn?* ions with 3d*° electronic configuration.

Magnetic susceptibility measurements of Cu;_,Zn,MoO, (0<x<0.1)
samples reported in [137] indicate on the shift of the phase transition point to
the lower temperatures with increasing Zn content (Fig. 5.3.2). Yanase et
al. [134] studied the thermochromic phase transition in the CuMog .94 Wq.0604
material doped with small amount of Zn (0<x< 0.05). The results showed
that the substitution of Cu?t by Zn?* reduces the phase transition
temperature of CuMog.94Wy.0604 and stabilizes the a-phase, which is natural
for a-ZnMoO, [128]. The transition occurs in the temperature range of
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303-343 K. Recently, structural, morphological and optical properties of
solid solutions with large Zn content (0.92<x<1.00) were studied [138].
In [139], luminescence and pigment properties of Cug.10Zng.9oMoO4 were
also reported.

Since a-ZnMoQy is a non-toxic compound with excellent chemical and
thermal stability, it can be used as a good host matrix for different rare-earth
dopants. For instance, ZnMoOy4:Eut and ZnMoO,:Tb3t are considered as
perspective phosphors for white light-emitting diodes [140,141]. Furthermore,
ZnMoOQy is also a prospective material for applications in humidity sensors
[142], scintillators [143, 144], battery materials [145] and anti-corrosive paints
[146].

A deep understanding of the structure-thermochromic property relationship
in molybdates requires detailed information on the temperature dependence
of their local atomic structure, which can be obtained using X-ray absorption
spectroscopy. This question is one of the goals of the thesis and is addressed
in the further chapters.
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Figure 5.3.2: Illustration of ability to affect the temperature-dependent properties of
CuMoOy4 by doping with Zn and W: temperature dependence of the magnetic susceptibility
in Cu;_,Zn,Mo;_, W, 0y solid solutions (adapted from [137]). The temperatures associated
with the structural phase transitions in the solid solutions with different Zn (x) and W (y) content
during cooling and heating are shown in the inset.
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Chapter 6

Samples and their
characterization

6.1 Synthesis

Polycrystalline CuMo;_, W04 powders (=0, 0.04, 0.06, 0.10, 0.12, 0.15,
0.20, 0.50, 0.75, 1.00) were synthesized using a simple solid-state route by
heating an appropriate mixture of CuO and MoOs powders with added
stoichiometric amount of WO3 at 650°C in the air for 8h followed by cooling
down naturally to the room temperature. One set of as-prepared samples with
x < 0.15 had greenish colour, and the second set with z > 0.20 was
brownish (Fig. 6.1.1(a)). The phase of as-prepared powders was confirmed by
X-ray powder diffraction and micro-Raman spectroscopy.

An example of the ~v-CuMoggsWp.0404 sample stabilized at room
temperature by treatment a-CuMog g6Wp.0404 powder sample at 77 K in
liquid nitrogen (cryogenic quenching) is shown in Fig. 6.1.1(b).

Polycrystalline Cu;—,Zn;MoO,4 powders (z=0.10, 0.25, 0.50, 0.75, 0.90,
1.00) were also synthesized using a solid-state reaction method. Namely, a
mixture of ZnO, MoO3;, and CuO powders in a stoichiometric amount was
heated at 650 °C in the air for 8 hours and left to cool down naturally to room
temperature. Photos of selected samples are shown in Fig. 6.1.1(c).

Figure 6.1.1: Photos of selected samples: Selected polycrystalline CuMoi_, W04 powder
samples prepared on Millipore filters for XAS measurements (a), CuMo0g.96 W0.0404 sample
after treatment at 77 K in liquid nitrogen (y-phase) and at room temperature («-phase) (b), and
selected polycrystalline Cu; —,Zn,MoO4 powder samples prepared on Millipore filters for XAS
measurements (c).
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6.2 X-ray diffraction measurements

X-ray diffraction patterns of CuMo;_, W,O4 powder samples (Fig. 6.2.1 (a))
was measured at room temperature using Brucker AXS D2 PHASER
Bragg-Brentano 6-6 powder diffractometer equipped with the LynxEye
detector and copper anode (Cu Ka) tube. The samples were rotated during
the measurements, and their patterns were collected in the angular range 26
from 10° to 90° with the step of A(20)=0.04°.

In samples with low tungsten rate (below x~0.15), a-CuMoO, phase
dominates. However, with increasing W concentration, some additional peaks
appear indicating the presence of y-phase (where molybdenum and tungsten
atoms are in the octahedral environment). It is known from the literature that
samples with 0.075<z<0.1 can exist in both o and ~ allotropic forms at
ambient temperature-pressure conditions [147]. The transition from
a-CuMoQy4 phase to wolframite-type phase occurs above x~0.15 together
with a colour change from greenish to brownish (Fig. 6.1.1(a)).

The X-ray diffraction patterns of as-prepared Cu;_,Zn,MoO, powders
(Fig. 6.2.1 (b)) were obtained by Rigaku MiniFlex 600 diffractometer with
Bragg-Brentano 6-26 geometry equipped with the 600 W Cu anode (Cu Ko
radiation, A = 1.5406 A) X-ray tube operated at 40 kV and 15 mA.
Cu;_,Zn,MoQOy4 samples with x < 0.10 corresponds to the a-CuMoQy
phase. In samples with z > 0.10, the @-ZnMoQO, phase is dominating in
agreement with literature data [128].
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Figure 6.2.1: Selected X-ray diffraction patterns of polycrystalline CuMo;_, W04 (a) and
Cui_,7Zn,MoQy (b) solid solutions.
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6.3 Micro-Raman measurements

Micro-Raman scattering spectra of CuMo;_,W,0O4 powder samples were
measured using a confocal microscope with spectrometer Nanofinder-S
(SOLAR TII) [148]. A diode-pumped solid-state Nd:YAG laser (A=532 nm
and maximum continuous wave power Pe=150 mW) was used as an
excitation source. The laser power was reduced by the variable neutral filter
down to ~1 mW at the focussing point. The inelastically scattered light
separated from the elastic component by the Semrock 532 nm RazorEdge®
ultrasteep long-pass edge filter (LP03-532RE) was focused at the entrance of
the monochromator with a 520 mm focal length and dispersed by a
600 lines/mm grating onto a Peltier-cooled back-thinned CCD camera
(ProScan HS-101H). All measurements were performed in the back-scattering
geometry at room temperature through a Nikon CFI Plan Apochromat 20x
(NA=0.75) optical objective.

CuMo, W,0, n o
'J \ x=0.10

Raman intensity (arb.units)

x=0.15 ]
M/\________/\/\u
x=0.75
A /\ } \ x=1.00
200 400 600 800 1000 1200

Raman shift (cm™)

Figure 6.3.1: Selected micro-Raman scattering spectra of polycrystalline CuMoOy (z=0),
CuMo;_W,0y solid solutions and CuWO, (z=1).

The Raman scattering spectra of polycrystalline CuMo;_,W,04 (0 < z <
1) solid solutions are reported in Fig. 6.3.1. The spectra are dominated by
the internal vibrations within the metal-oxygen polyhedra (MoO, and WO,)
appearing at high frequencies. In pure compounds, these are MoO,4 in CuMoOy4
and WOg in CuWOy. The highest frequency metal-oxygen stretching mode
has the largest amplitude and is located at ~850 cm™~! in copper tungstate and
at ~970 cm~! in copper molybdate. In CuWOy, the position of the stretching
mode is shifted to smaller frequency compare to the data in literature [149,
150] due to the laser induced heating of the sample having dark colour. More
detailed interpretation of the observed Raman bands in Cu?WO4 and CuMoOy4
were published previously in Refs. [149-151]. When increasing the amount of
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Chapter 6. Samples and their characterization

tungsten atoms in the CuMo;_, W, Oy solid solutions above ~0.15, the shape
of the Raman spectra starts to deviated significantly from that in pure CuMoQ,
indicating on structural changes.

6.4 XAS experimental details

X-ray absorption experiments were performed within four beamtime projects
at PETRA 1II (Germany) and ELETTRA (Italy) synchrotron radiation
facilities. Low-temperature (from 10 K to 300 K) XAS experiments for
CuMo;_,W,0O4 and Cu;_,Zn,MoOy4 samples (projects 1-20160149 EC and
1-20190277 EC) were conducted at the HASYLAB PETRA III P65 undulator
beamline [152]. High-temperature measurements were performed at the
ELETTRA XAFS bending-magnet beamline [153] in the temperature range
from 296 K to 973 K (project 20150303). The fourth synchrotron radiation
experiment (RXES measurements) was performed at the HASYLAB PETRA
III P64 undulator beamline [154] (project 1-20180615 EC).

During the low-temperature XAS measurements for CuMo;_,W,Oy4
samples, the PETRA-III storage ring operated at £=6.08 GeV and current
I=95 mA in top-up 40 bunch mode. The harmonic rejection was achieved by
uncoated (Cu K and W L3 edge) and Rh-coated (Mo K-edge) silicon plane
mirrors. The X-ray absorption spectra were collected in transmission mode at
the Cu (8979 eV) and Mo (20000 eV) K-edges and W (10207 eV) L3-edge.
Fixed exit Si(311) double-crystal monochromator was used in an
experimental set-up. Two ionization chambers were employed for the X-ray
intensity measurements before and after the sample. The Oxford Instruments
liquid helium flow cryostat was used to maintain the sample temperature.
Each XAS measurement was conducted after the sample temperature was
stabilized for ~ 20 min.

Analogous XAS experiments were conducted for Cuj_,Zn,MoOy,
samples. The PETRA III storage ring operated at £=6.08 GeV and current
I=120 mA in top-up 480 bunch mode. The harmonic rejection was achieved
by uncoated (Cu/Zn K-edges) and Rh-coated (Mo K-edge) silicon plane
mirrors. Fixed exit Si(111) and Si(311) monochromators were used. The
X-ray absorption spectra at the Cu (8979 eV), Zn (9659 eV) and Mo
(20000 eV) K-edges were collected in transmission mode. The Oxford
Instruments liquid helium flow cryostat was used for temperature-dependent
measurements.

The powder samples for low-temperature XAS stuides were gently milled
in an agate mortar and deposited on Millipore membrane (Fig. 6.1.1(c)). The
thickness of the samples was optimized as much as possible for each absorption
edge in order to obtain the value of the absorption edge jump Apux close to 1.
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XAS spectra for CuMoQOy4 sample at the Cu and Mo K-edges in the
high-temperature range (296-973 K) were recorded in transmission mode at
the XAFS bending-magnet beamline [153]. Composition dependent
measurements for CuMo;_,W,0O4 samples (Fig. 6.1.1(a)) at Cu and Mo
K-edges, and W L3-edge were performed at room temperature. The storage
ring was operating in the top-up multibunch mode at the energy £=2.4 GeV
and current /=160 mA. The synchrotron radiation was monochromatized
using a Si(111) (for the Cu K and W L3 edges) and Si(311) (for the Mo
K-edge) double-crystal monochromators. The sample for high-temperature
XAS measurements was prepared by mixing CuMoQO4 powder with boron
nitride and then pressing into a pellet. The thickness of the sample was
optimized to obtain the absorption edge jump as close as possible to one. The
sample was heated in the vacuum using the 1’Aquila-Camerino glass
furnace [153]. Each measurement was conducted after the sample
temperature was stabilized for 15-20 min.

6.5 RXES experimental details

The temperature and composition-dependent RXES experiments for
CuMo;_,W 04 solid solutions presented in this thesis (Chapter 9) were
conducted at P64 Advanced X-Ray Absorption Spectroscopy beamline of the
PETRA III (HASYLAB/DESY, Hamburg) storage ring using recently
constructed RXES endstation [154, 155]. The X-ray beam from an undulator
was monochromatized by a liquid-nitrogen-cooled Si(311) double-crystal
monochromator, and focused in vertical and horizontal planes (100 ym x
240 pm) by two mirrors with rhodium coating. The high stability and high
intensity (5-10'" photons/s) of the P64 beamline provided a possibility to
accumulate high quality and resolution RXES data. The incident X-ray
intensity was monitored using an ionization chamber. The XES signal was
dispersed by von Hamos-type spectrometer equipped with cylindrical bent
Si(444) analyser crystals [155] and collected by Dectris 2D Pilatus 300K
detector. The energy of monochromator was calibrated at the W Lg-edge
using tungsten foil and the energy scale of the spectrometer was set according
to the position of the elastic line on the detector. The inelastically scattered
X-ray signal and W La; and Lag fluorescence were acquired in the RXES
plane. The high-resolution W Ls-edge XANES (HERFD-XANES) was
extracted from the RXES plane at fixed emission energy equal to 8398.5+0.2
eV. During the temperature-dependent measurements, the temperature of the
sample was controlled using liquid nitrogen cryostat Linkam THMS600 in
the temperature range of 90450 K.
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Chapter 7
XAS study of CuMoQ;,

7.1 CuMoO, at low temperatures'

In this section, the in situ temperature-dependent (10-300 K) Cu and Mo
K-edge XAS study of a thermochromic phase transition between brownish
v-CuMoO, and greenish a-CuMoQy performed at the DESY/HASYLAB
PETRA III P65 undulator beamline [152] is reported. Experimental details
can be found in Section 6.4. The Cu and Mo K-edge XANES and EXAFS
parts of the X-ray absorption spectra were isolated and analysed separately.
The influence of structural changes on the XANES spectra was also
investigated by theoretical full-multiple-scattering (FMS) XANES
calculations using ab initio real-space FDMNES code [18,19].

7.1.1 XANES analysis

The experimental Mo and Cu K-edge XANES spectra corresponding to
v-CuMoOy at 10 K and a-CuMoOQy4 at 300 K are shown in Fig. 7.1.1(a,b).
The Cu K-edge XANES spectrum is weakly affected by the phase transition
because the local environment around copper atoms does not change
significantly (only 1/3 of all Cu atoms change their coordination from CuOs
square-pyramids to CuOg octahedra [1]). At the same time, the Mo K-edge
XANES is significantly affected by temperature variation. The differences
can be related to the change in the coordination of molybdenum atoms from
tetrahedral MoOy to octahedral MoOg upon cooling.

The pre-edge peak at the Mo K-edge is visible at ~20 000 eV. It
corresponds to the 1s(Mo)—4d(Mo)+2p(O) transition. The transition is
forbidden in the dipole approximation for a regular MoOg octahedron, having
an inversion center, but becomes allowed when inversion symmetry is broken
as in distorted octahedron [156, 157] or tetrahedron [158]. The amplitude of
the pre-edge peak depends on the distortion degree of the MoOg octahedra

"The material, presented in this section, has been published as: I. Jonane, A. Cintins,
A. Kalinko, R. Chernikov, A. Kuzmin, X-ray absorption near edge spectroscopy of
thermochromic phase transition in CuMoOy4, Low Temp. Phys. 44 (2018) 568-572;
1. Jonane, A. Cintins, A. Kalinko, R. Chernikov, A. Kuzmin, Probing the thermochromic
phase transition in CuMoQO. by EXAFS spectroscopy, Phys. Status Solidi B 255 (2018)
1800074:1-5.
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Figure 7.1.1: The Mo and Cu K-edge XANES of a-CuMo0O4 and y-CuMoQO4 phases:
Experimental Mo and Cu K-edge XANES of a-CuMoOy (at 300 K) and y-CuMoOy4 (at 10 K)
phases (a,b). Calculated Mo K-edge XANES for regular MoOy4 tetrahedron and distorted
and regular MoOsg octahedra. Numbers in brackets indicate the direction of molybdenum ion
displacement from the center illustrated in the inset (c¢). Temperature dependence of the fraction
of a-CuMoO4 phase upon heating and cooling (d).

and 4d(Mo)/2p(O) orbital mixing. It is the largest for tetrahedral MoOy
coordination. Therefore, it can be used to trace the a-to-y phase transition in
CuMoO4.

The dependence of the Mo K-edge pre-peak amplitude on the local
structure distortions are illustrated with theoretical FMS XANES calculations
employing muffin-tin (10% overlap) self-consistent potential for five MoO,
clusters in Fig. 7.1.1(c). Calculations were performed for a regular MoOy
tetrahedron (Ryo—0=1.78 A), a regular MoOg octahedron (Ryio—0=1.98 A)
and distorted MoOg octahedra with molybdenum ion being displaced in the
direction of octahedron apex ({(100)) by 0.2 A, to the octahedron edge ({110))
by 0.28 A and to the octahedron face ({(111)) by 0.35 A.

Experimental Mo K-edge XANES spectra were treated with the linear
combination analysis method described in Section 3.1.2. A fraction of
a-CuMoQOy phase was evaluated at each temperature during heating from
10 K to 300 K and cooling from 300 K down to 100 K using a linear
combination of the lowest temperature (10 K) and highest temperature
(300 K) Mo K-edge XANES spectra. A variation of the pre-edge shoulder
was evaluated using Athena code [29] in the energy range from 19980 eV to
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20010 eV. The estimated fraction of the a-phase in the total XANES at
different temperatures is shown in Fig. 7.1.1(d).

The results show that the ~-to-« phase transition takes place in CuMoOy4
upon heating in the temperature range between ~230 and 280 K, whereas the
a-to-y phase transition occurs at a lower temperature between ~120 and 200 K.
The hysteresis loop of the phase transition is well observed. Both phases are
separated by a region where they coexist.

The two temperatures Ty /o7 and Ty /5 corresponding to about 50% of the
« and y phases in the sample upon heating and cooling, respectively, are equal
to Ty /o =~ 255 K and Ty /¢ =~ 143 K. The width of the hysteresis is defined
as ATy 5 = Ty g — Thj2c = 112 K. Note that the AT/, values estimated
from optical reflectivity (AT}, = 72 K), differential scanning calorimetry
(AT} /5 = 96 K) and magnetic susceptibility (AT}, = 80 K) measurements
reported in [10] are slightly smaller.
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Figure 7.1.2: FMS Mo K-edge XANES calculations for CuMo0O4: Comparison of the
experimental and calculated Mo K-edge XANES spectra of a-CuMoO4 and y-CuMoOy4 phases
(a). Contributions from three non-equivalent molybdenum atoms (Mo1, Mo2, Mo3) to the Mo
K-edge XANES for a-CuMoOy4 (b) and y-CuMoOy (c).

FMS Mo K-edge XANES calculations were also performed for structural
models corresponding to a- and v-CuMoO, phases and constructed based on
diffraction data from [1]. The total calculated Mo K-edge XANES spectra
and individual contributions from non-equivalent molybdenum atoms (Mol,
Mo2 and Mo3) are compared with the experimental spectra in Fig. 7.1.2. The
simulated XANES spectra are in a good agreement with experimental data.
One can see that in the a-phase, the three non-equivalent Mo atoms, located
in distorted tetrahedral local environment with the Mo—O distances ranged
between 1.70 and 1.86 A [1], give slightly different XANES spectra. In
~v-phase, the three contributions to XANES from Mo atoms, located in a
strongly distorted octahedral environment with the Mo—O bond lengths in the
range from 1.68 and 2.49 A [1], are close. However, some differences are
evident in the pre-edge region, originated from the influence of more distant
atoms located above 2.5 A.
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7.1. CuMoQ, at low temperatures

This study has shown that the XANES region is sensitive to changes in
the molybdenum local environment. The amplitude of the pre-edge peak
strongly correlates with the type and distortion of the molybdenum-oxygen
coordination polyhedra. Thus, the variation in the pre-peak can be employed
to trace the a-to-y phase transition. However, more detailed analysis of the
temperature dependence of the local environment in CuMoQOy4, which is
encoded in the EXAFS, is required to understand the relationship between the
local structure and thermochromic properties of the material.

7.1.2 EXAFS experimental data

The Cu and Mo K-edge EXAFS spectra of CuMoO,4 were measured as a
function of temperature upon heating from 10 to 300 K. Experimental
EXAFS x(k)k? spectra were extracted following the conventional
procedure [70] using Athena [29] package. The EXAFS spectra and their FTs
calculated in the k-space range of 2.5-14.5 A~! at selected temperatures are
shown in Fig. 7.1.3.
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Figure 7.1.3: Temperature-dependent experimental EXAFS data for crystalline CuMoOy4
at the Cu (a) and Mo (c) K-edge and their Fourier transforms (b,d) (only modulus is shown).
A weighted sum of the two Mo K-edge EXAFS spectra recorded at 225 and 275 K is shown by
open circles and it is compared with the experimental EXAFS spectrum measured at 250 K in
panels (c,d).

One can see that the Cu K-edge spectra are weakly affected during
temperature increase, however, at 250 K some changes occur, that can be
attributed to the transition from CuOg octahedra to CuOj; square-pyramids.
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Figure 7.1.4: Wavelet transforms of the Cu and Mo K-edges EXAFS at several
temperatures for CuMoQj.

At the same time, the Mo K-edge is drastically affected during the phase
transition because of the changes in molybdenum coordination from
octahedral to tetrahedral. The changes in the atomic structure of the material
occur in all coordination shells around Mo, leading to a variation of peaks in
FTs. Also corresponding WTs shown in Fig. 7.1.4 qualitatively depict
pronounced temperature-induced changes in the experimental data at the Mo
K-edge. Metal-oxygen contributions dominate at small k-values, while heavy
metal elements contribute at large k-values. Note that the analysis of distant
coordination shells is a challenging task due to their substantial overlap and
multiple-scattering contributions. Such research requires the use of advanced
techniques as, for example, RMC simulations [17].

All experimental Mo K-edge EXAFS spectra can be classified into three
series: (i) the spectra below 225 K correspond to pure v-CuMoQO, phase, (ii)
the spectra above 275 K correspond to pure a-CuMoQy4 phase, and (iii) the
spectrum at 250 K corresponds to the superposition of two coexisting phases.
In particular, the EXAFS spectrum at 250 K can be reproduced by the weighted
sum of two EXAFS spectra corresponding to y-phase at 225 K and «a-phase at
275 K with the weights of 60% and 40%, respectively (Fig. 7.1.3(c,d)). This
result is in agreement with the linear combination analysis (LCA) of the Mo
K-edge XANES spectra.

Recovery of structural information encoded in EXAFS data for such low-
symmetry materials as CuMoOQy is challenging. In the following sections we
present two approaches to extract this information based on a regularization-
like technique and the RMC/EA method.
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7.1. CuMoQ, at low temperatures

7.1.3 EXAFS analysis using regularization-based technique

EXAFS spectra in the case of strongly distorted environment can be analysed
using a regularization-like method, implemented in the EDARDF code [31].
This approach was employed to extract model-independent RDFs within the
first coordination shell around molybdenum atoms in CuMoQy, which can be
further used to follow the thermochromic v-to-« phase transition.

Here we limit our discussion to the first coordination shell of molybdenum
atoms because their local atomic structure experiences the most considerable
transformation upon thermochromic phase transition. The first coordination
shell contribution into FTs in Fig. 7.1.3 corresponds to the first peak between
~0.8 and ~2.2 A. The broad shape of the peak is due to the presence of three
inequivalent Mo atoms and a distortion of the molybdenum-oxygen polyhedra.
Due to the low symmetry of CuMoQy, the coordination shells overlap strongly
and, therefore, no unique peak assignment can be done in the FTs beyond the
first shell.

The first coordination shell EXAFS signals were isolated from the
high-frequency outer shell contributions in the total spectrum by the inverse
FTs in the R-space range of 0.5-2.5 A. The obtained Mo K-edge EXAFS
spectra of the first coordination shell are shown in Fig. 7.1.5(a). EXAFS
signals are damped due to static distortions and thermal disorder. Such
contribution does not contain high-frequency signals, which originate in
Fig. 7.1.3 from more distant coordination shells and MS effects. The same
extended R-range was used at all temperatures to reliably include
contributions of octahedral and tetrahedral environments of Mo atoms.

Theoretically, the EXAFS spectrum corresponding to the first
coordination shell can be calculated by Eq. 2.23. In our case, the integration
in BEq. 2.23 was performed over the range 0.8-2.8 A. Theoretical
backscattering amplitude and phase shift functions were calculated for
~v-CuMoOy crystallographic structure [1] using the FEFF8.5L code [37]. The
complex  energy-dependent  exchange-correlation  Hedin-Lundqvist
potential [159] was employed to account for inelastic effects. The obtained
EXAFS fits for selected temperatures, and the corresponding RDFs
gMo—o(R) in the range from 1.55 A to 2.6 A are shown in Fig. 7.1.5(a,b).

According to the diffraction data [1], there are 12 different Mo—O bonds
around three non-equivalent molybdenum atoms with tetrahedral coordination
in «-CuMoQy as shown in Table 5.2.2. Thus, the mean distance to the nearest
four oxygen atoms equals ~1.77 A with the standard deviation of 0.05 A. At
the same time, in y-phase the coordination of molybdenum atoms is octahedral,
and oxygen atoms are split into two groups of four nearest and two more distant
atoms [1]. There are again three non-equivalent molybdenum atoms with the
mean distance to the nearest four oxygen atoms ~1.82 A with the standard
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Figure 7.1.5: Results of EXAFS data analysis with the regularization-like method:
Comparison of the experimental (open circles) and calculated by the regularization-like method
[31] (solid lines) Mo K-edge EXAFS x(k)k? spectra for the first coordination shell of Mo atoms
in CuMoOy at selected temperatures (a). Obtained temperature-dependent RDFs gumo—o (R) in
CuMoOy4. The first peak due to the four nearest oxygen atoms is indicated (b). Temperature
dependence of MSRD factor o2 for the four shortest Mo—O interatomic distances in CuMoQ4

(©).

deviation of 0.11 A, being more than twice larger than that in the a-phase.
Thus, the local environment of molybdenum atoms is more distorted in the
~-phase.

The first RDF peak (Fig. 7.1.5(b)) located in the range of 1.55-2.0 A
corresponds to the group of four nearest oxygen atoms. They are strongly
bound to molybdenum atoms in both a- and v-CuMoQOy4 phases. The mean
Mo-O distance estimated from the RDF maximum position is equal to
1.76+0.02 A and remains the same in all temperature range in both phases.
Note that the RDF determined by EXAFS includes both thermal and static
disorder, and EXAFS is also more sensitive to shorter distances. As a result,
there is some small difference in Mo—O distances for the nearest oxygen
atoms observed by EXAFS and diffraction reported in [1].

The group of the nearest oxygen atoms is sensitive to structural distortions
as reflected by the peak broadening. Therefore, the analysis of the first peak
in RDFs g(R) can be used to follow the phase transition continuously. This
group of four oxygen atoms is also well separated from other contributions and

72



7.1. CuMoQ, at low temperatures

can be analysed and discussed separately. The two distant oxygen atoms of
MoOg octahedra in v-CuMoOy (17'<250 K) are also detectable in Fig. 7.1.5(b)
at 2.0-2.6 A. Note that the RDFs gyo_o(R) in a-CuMoOy phase (7>250 K)
contain several spurious peaks at distances R>2.1 A, which come from some
unfiltered MS contributions generated within MoO, tetrahedra [160].

One can use an analytical model to parametrize the obtained RDFs and
obtain a set of quantitative structural parameters (N, R, o), which can be
discussed more easily. When Gaussian model is applied, the amplitude of the
RDF peak is given by N/v2wo2, where N is the coordination number, and
o? is the MSRD factor describing both static and thermal disorder. In our
case, the RDF reported in Fig. 7.1.5(b) corresponds to the group of four
nearest oxygen atoms, so that N=4 and R=1.76 A for all temperatures.
Therefore, the MSRD o2 can be extracted and used as the only free
parameter. The variation of the obtained MSRD factor with temperature is
shown in Fig. 7.1.5(c).

Note that the MSRD factor should increase upon heating due to larger
amplitude of thermal vibrations. However, in our case, significant decrease in
the MSRD factor values from ~0.010 to ~0.005 A? is observed above ~225
K, indicating on the phase transition and changes in the local environment of
molybdenum atoms, i.e., transformation from strongly distorted octahedral
environment in y-CuMoQOy4 to less distorted tetrahedral in a-CuMoQj.
Furthermore, the variation of the MSRD in the «y-phase below 225 K is
negligible being within the error bars due to the dominant role of static
distortions.

For comparison, calcium molybdate (CaMoO,) with the scheelite
structure-type has molybdenum atoms with tetrahedral coordination and the
average bond length (Ryo_0=1.775 A [161]) close to that in a-CuMoO;.
The MSRD values for this compound obtained from lattice dynamics
calculations are o3y, _=0.00042 A% and 0.00128 A% at 10 K and 300 K,
respectively [162]. Comparison of these small MSRD values with those
reported in Fig. 7.1.5(c) for short Mo—O bonds support our conclusion on the
dominant role of the static disorder in both CuMoO, phases.

To sum up, the analysis of the Mo K-edge EXAFS spectra using the
regularization-like method resulted in a good agreement with the
experimental data and allowed us to obtain temperature-dependent RDFs
9gMo—0(R) of molybdenum atoms. Analysis of the first coordination shell was
sufficient to follow the thermochromic phase transition since the change of
the local coordination of molybdenum atoms is responsible for optical
properties. The influence of temperature on the local environment around
molybdenum atoms in both v and « phases is rather weak, and the disorder is
dominated by static distortions. The temperature dependence of the RDFs
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gmo—o(R) and obtained MSRD factor 03, , values suggest that the y-to-«
phase transition occurs gradually within a temperature range of 225-275 K, in
agreement with the results of previous studies [2, 10, 14] and linear
combination analysis of the Mo K-edge XANES spectra reported above.

7.1.4 EXAFS analysis based on the RMC/EA approach

The analysis of the EXAFS spectra of CuMoO4 can be performed using
advanced reverse Monte Carlo (RMC) calculations based on the evolutionary
algorithm (EA), as implemented in the EvAX code [17]. The strong
advantage of this method is its ability to determine a single structural model
by simultaneous analysis of more than one absorption edge, i.e. Cu and Mo in
the case of CuMoO, within MS approach.

Calculation details

Initial structure models of CuMoQ, corresponding to the v and -y phases were
constructed based on the diffraction data reported in [1]. The RMC/EA
calculations were performed for the Cu and Mo K-edges simultaneously
using periodic boundary conditions for 4aqx4bgx4cy (ag, by and ¢y are the
lattice parameters) large supercell, containing 2304 atoms. At each RMC
iteration, all atoms in the supercell were randomly displaced with the
maximum allowed displacement of 0.4 A. The RMC/EA calculations were
performed for 32 atomic configurations simultaneously. The
configuration-averaged EXAFS signals at the Cu and Mo K-edges were
calculated using the ab initio self-consistent real space multiple-scattering
FEFF8.5L code [25,37]. MS contributions were accounted up to the 5"
order. The complex energy-dependent exchange-correlation Hedin-Lundqvist
potential [159] was employed to account for inelastic effects. The amplitude
scaling parameter S3=1 was used in all simulations. The comparison between
the experimental and calculated EXAFS spectra was performed using the
Morlet WTs in the k-space range from 2.5 to 14.5 A~ for both edges and in
the R-space range from 0.7 to 4.5 A for the Cu K-edge and from 0.5 to 4.5 A
for the Mo K-edge. The fit was evaluated based on the difference between the
WTs of experimental and simulated EXAFS spectra as £ = ({cu + Enmo) /2.
The convergence of RMC simulations was achieved after several thousands
of iterations. Multiple calculations with different pseudo-random number
sequences were performed.

Note that the RMC/EA method allows us to perform an accurate analysis
of thermal disorder contribution but does not allow us to follow the variation
of the unit cell upon a phase transition: the unit cell size and shape should be
fixed in our realisation of the RMC. Most often it is set according to diffraction
data. Thus, the RMC method is challenging when two different phases coexist.
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7.1. CuMoQ, at low temperatures

In the case of CuMo0QOy, the RMC/EA calculations of the experimental data
close to the ~y-to-« phase transition temperature were performed starting from
the structure models for both phases. The final atomic configurations in RMC
calculations were used to calculate the partial RDFs g(R) for further analysis.

Results of RMC/EA calculations

The obtained RMC/EA fits for CuMoOQy at selected temperatures are shown in
Fig. 7.1.6. One can see that the experimental EXAFS spectra of CuMoQO, at
200 K and 300 K are well described by the structure models of v and « phases,
respectively. At the same time, the structure models of both o and ~ phases
give reasonable agreement with the experimental data at 7=250 K, indicating
the coexistence of the two phases in close ratio. This conclusion agrees with the
LCA results suggesting the presence of the 60% and 40% of y- and a-CuMoO4
phases, respectively [162]. However, y-phase gives slightly smaller residual €.
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Figure 7.1.6: Results of RMC/EA calculations for the Cu and Mo K-edges in CuMoO4
at selected temperatures: the experimental and calculated EXAFS spectra x(k)k? using a-

and y-CuMoOy initial structure models (a,c) and the corresponding Fourier transforms (only
modulus is shown) (b,d).

Temperature-dependent  partial RDFs ¢(R) around copper and
molybdenum atoms were calculated from the atom coordinates of the
RMC/EA models. Distributions corresponding to the first coordination shell
at 10 K and 300 K are compared in Fig. 7.1.7. Note that one can distinguish
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three non-equivalent crystallographic sites of Cu and Mo atoms with the
different local environment. The MSRD values calculated by Eq. 3.16 for the
first coordination shell around all metal atoms are shown in Figs. 7.1.8 and
7.1.9.
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Figure 7.1.7: Radial distribution functions for three non-equivalent Cu—-O, Mo-O atom
pairs in CuMoOy calculated from the atomic coordinates of the RMC/EA models. Dashed
vertical lines show interatomic distances according to diffraction data [1].

All non-equivalent Cu—O distributions are similar at the first RDF peak;
however, differences appear for more distant atoms.  The effect of
temperature is evident as a change in peak widths and shape. The average
MSRD factor for the closest four oxygen atoms at 300 K (~0.006 A?) is
approximately twice larger than that at 10 K (~0.003 A?). The MSRD factors
for longer Cu—O bonds, linking copper atoms with axially located oxygen
atoms, are generally larger than those for the short Cu—O bonds. However,
due to the limited sensitivity of EXAFS to distant oxygen atoms, whose
contribution to the total EXAFS spectrum is weak, obtained MSRD factor
values have big error bars and cannot be analysed in details.

The RDFs of Mo—O atom pairs at 10 and 300 K differ significantly already
for the closest four oxygen atoms. The tetrahedral coordination in «-phase
(300 K) is more ordered than the octahedral one in y-phase (10 K). The MoOg
octahedra are strongly distorted with a distribution of Mo—O distances from
~1.5 A to ~2.8 A. The four nearest oxygen atoms are responsible for a sharp
peak in the RDFs at ~1.8 A. Corresponding averaged MSRD factor values
‘71%/1070 are ~0.010 A2 and ~0.004 A? at 10 and 300 K, respectively. As shown
in Fig. 7.1.9, these results agree with those obtained by the regularization-like
method reported before [163].
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Figure 7.1.8: MSRD factors as function of temperature for metal-oxygen atom pairs within
the first coordination shell. Average MSRD factors for atom pairs corresponding to copper and
nearest four oxygen atoms together with MSRDs for non-equivalent copper and more distant
oxygens (O5 and O6) are shown. MSRDs for non-equivalent molybdenum and nearest 6 oxygen
atoms are plotted separately. Since at 250 K, v and « phases coexist, both structure models were
tested. Data points with cross correspond to results for a-phase structural model.
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code [31]) and RMC/EA calculations (b).

The important advantage of RMC calculations is the possibility to analyse
contributions to the experimental data beyond the first coordination shell.
However, in the case of CuMo0Qy the separation of metal-metal contributions
is very challenging due to six non-equivalent metal atoms present in the unit
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Figure 7.1.10: Radial distribution functions for three non-equivalent metal-metal atom
pairs in CuMoOy calculated from the atomic coordinates of the RMC/EA models. Dashed
vertical lines show interatomic distances according to the diffraction data [1].

cell. The RDFs shown in Fig. 7.1.10 contain complex and hardly comparable
distribution functions. In v-phase, the first metal-metal coordination shell is
located at shorter distances than in a-phase. It is in agreement with the
volume reduction predicted by XRD measurements [1]. Cu—Cu distributions
at 10 K show a shift to larger distances in comparison with equilibrium
positions known from XRD. The Mo-Mo RDFs at 300 K reveal peak
splitting at distances between ~2.5-4.0 A.

To sum up, RMC/EA method allowed us to reconstruct a
temperature-dependent three-dimensional structure model of CuMoOy4
consistent with the experimental data at the Cu and Mo K-edges
simultaneously. MSRD values for Mo—O atom pair obtained in RMC/EA
calculations coincide with those obtained from the regularization method.
Simulations of the EXAFS spectrum at 250 K were performed using both «
and ~-phase initial structure models.  structure gave slightly better
agreement with the experimental EXAFS data.

7.1.5 Conclusions

Analysis of XAS data in the low-temperature range (10-300 K) provides
valuable information on the evolution of the local structure around copper and
molybdenum atoms in CuMoO, during the structural phase transition
between « and ~y phases.
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7.1. CuMoQ, at low temperatures

The Mo K-edge XANES analysis, in particular, a variation in the
pre-edge peak at ~20 000 eV, allowed us to reconstruct the hysteresis of the
«-to-y phase transition in CuMoQO,4. Based on these data, the change from
~-to-a phase occurs in the temperature range of 230-280 K upon heating,
whereas the a-to-v transition occurs between 120 and 200 K upon cooling.
The transition occurs gradually with the temperature range where the two
phases coexist. During heating, molybdenum coordination by oxygen atoms
changes from strongly distorted octahedral to less distorted tetrahedral. At
250 K, the sample consisted of ~60% ~-phase and ~40% «-phase. The
influence of thermal effects is weak.

The analysis of the Mo K-edge EXAFS spectra using the
regularization-like method allowed us to obtain temperature-dependent RDFs
9gMo—0(R) and confirmed that the y-to-a phase transition occurs gradually
within a temperature range of 225-275 K. The influence of thermal effects on
the local environment around molybdenum atoms in both + and « phases is
relatively weak, and the disorder is dominated by static distortions.

Further EXAFS data analysis by the RMC/EA method allowed us to
reconstruct a three-dimensional structural model of CuMoOQy, consistent with
the experimental data simultaneously at the Cu and Mo K-edges. MSRD
values for the Mo—O atom pairs determined from RMC/EA calculations are
very close to those obtained from the regularization method. At 250 K,
~-phase structure model gives slightly better agreement with the experimental
EXAFS data supporting y-phase predominance over a-phase.
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7.2 CuMoOy at high temperatures>

In this section, the relationship between the structure and thermochromic
properties of CuMoQ, observed at high temperatures (the colour change from
greenish to brownish as shown in Fig. 7.2.1) is discussed. Note that no
structural phase transition occurs in CuMoOy at high temperatures (> 300 K),
and it always remains in the a-phase.

XAS at the Cu and Mo K-edges was used to investigate the effect of
heating on the local atomic structure and lattice dynamics in a-CuMoQy, in
the temperature range from 296 to 973 K. RMC/EA method was employed to
get temperature-dependent 3D structural models of the material consistent
with experimental EXAFS data. Obtained atomic coordinates were further
used to follow the temperature-induced evolution of the local environment of
Cu and Mo atoms. Moreover, the same models were able to interpret strong
temperature-dependent variation of the Cu K-edge X ANES spectra.

156°C 250°C

H_

366°C 420°C

Figure 7.2.1: Temperature-induced colour change of CuMoQO4 powder sample.

7.2.1 XAS experimental data

Temperature-dependent normalized experimental XANES spectra at the Cu
and Mo K-edges in a-CuMoO, are shown in Fig. 7.2.2. The most
pronounced temperature effect can be seen for the Cu K-edge. As described
in Section 3.6.8, most often XANES region is weakly affected by atomic
thermal motion, however, in particular cases, XANES is sensitive to thermal
disorder [94-98]. Theoretical XANES calculations were performed to
interpret exceptional experimental data, and their results are discussed below.

The Cu and Mo K-edge EXAFS spectra, extracted following the
conventional procedure [70] are shown in Fig. 7.2.3 together with their FTs

2The material, presented in this section, has been published as: I. Jonane, A. Anspoks,
G. Aquilanti, A. Kuzmin, High-temperature X-ray absorption spectroscopy study of
thermochromic copper molybdate, Acta Mater. 179 (2019) 26-35.

80



7.2. CuMo0Q, at high temperatures

calculated for k-space range of 2.5-14.5 A=, All spectra are dominated by
the first coordination shell contributions. However, structural peaks up to
~4 A are well observed in FTs. Furthermore, clear effect of temperature
induced disorder is visible in the experimental data and is more pronounced in
the case of the Cu K-edge.
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Figure 7.2.2: Temperature-dependent experimental Cu and Mo K-edge XANES of a-
CuMoOy.
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Figure 7.2.3: The experimental Cu and Mo K-edge EXAFS x(k)k? spectra and their
Fourier transforms for a-CuMoOy as a function of temperature.
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Chapter 7. XAS study of CuMoO;4

7.2.2 RMC/EA calculations

RMC/EA calculations were performed using the EvAX code [17] as
described in Section 7.1.4. Initial structural models for the simulations were
constructed based on the diffraction data for a-CuMoO, [1] taking into
account temperature-induced lattice expansion. Random atomic
displacements introduced during the RMC simulations allow one to mimic
temperature induced distortions encoded in the XAS experiment.

Good agreement between experimental and calculated EXAFS data was
obtained after several thousands of iterations, and the results are presented in
Fig. 7.2.4 for selected temperatures. The RMC/EA calculations were repeated
several times with different pseudo-random number sequences [17] to improve
statistics and to estimate uncertainties of the results. The final structural models
were used to determine the RDFs g(R) for the first coordination shell of copper
and molybdenum atoms, and to estimate MSRD factor values ¢ for Cu—O and
Mo-0 atom pairs. Temperature dependences of the MSRDs were described by
the correlated Einstein model (Eq. 3.5) [50].
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Figure 7.2.4: The results of RMC/EA-EXAFS calculations for a-CuMoOy4 at selected
temperatures: The Cu and Mo K-edges EXAFS spectra x(k)k* (a,b) and their Fourier
transforms (only modulus is shown) (c,d). The Morlet wavelet transforms (WTs) of the
experimental and calculated EXAFS spectra at " = 296 K are also shown (e,f).

The 3D structural models obtained in RMC/EA calculations were validated
against diffraction data. Namely, the coordinates of all atoms in the supercell
were projected into a single unit cell, and the average position for each non-
equivalent atom was calculated. Average positions of atoms correspond to their
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7.2. CuMo0Q, at high temperatures

Wyckoft positions in the unit cell, so that they can be used to calculate the
diffraction pattern, which can be further compared with the experimental one.
An example of such procedure is shown in Fig. 7.2.5 for a-CuMoO, at 973 K.
As one can see, our RMC/EA calculations reproduce rather well the average
positions of atoms and, thus, also the diffraction pattern.
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Figure 7.2.5: Comparison of the structural model obtained in RMC/EA simulations with
XRD data: (a) Example of comparison of diffraction patterns for a-CuMoOy4 at 973 K: black
curve — experimental data from [1], green curve — calculation from the average positions of
the atoms in the unit cell obtained from the RMC/EA-EXAFS simulation, blue curve — the
difference between two patterns. (b) An illustrative comparison of the atomic positions (small
blue circles) of six non-equivalent atoms (Cul, Cu2, Cu3, O1, O6 and O9) in the unit cell
obtained in the RMC/EA-EXAFS simulations at 973 K with their Wyckoff positions (red circles)
from the diffraction data [1] and evaluated from the RMC/EA simulations (green circles).

7.2.3 XANES calculations

XANES calculations were performed by the ab initio full-multiple-scattering
FDMNES code [18, 19] employing muffin-tin self-consistent potential (10%
overlap). The dipole and quadrupole allowed transitions were taken into
account. Around each absorbing copper atom the cluster with the radius of
4.0 A was constructed to account for all atoms producing significant
contributions into the FTs in Fig. 7.2.3. Calculated XANES spectra were
broadened by the Cu K-edge core level width ' = 1.55 eV.

The theoretically calculated Cu K-edge XANES spectra for three
non-equivalent copper atoms (Cul, Cu2, Cu3) in the crystallographic
structure known from diffraction [1] at 296 K, are shown in Fig. 7.2.7(a).
XANES calculation for the Cu2 atom with removed two axial oxygen atoms
(Cu2%*), was also performed to test the influence of oxygen vacancies on the
XANES spectrum shape.
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Chapter 7. XAS study of CuMoO;4

Next, XANES calculations for the structural models obtained by the
RMC/EA-EXAFS simulations, which include temperature-induced disorder
effects, were performed. In this case, the Cu K-edge XANES spectra were
calculated for 48 copper atoms located in the central 2a x 2b x 2¢ part of the
supercell. Three or four independent RMC/EA simulations were performed
for each temperature point. All calculated XANES spectra for selected
temperatures are shown in Fig. 7.2.6. Corresponding averaged XANES
spectra are plotted in Fig. 7.2.7(c). Note that some atomic configurations
result in the XANES spectra deviating rather strongly from the average one;
however, their percentage is small.

For comparison, the Cu K-edge XANES spectra were calculated for three
selected temperatures using the experimental values of the
temperature-dependent lattice parameters from the diffraction data [1]. They
are shown in Fig. 7.2.7(d).
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Figure 7.2.6: The calculated Cu K-edge XANES spectra for structural models obtained
in the RMC/EA-EXAFS simulations for selected temperatures: Gray lines correspond
to XANES spectra of individual copper atoms in the supercell, coloured lines show the
configuration-averaged XANES spectra.
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Figure 7.2.7: The Cu K-edge XANES spectra of a-CuMoOy: The XANES spectra calculated
for non-equvalent Cul, Cu2 and Cu3 atoms in the average structure at 296 K known from
diffraction measurements [1]. The XANES spectrum for Cu2* corresponds to the case of
the Cu2 atom without two axial oxygen atoms (a). The experimental XANES at selected
temperatures (b). The averaged XANES spectra calculated for the RMC/EA structure models
at selected temperatures (c). The averaged XANES spectra calculated for the XRD structure
models at selected temperatures taking into account lattice expansion [1] (d). Illustration of
correlation reduction in atomic motion between copper and axial oxygen atoms (e).

7.2.4 Results and discussion

EXAFS analysis

The first peak in FT of the Cu K-edge EXAFS spectrum at ~1.5 A and of the
Mo K-edge EXAFS spectrum at ~1.3 A corresponds to the single-scattering
contribution from nearest oxygen atoms forming the first coordination shell
around metal ions. Further peaks are due to contributions from more distant
atoms and MS effects. The total MS signals were calculated at both edges
at T' = 296 K, and their FTs are shown in Fig. 7.2.4. One can see that MS
contributions are important above ~2.2 A and should be taken into account to
reproduce the experimental signals accurately. Note also that the presence of
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Chapter 7. XAS study of CuMoO;4

MS contributions add angular sensitivity into EXAFS and, thus, is important
for 3D structure reconstruction in RMC/EA calculations.

The final atomic coordinates obtained in RMC/EA simulations were used
to estimate partial RDFs gcy—o(R) and gmo—o(R) for all non-equivalent
metal atoms (Fig. 7.2.8). The first peak in the Cu—O RDFs located at ~1.95 A
corresponds to the nearest 4 oxygen atoms. The second peak at ~2.3-2.7 A is
due to more distant axially placed oxygen atoms of the first coordination shell
— two oxygen atoms in Cul and Cu2 octahedra or one oxygen in Cu3
square-pyramids (Table 5.2.2). The Cu2 atoms have the most distorted local
environment because of the sixth weakly bound oxygen atom located at
~2.63 A. Cu-O distributions become broader during heating due to an
increase in the atomic vibrational amplitudes.
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Figure 7.2.8: Radial distribution functions and MSRD factors for the first coordination
shell in a-CuMoOQ4 reconstructed by the RMC/EA method: Temperature-dependent RDFs
g(R) for three non-equivalent Cu—O and Mo-O atom pairs (left panels). Temperature
dependence of the MSRD factors ¢ for non-equivalent Cu—O and Mo—O atom pairs in o-
CuMoOQy,. Best fitted correlated Einstein models are shown by solid lines (right panels).

The local environment around Mo atoms is less affected by temperature
due to relatively strong interatomic bonding within MoOy tetrahedra. All
three non-equivalent molybdenum atoms have similar distributions of nearest
4 oxygen atoms with the average Mo—O distance ~ 1.78 A (Fig. 7.2.8).
However, some asymmetry of the Mo—O peak shape becomes visible above
~ 800 K due to anharmonic effects. Additionally, there are two groups of one
and two oxygen atoms around Mol and Mo3 atoms, respectively, located at
the distance ~ 2.8 A. These atoms are not directly bound to the Mo atoms.

86



7.2. CuMo0Q, at high temperatures

The MSRD factors o2 for the groups of the four shortest Cu-O and Mo—O
bonds as a function of temperature are shown in Fig. 7.2.8. The MSRDs of
the Cu—O atom pairs are rather close for all three non-equivalent copper atoms
and are larger than those for stronger Mo—O bonds. The Cu—O MSRD factor
for the four shortest Cu—O bonds increases from 0.006 & 0.002 A2 to 0.022 +
0.006 A2 when heated from 296 to 973 K. At the same time, the Mo—O MSRD
factor increases from 0.004 4 0.001 A2 to only 0.007 £ 0.002 A2. The small
response to the temperature increase allows one to consider MoO, tetrahedra
as rigid units. Temperature dependences of MSRD factors were fitted with the
correlated Einstein models and obtained parameters (Einstein frequency (wg),
Einstein temperature (© ) and effective force constant (k)) are summarized
in Table 7.2.1. One can see that all Einstein model parameters for the Cu—O
bonds are significantly smaller than those for the Mo—O bonds.

Temperature dependence of the MSRD factors for longer Cu—O bonds,
linking copper atoms with axially located oxygen atoms, is also shown in
Fig. 7.2.8. These MSRD values are generally larger than those for the short
Cu—O bonds, especially at low temperatures. Larger error bars indicate on the
limited sensitivity of EXAFS to more distant oxygen atoms, whose
contribution to the total EXAFS spectrum is weak.

Table 7.2.1: Average values of the Einstein frequency wg, the Einstein temperature © g and
the effective force constant « calculated from the temperature dependences of the MSRD
factors o*(T') shown in Fig. 7.2.8 for the four nearest Cu—O and Mo—O atom pairs in a-
CuMoOys.

Atom pair  Einstein frequency  Einstein temperature  Effective force constant

wg [THZ] 0x [K] % [N/m]
Cul-O 54+5 411 + 38 62+ 12
Cu2-0 56 46 428 + 46 67 & 14
Cu3-0 5846 447 + 46 73415
Mo-O 122 £ 20 932 + 153 341 £ 112

XANES analysis

The experimental Cu and Mo K-edge XANES spectra of a-CuMoQO, are
shown in Fig. 7.2.2. As it was demonstrated before, the pre-edge peak
intensity at the Mo K-edge strongly correlates with molybdenum-oxygen
coordination polyhedra type in CuMoOy4. Weak temperature dependence of
the experimental Mo K-edge XANES indicates that molybdenum atoms
remain in the tetrahedral coordination at all studied temperatures, in
agreement with the diffraction data [1]. The decrease of the XANES
oscillation frequency observable above the edge is related to the thermal
expansion of the lattice.
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Chapter 7. XAS study of CuMoO;4

The pre-edge peak at the Cu K-edge located at ~ 8978 eV is very weak.
Its origin is due to the 1s(Cu)—3d(Cu)+2p(O) transition [164, 165], which is
weaker in six-fold or five-fold coordination than in the tetrahedral one. Note
that the small intensity of the pre-edge peak is mainly due to the limited
number of unoccupied (Cu?*(3d?)) states. Note that the Cu K-edge pre-edge
peak becomes even less pronounced at higher temperatures (see the inset in
Fig. 7.2.2). Upon the temperature increase from 296 K to 973 K, the Cu
K-edge XANES spectra show a rather strong response (Fig. 7.2.2). In
particular, the shoulder appears at ~ 8985 eV, the main peak at ~ 8997 eV
becomes smaller, and some increase of the absorption occurs at ~ 9025 eV.
Such strong changes in the Cu K-edge XANES cannot be related simply to
the lattice expansion.

Theoretical XANES calculations performed for the equilibrium static
structures at different temperatures [1] taking into account the thermal
expansion of the lattice give close XANES spectra (Fig. 7.2.7(d)). The only
difference is in the oscillation frequency above the absorption edge due to the
expected increase of interatomic distances. Thus, equilibrium static structure
models are not able to reproduce temperature induced variation in the
XANES data observed in the experiment and thermal disorder should be
explicitly included in the structural model.

Atoms in the structural models obtained from EXAFS spectra using the
RMC/EA calculations are displaced from their equilibrium positions to
reproduce thermal disorder and include correlation effects in atomic motion.
Therefore, these atomic coordinates were used to interpret XANES
temperature dependence.

The simulated Cu K-edge XANES spectra corresponding to RMC/EA
structural models are shown in Fig. 7.2.6. One can see that some
configurations produce quite different XANES spectra, but the
configuration-averaged XANES are close to the experimental data
(Fig. 7.2.7(b)). With these structure models it is possible to reproduce the
experimentally observed temperature dependence, including the behaviour of
the main peak at ~ 8997 eV and the fine structure at ~ 9025 eV. However,
the origin of the shoulder increase at ~ 8985 eV still remains puzzling.

Additional structural models with copper atoms in a square-like
coordination were constructed imitating the loss of two axial oxygen (OS5, 06)
atoms. Theoretical calculations show that when the copper coordination
changes from octahedral to square-like the intensity of the shoulder increases
(see Cu2* spectrum in Fig. 7.2.7(a)) similar to the experimental data
(Fig. 7.2.7(b)). Taking into account the fact, that these oxygen atoms (OS5, O6)
are always present in the structure, this effect should be of dynamic origin.

The two axial oxygen atoms have weak bonds with copper atoms.
Simultaneously, they are strongly bound to molybdenum atoms forming rigid
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7.2. CuMo0Q, at high temperatures

MoOy tetrahedra (Fig. 7.2.7(e)). At high temperatures, the increase in the
librational motion of MoO, tetrahedra might weaken the interaction between
copper and axial oxygen atoms. As a result of uncorrelated relative
vibrational motion the contribution from distant oxygens to the Cu K-edge
XANES of CuMoOy4 reduces.

Since the contribution of axial oxygen atoms to the total Cu K-edge XAS
spectra is weak, also our RMC/EA simulations are not able to provide a
structural model that reproduces accurately the temperature dependence of the
Cu K-edge shoulder at ~ 8985 eV.

Thermochromic properties at high temperatures

As itisreported in the literature (see Section 5.1), the thermochromic behaviour
of a-CuMoO, above room temperature is governed by an interplay between
two optical absorption bands, located in the red and blue spectral ranges [13].
The change in colour from green to brown upon heating is caused by the red
shift of the band gap, being responsible for the absorption in the blue spectral
range. While the red band below ~1.9 eV is related to the copper 3d”—4p
or d-d transitions [10, 13, 120, 130]. The origin of the band gap (~2.5 eV) is
still not fully understood and was attributed to O~ —Mo®%+ [10], 0~ —Cu?*
[120,130] or Cu?>t —MoC%* charge transfer processes [131].

For comparison, the optical bad gaps of other molybdates where
molybdenum atoms are with tetrahedral coordination are equal to 4.3 eV for
a-ZnMoOQy [166], 5.1 eV for CaMoQOy and 5.3 eV for StMoOy [167]. They
are related to the electronic transitions in MoOi_ groups from the top of the
valence band (O 2p states) to the conduction band in which Mo 4d states
dominate [168]. Note that the band gap of 3.17 eV was determined for
B-ZnMoO,4 phase where molybdenum atoms are in octahedral
coordination [169]. Thus, the blue band in a-CuMoQy located at even lower
energy (about 2.5 eV) most probably is not related to O>~—Mo%t charge
transfer transition.

Results of RMC/EA simulations (Fig. 7.2.8) show that MoQy tetrahedra
in a-CuMoQy are present as rigid units with strong Mo—O bonds and weak
temperature dependence. In contrast, there is a strong variation in RDFs
around Cu atoms. Since axial oxygen atoms around Cu simultaneously
belong to Mo, at high temperatures the librational movement of rigid MoOy4
tetrahedra weakens the interaction between copper and axial oxygen atoms,
which results in an increase of the shoulder at ~8985 eV at the Cu K-edge
XANES (Fig. 7.2.2). Therefore, one can propose that this dynamic effect,
complemented by the lattice expansion, is responsible for the blue band shift
and the band gap narrowing of a-CuMoOy4 and as a result the colour change
from green to brown upon temperature increase.
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7.2.5 Conclusions

The local structure and dynamics were studied in thermochromic a-CuMoOy
using XAS in the temperature range from 296 K to 973 K. It was found that the
local environment of copper atoms is more affected during heating than that
of molybdenum atoms. It was shown that thermal disorder affects strongly not
only the Cu K-edge EXAFS, but also XANES region.

The RMC/EA simulations allowed us to perform accurate and
simultaneous analysis of the Cu and Mo K-edge EXAFS spectra of
polycrystalline -CuMoO4. The obtained 3D structure models include
thermal disorder effect. At the same time, they are able to reproduce the
Wyckoff positions of atoms in agreement with known diffraction data [1].
The partial RDFs gcy—o(R) and gmo—o(R) were obtained for all
non-equivalent atoms in the unit cell and showed the temperature-dependent
distortions of metal-oxygen coordination polyhedra.

The temperature dependences of the MSRD factors ¢ for Cu—O and Mo—
O atom pairs within the first coordination shell and calculated values of the
Einstein frequency wp, the Einstein temperature O and the effective force
constant « support the rigidity of the MoOy tetrahedra.

The structural models obtained by RMC/EA simulations were used to
calculate the configuration-averaged Cu K-edge XANES using the ab initio
full-multiple-scattering theory.  The calculated XANES spectra are in
agreement with the experimental data and qualitatively reproduce the
temperature-dependent behaviour. More detailed analysis allowed us also to
interpret the variation in the Cu K-edge shoulder at ~ 8985 eV which is
related to the axial oxygen atoms. Namely, while the MoO, tetrahedra behave
mostly as the rigid units, a reduction of correlation in atomic motion between
copper and the axial oxygen atoms occurs upon temperature increase. This
dynamic effect is the main cause for the temperature-induced changes in the
0%~ — Cu?t charge transfer processes and, thus, is the origin of the
thermochromic properties of a-CuMoO, upon heating.
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XAS study of CuMo;_,.W,0,

8.1 Introduction'

Several studies have revealed that the functional properties of CuMoQy4 are
strongly affected by doping with tungsten ions when forming CuMo;_,W,0Oy4
solid solutions [2, 3, 10, 11, 15]. It is believed that tungsten atoms substitute
molybdenum; however, it is not known exactly how this affects the local
structure of the material. The important question is whether tungsten creates
its own local environment or it adapts to that of molybdenum atoms.

As it was shown in Chapter 6, all samples within CuMo; _, W, O, series can
be classified into two sets: greenish (0<x<0.15) and brownish (0.20<x<1.0)
samples. At ambient conditions, CuMo;_, W, O, solid solutions exist in one of
the three crystal structures with triclinic P1 symmetry, which is isostructural to
the high-pressure phases of CuMoOy («, 7, III) [1]. Samples with 0.075<x<0.1
can exist in both « and ~ allotropic forms at room temperature [147]. The
transition to the wolframite-type phase (CuMoOy-III) occurs above x~0.15
together with a colour change from greenish to brownish.

This chapter discusses the effect of tungsten concentration on the
structure and properties of CuMo;_,W,0,4. Special attention is paid to the
CuMog.90Wg.1004 compound, since it seems to be the most attractive solid
solution among the series for potential practical applications due to the vy-to-«
phase transition in the temperature range between 0 and 100°C [4, 10]. The
local structure relaxation in the wolframite-type phase of CuMo;_,W Oy
(x>0.15) with the octahedral coordination of metal ions is also discussed in
details.  Although this phase do not exhibit pronounced thermochromic
behaviour, it has properties that are promising for possible use as photoanodes
in water-splitting photoelectrochemical cells 1,6, 8, 10].

The chromic properties of CuMo;_, W Oy solid solutions are determined
by the interband transitions due to the oxygen-to-metal charge transfer across
the band gap and the intraband d-d transitions of Cu?* ions [10, 11, 13, 120].
The intraband transitions contribute to the absorption in the red spectral range

"The results related to CuMog.00Wo.1004, presented in this chapter, have been published
as 1. Jonane, A. Cintins, A. Kalinko, R. Chernikov, A. Kuzmin, Low temperature X-ray
absorption spectroscopy study of CuMoO4 and CuMoy.90Wo.1004 using reverse Monte-
Carlo method, Rad. Phys. Chem. 175 (2020) 108411.
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below 1.8 eV [10, 120, 130], whereas the interband one depends on the
composition. The band gap is ~2.3 eV in pure CuWO, with distorted
octahedral coordination of tungsten atoms [149, 150] but decreases to
~2.0 eV in CuMogg5W0.3504 [6, 8]. The band gap reaches its minimum
before the phase transition to the a-phase. When the transition occurs, the
band gap starts to increase from ~2.2 eV in CuMog.ggWg.1204 [11] to above
~2.5 eV in a-CuMoO4 with tetrahedral coordination of molybdenum
atoms [10, 13, 120, 130]. Thus, the electronic structure and related properties
of CuMo;_, W,y solid solutions depend on the local environment of metal
atoms, which can be successfully probed by XAS. However, the EXAFS data
analysis is challenging due to a low symmetry of the compound structure and
large number of scattering paths [23]. To address this issue, the RMC/EA
method at several metal absorption edges simultaneously is employed to
reconstruct a structure model consistent with the experimental data of a
particular CuMo;_, W Oy solid solution and to evaluate the role of tungsten.

8.2 XAS experimental data

Multi-edge XAS experiments for CuMo;_, W04 (0<x<1.0) samples were
performed at room temperature at the XAFS bending-magnet beamline at the
ELETTRA synchrotron as described in Section 6.4. The X-ray absorption
spectra were collected at the Cu and Mo K-edges and W Ls-edge. Normalized
XANES spectra together with the EXAFS and their FTs calculated in the
k-space range of 2.5-14.5 A~! by employing Athena program [29] are shown
in Fig. 8.2.1. First, compositional dependences of the experimental XANES
and EXAFS spectra, as well as their FTs are described, while the structural
changes obtained by the RMC/EA simulations will be discussed next.

All experimental EXAFS spectra can be classified into four series: (i) the
spectra for x=0.04 and 0.06 are very close to pure a-CuMoQy phase, (ii) the
samples with 0.10<x<0.15 slightly differ from the first group suggesting the
presence of an additional contribution from y-CuMoQOy4 phase [147], (iii) the
brownish samples with 0.20<x<0.50 show gradual change towards the spectra
characteristic of the CuWO, phase, and (iv) the spectra for x=0.75 are very
close to that of pure CuWWO, phase.

The Cu K-edge XANES spectra of CuMo;_,W,0,4 solid solutions
demonstrate relatively weak sensitivity to tungsten content (Fig. 8.2.1(a)). At
the same time, the Cu K-edge EXAFS spectra (Fig. 8.2.1(d)) are more
informative and reflect the gradual change in the copper local environment.
In particular, there are pronounced changes in R-space above ~2 A
(Fig. 8.2.1(g)). The FT peak at ~2.6 A for pure CuMoO, sample has larger
amplitude with an increase in x and shifts to longer distances above x = 0.50.
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Figure 8.2.1: The experimental Cu, Mo K-edge and W L3-edge normalized XANES (a-c)
and EXAFS x(k)k2 (d-f) spectra and their Fourier transforms (g-i) for CuMo;_,W,04
solid solutions. Arrows highlight the regions with the most pronounced changes in the spectra.
FTs are calculated in the k-space range of 2.5-14.5 A~! with Athena program.

There is also a clear difference between the samples in FTs at ~3.3 A: a
single peak is observed for samples with x>0.50, while a double peak is
visible for the rest samples.

Molybdenum ions in a-CuMoQ, have tetrahedral coordination [1] which
is responsible for the high intensity of the pre-edge peak at the Mo K-edge
originating from the 1s(Mo)—4d(Mo)+2p(O) transition (Fig. 8.2.1(b)) [163].
As it was demonstrated for temperature-dependent data of CuMoQOy, the Mo
K-edge pre-peak amplitude changes depending on the local structure
distortions. Upon increasing tungsten content in CuMo;_,W,0O,4 solid
solutions, the pre-peak amplitude decreases indicating a change of the local
environment of molybdenum from tetrahedral to a more distorted one, which
affects also the Mo K-edge EXAFS spectra as is highlighted by arrows in
Fig. 8.2.1(e,h). The experimental Mo K-edge EXAFS spectra indicate a
change to the octahedral environment above 2=0.20. The sample with =0.10
has a smaller amplitude of the main FT peak at ~1.3 A compared to pure
CuMoOy but close behaviour at larger R values. A deeper analysis of data for
CuMoyg 9o Wo.1004 solid solution will follow in the next section.
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The W L3-edge XANES spectra are dominated by a strong white line peak
at 10207 eV due to the dipole allowed transition 2p3 o(W)—5d(W)+2p(O). The
shape of the white line contains information on the crystal field splitting of the
W 5d-states [170, 171], which is masked due to the large value of the natural
broadening (~4.5 eV [172]) of the 2p3 5(W) core level. As a result of limited
resolution, the experimental XANES spectra do not show significant changes
upon increase in tungsten content. However, one can overcome this problem
by performing resonant X-ray emission spectroscopy (RXES) experiments and
obtaining high-energy resolution fluorescence detected (HERFD) XANES as
presented in Chapter 4.2.

The W Ls-edge EXAFS spectra were measured in transmission mode for
samples with 2>0.10 (sample with £=0.04 was also measured, however, the
noise limited possibility to make further accurate analysis). The sample with
2=0.10 differs significantly from other samples with x>0.20 as is highlighted
by the arrow in Fig. 8.2.1(f). The difference is well visible in k-space at
~6.5 A=1 and in R-space at ~3 A. Indeed, the continuous reduction of the
amplitude of the FT peak at ~3 A with an increase of the Mo-to-W ratio is
remarkable. It is observed in k-space as visible damping of the EXAFS
oscillations at higher k-values (Fig. 8.2.1(f)). The spectra of brownish
samples with 0.20<x<0.50 show gradual change towards the spectra
characteristic of the CuWO, phase where tungsten ions are octahedrally
coordinated. At even larger tungsten content x = 0.75, the W Lz-edge EXAFS
spectrum becomes close to that of pure CuWOy,. The transition to CuWOy
phase is accompanied by a significant increase of the second coordination
shell peak at about 3 A in the FT (Fig. 10.2.1(i)): its amplitude continuously
increases with an exchange of Mo atoms with W ones.

Temperature-dependent measurements upon cooling and heating
(10-300 K) were performed for CuMoggoWo.1004 sample at the
HASYLAB/DESY PETRA-III P65 undulator beamline. Normalized Cu and
Mo K-edge XANES of CuMogggWg.1004 are compared with the spectra
corresponding to pure CuMoOy in Fig. 8.2.2. For both samples, the response
to temperature variation reflected as changes in XANES spectra is similar.

Experimental EXAFS spectra are shown in Fig. 8.2.3. The behaviour of the
Cu K-edge EXAFS spectra is similar to that of pure CuMo0QO,4. The Mo K-edge
shows clear structural changes during cooling, while during heating, the sample
does not transform back to the a-phase with tetrahedral Mo environment in
agreement with XANES data. The W L3-edge XAS experiment was performed
starting at 300 K, next cooling down to 10 K, following by heating up to 300 K,
again cooling down to 50 K and finally heating back to 300 K (see the inset in
Fig. 8.2.3(d)). While there are big changes at the Mo K-edge EXAFS spectra,
only minor changes are observed in the W Lz-edge EXAFS in the sampled
k-space range of 2.5-12.5 A during the cooling-heating cycles.
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EXAFS spectra and their Fourier transforms for crystalline CuMog.99W.1004. The inset
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8.3 Temperature-dependent CuMo 9oWj 1004 study

8.3.1 XANES analysis

Temperature-dependent Mo K-edge XANES spectra for CuMog ggW0.1004
sample were analysed similarly to that of pure CuMoO,. The LCA of the Mo
K-edge XANES in the temperature range from 10 K to 300 K indicates that
the phase transition hysteresis in CuMogggWg.1004 is shifted to higher
temperatures (Fig. 8.2.2) in agreement with the previous studies [2, 10, 15].

The transition from « to « phase occurred between ~250 and 100 K upon
cooling. At the same time, the transition from ~y to « phase started at ~280 K
upon heating and was still not finished at room temperature even after several
hours. Thus, the addition of 10mol% of tungsten increases the phase
transition temperature by ~50-100 K. Note that optical, calorimetry and
magnetic susceptibility measurements reported in [10] showed that the y-to-«
phase transition in CuMogggWg.1004 occurs during heating in the
temperature range between 340 and 380 K.

8.3.2 EXAFS analysis

Temperature-dependent CuMog goWo.1004 EXAFS spectra were analysed
based on RMC/EA calculations as described in Section 7.1.4. The initial
structural model for CuMog.goWo.1004 was created by randomly substituting
Mo atoms by W atoms in 2agx2byx2¢q large supercells of a-CuMoQO, and
~v-CuMoOy structures, keeping the stoichiometric ratio of the elements. Each
supercell was additionally enlarged 2 x2 x2 times to get a final simulation box
containing 2304 atoms. Several random substitutions were used.

The obtained RMC/EA fits for CuMoggoWg 1004 at two selected
temperatures (7=50 K and 300 K) are shown in Fig. 8.3.1. Since XAS spectra
for CuMog.9goWo.1004 sample slightly deviate from pure CuMoQy, both a-
and y-phase structure models were examined. Note that good agreement for
all metal absorption edges is required for accurate reconstruction of crystal
structure for multi-atom compounds [173].

One can see that at 7=50 K, the EXAFS spectra at the Cu, Mo and W
absorption edges are well reproduced using the ~v-phase structure model. In
the meantime, at 7=300 K (before cooling), the a-phase structural model gives
good agreement at the Cu and Mo K-edges, but slightly worse agreement at the
W Lgs-edge, indicating on some local environment relaxation around tungsten
ions. It turns out that the W Ls-edge EXAFS can be slightly better described
by the y-phase structure (the residual £ is smaller), which does not apply to
the other two edges. This finding suggests that, despite the crystal lattice of
CuMog.9oWq.1004 at T=300 K (before cooling) corresponds to the a-phase,
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the local structure around W atoms relaxes in an attempt to reconstruct distorted
octahedral coordination which is characteristic of the ~-phase.

The partial RDFs for Cu—O, Mo—O and W—O atom pairs, calculated from
the atom coordinates of the RMC/EA models of CuMog g9 Wq. 1904, are shown
in Fig. 8.3.2. Note that the reported RDFs g(R) are averaged over all non-
equivalent atoms of the same type within the supercell.
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Figure 8.3.2: Radial distribution functions for Cu-O, Mo-O, W-O atom pairs in
CuMoy.90Wy.1004, calculated from the atom coordinates of the RMC models. Dashed vertical
lines show interatomic distances according to diffraction data [1]. Vertical red arrow indicates
a group of oxygen atoms which does not exist in the tetrahedral coordination.

The obtained RDFs g(R) around Cu and Mo atoms are similar to that for
pure CuMoOy (see Fig. 7.1.7). The Cu environment in the first coordination
shell is quite close at low (50 K) and high (300 K) temperatures. Temperature
induced changes in the Mo local environment are well absorbed already for the
closest 4 oxygen atoms. Next, to evaluate how significant is the local structure
relaxation around tungsten atoms, we compare the gw_o(R) and gmo—o(R)
distributions in CuMog g9 Wg.1004 in Fig. 8.3.2.

At low temperature (50 K) in v-phase, tungsten atoms have distorted
octahedral coordination close to that of molybdenum. The distortion of WOg
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and MoOg octahedra originates from the second-order Jahn—Teller
effect [174] caused by the charge transfer from oxygen atoms surrounding
metal ion with the formal oxidation state 6+ (d® electronic configuration).

At 300 K (in a-phase), when the coordination of Mo atoms becomes
tetrahedral, W atoms tend to have a more distorted environment. By
comparing Mo—O and W-O RDFs g(R) (Fig. 8.3.2), one can see that in the
gw—o(R) distribution, there is an additional group of oxygen atoms at about
2.1 A, and the next group of oxygen atoms at 2.8 A is slightly displaced and
split.  Furthermore, the RMC/EA calculations at the W Ls-edge for
a-CuMog goWo.1004 using the structure model corresponding to ~y-phase
(tungsten in the distorted octahedral environment) give slightly better
agreement with the experimental data, however, the shape of the gy _o(R)
distribution is quite close to that in the a-phase.

These results confirm the tendency of tungsten atoms in
CuMog.9oWq.1004 solid solutions to adapt more distorted environment that is
closer to the octahedral than tetrahedral in «-phase, thus affecting the
temperature/pressure of «-to-y phase transition and helping to stabilize
~-phase at room temperature.

8.4 Composition-dependent CuMo;_, W, 0, study

Composition-dependent CuMo;_,W,04 (2=0.20, 0.30, 0.50, 0.75) EXAFS
spectra were analysed based on RMC/EA calculations as described in
Section 7.1.4. The RMC/EA method provided an unique opportunity to
simultaneously refine a structural model to a set of EXAFS spectra measured
at three (for x = 0.20, 0.30, 0.50) or two (for x = 0.75) absorption edges. The
structure of CuMog 25Wq.7504 was constructed based on XRD data reported
in [1, 175]. For other solid solutions (z=0.20, 0.30, 0.50), the lattice
parameters corresponding to the CuMoOy-III phase [1] and Wyckoff
positions of atoms taken from CuWOy, structure [129] were combined to
build an initial unit cell. Next, the unit cell was enlarged 3ax3bx3c times,
and W atoms were randomly substituted with Mo atoms while maintaining
the stoichiometric ratio of elements. The enlarged cell was additionally
increased 2x2x2 times. As a result, there were 2592 atoms in total in the
RMC/EA simulation box. Such a large box was used to collect reasonable
statistics for atoms that are the minority in the solid solution. Several RMC
calculations with different random substitutions and pseudo-random number
sequences were performed to obtain better statistics. Both SS and MS
contributions were taken into account. MS contributions included scatterings
up to the 5th order, as higher-order scatterings contribute at large distances
outside of the analysis range. A large number of scattering paths was reduced
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by grouping similar ones and including into the analysis only important paths
with the relative amplitude of corresponding partial contribution to the total
EXAFS greater than 0.1-1% [17]. At each iteration of the RMC/EA
simulation, all atoms in the supercell were randomly displaced with the
maximum allowed displacement of 0.4 A with the goal to minimize the
difference between the Morlet WTs of the experimental and
configuration-averaged EXAFS spectra [91].

Examples of the obtained RMC/EA fits for four solid solutions are shown
in Fig. 8.4.1. As one can see, the calculated Cu and Mo K-edge and W
Ls-edge EXAFS spectra, obtained from the multi-edge RMC/EA simulations,
agree reasonably well with the corresponding experimental spectra. In all
simulations, 6000 iterations were made to ensure the convergence of each
calculation.
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Figure 8.4.1: Results of RMC/EA calculations for the Cu K-edge, Mo K-edge and W
L3-edge in CuMo;_,W,04 (x=0.20, 0.30, 0.50 and 0.75) at room temperature: The
experimental and calculated EXAFS spectra x(k)k* and corresponding Fourier transforms
(only modulus is shown) (a). An initial and final structural models in RMC/EA calculation
for CuMoo.50 Wo.5004 (only fragments are shown) (b).

An example of an initial and final structural models in RMC/EA
calculation for CuMog50Wo5004 (only fragments) are illustrated in
Fig. 8.4.1(b). An increase in the disorder after the RMC/EA simulation is
well evident. The averaged partial RDFs g(R) and BADFs f(y), calculated
from the atomic coordinates of several RMC/EA models, are shown in
Fig. 8.4.2. Data are compared with the results of RMC/EA calculations for
pure CuWO, (the RMC/EA calculations for pure CuWO, were performed
based on a structural model from [129] employing a 5x5x5 large supercell
with 1500 atoms).

In the CuMoOy-III phase, which was used as an initial model to simulate
the structure of the solid solutions (z=0.20, 0.30, 0.50), all metal atoms are
octahedrally coordinated by oxygen atoms. Due to the Jahn-Teller distortion,
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Figure 8.4.2: Partial radial distribution functions (RDFs) and bond angle distribution
functions (BADFs) in CuMo;_,W,04 (x=0.20, 0.30, 0.50, 0.75, 1.00) obtained from
RMC/EA calculations.

the CuOg octahedra are axially distorted with two groups of Cu—O bonds in
an equilibrium structure: 4x1.97 A, and 2x(2.38-2.42) A [1, 129, 175].
Molybdenum and tungsten ions are present in the 6+ oxidation state, so that
their coordination octahedra are subject to the second-order Jahn-Teller
distortion with the off-center position of the metal ions [174].

It is visible (Fig. 8.4.2) that the MoOg octahedra are slightly stronger
distorted than WOg. For both Mo and W ions, two main groups of
metal-oxygen distances can be distinguished in the RDFs gyo—o(R) and
gw—o(R). The nearest group of three oxygen atoms is responsible for the first
sharp peak in the RDFs and is located at about 1.8 A for both W and Mo. The
second group of three oxygen atoms is quite broad and can be roughly divided
into two subgroups with 2 and 1 oxygen atoms. In the case of W, two
subgroups of oxygen atoms are located at distances of about 2.0-2.1 A and
2.15-2.25 A, while in the case of Mo, both distances are slightly longer and
are about 2.05-2.15 A and 2.20-2.40 A.

Various types of distortions of metal-oxygen octahedra are well reflected
by the BADFs f(¢) (Fig. 8.4.2). Axial distortion of CuOg octahedra results
in a monomodal BADF of ZO—Cu—O with an average angle value of ¢ ~88°.
At the same time, off-center displacement of Mo or W atoms from the center
of the octahedra leads to bimodal BADFs of ZO-Mo-O and ZO-W-0O with
maxima at ¢ ~80° and 96°, respectively.

Proper account for the MS and disorder effects in the calculated EXAFS
spectra allows a reliable analysis of the contributions from the outer
coordination shells. In Fig. 8.4.2, the partial RDFs g(R) for metal-metal
atom pairs are shown up to 5.0-5.5 A. In the structure of CuMo;_, W, Oy
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solid solutions with > 0.20 (Fig. 8.4.1(b)), the metal-oxygen distorted
octahedra of one type share edges and form zigzag chains along the
c-axis [175]. The zigzag chains are arranged in alternating layers that are
perpendicular to the a-axis direction [175].

The RDFs gcy—cu(R) include contributions from two nearest copper atoms
located within the same chain of CuOg octahedra (the peak at ~3.0 A distance)
and six more distant copper atoms (four in the neighbouring chains and two in
the same chain), giving the origin of the peak at distance ~4.7 A. Eight copper
atoms located in the four neighbouring chains of CuOg octahedra contribute
to the RDFs gy /W7Cu(R)- The change in the composition of solid solutions
leads to some small modifications in the structure resulting in the broadening
of the main peak at ~3.5 A distance for low W content (z < 0.50).

The RDFs gcy/mo/w—Moyw (1) show a clear dependence on the number
of Mo/W atoms varying with the composition. Upon increasing tungsten
ratio, the amplitude of the peaks also increases in the RDFs gcy/mo /W_W(R)
but decreases in the RDFs gcy /mo/w—Mo (). The ability of Mo atoms to be in
a locally distorted environment extends to the outer shells so that the RDFs
IMo—Cu/Mo(I?) are stronger broadened than the RDFs gw_cy/w(R). Thus,
our results show that both Mo and W ions are octahedrally coordinated by
oxygen ions in solid solutions with large W content (x = 0.20). However,
previous studies of CuMo;_, W, Oy solid solutions revealed that at ambient
conditions in samples with x < 0.15, tungsten ions co-exist in the octahedral
and tetrahedral environment [111], while molybdenum ions have dominant
tetrahedral coordination [10, 88, 147]. This allows one to conclude that
tungsten atoms have a decisive influence on the structure of CuMo;_,W,0Oy4
solid solutions.

Finally, we would like to focus on the origin of large variations of some
peaks in FTs, well observed in the range of 3-4 A at the Cu K-edge and W
Ls-edge in Fig. 8.4.3(a,b). Here the contributions of the SS and MS processes
are compared for two samples — CuWO,; and CuMog50Wq.5004.
Additionally, a set of the partial W Ls-edge EXAFS contributions for selected
photoelectron scattering paths is presented for CuMog 50Wo.5004 in
Fig. 8.4.3(c). Relatively small amplitude of the MS oscillations compared to
the SS ones in k-space (Fig. 8.4.3(a,b)) looks deceiving because the SS signal
coming from the first coordination shell dominates the total EXAFS
spectrum. However, when compared in R-space, the MS contribution reaches
from 20-30% (at the W Lg-edge) up to 50-60% (at the Cu K-edge) of the SS
one in the range of 3-4 A and even more at larger distances. Therefore, the
MS contribution should not be ignored in the RMC/EA simulation to get a
reliable structural model.

In CuMo;_,W,0O4 solid solutions having close crystallographic
structures and, thus, close geometry of scattering paths, the changes in the
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EXAFS spectra are caused by the different contributions of Mo and W atoms,
due to the large difference in their atomic masses and electron configurations.
Note that, the atomic mass of W (183.84 amu) is almost twice larger than that
of Mo (95.95 amu) and should lead to the significant difference in the
amplitude of their thermal vibrations and, thus, in the damping of EXAFS
oscillations due to the difference in MSRD factors 2. Also, the molybdenum
(Z=42) and tungsten (Z=74) atoms are well separated in the Periodic Table,
so they will make different contributions to the EXAFS spectra due to the
difference in their scattering amplitudes. Note that latter effect will influence
only FTs but not RDFs. Both effects are responsible for a strong reduction of
the peak at ~3.1-3.2 A in the Cu K-edge and W L3-edge FTs when a half of
W atoms is substituted with Mo ones (Fig. 8.4.3(b)).

It is also interesting that the W Ls-edge EXAFS contributions from W—
Mo and W-W scattering paths with distance ~ 3.2 A have nearly opposite
phase (Fig. 10.3.2(¢c)) leading to destructive interference. Also, damping of the
EXAFS oscillations is larger for W—Mo scattering path due to the gw_mo(R)
distribution is broader (MSRD 03, y;, &~ 0.0163 A?) than that of gw_w(R)
(MSRD 0'\2V_W ~ 0.0049 A?), which is due to larger static distortions of the
Mo environment (Fig. 8.4.2).

T T T
(a) 3 Cu K-edge (b) sl W Ledge (C) [CuMogsoWos,0,  Ly-edge
n ——Sum
< 2 ) 2 N ‘ ‘ 0\ ‘ ‘ ‘ 1
< < V ' v o r=177A
= . - Exp = . - Exp WeMo- _ r=317A
< —ss < s - —
= cuwo, —— 58 = cuwo, =i e _ama
Lo éo “ “'. YAV A W-0-0-  r=322A
In} X ' Sl o w00 r=340A]
w, - Ex o, B X fo—————woo ¢
CuMo”UWUSUO,,—hSAss CuMoOSUWOSOOA —;Sé & W*O-W*-0-1 =359 A
— — X
= Weo-Cu- r=363A
4 6 8 10 12 14 4 6 8 10 12 14 =
Wavenumber k (A™) Wavenumber k (A™) Sl o reeA
05 05 < wecu-  r=381A
Cu K-edge W Lj-edge E Wwo- (=424A
G 04 G 04 1
< cuwo, < cuwo, WAW-  r=443A
= Exp. ~ === Exp. . -
g 03 —— RMCIEA fit % 03 —— RMCIEA fit WMo r=458A
g :;55 g _;55 Weo-  r=483A
O o2 CuMo0g 5Wo 500, O 02 CuMO,50Wo.5004 WtMo-  r=521A
= - -Exp. = - Exp, . _s35A
Iy —— RMCIEA fit T —— RMCIEA fit W*-0- r=535A |
01 —;SS 01 :;55 WAW- r=536A
00 0.0 - y * v
1 2 3 4 5 6 2 3 4 0 5 10 15 20
Distance R (A) Distance R (&) Wavenumber k (A™)

Figure 8.4.3: Contributions of different scattering paths into the Cu K-edge and W L;-
edge EXAFS spectra of CaWO4 and CuMoy.50Wy.5004: Cu K-edge (a) and W Ls-edge (b)
EXAFS spectra and corresponding FTs calculated for the k-space range 3.3-15.3 A~! with the
EvAX code. SS and MS contributions are calculated for a structure configuration obtained in
RMC/EA simulation. Contributions of selected scattering paths are shown at the W Ls-edge for
CuMog.50Wo.5004 structure (c). Mismatch of phases in W—Mo and W—W scattering paths is
highlighted.

To sum up, the experimental EXAFS spectra show a clear composition
dependence for CuMo;_,W,O, solid solutions. The structural models for

solid solutions with z = 0.20, 0.30, 0.50, 0.75 were obtained from the
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simultaneous analysis of EXAFS spectra measured at several absorption
edges by the RMC/EA method. It was shown that MS effects play an
important role in the analysis of CuMo;_, WOy, solid solutions and should
be taken into account to describe accurately the contributions from the outer
coordination shells. A detailed analysis of the partial RDFs around absorbing
metal atoms and BADFs gave information on the degree of distortion of the
coordination shells and its dependence on the composition. Mo and W atoms
are octahedrally coordinated by oxygen atoms in all studied solid solutions;
however, MoOg octahedra are somewhat more distorted than WOg. For both
metals, the distorted octahedra consist of three short and three long
metal-oxygen bonds, and the group of the nearest three oxygen atoms has
narrow distribution. The ability of molybdenum atoms to adopt a locally
distorted environment allows them to adjust to the solid solution structure
determined by tungsten-related sublattice.

8.5 Conclusions

XAS was used to probe a variation of the local atomic structure in
CuMo;_, W, 0,4 (0<x<1) solid solutions at room temperature and in
CuMog 9oW0.1004 in the temperature range of 10-300 K. Advanced data
analysis of EXAFS spectra at several absorption edges simultaneously by the
RMC/EA method allowed us to obtain 3D structural models of the solid
solutions and analyse them in details.

CuMog.9oWo.1004 solid solution exhibits thermochromic properties
similar to pure CuMoOy. It was possible to monitor the «-to-y
thermochromic phase transition in CuMog goWq.1004. We observed that the
addition of 10 mol% of tungsten to CuMoQ, induces local distortions and
stabilizes the ~-phase, leading to an increase of the phase transition
temperature by ~50-100 K.

Variation of the experimental EXAFS spectra at the metal absorption
edges for CuMo;_, W, Oy strongly correlates with Mo:W ratio. It was shown
that multiple-scattering effects play an important role in the analysis of
CuMoq_, WOy solid solutions and should be taken into account to describe
the contributions from the outer coordination shells accurately.

At room temperature, CuMo;_,W,0O, solid solutions with tungsten
content above x~0.15 have the wolframite-type CuMoQO,-III phase
isostructural to CuWO,. The formation of solid solutions is accompanied by
strong structural relaxations and both W and Mo atoms adopt to the
octahedral environment. The ability of Mo atoms to adopt a locally distorted
environment allows them to adjust to the solid solution structure determined
by tungsten-related sublattice.

103



Chapter 9

RXES study at the W Ls-edge
of CuMo{_,.W,0y

9.1 Introduction!

In the case of molybdates and tungstates, often composed from strongly
distorted polyhedra, the extraction of structural information from XAS is not
an easy task. The RMC/EA method presented in the previous chapters is
advantageous in such cases, although it is computationally heavy and
time-consuming approach [23, 78, 80, 81]. However, we have shown that a
reliable structural analysis requires the knowledge of XAS spectra at least for
all metal absorption edges [78, 88]. In the case of series of solid solutions, the
low content of one of the components limits the quality of the experimental
data, which also complicates the analysis. Furthermore, the close values of
the metal-oxygen interatomic distances in the RDFs obtained using the RMC
simulations make it sometimes difficult to unambiguously identify the atoms
belonging to the first coordination shell of absorbing metal [88]. Thus, it is
hard to distinguish different types of coordination polyhedrons.

In tungsten oxides and related materials, the tungsten 5d band is split due to
the crystal field of ligands. This splitting can be experimentally probed by the
W Ls-edge XAS [170,171] and can be used to distinguish between different
local symmetries of the tungsten coordination polyhedron. Tungsten 5d-band
splits into 5d(t24) and 5d(e,) sub-bands in octahedral and 5d(t2) and 5d(e) sub-
bands in tetrahedral coordination (Fig. 9.1.1). However, the small value of the
crystal-field splitting A or 10Dq (several electron volts) and the large value
of the natural width of the core level 2p3/5(W) (~4.5 eV [172]) often do not
allow to discriminate the two coordinations of tungsten from the splitting of the
Ls-edge white line [176—178]. Therefore, a more sophisticated experimental
approach should be exploited to address this issue. Theoretically, by reducing
the core-hole lifetime induced broadening, it is possible to resolve the splitting
of 5d(W)-states (Fig. 9.1.2).

"The main results, presented in this chapter, have been published as I. Pudza, A. Kalinko,
A. Cintins, A. Kuzmin, Study of the thermochromic phase transition in CuMo;_,W,O04
solid solutions at the W Ls-edge by resonant X-ray emission spectroscopy, Acta Mater. 205
(2021) 116581.

104



9.1. Introduction

Energy
o]

Figure 9.1.1: A schematic representation of the 5d-band splitting into 5d(tz,) and 5d(e;)
sub-bands in octahedral and 5d(t;) and Sd(e) sub-bands in tetrahedral coordination of
tungsten ions. The crystal field splitting parameter A in the octahedral coordination is larger
than that in the tetrahedral.
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Figure 9.1.2: Theoretically calculated W L3-edge XANES spectra with different Lorentzian
broadening: for regular WOg octahedron (a) and regular WO4 tetrahedron (b). By reducing
the core-hole lifetime induced broadening [';,0;e, it is possible to resolve the splitting of Sd(W)-
states into two sub-bands.

In this chapter, the resonant X-ray emission spectroscopy (RXES) study
at the W Ls-edge of the previously described CuMo;_, WO, solid solutions
is presented. RXES was employed to follow a variation of the tungsten local
atomic and electronic structure across observed thermochromic phase
transition as a function of sample composition and temperature. The crystal
field splitting parameter A for the 5d(W)-states was obtained from the RXES
plane analysis and was used to evaluate the coordination of tungsten atoms.
Temperature-dependent RXES measurements were successfully employed to
determine the hysteretic behaviour of the structural phase transition between
the o and ~ phases in CuMo;_, W, O, solid solutions on cooling and heating
even at low (x < 0.10) tungsten content. The experimental results were
supplemented with ab initio calculations.
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9.2 Theoretical XANES calculations

Theoretical calculations of the W Ls-edge XANES spectra were performed
based on the finite difference method (FDM) by the ab initio real-space
FDMNES code [18,19], thus avoiding the muffin-tin potential approximation.
The XANES spectra were calculated using real energy-dependent
Hedin-Lundqvist exchange-correlation potential [159] taking into account
spin-orbit interactions and the self-consistent cluster potential. Since the
effect of the crystal field is originated from the interaction between tungsten
and nearest oxygen atoms, the calculations were performed for 4.0 A radius
clusters constructed around the absorbing tungsten atom from the
crystallographic structures of interest.

All calculated XANES spectra were convoluted with a Lorentzian
broadening function with a FWHM (full-width at half-maximum) given by
[hole = 1 eV to mimic the broadening due to the core-hole lifetime and
experimental resolution.  The core-hole effect was also examined by
performing calculations for the excited (with the core hole) and non-excited
(without the core hole) absorbing tungsten atom.

As it was shown before, the structures of a-CuMoO4 and ~-CuMoOy4
contain three non-equivalent sites for copper (Cul, Cu2, Cu3) and
molybdenum (Mol, Mo2, Mo3) atoms (Table 5.2.2). All molybdenum atoms
occupy either distorted tetrahedral (in a-CuMoO, phase) or distorted
octahedral (in y-CuMoQO, phase) positions. For comparison, in copper
tungstates (CuWQ,), there is only one tungsten position with disordered
octahedral local environment [129].

The calculated W L3-edge XANES spectra for CuWOy and tungsten atom
substituting molybdenum atom at the Mo2 site in a-CuMoQO4 (distorted
tetrahedral environment) and y-CuMoQy (distorted octahedral environment)
are shown in Fig. 9.2.1. The XANES spectra calculated for tungsten atoms
placed at the Mol or Mo3 sites are close to that at the Mo2 site and are not
shown. Note that all theoretical calculations were performed based on the
crystallographic structures obtained from XRD data [1, 129] without any
structure relaxation due to the substitution of atoms.

9.3 Results and discussion

The following subsections demonstrate that the RXES plane’s analysis
provides useful bulk sensitive information on the coordination of tungsten
atoms and allows one to determine the crystal field splitting parameter A for
the 5d(W)-states. This information is extracted from the RXES plane using
two different approaches: by analysing the high-energy resolution
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Figure 9.2.1: Calculated W Ls-edge XANES spectra for a tungsten atom with different
local environments: Calculated W Lz-edge XANES for a tungsten atom in distorted octahedral
(in the case of CuWO4 and when W is substituting molybdenum atom at the Mo2 site in -
CuMoO,) and tetrahedral (when W is substituting molybdenum atom at the Mo2 site in a-
CuMo0,) environments. The results for the excited state with the core hole (W*, solid curves)
and non-excited state without the core hole (W, dashed curves) are given (a). Tungsten—oxygen
polyhedra with specified interatomic distances in CuW Oy (b), W at the Mo2 site in y-CuMoO4
(c) and W at the Mo2 site in @-CuMoOy4 (d) are also shown. An inset shows the experimental
W Ls-edge XANES spectra in CuMo;—, W04 solid solutions measured in the transmission
mode during the experiment described in Sec. 6.

fluorescence  detected ~ X-ray  absorption  near-edge  structure
(HERFD-XANES) and off-resonant X-ray emission spectra.

9.3.1 Crystal field splitting

According to the crystal field theory [179], the d-orbitals of the metal ion split
in the octahedral field of oxygen ligands into triply degenerated ¢y, orbitals
and doubly degenerated e, orbitals with the energy difference A, where the
194 orbitals have lower energy than the e, ones (Fig. 9.1.1). In tetrahedral
coordination, the splitting of the d orbitals occurs into two groups with the
energy difference As; between the lower energy e orbitals and the higher
energy to orbitals. The splitting magnitude for regular tetrahedral and
octahedral coordinations are related as Ay; = 4/9A,. for similar W-O
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distances [179]. For W with oxidation state 6+, all five d-orbitals are
unoccupied; therefore, two electron transitions from 2ps3 /5 to split 5d states
are possible and will have different X-ray absorption intensities. For
tetrahedral WO, coordination, the intensity ratio will be e:to=2:3, whereas for
octahedral WOg coordination, it will be t24:€,=3:2. Thus, the knowledge of
splitting magnitude and/or intensity ratio for the two transitions in
CuMo;_,W_Oy4 solid solutions allows one to determine the type of tungsten
ion coordination.

Theoretical W L3-edge XANES calculations using the FDMNES code [18,
19] were performed for three local geometries of tungsten ions similar to those
in CuWOy, a-CuMo0Oy4 and v-CuMoOy (Fig. 9.2.1). The white line in the
calculated XANES spectra is split by about 4.0 eV and 3.0 eV, respectively,
in CuWO, and v-CuMoO, phase (W substitutes Mo at the Mo2 site) due to
the distorted octahedral crystal field. In contrast, a a smaller splitting of about
2.0 eV is characteristic of a tungsten ion in the tetrahedral local environment,
as when it is located at the Mo2 site in a-CuMoQy, phase.

The XANES spectra of CuMo;_, W,Oy4 solid solutions at the W Ls-edge
contain a strong resonance (see the inset in Fig. 9.2.1(a)), the so-called “white
line” [180], located just below the continuum threshold and corresponding to
the dipole-allowed electron transition from the 2p3,5(W) level to a
quasi-bound 5d(W)+2p(O) mixed-state in the presence of the core hole [176].
A very short natural lifetime of the excited state with the core hole at the
2p3/2(W) level leads to significant natural broadening (~4.5 eV [172]) of the
W Ls-edge absorption spectrum. Due to the limited resolution, the crystal
field splitting of the 5d(W) states is smeared out and most often cannot be
resolved in the conventional experiment in transmission mode. However,
some evidence of splitting is nevertheless observed in the white line
maximum of W Lz-edge XANES spectrum measured in the transmission
mode for a high tungsten content (z = 0.75) (see the inset in Fig. 9.2.1(a)).

The splitting of the 5d(W) orbitals can be observed experimentally by
detecting the RXES due to 3d5/5(W)—2p3/2(W) electron transition
(Fig. 9.3.1(c)), since the lifetime of the final state with a hole at the 3d5/5(W)
orbital (M5-edge) is longer than that with a hole at the 2p3,,(W) orbital
(Ls-edge) [107]. Therefore, the lifetime broadening present in conventional
XANES spectra is significantly reduced in the RXES experiment revealing
additional features in the HERFD-XANES spectra.

In the RXES experiment, the intensities and energies of the incoming and
emitted X-rays are monitored. The 2p3d RXES plane of W in
CuMog 50Wq.5004 is shown in Fig. 9.3.1(a). Different plane cuts were made
to obtain information on the structural and electronic properties of the
material. The W Ls-edge HERFD-XANES spectra of CuMo;_,W,0Oy4
(0.04<x<1.00) solid solutions at 300 K were obtained from RXES planes
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(Fig. 9.3.1(a)) by integrating the emission intensity in the narrow emission
energy region of £0.2 eV around 8398.5 eV and are shown in Fig. 9.3.1(d).

Besides the HERFD-XANES spectra, one can additionally obtain
(Figs. 9.3.1(a,b)) high energy resolution off-resonant X-ray emission spectra
by extracting them slightly below (bands B1 and B2 in Figs. 9.3.1(e,f)) and
above (bands B3 and B4 in Figs. 9.3.1(g,h)) the W L3 absorption edge,
respectively. Both types of emission spectra (extracted slightly before and
after the resonance) contain information on the crystal field splitting, while
with a smaller signal-to-noise ratio compared to HERFD-XANES
(Fig. 9.3.1(d)) due to weaker intensity. Furthermore, in the non-resonant case
(Figs. 9.3.1(g,h)), the tails of the main X-ray emission line (W L., in
Fig. 9.3.1(b)) give some background under the B3 and B4 peaks, which also
limits the accuracy of the analysis and should be removed in advance.

Further, the effect of concentration and temperature on the local structure of
tungsten ions in CuMo;_, WOy solid solutions observed in the RXES spectra
is discussed.

9.3.2 Effect of composition

RXES spectra of CuMo; W, O4 solid solutions with different concentrations
(0.04<x<1.00) at 300 K are shown in Figs. 9.3.1(d-h). The observed bands
are originated from the three different mechanisms, already discussed above
(basically, they are three different RXES plane cuts).

The emission spectra for the incident X-ray energy £;=10190 eV below
the W L3 absorption edge are shown in Figs. 9.3.1(e,f) and correspond to
off-resonant conditions [110]. Two emission bands B1 at ~8312 eV and B2 at
~8376 eV can be observed in the spectra (Fig. 9.3.1(b)) and are related to the
transitions from 3dz/, and 3ds/ levels, respectively (Figs. 9.3.1(c)). The
intensity of the lower energy band B1 is smaller than that of the band B2,
correlating with the intensity of the W La;; and Loy emission lines.

Crystal field of oxygen atoms split both (B1 and B2) bands to two peaks.
The distance between these peaks and the ratio of their intensities (/1//2) can
be evaluated by fitting the spectra with two Lorentzian functions. These
parameters can be used to estimate the symmetry of the crystal field. The
difference between the position of the two fitted Lorentzian functions is
related to the crystal field splitting parameter A (10Dq) used in the crystal
field theory [179]. The changes in the spectral shape upon tungsten content
increase (Figs. 9.3.1(e,f)) indicate that the local coordination of tungsten ions
changes from tetrahedral (when x = 0.04) to octahedral (when = > 0.15).

The emission spectra recorded with the incident X-ray energy
FE;=10242 eV well above the W L3 absorption edge consist of four emission
bands (W Las, B3, W La; and B4) indicated in Fig. 9.3.1(b). The
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Figure 9.3.1: Experimental data obtained from the composition-dependent RXES
experiment of CuMo;_, WO, solid solutions: RXES intensity map as a function of incident
and emitted energies for CuMog.50 Wo.5004 solid solution measured at 300 K (a). Vertical cuts
of the RXES plane at the incident energies F;=10190 eV and 10242 eV, shown in (a) by vertical
red dashed lines. Observed bands (La1, a2 and B1-B4) are labelled (b). A schematic diagram
of 2p3d RXES process for an atom in octahedral coordination showing initial, intermediate
and final states (c). The W Ls-edge HERFD-XANES spectra for different CuMo1_,W 04
solid solutions measured at the emission energy £.=8398.540.2 ¢V, indicated by the horizontal
orange line in (a) are shown in the panel (d). High energy resolution off-resonant X-ray spectra
for different CuMo;—_,W,Oy4 solid solutions obtained with incident energy F;=10190 eV —
below the W Ls-edge (e,g). High energy resolution off-resonant X-ray emission spectra for
different CuMo1—W,Oy4 solid solutions obtained at F;=10242 eV — above the W Ls-edge
(f,h).

composition-dependent B3 and B4 bands are reported in Figs. 9.3.1(g,h). The
origin of these bands is similar to that of B1 and B2, i.e., is due to the
transitions from 3d3 /5 and 3ds 5 levels, respectively (Fig. 9.3.1(c)). Similarly,
as before, the lower energy band (B3) has a much weaker intensity than that
at the higher energy (B4), and the crystal field splits both bands to two peaks
(Figs. 9.3.1(g,h)). Note that the B3 and B4 bands are located on top of the
background originated from the W La; and partially W Las fluorescence,
making it more difficult to determine the magnitude of the peaks splitting and
the ratio of their intensities. Nevertheless, the obtained parameters agree with
that obtained from the analysis of the bands B1 and B2 suggesting the
octahedral coordination of tungsten ions for solid solutions with x > 0.15.

The composition-dependent HERFD-XANES spectra for the W Ls-edge
are shown in Fig. 9.3.1(d). Pronounced splitting of the white line due to the
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Figure 9.3.2: Examples of HERFD-XANES spectra fitting with Lorentzian functions: Black
lines are experimental data; red lines are fitted curves. Contributions of two Lorentzian functions
are additionally shown with blue and green dashed lines. The difference between the two fitted
peak positions was used to estimate the crystal field splitting parameter A.

octahedral crystal field is visible for CuMo;_, W,Oy4 samples with z > 0.15.
It is in agreement with the results obtained from high energy resolution
off-resonant X-ray emission spectra (Figs. 9.3.1(e-h)). The results for the
crystal field splitting parameter A obtained from the fitting off-resonant XES
(B2 band) and HERFD-XANES spectra of CuMo;_, W, solid solutions at
300 K and 90 K are combined in Fig. 9.3.3. Note that only the splitting of the
white line (Figs. 9.3.2) is considered in Fig. 9.3.3 because it is weakly
affected by the self-absorption effect, which can be neglected.
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Figure 9.3.3: Crystal field splitting parameter A as a function of tungsten content z in
CuMo;_.W_0; solid solutions at 90 K and 300 K: calculated from the off-resonant XES
(Fig. 9.3.1(f)) and HERFD-XANES (Fig. 9.3.1(d)) spectra. A schematic energy level diagram
showing crystal field splitting of tungsten Sd-states in the tetrahedral and octahedral environment
is also shown. Note that A, is smaller than A,qs.

At 300 K, CuWO4 and CuMog g6W.0404 have wolframite [129] and
a-CuMoQy [1] phases, respectively, which correspond to the octahedral and
tetrahedral coordination of tungsten ions. Upon cooling down to 90 K,
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Chapter 9. RXES study at the W L3-edge of CuMo;_, W, 0,4

CuWOy, remains in the same triclinic phase (space group P1) [181], but
CuMog.96Wg.0404 changes its phase from « to v-CuMoQOy phase [2, 10] with
distorted octahedral coordination of Mo%* and W%+ ions.

For intermediate compositions of CuMo;_, W, 0,4 solid solutions, a
mixture of a-CuMoO, and y-CuMoQO4 phases co-exists with the relative
amounts depending on the tungsten content and temperature [4, 10, 133]. In
particular, when samples are cooled down from 300 K to 90 K, a transition
from tetrahedral to octahedral tungsten coordination is observed for solid
solutions with < 0.20 but not for those with > 0.20 (Fig. 9.3.3).

The theoretical XANES calculations for distorted WOg and WOy,
environments (Fig. 9.2.1) suggest a value of the crystal field splitting
parameter A ~ 3 — 4 eV for octahedral coordination and about 2 eV for
tetrahedral one. By considering the experimentally observed a-to-vy phase
transition and theoretical calculations, the crystal field splitting parameter A
can be distributed into two ranges (see green and brown regions in Fig. 9.3.3).
The tetrahedral coordination of W57 ions is expected for A < 3, whereas the
octahedral coordination for A > 3. This example shows that the simple
analysis of the experimental off-resonant XES and HERFD-XANES spectra
can provide useful information on the local coordination of tungsten ions.

Furthermore, the parameter A correlates well with optical properties of
the CuMo;_, WOy solid solutions (i.e. their colour). Namely, at 300 K, the
samples with < 0.15 have the crystal field splitting parameter A < 3 eV and
greenish colour, whereas the samples with > 0.20 have A > 3 eV and brown
colour. Note, that upon cooling down to 90 K, the samples with z < 0.15
change their colour from greenish to brown, in agreement with previous studies
[10], and the parameter A increases above 3 eV indicating the transition to the
phase with the octahedral tungsten (and molybdenum) coordination.

In the next subsection, the sensitivity of the crystal field splitting
parameter A to the temperature-induced phase transitions in CuMo;_, W, 0Oy
solid solutions with low tungsten rate is demonstrated.

9.3.3 Effect of temperature

It is known that the first-order structural phase transition between « and ~
phases in CuMo;_,W,0Oy solid solutions (with low W concentration) has a
pronounced hysteretic behaviour, which can be controlled by varying the
tungsten content [4, 10]. In our previous studies of CuMoO4 and
CuMog.9oWq.1004 [88, 163], we have shown that the Mo K-edge XANES is
sensitive to the a-to-y phase transition due to the significant change in the
coordination of molybdenum ions from tetrahedral to octahedral one.
However, the sensitivity of the Mo K-edge XANES to the phase transition is
based on a variation of the pre-edge peak amplitude which is affected by the
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9.3. Results and discussion

natural broadening of the excited state (5.8 eV at the Mo K-edge [172]).
Therefore, the high resolution off-resonant XES and HERFD-XANES spectra
should be more favourable for tracking the a-to-vy phase transition.

The temperature-dependent W L3-edge HERFD-XANES spectra of
CuMog.96Wg.0404 sample are shown in Fig. 9.3.4. The spectral shape
changes reflect the transition from tetrahedral (a-phase) to octahedral
(v-phase) tungsten coordination on cooling from 300 K to 120 K, whereas
from octahedral to tetrahedral tungsten coordination on heating from 90 K up
to 420 K. Note that the temperature effect is clearly observed in the
corresponding RXES planes. The relative position of two bright spots is well
resolved in the octahedral coordination. The two spots move closer and
change their relative intensity in the case of tetrahedral coordination. A
similar trend is observed for CuMog g9Wq.1004 experimental data, but the
difference is not so pronounced since, at particular temperatures, W atoms
coexist in both tetrahedral and octahedral environment (Fig. 9.3.5).

CuMo, 46W,,4,0,

e . . .
CuMoy 66Wo,040,
W L,-edge
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Incident energy (eV)
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Figure 9.3.4: Temperature-dependent RXES data for CuMoy.06W.0404: Parts of the RXES
planes at 90 K, 300 K and 420 K on heating (left panels) and temperature dependent W L3-edge
HERFD-XANES spectra measured on cooling and heating (right panel).

The phase transition hysteresis loops for CuMog.gosWo.0404 and
CuMog 9gWo.1004 solid solutions are shown in Fig. 9.3.6. They were
determined from the temperature dependencies of the magnitude of the peak
splitting (A) and the ratio of peak intensities (I3/I2) in the W Ls-edge
HERFD-XANES and off-resonant XES spectra. The both parameters were
normalized on a scale from 0 to 1 and averaged. Note that HERFD-XANES
and off-resonant XES have slightly different sensitivity to the change of
tungsten coordination leading to some scatter of the points. The results for
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Figure 9.3.5: Temperature-dependent RXES data for CuMoy.90Wy.1004: Parts of the RXES
planes at 300 K (before cooling) and 90 K (a); temperature-dependent W Ls-edge HERFD-
XANES spectra measured on heating and cooling and high energy resolution off-resonant X-ray
emission spectra obtained with incident energy E;=10190 eV (b,c).
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Figure 9.3.6: Temperature dependencies of the normalized and averaged magnitude of the
peak splitting (A) and the ratio of peak intensities (I; /Iz): for CuMog.96 W0.0404 (a) and
CuMog.90Wo.1004 (b) samples. A fraction of the a-phase extracted from the linear combination
analysis of the Mo K-edge XANES spectra of CuMog.90Wo.1004 [88] is also displayed for
comparison (solid triangles). Inset shows a photo of two CuMog.96 W0.0404 samples at room
temperature: the brown sample is in the y-phase (after treatment at 77 K in liquid nitrogen), and
the green sample is in the a-phase (at room temperature).

CuMog 90W0.1004 (Fig. 9.3.5(b)) are also compared with a fraction of the
a-phase extracted from the Mo K-edge XANES spectra analysis [88].

A small difference between the starting temperatures of the a-to-y phase
transition obtained from the W L3 and Mo K-edges for CuMog.goWq.1004
sample is observed. When probed at the Mo K-edge, the transition starts at
slightly lower temperature than that measured at the W Lz-edge. This can be
explained by the fact, that some part of the tungsten atoms is located in the
octahedral environment already at 300 K, as was concluded from Fig. 9.3.3
and Fig. 9.3.5.
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9.4 Conclusions

Resonant X-ray emission spectroscopy (RXES) at the W Ls-edge was used to
study the changes in the local atomic structure of tungsten ions across the
thermochromic phase transition in polycrystalline CuMo;_,W,0,4 solid
solutions as a function of sample composition and temperature.

It was demonstrated that the analysis of the RXES plane provides
valuable information on the coordination of tungsten atoms in the sample
bulk and allows one to determine the crystal field splitting parameter A for
the 5d(W)-states. Moreover, this information can be extracted from the
analysis of RXES plane using two different perspectives: the high energy
resolution fluorescence detected X-ray absorption near-edge structure
(HERFD-XANES) and the high energy resolution off-resonant X-ray
emission spectra excited below and above resonance conditions. The analysis
of the experimentally obtained RXES planes shows a clear advantage over
conventional XANES due to revealing spectral features with much higher
resolution.

The RXES method is well suited for in sifu measurements and was used
here to track the hysteresis loop of the first-order structural phase transition
between « and v phases in CuMo;_, W,Oy4 solid solutions on cooling and
heating even at low (z < 0.10) tungsten content.

It was found that tungsten ions in CuMo;_, WO, solid solutions have
always octahedral coordination for samples with > 0.15, whereas their
coordination changes from tetrahedral to octahedral upon cooling for smaller
tungsten content. Nevertheless, some amount of tungsten ions co-exists in the
octahedral environment at 300 K for solid solutions with z < 0.15. The
obtained results correlate well with the optical properties of these materials,
namely, colour change from greenish to brown upon cooling or increasing
tungsten concentration.

The electronic structure of CuMo;_, W,y solid solutions governs their
thermochromic properties, which are related to a variation of the transmission
window in optical spectra [10,11]. A change in the tungsten local coordination
from tetrahedral to octahedral affects the band gap, which is determined by
the oxygen-to-metal charge transfer [10]. The band gap is smaller in the case
of octahedral coordination of tungsten [11], i.e., at higher tungsten content or
lower temperature.

Finally, this study demonstrates the possibilities of the RXES technique to
probe the crystal field effect in functional materials with controllable properties
on the example of thermochromic CuMo;_, W, Oy solid solutions.
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Chapter 10
XAS study of Cu;_,Zn, MoOy

10.1 Introduction !

Copper and zinc molybdates form a complete solid solution series
Cuj_;Zn,MoOy (0<x<1) [128, 135]. The substitution of copper by zinc
produces a strong effect on the thermochromic properties of copper
molybdate and changes its band gap from 2.78 eV in a-CuMoOy4 to 3.6 eV in
a-ZnMoOy [138]. Recently it was found, that the substitution of Cu?* ions
with an ionic radii 0.73 A by a few percent (0<x<0.05) of slightly larger
Zn*t jons (0.74 A) reduces the phase transition temperature of
Cuj_Zng;Mog.94Wo.0604 [134]. Magnetic susceptibility measurements of
Cuj_,Zn,MoOy4 (0<x<0.1) reported in [137] indicate on the shift of a <> v
phase transition hysteresis to the lower temperatures by ~75 K with
increasing Zn’t content. Diffraction data reported in [135] indicated that
content of Zn atoms in Cuj_,Zn,MoQOy solid solution higher than ~17.5%
leads to a phase similar to a-ZnMoOQy.

A deeper understanding of the relationship between crystal structure and
thermochromic properties in Cu;_,Zn,MoQOy requires detailed knowledge on
the variation in the short-range order upon transition metal ion substitution and
temperature change. In this chapter, we discuss the influence of zinc ions on
the local structure and lattice dynamics of Cu; _,Zn,MoQOy4 (x=0.10, 0.50, 0.90)
solid solutions.

10.2 XAS experimental data

XAS experiments for Cu;_,Zn,MoO4 (0<x<1.0) samples were conducted
at HASYLAB PETRA III P65 undulator beamline [152] as a function of
temperature as described in Section 6.4. The Cug.gpZng.10Mo00O,4 sample was
measured on heating from 10 K to 300 K and on cooling from 300 K to
100 K. All other samples were measured only on heating from 10 K to 300 K.

"The main results, presented in this chapter, have been published as I. Pudza, A. Anspoks,
A. Cintins, A. Kalinko, E. Welter, A. Kuzmin, The influence of Zn>* jons on the local
structure and thermochromic properties of Cu;_,Zn,MoO, solid solutions, Materials
Today Communications 28 (2021) 102607.
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Temperature dependence of the Mo K-edge XANES in Cug ggZng.10M0Oy4
was observed similar to pure CuMoOQy, indicating the change in molybdenum
coordination. Its linear combination analysis (LCA) was performed using one
of the low-temperature (50 K) and the highest temperature (300 K) XANES
spectra as references. The analysis was done using the Athena package [29]
in the energy range from 19985 eV to 20015 eV. The obtained temperature-
dependent fraction of a-phase (300 K) in the sample is shown in Fig. 10.2.1,
where the hysteresis loop is well observed.
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14 Mo K-edge 1.0 |~ # : CuMoO, .
4 1Cuyg0ZNg 1;M0O,
" o075 o =@- Cugg¢pZNg10M0O,
w L | s
= 12 go.s
< =
X 1.0t Heating ‘.3'0 6k
3 20K 8
~ 0.8f —200K1{'G
© ——225K1c04f
£ 0.6f ——300K1.0
5 Cooling o
2 04} 250 K1 § 0.2
150 K { LL
0.2t —— 125 K-
— so0k| 0.0
"-10 0 10 20 30 40 50 0 50 100 150 200 250 300
Energy E-E; (eV) Temperature T (K)

Figure 10.2.1: Temperature dependence of Cug.90Zny.10M0QOy4: experimental Mo K-edge
XANES as a function of temperature during the sample cooling and heating (left panel).
Temperature dependence of the a-phase fraction in CuMoQO4 [88] and Cug.90Zng.10M0O4
upon heating and cooling (right panel). Photographs of the Cug.90Zng.10M0O4 sample at 77 K
(brownish) and 300 K (green) are also shown for illustration.

Temperature-dependent experimental Cu, Zn and Mo K-edge EXAFS
x( k)k2 spectra of Cu;_,Zn,MoO4 were extracted following the conventional
procedure [70] using the Athena package [29]. The EXAFS spectra and their
FTs at selected temperatures for several samples are shown in Fig. 10.2.2.
The Zn K-edge EXAFS of CuggpZng10M0oO4 was excluded from the
analysis due it was corrupted by glitches. The FTs were calculated in the
k-space range of 1.3-12.0 A~! (for Cu K-edge), 2.3-14.0 A—! (for Zn
K-edge) and 2.4-15.0 A~! (for Mo K-edge).
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Figure 10.2.2: Temperature-dependent experimental EXAFS data for ZnMoO, and
Cui_;Zn;Mo04 (2=0.10, 0.50, 0.90): Cu, Zn and Mo K-edge EXAFS spectra x(k)k2 at
selected temperatures (a-c) and corresponding Fourier transforms (only modulus is shown) (d-
f). The most pronounced changes in Cug.90Zno.10MoQOy4 spectra are highlighted.
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10.3 Results and discussion

10.3.1 XANES analysis

Temperature-dependent normalized Mo K-edge XANES spectra of
Cug.90Zng.10M0oQOy are shown in Fig. 10.2.1. The LCA of the Mo K-edge
XANES was performed in the temperature range from 20 to 300 K. In an
analogy with pure CuMoOQOy [88, 163], we assume that Cug.ggZng.10MoQOy
exists in a-phase at 300 K, while in y-phase at 20 K. As shown in Fig. 10.2.1,
the sample colour changes from green to brownish after treatment with liquid
nitrogen (~77 K) and returns to green at room temperature.

A fraction of the a-phase in Cug g9Zng.10M0oQOy at different temperatures
(Fig. 10.2.1) demonstrates hysteresis behavior on cooling and heating similar
to CuMoO,4. However, the phase transition hysteresis in Cug ggZng.10M0oQOy
is shifted to lower temperatures by about 25 K. At the same time, the
variation of the pre-edge peak for Cug.g99Zng.10MoQy is not as pronounced as
for CuMoOQOy4 reported in [163] indicating on slightly different molybdenum
local environment at low temperatures. Based on XANES data, the transition
from « to y phase occurs in Cug.g9Zng.10MoQO4 between ~175 K and ~100 K
upon cooling, whereas the transition from v to « phase begins above ~200 K
and ends at ~250 K.

10.3.2 EXAFS analysis

Experimental Cu, Zn and Mo K-edge EXAFS spectra y(k)k? of
Cuy_,Zn,MoOy together with their FTs are compared in Fig. 10.2.2. The
first FT peak located at about 1-2 A is due to the contribution from the first
coordination shell formed by oxygen atoms. More distant FT peaks originate
from SS contributions of outer coordination shells and MS effects.

While the temperature dependence at the Mo K-edge (especially at low-k
values) for samples with £>0.50 is very weak, significant changes occur in
the first coordination shell of molybdenum atoms in Cug.ggZng10M0QOy4
sample. Indeed, the amplitude of the FT peak at 1.3 A slightly increases on
heating, suggesting the less distorted local environment of molybdenum at
300 K (Fig. 10.2.2(f)). Such behaviour is similar to the Mo change from
octahedral to tetrahedral coordination during the 7y-to-a phase transition in
pure CuMoOQOy4 [162].

Comparing EXAFS spectra at the Cu and Zn K-edges, one can see that the
local environment of Zn atoms exhibits stronger temperature dependence than
that of Cu atoms. The damping of the Zn K-edge EXAFS oscillations increases
noticeably at high-£ values with temperature increase due to enhanced thermal
disorder.
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EXAFS spectra x(k)k? were analysed based on RMC/EA calculations as
described in Section 7.1.4. Initial structure models for the calculations were
constructed based on diffraction data reported in [1, 127, 128] by randomly
substituting Zn atoms with Cu and vice versa, keeping the stoichiometric ratio
of the elements in the supercell (4ax4bx4c) containing 2304 atoms. Several
random configurations were simulated. In the case of Cug.99Zng.10M0QOy,
structure models based on both a-CuMoQOy4 and v-CuMoOQOy structures were
tested, and the relaxed a-phase gave a slightly better fit (smaller residual
& [17]) than the ~y-phase for all examined temperatures (20-300 K).

RMC/EA calculations were performed simultaneously for two (in
ZnMoO, and Cug gpZng.10M00,) or three (in Cu;_,Zn,MoO,4 with x=0.50
and 0.90) metal absorption edges. An example of obtained EXAFS fits, along
with corresponding Fourier and Wavelet transforms of the experimental and
theoretically calculated EXAFS spectra, are shown in Fig. 10.3.1(a-c) for
Cug.50Zng 50M004 sample. Good agreement between experimental and
simulated data was achieved at all three metal absorption edges at all
temperatures. The convergence of each RMC simulation was achieved after
several thousand iterations. At least three RMC/EA simulations with different
sequences of pseudo-random numbers were performed for each experimental
data set.
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Figure 10.3.1: Comparison of the experimental (T =20 K and 300 K) and calculated
EXAFS data: configuration-averaged Cu, Zn and Mo K-edge x(k)k* spectra of
Cuo.50Zn0.50M004 (b) and their Fourier (¢) and Morlet wavelet transforms (7=20 K) (a).
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The final atomic configurations were used to calculate the partial RDFs
g(R) for metal-oxygen and metal-metal atom pairs. Averaged distributions
obtained from different pseudo-random number seeds are shown up to 6 A for
ZnMoOy at 10 K and 300 K in Fig. 10.3.2. As one can see, temperature
induced peak broadening is well evident. Note that the first coordination shell
is well separated, while outer shells overlap strongly. Further, we limit our
discussion to the first coordination shell only. Temperature dependence of
partial RDFs gzn_o(R), gcu—o(R), and gmo—o(R) for ZnMoO, and
Cuj_,Zn,MoOQy is shown in Fig. 10.3.3.
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Figure 10.3.2: Partial RDFs around zinc and molybdenum atoms in ZnMoO, at 7=10 K
and 300 K obtained in RMC/EA simulations. Contributions from different atoms are
indicated.

The RDFs gcy—o(R) for Cu—O atom pairs in Cu;_,Zn,MoQOy4 have two
maxima at ~1.9 A and ~2.3 A with a relative area of about 4:2. The
first-order Jahn-Teller effect causes strong distortion of the first coordination
shell of copper ions due to the Cu?T[3d"] electronic configuration. The RDFs
of the nearest four oxygen atoms, located in the plane of the CuOg
octahedron/CuQOs square-pyramid, have a weak temperature dependence
because of strong Cu—O bonds. The two more distant axial oxygen atoms
contribute to the second broad peak of the RDF. Averaged interatomic
distances for all six Cu—O sites within the first coordination shell calculated
from atomic coordinates in the structural models are shown with vertical
dashed lines in Fig. 10.3.3 for Cug gpZng10M00O4. One can see that during
heating, the longest Cu—O bond slightly lengthens.

Although «@-ZnMoO4 is isostructural to «-CuMoQOy, the local
environment of zinc ions differs from that of copper. Zn?* has an electronic
configuration [Ar]3d'° and, thus, the Jahn-Teller distortion is absent. The
distribution gz,—o(R) can be characterised with one asymmetric peak with a
maximum at about 2.05 A because both ZnOg octahedron and ZnOs
square-pyramid are slightly deformed.
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Figure 10.3.3: Temperature-dependent partial RDFs gz,_o(R), gcu—o(R) and gmo—o(R)
obtained in RMC/EA simulations. Vertical dashed lines in gzn—o(R) plot for ZnMoO4 and
gcu—o(R) plot for Cug.90Znp.10M00O4 indicate average Zn—O and Cu—O interatomic distances,
respectively, at 10 K(20 K) and 300 K (black and red lines, respectively).

The distribution gyo—o(R) of the nearest four oxygen atoms, forming
MoO, tetrahedron with Ryo—o ~1.77 A, is rather narrow and has a weak
dependence on temperature due to strong Mo—O bonds. The RDFs gno—0(R)
in pure a-ZnMoOy4 and Cu;_,Zn,MoO, solid solutions with £=0.50 and
0.90 remain nearly unchanged in the temperature range of 20-300 K. At the
same time, some variation of the gyo—o(R) upon temperature increase is
observed for Cug.99Zng.10MoQO,4 sample and is related to structural changes.

The MSRD factor o2 values were evaluated directly from atomic
coordinates by the MAD function [93]. Information on interatomic
interactions was obtained by analysing the temperature dependencies of the
MSRD factors o2, which are equal to a sum of thermal o2, and static o2
disorder. Due to the distorted environment of metal ions, only the groups of
nearest oxygen atoms, which are responsible for the main peak in partial
RDFs in Fig. 10.3.3, have been considered. The obtained MSRDs are plotted
in Fig. 10.3.4 as a function of temperature and composition. The temperature
dependencies of o2 were fitted with the correlated Einstein model [182], and
the static disorder factors o2, were estimated.

Similar to the result of the Mo K-edge XANES analysis (Fig. 10.2.1), the
temperature dependence of the MSRD factors ‘71%/1070 in Cug.goZng.10Mo0O4
exhibits hysteresis (Fig. 10.3.4(a)). Note that at temperatures below 250 K
the MSRD values ‘71%4070 are much smaller than those for low-temperature ~y-
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Figure 10.3.4: MSRD factors o2, obtained in RMC/EA simulations: temperature
dependencies of o2 for metal (Mo, Cu, Zn) and surrounding four nearest oxygen atoms (a,
¢, d). Additionally o calculated for zinc and five nearest oxygens is plotted in panel (d) for
comparison. Static disorder term o2, as a function of zinc concentration z in Cu1—_,Zn;MoOy4
is shown in panel (b). Solid lines are fits by the correlated Einstein model. Dashed lines are
guide for eye.

CuMoQy4 phase. At the same time, at 300 K the value of the MSRD factor is
close to that of a-CuMoOy.

No hysteresis was found for pure ZnMoO4 and Cu;_,Zn,MoQOy4 solid
solutions with £=0.50 and 0.90. In fact, small values of 01%,[070 and their weak
temperature dependence indicate strong Mo—O bonding, which is
characteristic of MoQy, tetrahedral. The estimated Einstein frequency equals
about wg=1114+52 THz.

The MSRDs values O‘%u_o for the four shortest Cu—O bonds within error
bars are close in all Cu;_,Zn,MoQ, solid solutions and CuMoO, (Fig.
10.3.4(c)). Their Einstein frequencies are in the range of wg=78+39 THz.

The estimated U%n—o values for groups of the nearest four (Zn—O(4)) or
five (Zn—O(5)) oxygen atoms show weak dependence on the composition
(Fig. 10.3.4(d)) being close in @-ZnMoO, and Cu;_,Zn,MoQOy4 samples with
=090 and 0.50. The calculated Einstein frequencies are equal to
wp=68+£10 THz when only four nearest oxygen atoms are considered and
wpr=52+4 THz when the fifth oxygen atom is included.
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Chapter 10. XAS study of Cu;_,Zn,MoO,

The composition dependence of the static disorder around metal ions in
Cui_,Zn,MoOy solid solutions can be evaluated based on the values of Jgt
for the nearest four Cu—O, Zn—O and Mo—O atom pairs (Fig. 10.3.4(b)). The
extracted o2, values for the Mo—O bonds reveal that the static distortions are
much larger in the low-temperature v-CuMoQO, than in the low-temperature
phase of Cug.ggZng.10M0Qy, both having distorted octahedral coordination of
Mo®* ions.

Based on EXAFS data, 50% of a-Cug.g9Zng.10MoQy4 transforms to the
low-temperature phase during cooling at Ty ,5c ~125 K (=134 K from
XANES (Fig. 10.2.1)) and returns to a-phase on heating at 7' o ~225 K
(Fig. 10.3.4(a)). Both Tj,5c and Tjoy values are shifted to lower
temperatures in comparison to pure CuMoOy, where T ¢ ~143-155 K and
Ty =255 K (Figs. 10.2.1 and 7.1.1). Thus, the substitution of Cu?t by
Zn** ions stabilizes the a-phase, which is natural for a-ZnMoO,.

The tetrahedral coordination of Mo®t ions in a-CuMo00Qy, a-ZnMoO, and
a-Cuy_,Zn,MoOy solid solutions is responsible for small values of o2, for
Mo-O bonds in Fig. 10.3.4(b). The distorted octahedral environment of Zn?*
ions results in larger o2, values for the Zn—O bonds and is almost constant for
samples with >0.5. An increase of 02, for the Cu—O bonds can be related
to the role played by Cu?* ions upon increasing x (content of Zn?* ions) in
Cuj_,Zn,MoOQOy solid solutions. Namely, static distortions are the smallest
in pure a-CuMoQy; they increase upon a formation of Cu;_,Zn,MoQy solid
solutions with a maximum at =0.50 and remain constant for a smaller amount
of copper (x>0.50) when the zinc sublattice determines the structure.

So, the local environment of molybdenum ions in Cu;_,Zn,MoOy4 solid
solutions is significantly influenced by the substitution of copper by zinc, since
the electronic configurations of the two 3d-ions differ significantly. Namely,
the Zn?T ion 3d subshell is filled, while the 3d° electronic configuration of
Cu?T results in the first-order Jahn-Teller distortion. Thus, CuOg octahedra
have tetragonal deformation. The substitution modifies the electronic structure
of the molybdate by increasing its band gap [138] and leads to a disappearance
of thermochromic properties, which are closely related to the local structure of
molybdenum ions.

The coordination of molybdenum ions in y-Cug.g9Zng10MoOy4 solid
solutions changes from distorted octahedral at low-temperature to tetrahedral
in a-Cug.goZng.10MoO, above 250 K, similar to the temperature or
pressure-induced ~y-to-« phase transitions in CuMoQO, [1]. At the same time,
molybdenum ions have always tetrahedral coordination in a-Cuy_,Zn;MoOy
with £>0.10 and a-ZnMoOQOy.
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10.4 Conclusions

The XAS was used to study the influence of Zn?* ions on the thermochromic
properties of polycrystalline Cu;_,Zn,MoO4 (2=0.10, 0.50, 0.90) solid
solutions. The RMC/EA simulations allowed us to perform simultaneous
analysis of the EXAFS spectra at three metal absorption edges and to
reconstruct temperature and composition dependence of partial RDFs
gcu—0o(R), gzn—o(R) and gmo—o(R).

The XANES and EXAFS spectra analysis revealed that the substitution of
Cu?t by Zn*T ions stabilizes the a-phase, which is natural for @-ZnMoOQy,
and significantly affects the thermochromic phase transition temperature in
the materials. The substitution modifies the electronic structure of the solid
solutions due to the presence of the Jahn-Teller effect for Cu?* ions with 3d”
electronic configuration and absence of it for Zn?* ions with filled 3d
subshell.

Among sampled solid solutions, only Cug.g9Zng10MoO4 exhibited
thermochromic phase transition between « and ~ phases which can be
described with a hysteresis. This result is in agreement with the previous
work [137].

From the Mo K-edge XANES analysis, about 50% of the
a-Cug.gpZng.10Mo0Oy transforms to the low-temperature ~-phase at
Ty j20~125-134 K during cooling, whereas 50% of the y-Cug.90Zng.10M0O4
transforms back to the a-phase at T},55~226 K upon heating. These
temperatures are smaller than those for pure CuMoOy4, where
Ty /9c~143-155 K and T),,5~255 K [88, 163]. Note that only
a-Cug.g9Zng.10MoQy4 phase exists at room temperature.

To understand the structural origin of the thermochromic phase transition
in Cug.gpZng10M0o0Oy, a detailed analysis of the MSRD factors for
metal-oxygen bonds within the first coordination shell was performed. We
found that the substitution of copper by zinc affects the local environment of
Mo®%t ions strongly. This result can be explained by the instability of
molybdenum coordination, which is tetrahedral in a-Cug g9Zng 10M0QO4 solid
solution but changes to distorted octahedral under lattice contraction at low
temperatures in ~y-Cug.9oZng.10MoQO4. This effect is similar to the
temperature or pressure-induced a-to-y phase transitions in CuMoQOy [1].

Thus, tuning the thermochromic properties of CuMoO, by doping with
zinc may find applications for monitoring storage conditions of temperature-
sensitive products in the low-temperature range.
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Chapter 11

Summary and conclusions

In this thesis, the results of temperature and composition-dependent X-ray
absorption and resonant X-ray emission spectroscopy (XAS and RXES)
studies of copper molybdate (CuMoQy) and its solid solutions with tungsten
(CuMo;_,W,0,) and zinc (Cu;_,Zn,MoQOy) are presented. High quality
XAS and RXES experimental data were obtained during four experiments
conducted at synchrotron radiation facilities.

The interpretation of EXAFS and XANES spectra is not straightforward
and often requires advanced simulation tools, especially for such low
symmetry materials as CuMoOy and related solid solutions. It was shown that
while treatment of thermal fluctuations and static disorder in XAS is a
complex task, it can be successfully addressed by the reverse Monte Carlo
method with evolutionary algorithm approach (RMC/EA) simulations
coupled with ab initio mutiple-scattering calculations. However, simple
linear combination analysis of XANES data and the regularization-based
method for EXAFS data analysis can also give valuable information on the
local structure in the material.

Local structure probes allowed us to investigate the relationship between
structural and thermochromic properties of CuMoQ, in the temperature range
between 10 and 973 K. The influence of composition on thermochromic
properties of the solid solutions was also discussed. EXAFS spectra analysis
at several absorption edges simultaneously by the RMC/EA method allowed
us to obtain three-dimensional structure models of CuMoO,4 and its solid
solutions and to analyse them in details.

Atomic coordinates obtained from RMC/EA simulations were used to
reconstruct radial distribution functions (RDFs), bond angle distribution
functions (BADFs) and extract structural parameters (interatomic distances,
means-square relative displacements (MSRDs)) as a function of temperature.
The first coordination shell of metal ions was the most sensitive to structural
changes. Temperature dependences allowed us to evaluate the Einstein
frequencies and effective force constants. Besides, we were able to extract the
Wyckoft positions of atoms in the unit cell from the results of RMC/EA fits:
they are in good agreement with the known experimental diffraction data.
The sensitivity of RXES was further used to study the local structure in
CuMo;_, W0, from a tungsten perspective. The RXES method is well
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suited for in situ measurements and was used here to track the structural phase
transitions in CuMo; —, W, Oy solid solutions even at low (x < 0.10) tungsten
content.

The analysis of XAS data in the low-temperature range (10-300 K) gave
valuable information on the evolution of the local structure around copper and
molybdenum atoms in CuMoQ, during the structural phase transition between
o and y phases. The Mo K-edge XANES analysis allowed us to reconstruct the
hysteresis of a-to- phase transition in CuMoQy4. Based on these data, the ~y-to-
« phase transition occurs in the temperature range of 230-280 K upon heating,
whereas the a-to-v transition occurs between 120 and 200 K upon cooling.
During heating, molybdenum coordination by oxygen atoms gradually changes
from strongly distorted octahedral to less distorted tetrahedral. At 250 K, the
sample consisted of ~60% ~-phase and ~40% «-phase.

The analysis of the temperature-dependent Mo K-edge EXAFS spectra
using the regularization-like method and RMC/EA  simulations
(simultaneously at the Mo and Cu K-edges) allowed us to obtain a
temperature dependence of RDFs gyo—o(R) and confirmed that the ~-to-«
phase transition occurs gradually within a temperature range of 225-275 K.
The influence of thermal effects on the local environment around
molybdenum atoms in both v and « phases is relatively weak, and the
disorder is dominated by static distortions.

Further, the XAS was used to study the influence of W% and Zn?* ions
on the thermochromic properties of polycrystalline CuMo;_,W,0O4 and
Cuy_,Zn,MoQO4 solid solutions.

CuMog.90W0.1004 solid solution exhibits thermochromic properties
similar to pure CuMoO4. We observed that the addition of 10 mol% of
tungsten to CuMoO, induces local distortions and stabilizes the ~-phase,
leading to an increase of the phase transition temperatures by ~50-100 K.

XANES and EXAFS spectra revealed that the substitution of Cu?* ions
by Zn?* stabilizes a-phase, which is natural for a-ZnMoO,. The substitution
modifies the electronic structure of the solid solutions due to the presence of
the Jahn-Teller effect for Cu?* ions with 3d” electronic configuration and
absence of it for Zn?* ions with filled 3d subshell. In Cug.g9Zng 10M0O., the
phase transition hysteresis shifts to lower temperatures, while larger Zn%*
concentration stabilizes «-phase in all low-temperature range. The
substitution of copper by zinc affects the local environment of Mo%* ions
strongly. This result can be explained by the instability of molybdenum
coordination, which is tetrahedral in «-phase but changes to distorted
octahedral under lattice contraction at low temperatures in y-phase.

The phase transition temperatures corresponding to about 50% of the «
and 7 phases in the sample upon heating (77/25) and cooling (77/2¢)
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obtained from XANES analysis for the solid solutions with W and Zn where
x = 0.10 are compared to pure CuMoO, in Table 11.0.1. Tuning the
thermochromic properties of CuMoQO, to more desired temperature range by
doping with tungsten or zinc may be the key for the material to find
applications as an indicator for monitoring storage/processing conditions of
temperature-sensitive products.

Table 11.0.1: The a-to-y and y-to-a phase transition temperatures during cooling (7% /2¢)
and heating (7} /2 g ) obtained from the Mo K-edge XANES analysis for Cug.90Zng.10MoO4,
CuMoO4 and CuMog.9o0Wo.1004. The difference between the two temperatures AT also is
shown.

CuO49()ZnoA10MOO4 [89] CU,MOO4 [163] CuM00A90W0,10M004 [84]

Th /20 ~134K ~ 143K ~ 190K
Ty jom ~226 K ~ 255K ~ 340 K
AT ~ 92K ~ 112K ~ 150 K

The thermochromic properties of CuMoQy in the high-temperature range
(300-973 K) are not related to any phase transition. It was found that the local
environment of copper atoms is more affected during heating than that of
molybdenum atoms. It was shown that the thermal disorder affects strongly
not only the Cu K-edge EXAFS but also XANES region.

The RMC/EA simulations allowed us to obtain 3D structure models
taking into account the thermal disorder effect. At the same time, they are
able to reproduce the average (Wyckoff) positions of atoms inside the unit cell
in agreement with known diffraction data. The structural models obtained by
the RMC/EA simulations were used to calculate the configuration-averaged
Cu K-edge XANES using ab initio full-multiple-scattering theory. The
calculated XANES spectra agree with the experimental data and qualitatively
reproduce the main temperature-dependent XANES features. While the
MoQ, tetrahedra behave mostly as the rigid units, a reduction of the
correlation in atomic motion between copper and axial oxygen atoms occurs
upon temperature increase. This dynamic effect is the main cause of the
temperature-induced changes in the 0>~ — Cu?* charge transfer processes
and, thus, affects the thermochromic properties of a-CuMoQO4 upon heating
above room temperature.

A variation of the experimental EXAFS spectra at the metal absorption
edges in CuMo;_,W,Oy, strongly correlates with Mo:W ratio. It was shown
that multiple-scattering effects play an important role in the analysis of
CuMoq_, WOy solid solutions and should be taken into account to describe
the contributions from the outer coordination shells accurately.

At room temperature, CuMo;_,W,O4 solid solutions with tungsten
content above x~0.15 have the wolframite-type CuMoOy-III phase
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isostructural to CuWO,. Strong structural relaxations accompany the
formation of solid solutions. The ability of molybdenum atoms to adopt a
locally distorted environment allows them to adjust to the solid solution
structure determined by tungsten-related sublattice.

The role of tungsten ions was studied in more detail using RXES at the W
Ls-edge (2p3d RXES), which allowed us to trace the crystal field induced
splitting of the 5d states of tungsten. Moreover, this information was
extracted from the analysis of RXES plane using two different approaches:
the high-energy resolution fluorescence detected X-ray absorption near-edge
structure (HERFD-XANES) and the high energy resolution off-resonant
X-ray emission spectra excited below and above the resonance conditions.
The analysis of the experimentally obtained RXES planes shows a clear
advantage over conventional XANES due to revealing spectral features with
much higher resolution.

It was found that tungsten ions in CuMo;_, WO, solid solutions always
have octahedral coordination for samples with « > 0.15, whereas their
coordination changes from tetrahedral to octahedral upon cooling for smaller
tungsten content. Nevertheless, some amount of tungsten ions co-exists in the
octahedral environment at 300 K for solid solutions with z < 0.15. The
obtained results correlate well with the thermochromic properties of these
materials, namely, colour change from greenish to brown upon cooling or
increasing tungsten concentration.

The electronic structure of CuMo;_, WO, solid solutions governs their
thermochromic properties, which are related to the variation of the transmission
window in optical spectra [10,11]. A change in the tungsten local coordination
from tetrahedral to octahedral affects the band gap, which is determined by
the oxygen-to-metal charge transfer [10]. The band gap is smaller in the case
of octahedral coordination of tungsten [11], i.e., at higher tungsten content or
lower temperature.

Main conclusions:

* XAS and RXES techniques are well suited for local structure studies in
low-symmetry materials such as CuMoO, and its solid solutions.

» Thermal disorder in CuMoOQ;, at high temperatures affects stronger the
local environment of copper atoms than that of molybdenum.

* The thermochromic phase transition of CuMoQOy4 at low temperatures is
related to the change of molybdenum coordination between distorted
octahedral and tetrahedral.

* An addition of tungsten and zinc ions to CuMoO, modifies its
thermochromic properties.
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Chapter 12

Main theses

1. The hysteresis of the thermochromic phase transition between « and ~
phases in CuMoQy, occurring in the temperature range of 120-280 K
and related to the gradual transformation of strongly distorted octahedral
molybdenum coordination by oxygen atoms to less distorted tetrahedral,
can be successfully probed by X-ray absorption spectroscopy at the Mo
K-edge.

(Published in [A6, A7].)

2. In pure CuMoOy, at temperatures above 300 K, the local environment
of Cu atoms is more affected by the thermal disorder than that of Mo
atoms. While the MoQOy tetrahedra behave mostly as rigid units, a
reduction of the correlation in atomic motion between copper and axial
oxygen atoms occurs upon heating. This dynamic effect is the main
cause of the temperature-induced changes in the O?>~—Cu?* charge
transfer processes and, thus, is the origin of the thermochromic
properties of a-CuMoOy.

(Published in [A5].)

3. In situ high energy resolution fluorescence detected X-ray absorption
near-edge structure (HERFD-XANES) and the high energy resolution
off-resonant X-ray emission spectra excited below and above resonance
conditions at the W Lg-edge allow one to obtain the crystal field splitting
parameter for the 5d(W)-states and, thus, to follow the coordination of
tungsten atoms in CuMo;_, WOy solid solutions.

(Published in [A2].)

4. In CuMo;_,W,0, (x < 0.10) solid solutions, the addition of W%+ ions
induces local structural distortions and stabilizes y-phase that leads to a
shift of the phase transition hysteresis to higher temperatures. The
addition of Zn?* ions, in turn, stabilizes a-phase and shifts the phase
transition hysteresis of Cu;_,Zn;MoOs (x < 0.10) to lower
temperatures. Both W and Zn?T ion additions thus modify the
thermochromic behaviour of the material.

(Published in [A1, A3].)
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Participation in conferences

International conferences and workshops

1. 14.08.-22.08.2021. — 25th Congress of International Union of Crystallography IUCr25
(online)
oral presentation “Treatment of disorder effects in X-ray absorption spectra by reverse
Monte Carlo simulations: CuMoOy case” (1. Pudza, A. Kuzmin).

2. 12.07.-13.07.2021. — International Conference on X-Ray Absorption Fine Structure -
XAFS 2021 Virtual (online),
oral presentation “XAS and RXES studies of phase transitions in CuMo1— ;W5 Ou solid
solutions” (1. Pudza, A. Kalinko, A. Cintins, A. Kuzmin).

3. 05.07.-07.07.2021. — YOUNG MULTIS - Multiscale Phenomena in Condensed Matter
Online conference for young researchers (online),
oral presentation “Local structure studies of multifunctional CuMoO4 and CuWOy solid
solutions” (1. Pudza, A. Kalinko, A. Cintins, A. Kuzmin).

4. 28.04.2021. — Bilateral workshop of Taiwan and the Baltic States Research Center on
Physics (online),
oral presentation “Resonant X-ray emission spectroscopy to reveal coordination of W
ions in CuMoi_ Wy Oy thermochromic materials” (1. Pudza).

5. 25.01.-29.01.2021. — DESY Photon Science Users’ Meeting 2021 (online),
poster presentation “Resonant X-ray emission spectroscopy of the thermochromic
phase transition in CuMo1—z W04 solid solutions” (1. Pudza, A. Kalinko, A. Cintins,
A. Kuzmin).

6. 22.01.2021. — DESY Photon Science Users’ Meeting 2021 - Satellite meeting “X-Ray
Absorption Spectroscopy at P64/65” (online),
oral presentation “Thermochromic phase transition in CuMo1—_. W04 solid solutions
probed by Resonant X-ray emission spectroscopy at the W Ls-edge” (1. Pudza, A.
Kalinko, A. Cintins, A. Kuzmin).

7. 16.09.-20.09.2019. — EMRS Fall Meeting 2019 (Warsaw, Poland),
poster presentation “Temperature and doping induced evolution of the local structure of
thermochromic copper molybdate” (1. Jonane, A. Anspoks, A. Cintins, G. Aquilanti, A.
Kalinko, R. Chernikov, A. Kuzmin).

8. 11.04.-12.04.2019. — 15th International Young Scientist conference “Developments in
Optics and Communications 2018 (Riga, Latvia),
poster presentation “Structural investigations of CuMo1—_>W,O4 solid solution” (1.
Jonane, A. Cintins, A. Anspoks, G. Aquilanti, A. Kalinko, G. Aquilanti, A. Kuzmin).

9. 02.11.-05.11.2018. — 12th International Scientific Conference “Functional Materials
and NanoTechnology” (Riga, Latvia),
oral presentation “Functional and structural properties of copper molybdate” (1.
Jonane, A. Anspoks, A. Cintins, G. Aquilanti, A. Kalinko, G. Aquilanti, R. Chernikov,
A. Kuzmin) and
poster presentation “Pressure-induced structural changes in a-MoOs probed by X-ray
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Participation in conferences

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

absorption spectroscopy” (1. Jonane, A. Anspoks, L. Nataf, F. Baudelet, T. Irifune, A.
Kuzmin) - achieved poster prize.

20.09.-22.09.2018. — conference “The First 30 Years of Reverse Monte Carlo
Modelling” (Budapest, Hungary),

oral presentation “Treatment of disorder in XANES by RMC simulations” (1. Jonane, A.
Kuzmin).

22.07.-27.07.2018. — 17th International Conference on X-Ray Absorption Fine Structure
(Krakow, Poland),

oral presentation “Low temperature X-ray absorption spectroscopy study of CuMoQO4
and CuMoo.9o Wo.1004 using reverse Monte-Carlo method” (1. Jonane, A. Cintins, A.
Kalinko, R. Chernikov, A. Kuzmin).

05.04.-06.04.2018. — 14th International Young Scientist conference “Developments in
Optics and Communications 2018 (Riga, Latvia),

oral presentation “Structural investigations of thermochromic phase transition in copper
molybdate” (1. Jonane, A. Cintins, A. Kalinko, R. Chernikov, A. Kuzmin).

12.03.-14.03.2018. — COST TO-BE (Towards oxide-based electronics (MP1308))
Spring Meeting (Sant Feliu de Guixols, Spain),

poster presentation “X-ray absorption spectroscopy for structural analysis of
CuMoO4” (1. Jonane, A. Cintins, A. Anspoks, A. Kuzmin).

11.09.-13.09.2017. — COST TO-BE (Towards oxide-based electronics (MP1308)) Fall
Meeting (Riga, Latvia),

poster presentation “Temperature-dependent X-ray absorption spectroscopy study of
CuMoO,” (1. Jonane, A. Kuzmin, A. Anspoks) - achieved poster prize.

16.05.-19.05.2017. — 16. International conference of Plasma-Facing Materials and
Components for Fusion Applications (Diisseldorf, Germany),

poster presentation “X-ray absorption spectroscopy study of yttria nanoparticles using
simulation-based methods” (1. Jonane, A. Kuzmin, A. Anspoks, A. Cintins, V.E. Serga,
J. Purans) and

poster presentation “Advanced approach to the local structure reconstruction and
theory validation on example of the W Lz-edge EXAFS of tungsten” (1. Jonane, A.
Kuzmin, A. Anspoks).

24.04.-27.04.2017. — 11th International Scientific Conference “Functional Materials
and NanoTechnology” (Tartu, Estonia),

poster presentation “Temperature-dependent EXAFS study of the local structure of
copper molybdate using reverse Monte-Carlo method” (1. Jonane, A. Kuzmin, A.
Anspoks).

06.04.-07.04.2017. — 13th International Young Scientist conference “Developments in
Optics and Communications 2017 (Riga, Latvia),

oral presentation “Relationship between local structure and optical properties of copper
molybdate” (1. Jonane, A. Anspoks, A. Kuzmin).

10.06.-12.06.2015. - EURONANOFORUM 2015 (Riga, Latvia),

poster presentation “Static disorder in nanocrystalline yttria probed by X-ray absorption
spectroscopy” (1. Jonane, J. Timoshenko, A. Kuzmin).

08.04.-10.04.2015. — 11th International Young Scientist conference “Developments in
Optics and Communications 2015” (Riga, Latvia),

oral presentation “Temperature dependence of the local structure of Y203 from EXAFS
analysis using evolutionary algorithm method” (1. Jonane, J. Timoshenko, A. Kuzmin)

29.09.-01.10.2014. — 9th International Scientific Conference “Functional Materials and
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NanoTechnology” (Riga, Latvia),

poster presentation “EXAFS study of the local structure of crystalline and
nanocrystalline Y203 using evolutionary algorithm method” (1. Jonane, .
Timoshenko, A. Kuzmin).

Local conferences

10.

11.

12.

. 23.02.-25.02.2021. — 37. annual ISSP UL scientific conference (online),

oral presentation “Resonant X-ray emission spectroscopy of CuMoi_oW;O04 solid
solutions” (1. Pudza, A. Kalinko, A. Cintins, A. Kuzmin).

. 13.08.2020. — The 78th conference of the University of Latvia (Riga),

oral presentation “Correlation between the local structure and functional properties of
molybdates” (1. Pudza, A. Cintins, A. Anspoks, A. Kalinko, A. Kuzmin).

. 11.02.-13.02.2020. — 36. annual ISSP UL scientific conference (Riga),

oral presentation “The influence of zinc ions on the structure and thermochromic
properties of Cui—yZnzMoOy solid solutions” (1. Jonane, A. Cintins, A. Anspoks, A.
Kalinko, A. Kuzmin).

. 29.03.2019. — The 77th conference of the University of Latvia (Riga),

oral presentation “Structural studies of functional materials using synchrotron
radiation” (1. Jonane, A. Cintins, A. Anspoks, A. Kalinko, R. Chernikov, G. Aquilant,
L. Nataf, F. Baudelet, T. Irifune, A. Kuzmin).

. 20.02.-22.02.2019. — 35. annual ISSP UL scientific conference (Riga),

oral presentation “Resonant X-ray emission spectroscopy study of tungstates” (1. Jonane,
A. Kalinko, A. Kuzmin).

. 06.04.2018. — The 76th conference of the University of Latvia (Riga),

oral presentation “Investigation of the local structure and functional properties of copper
molybdate” (1. Jonane, A. Kuzmin).

. 20.02.-22.02.2018. — 34. annual ISSP UL scientific conference (Riga),

oral presentation “Study of the local structure and thermochromic properties in CuMoQO4
and CuMoi_ W04 using X-ray absorption spectroscopy” (1. Jonane, A. Cintins, A.
Anspoks, A. Kuzmin).

. 22.02.-24.02.2017. — 33. annual ISSP UL scientific conference (Riga),

oral presentation “Study of nanocrystalline compounds using reverse Monte-Carlo
method” (1. Jonane, A. Kuzmin).

. 17.02.-19.02.2016. — 32. annual ISSP UL scientific conference (Riga),

oral presentation “Temperature dependence of the local structure of scandium fluoride”
(I. Jonane, J. Timoshenko, A. Kuzmin, D. Bocharov, M. Krack).

24.02. —26.02.2015. — 31. annual ISSP UL scientific conference (Riga),

oral presentation “Modeling and analysis of FeFs structure using evolutionary
algorithm” ( 1. Jonane, J. Timoshenko).

11.04.2014. 54th international scientific conference of University of Daugavpils
(Daugavpils),

oral presentation “Analysis of the local structure of solid materials using EXAFS
spectroscopy” (1. Jonane, J. Timoshenko).

19.02. —21.02.2014. — 30. annual ISSP UL scientific conference (Riga),

poster presentation “Analysis of Y2 O3 structure using EXAFS-RMC method” (1. Jonane,
J. Timoshenko).
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Participation in international
schools

. 13.09.-17.09.2021. — 1st on-line School on Synchrotron Radiation “Gilberto Vlaic”:
Fundamentals, Methods and Application (online).

. 05.11.-09.11.2019. — BESSY II visit within CALIPSOplus Twinning Programme - visit
of HE-SGM beamline dedicated to NEXAFS/XPS spectroscopy experiments (Berlin,
Germany).

. 16.06.-21.06.2019. — ESRF synchrotron school “High-pressure techniques at the ESRF-

EBS” (Grenoble, France), poster presentation “High pressure effect on the local structure
of a-MoOs and a-HyMoO3”.

. 30.03.-05.04.2019. — MATRAC 2 School “Application of Neutrons and Synchrotron
Radiation in Materials Science with special focus on Fundamental Aspects of
Materials” (Munich, Germany), poster presentation ““Pressure-dependent X-ray
absorption spectroscopy study of a-MoOs and a-H,MoO3”.

. 15.03.-17.03.2018. — MP1308 COST TO-BE Action School “Technologies for oxide
electronics” (Sant Feliu de Guixols, Spain).

. 19.08.-26.08.2017. — RACIRI summer school “Grand Challenges and Opportunities
with the Best X-ray and Neutron Sources” (Ronneby, Sweden), poster presentation
“Advanced analysis of X-ray absorption spectra: the case of tungsten”.

. 01.03.-03.03.2017. — DESY research course “Nanoscience at Modern X-ray Sources”
(Hamburg, Germany), poster presentation “X-ray absorption spectroscopy study of
nanocrystalline yttria” - achieved poster prize.

. 18.07.-22.07.2016. — 1st NFFA Europe Summer School “Nanoscience Foundries and
Fine Analysis” (Barcelona, Spain), poster presentation “RMC analysis of the Y K-edge
EXAFS spectra in micro- and nano-crystalline Y2O3”.

. 27.06.-06.07.2014. — Summer school at Merseburg Technical University “Basic
Experiments in Sensor Technology and Laser Physics” (Merseburg, Germany).
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10.

I1.

12.

13.

14.

15.

16.

17.

Participation in synchrotron
experiments I

. 02.12.-06.12.2021. — XAS measurements within project “X-ray absorption spectroscopy

of medium-entropy alloys” at PETRA 111.

26.11.-01.12.2021. — XAS measurements within project “The colouration of tungstates

by proton intercalation: the effect on the local structure” at PETRA 1I1.

. 01.10.-04.10.2021. — XAS measurements within project “Local structure instabilities
and lattice dynamics in 2D layered materials upon charge-density-wave transitions” at
PETRA III.

. 04.05.-10.05.2021. & 27.09-29.09.2021. — RXES measurements within project
“Temperature-dependent HERFD-XANES spectroscopy study of thermochromic effects
in CuMo1—o WOy at the Mo K-edge” at PETRA 111 (remotely & on-site).

. 29.10.-02.11.2020. — XAS measurements within project “Local structure and disorder
in thermoelectric ZnO:Sb thin films” at PETRA III.

. 29.09.-05.10.2020. — RXES measurements within project “Resonant X-ray emission

spectroscopy of polaronic effects in nanocrystalline tungstates” at PETRA III.

. 10.09.-14.09.2020. — XAS measurements within project “Unravelling the structure of

rhenium oxide thin films” at PETRA IIL
. 25.11.-29.11.2019. — XAS measurements within project “The influence of zinc ions on
the thermochromic properties of Cu1_Zn,MoOQ, solid solutions” at PETRA 1II.

. 25.06.-01.07.2019. — XAS measurements within project “Impact of pressure on the

atomic structure and lattice dynamics in ReS2 and ReSe>” at SOLEIL.
23.05.-28.05.2019. — RXES measurements within project “Resonant X-ray emission
spectroscopy of mixed CuMo_ W, 04 thermochromic materials” at PETRA 111.
13.12.-17.12.2018. — XAS measurements within project “X-ray absorption spectroscopy
of oxide thermoelectric materials” at PETRA 1I1.

13.05.-18.06.2018. — XAS measurements within project “X-ray absorption spectroscopy
of lattice dynamics in 2D layered materials” at PETRA III.

24.01.-29.01.2018. — XAS measurements within project “Impact of pressure and
electron doping on the lattice distortion in a-MoO3” at SOLEIL.

22.06.-27.06.2017. — XAS measurements within project “XAS Local Atomic Structure
Studies of Ferroelectric HfO2” at PETRA III.

03.11.-08.11.2016. — XAS measurements within project “Low temperature
thermochromic phase transition in CuMo1_. W0, solid solutions” at PETRA 111
26.05.-30.05.2016. — XAS measurements within project “EXAFS study of negative
thermal expansion in nanocrystalline CuO” at PETRA 1I1.

07.12.-13.12.2015. — XAS measurements within project “Study of the thermochromic
phase transition in CuMoO, and mixed CuMo,_.W.04” at ELETTRA.

'PETRA III synchrotron is located in Hamburg, Germany, SOLEIL synchrotron — in Paris,
France, ELETTRA synchrotron — in Trieste, Italy.
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