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Abstract

Copper molybdate (CuMoO,4) and related solid solutions are multifunctional
materials exhibiting chromic properties, including thermochromism and
piezochromism. Their colour change is caused by the Ilattice
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 CuMoO4 and two
series of solid solutions (CuMo;_,W,0O4 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; —, W, Oy 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 ranges 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.).

Keywords: CuMoO,, X-ray absorption spectroscopy, EXAFS, XANES,
Reverse Monte-Carlo simulations
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Introduction

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 are more and more
used in different technological applications. One such advanced multifunctional
material is copper molybdate (CuMoO,) which has several chromic properties
such as thermochromism, piezochromism, tribochromism, halochromism [1-5],
being perspective for practicle aplications. Physical properties of CuMoO,
depend on temperature and/or pressure and can also be affected by modifying its
chemical composition [1,2, 6,7]. Therefore, the structure-property relationship
must be understood to learn how to control the functionality of the material. In
this thesis, CuMoOy-based thermochromic compounds are investigated to
elucidate the structural origin of their optical properties.

Thermochromic materials change their color in response to temperature
changes. In the solid inorganic materials, a gradual colour change may occur due
to lattice expansion/contraction, which affects the band gap, or a distinct colour
change may occur when the structure is modified upon a phase transition [8, p.42].

Pure CuMoO, has thermochromic properties both at low (100-300 K)
and high (400-700 K) temperatures. Above room temperature, the material
exists in the a-phase, however at low temperatures, CuMoO, 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, by W5* results in the formation of CuMo;_, W0, solid solutions
with different temperature response. Similarly, the substitution of Cu?* ions by
other divalent ions as Zn?* is possible.

At low temperatures, the considerable optical contrast between the two
polymorphic phases makes CuMoQy 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 [9].

Thermochromic properties of CuMoO, and related materials are closely
connected with the local atomic structure of constituting metal ions, which can
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be probed by synchrotron radiation X-ray absorption spectroscopy (XAS).
Today synchrotron radiation sources are available worldwide, and X-ray
absorption spectroscopy 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.

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 probes 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. 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. From RXES data 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 CuMoQO, and its solid solutions.

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,4) and
its solid solutions with tungsten (CuMo;_,W,O,4) and zinc (Cu;_,Zn,MoO,)
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, ZnMoOy
compounds and two series of CuMo; W, 04 and Cu;_,Zn,MoOy solid
solutions;

* to perform temperature and composition-dependent X-ray absorption and
resonant X-ray emission spectroscopy studies of CuMo;_,W,0,4 and
Cuy_,Zn,MoOy solid solutions at synchrotron radiation facilities;

* 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;
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CHAPTER 1. INTRODUCTION

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

Scientific novelty of the work

The results of research presented in this thesis are of scientific novelty and
have been published in several international journals.

The impact of the Wt ions 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 by
the RMC method can be employed to incorporate thermal disorder effects in
XANES simulations and to interpret temperature-dependent XANES data. In
CuMoOQy, 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 CuMoQ,4 above room temperature.

For the first time Cu;_,Zn,MoO, were studied by XAS and it was
found that, among sampled solid solutions, only Cug.g99Zng.10M0QOy4 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.

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
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, X-ray diffraction (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 [10] as
well as theoretical XANES calculations with FDMNES code [11, 12] have been
carried out by the Author at the Latvian SuperCluster facility [13]. 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.

8



X-ray absorption spectroscopy (XAS)

2.1. Basics of XAS

The absorption phenomenon of electromagnetic radiation is described by
the Beer-Lambert law: I(E) = Iy(E)e *(F)* where Io(E) is the incident
radiation intensity, « is the sample thickness, I(E) 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. A typical experimental setup for XAS measurements at the
synchrotron is shown in Fig. 2.1.1.

Xeray source
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Figure 2.1.1: A scheme of experimental setup for XAS measurements; X-
ray absorption spectrum xi(E) of tungsten foil at the W Ls absorption edge;
extracted EXAFS x(k)k? spectrum and corresponding Fourier transform.

o
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The flux of photons propagating through the material is reduced
exponentially due to the interactions of the incident radiation with atoms.
However, the smooth energy dependence of the absorption coefficient, is
interrupted at specific energies by a sharp rise in the absorption - absorption
edges. They occur when the incident X-ray energy is equal to that of the binding
energy of an electron, which is excited [14]. Depending on the electronic level
being involved (1s, 2s, 2py /2, 2p3/2, €tc.), the absorption edges are denoted as
K, Ly, Lo, L3, etc. edges. Thus, one can select the element to probe by tuning
the X-ray energy to the desired absorption edge region. An example of the W
Ls-edge X-ray absorption spectrum of a tungsten foil is shown in Fig. 2.1.1.

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
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CHAPTER 2. X-RAY ABSORPTION SPECTROSCOPY (XAS)

distribution functions (RDFs) g¢(R), contribute into EXAFS through the
single-scattering processes. Many-atom correlation functions give origin to the
multiple-scattering (MS) events when the photoelectron scatters from more than
one atom. Therefore, the real-space MS theory [15] is used for a quantitative
description of EXAFS. 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 (Fig. 2.1.1).

2.2. XAS data analysis

Though the XANES and EXAFS parts of X-ray absorption spectra have
the same physical origin, their distinction is convenient for the interpretation.
XANES contains information on the chemical state and symmetry around the
absorbing atom. Most often XANES region is used as a fingerprint to identify
chemical species in complex materials. However, significant efforts have been
made to develop theory for interpretation of XANES [12].

EXAFS analysis gives more detailed information on the local atomic
environment. A conventional EXAFS analysis [15] based on nonlinear
least-square fitting most often can be used only for the first coordination shell
analysis without further significant approximations due to MS contributions at
longer distances. Data analysis is challenging also if large disorder (static or
thermal) is present in the material and the bond-lengths cannot be approximated
with a Gaussian distribution. One can try to solve this problem by the
mathematical model employing the RDFs g(R) with a more complex shape or
by the expansion of g(R) in the cumulant series [16]. An alternative is the
regularization approach [17] or simulation-based EXAFS analysis, for instance,
using molecular dynamics [18, 19], Monte Carlo [20] and reverse Monte Carlo
(RMC) [21] methods. The RMC method with an evolutionary algorithm (EA)
approach implemented in the EvAX code and used in this thesis was developed
by J. Timoshenko at the EXAFS spectroscopy laboratory (ISSP, UL) [10,22].

The RMC/EA method is based on the iterative random changes
(Metropolis algorithm [20]) in the structural model, aimed to minimize the
difference between the Morlet wavelet transforms (WTs) [23] of the
experimental and calculated configuration-averaged EXAFS spectra. The
comparison in k- and R-spaces simultaneously using WTs gives better control
over the agreement between experimental and calculated spectra. EA makes
these calculations computationally more efficient. Thus, it is possible to include
in the analysis a larger number of photoelectron scattering paths and distant
coordination shells considering all significant MS contributions. Furthermore,
EvAX code allows one to construct a structural model, consistent with the
experimental EXAFS data, obtained at several absorption edges.
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Resonant X-ray emission spectroscopy (RXES)

X-ray emission spectroscopy (XES) is a second-order optical process that
includes X-ray absorption and subsequent emission. It is common to divide the
XES into two categories. The first one is normal XES or non-resonant XES,
when the core electron is excited to the high-energy continuum. The second
category is a resonant XES (RXES) when the incident X-ray energy “resonates”
with the excitation threshold of the core electron [24, p.335].

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 [25]. 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 is shown in Fig. 3.0.1(a). During the experiment, the
intensity of both incident and emission X-rays is recorded and after the signal
processing a so-called RXES plane is obtained (Fig. 3.0.1(b)) [26].

By selectively extracting the emitted photon intensity in the narrow
energy range close to the emission line (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 neighbouring
atoms. The X-ray emission spectra obtained by scanning the emitted radiation
slightly below [27] or above the absorption edge are called off-resonant X-ray
emission spectra [28].

@

X-ray source

Von Hamos
spectrometer Detector

Monochromator

Sample

Incident energy (eV)

IO
Figure 3.0.1: A schematic representation of the experimental setup for RXES
measurements (a) and tungsten 2p3d RXES plane (b). Two focusing mirrors
located after the monochromator are not shown for clarity.
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Structure and thermochromic properties of
molybdates

4.1. CuMoOy crystal structure and chromatic properties

Structure, optical, electrical, and magnetic properties of CuMoO, were
studied previously in detail in [1,6,9,29-31]. The pressure—temperature phase
diagram (Fig. 4.1.1) for CuMoO, was determined based on a single crystal
XRD data by Wiesmann ef 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 from green to brown, the a-to-y
phase transition is accompanied by an unit cell volume decrease of 12—13% [1].
The phase transition was also studied previously using optical spectroscopy,
differential scanning calorimetry, magnetic susceptibility, and dielectric
measurements [6, 9, 32]. It was found that the transition has hysteretic a
behaviour so that higher temperature is required to promote the ~y-to-« transition
than a-to-y. Both phases are separated by a region where they coexist.

-
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Figure 4.1.1: Pressure-temperature phase diagram for CuMoQOy (adapted from
[1]) and the unit cells of v-CuMoOy4 and a-CuMoQy.

At ambient pressure, CuMoQ, remains in the triclinic P1 symmetry up to
the melting point temperature (~1070 K) [1]. There are significant differences
in the crystallographic structure of o and ~ phases (Fig. 4.1.1). The y-phase of
CuMoOQy is built up of distorted CuOg and MoOg octahedra [1, 30], while a-
CuMoOQy is composed of distorted CuOg octahedra, CuO5 square-pyramids, and
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4.1. CuMoOy crystal structure and chromatic properties

distorted MoOy tetrahedra [1,33]. The first-order (Cu?*[3d°]) and second-order
(Mo%t[4d°]) Jahn-Teller effects are responsible for the distortion of CuOg and
MoOg octahedra. The unit cell of CuMoOy structure in both phases contains
six formula units (Z=6) with three non-equivalent copper (Cul, Cu2, Cu3) and
molybdenum (Mol, Mo2, Mo3) atoms, which have different local environments
[1,30]. Thus, the unit cell of CuMoO, consist of 36 atoms, and the structural
analysis is challenging.

It is worth mentioning that a colour change from green to brown but of
different origin occurs in pure a-phase of CuMoO, upon heating up to ~673 K
[9].

The green colour of CuMoO, is caused by the optical transmission
window in the energy range of ~1.9-2.5 eV (500-650 nm) (Fig. 4.1.2(a)) [9].
The chromatic properties of CuMoQ, 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 [9] or d-d
transitions [6,29,34]. 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
(02~ —=Mob* or 02~ —Cu?") [6, 9, 29, 34] or Cu?t —Mo®+ [35] 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. 4.1.2(a)), and the crystal changes both transmittance
and colour [9].

(a) 1:3 T (b) 400 CuMo.,W,0,

i }
450 500 550 600 650 700 750 0 0,02 004 006 0,08 0,1
Wavelength 2 (nm) Tungsten rate x

300

Figure 4.1.2: Temperature-dependent optical transmission spectra of CaMoOy
(adapted from [9])(a); Correlation between the phase transition temperatures
(gray lines) and tungsten rate x in CuMo,_,W,0, solid solutions (adapted
from [6]) (b).
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CHAPTER 4. STRUCTURE AND THERMOCHROMIC PROPERTIES OF MOLYBDATES
4.2. Effect of doping

4.2.1. An addition of tungsten ions

Several studies have revealed that the thermochromic properties can be
strongly affected by tungsten addition to CuMoQy,, resulting in a formation of
CuMo;_,W,0, solid solutions [2, 3, 6, 7, 36]. Depending on the tungsten
concentration, phases isostructural to high pressure phases of CuMoO,
(a-CuMo0,4, v-CuMoO,4 and CuMoOy4-IIT) with different Cu, Mo and W
coordination can be obtained [1, 36, 37]. Furthermore, the o <> ~ phase
transition temperature depends strongly on tungsten concentration and becomes
higher when the tungsten content increases (Fig. 4.1.2(b)) [2,6,7,37]. Tungsten
concentration above ~15% in CuMo;_,W,O, solid solutions leads to
wolframite-type (CuMoQ,-I1T) phase with the octahedral coordination of metal
ions and do not exhibit pronounced thermochromic behaviour but may be
interesting for other applications.

4.2.2. An addition of zinc ions

There are 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 form a complete solid solution series
Cu;_,Zn,Mo04 (0 < 2z < 1) [38,39]. Note that a-ZnMoO, phase is
isostructural to a-CuMoQOy [40] and is stable in the whole temperature range till
its decomposition temperature of 1280 K [39]. «a-ZnMoO, is composed of
distorted ZnOg octahedra, ZnOj square-pyramids and MoQ, tetrahedra [38].

Magnetic susceptibility measurements of Cu; _,Zn,MoO4 (0 < z < 0.1)
samples reported in [41] indicate on the shift of the phase transition point to the
lower temperatures with increasing Zn content. Yanase et al. [42] studied the
thermochromic phase transition in the CuMog.94Wq.06O4 material doped with
small amount of Zn (0 < x < 0.05). The results showed that the substitution of
Cu?* by Zn?* reduces the phase transition temperature of CuMog g4 Wo.0604 and
stabilizes the a-phase. Thus, the phase change occurs in the temperature range
of 303-343 K. Recently, structural, morphological and optical properties of solid
solutions with large Zn content (0.92 < z < 1.00) were studied [43]. In [44],
luminescence and pigment properties of Cug.19Zng.9oMoQO,4 were also reported.

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 sections.
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Samples and their characterization

Polycrystalline powders of CuMo;_,W,0O, solid solutions (z = 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 group of as-prepared
samples with < 0.15 had greenish colour, and the second group with z > 0.20
was brownish (Fig. 5.0.1(a)). The phase of as-prepared powders was confirmed
by X-ray powder diffraction and micro-Raman spectroscopy.

An example of the y-CuMog g6W.0404 sample stabilized at room
temperature by treatment a-CuMog 96 Wq.0404 powder sample at 77 K in liquid
nitrogen (cryogenic quenching) is shown in Fig. 5.0.1(b).

Polycrystalline Cu; _,Zn, MoO4 powders (z=0.10, 0.25, 0.50, 0.75, 0.90,
1.00) were synthesized similarly using a solid-state reaction method. Photos of
selected samples are shown in Fig. 5.0.1(c).

,(C_)___ vl Cui_!!Zn!|M¢>c74 ,

Figure 5.0.1: Photos of selected samples (see text for details).

X-ray absorption experiments were performed within four beamtime
projects at PETRA III (Germany) and ELETTRA (Italy) synchrotron radiation
sources. Low-temperature (from 10 K to 300 K) XAS experiments for
CuMo;_,W,0, and Cu;_,Zn,MoO, samples were conducted at the
HASYLAB PETRA III P65 undulator beamline [45]. High-temperature
measurements were performed at the ELETTRA XAFS bending-magnet
beamline [46] in the temperature range from 296 K to 973 K. The fourth
synchrotron radiation experiment (RXES measurements) was performed at the
HASYLAB PETRA III P64 undulator beamline [47]. Experimental details can
be found in [28,48-50].
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Overview of the main results

6.1. XAS study of CuMoQO,

6.1.1. CuMoOy, 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 is briefly reported. The Cu and Mo
K-edge XANES and EXAFS parts of the X-ray absorption spectra were isolated
and analysed separately.

XANES analysis

The experimental Mo K-edge XANES spectra corresponding to
v-CuMoOy4 at 10 K and a-CuMoQy4 at 300 K are shown in Fig. 6.1.1(a). The
pre-edge peak at the Mo K-edge is visible at ~20000 eV. It corresponds to the
1s(Mo)—4d(Mo)+2p(O) transition. — The amplitude of the pre-edge peak
depends on the distortion degree of the MoOg octahedra and 4d(Mo)/2p(O)
orbital mixing. It is the largest for tetrahedral MoO, coordination
(Fig. 6.1.1(b)). Therefore, it can be used to trace the a-to-y phase transition in
CuMoQy.
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Figure 6.1.1: The Mo K-edge XANES of o-CuMoOy and y-CuMoOQOy phases:
Experimental Mo K-edge XANES of a-CuMoQOy (at 300 K) and ~-CuMoOy (at
10 K) phases (a). Calculated Mo K-edge XANES for regular MoOy tetrahedron
and distorted and regular MoOg octahedra. Numbers in brackets indicate the
direction of molybdenum ion displacement from the center illustrated in the inset
(b). Temperature dependence of the fraction of a-CuMoOy phase (c).

! The material, presented in this section, has been published as: 1. Jonane, A. Cintins, A. Kalinko,
R. Chernikov, A. Kuzmin, X-ray absorption near edge spectroscopy of thermochromic phase
transition in CuMoQO,, Low Temp. Phys. 44 (2018) 568-572 and I. Jonane, A. Cintins, A. Kalinko,
R. Chernikov, A. Kuzmin, Probing the thermochromic phase transition in CuMoO4 by EXAFS
spectroscopy, Phys. Status Solidi B 255 (2018) 1800074:1-5.
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6.1. XAS study of CuMoO4

A fraction of «a-CuMoO, phase at each temperature shown in
Fig. 6.1.1(c) was evaluated using a linear combination of the lowest temperature
(10 K) and the highest temperature (300 K) Mo K-edge XANES spectra. The
results show that the 7-to-a phase transition takes place in CuMoO,4 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. The two temperatures
Ti/2m and Ty 3¢ corresponding to about 50% of the o and +y phases in the
sample upon heating and cooling, respectively, are equal to Ty o5 ~ 255 K and
Tijpc =~ 143 K. The width of the hysteresis loop is defined as
ATy = Tijop — Thj2c = 112K
EXAFS experimental data

Experimental Cu and Mo K-edge EXAFS x(k)k? spectra of CuMoOy
were extracted following the conventional procedure [51] using the Athena [52]

package. The EXAFS spectra and their FTs calculated in the k-space range of
2.5-14.5 A1 at selected temperatures are shown in Fig. 6.1.2.
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Figure 6.1.2: Temperature-dependent experimental EXAFS data for crystalline
CuMoOy 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 CuQOg octahedra to CuOj5 square-pyramids. 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.
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CHAPTER 6. OVERVIEW OF THE MAIN RESULTS

Recovery of structural information encoded in EXAFS data for such
low-symmetry materials as CuMoQOy is challenging. Here we present two
approaches to extract this information based on a regularization-like technique
and the RMC/EA method.

EXAFS analysis using regularization-based technique

The analysis of the Fourier-filtered first coordination shell Mo K-edge
EXAFS using a regularization-like method implemented in the EDARDF
code [17] resulted in a good agreement with the experimental data and allowed
to obtain temperature-dependent RDFs gno—o(R) of molybdenum atoms
(Fig. 6.1.3(a,b)).

The group of the nearest four oxygen atoms is sensitive to structural
distortions as reflected by the peak broadening and was used to extract MSRD
(mean-square relative displacement) o2 values (Fig. 6.1.3(c)). 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 Mo atoms, i.e., transformation from strongly distorted
octahedral environment in y-CuMoO, to less distorted tetrahedral in
a-CuMoQ,. 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.

The temperature dependence of the RDFs gyo—o(R) and obtained MSRD
factor o2 values suggest that the y-to-ov phase transition occurs gradually within a
temperature range of 225-275 K, in agreement with the results of previous studies
[2,6,32] and the linear combination analysis (LCA) of the Mo K-edge XANES.
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Figure 6.1.3: Results of EXAFS data analysis with regularization-like
method: Comparison of the experimental (open circles) and calculated by
the regularization-like method [17] (solid lines) Mo K-edge EXAFS x(k)k?
spectra for the first coordination shell of molybdenum atoms in CuMoO, at
selected temperatures (a). Obtained temperature-dependent RDFs gnjo—o(R)
in CuMoOy. The first peak due to the four nearest oxygen atoms is indicated
(b). Temperature dependence of the MSRD factor o for the four shortest Mo—O
interatomic distances in CuMoQy obtained from regularization-like (EDARDF
code [17]) and RMC/EA methods (c).
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6.1. XAS study of CuMoO4

EXAFS analysis based on the RMC/EA approach

Further EXAFS data analysis by the RMC/EA method allowed us to
reconstruct temperature-dependent three-dimensional structure models of
CuMoOy, consistent with the experimental data simultaneously at the Cu and
Mo K-edges.

The obtained RMC/EA fits for CuMoQO, at selected temperatures are
shown in Fig. 6.1.4(a-d). One can see that the experimental EXAFS spectra of
CuMoOy at 200 K and 300 K are well described by the structural models of
and « phases, respectively. At the same time, the structural models of both «
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 (Fig. 6.1.1(c)) suggesting the presence of the 60%
and 40% of - and a-CuMoOy phases, respectively [53].
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Figure 6.1.4: Results of RMC/EA calculations for the Cu and Mo K-edges
in CuMoOQy at selected temperatures: the experimental and calculated EXAFS
spectra x(k)k? using - and ~-CuMoO, initial structure models (a,c) and the
corresponding Fourier transforms (b,d). Radial distribution functions for three
non-equivalent Cu—0O, Mo—O atom pairs in CuMoOy calculated from the atom
coordinates of the RMC/EA models (e). Dashed vertical lines show interatomic
distances according to diffraction data [1].

0

Temperature-dependent partial RDFs 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. 6.1.4(e). Note that one can distinguish three non-equivalent
crystallographic sites of Cu and Mo atoms with different local environments.
The MSRD values for Mo—O atom pairs obtained in RMC/EA calculations
coincide with those obtained from the regularization method (Fig. 6.1.3(c)).

19



CHAPTER 6. OVERVIEW OF THE MAIN RESULTS

6.1.2. CuMoO, at high temperatures®

In this section, the relationship between the structure and thermochromic
properties of CuMoQOy observed at high temperatures is summarized. Note that
no structural phase transition occurs in CuMoQy 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.

XAS experimental data

Experimental data (Fig. 6.1.5) indicate that the local environment of
copper atoms is more affected during heating than that of molybdenum atoms.
Furthermore, the thermal disorder affects strongly not only the Cu K-edge
EXAFS, but also XANES region.
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Figure 6.1.5: Temperature-dependent experimental Cu and Mo K-edge XANES
(a) and EXAFS spectra with their Fourier transforms for o-CuMoOy (b).

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 [54], 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?+t(3d%)) states. The Cu K-edge pre-edge peak becomes even less pronounced
at higher temperatures (Fig. 6.1.5). Upon the temperature increase, the Cu K-
edge XANES spectra show a rather strong response — the shoulder appears at
~ 8985 eV, the main peak at ~ 8997 eV becomes smaller, and some increase

2The material, presented in this section, has been published as: 1. Jonane, A. Anspoks, G.
Aquilanti, A. Kuzmin, High-temperature X-ray absorption spectroscopy study of thermochromic
copper molybdate, Acta Mater. 179 (2019) 26-35.
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6.1. XAS study of CuMoO4

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. 6.1.7(¢)). 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 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.

Results of RMC/EA calculations

The RMC/EA simulations allowed us to perform accurate and
simultaneous analysis of the Cu and Mo K-edge EXAFS spectra of
polycrystalline a-CuMoQOy. The obtained 3D structure models include thermal
disorder effects. At the same time, they are able to reproduce the Wyckoff
positions of atoms in agreement with known diffraction data [1] (Fig. 6.1.6).
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Figure 6.1.6: The results of RMC/EA-EXAFS calculations for a-CuMoQy
at selected temperatures: the Cu and Mo K-edges EXAFS spectra x(k)k? and
their Fourier transforms (a). Comparison of diffraction pattern corresponding to
structural model for a-CuMoOy at 973 K obtained in RMC/EA simulations with
XRD data (b). An illustrative comparison of the atomic positions (blue) of six non-
equivalent atoms in the unit cell obtained in the RMC/EA-EXAFS simulations
at 973 K with their Wyckoff positions (red) from the diffraction data [1] and
evaluated from the RMC/EA simulations (green).
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CHAPTER 6. OVERVIEW OF THE MAIN RESULTS

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 (FDMNES code) [11, 12]. The obtained spectra
are shown in Fig. 6.1.7 (a). One can see that some configurations produce quite
different XANES, but the configuration-averaged XANES are close to the
experimental data (Fig. 6.1.7(c,d)). With these structural models it is possible to
reproduce the experimentally observed temperature dependence, including the
behaviour of the main peak at ~ 8997 ¢V and the fine structure at ~ 9025 eV.

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 MoOy tetrahedra behave mostly as the rigid units, a
reduction of correlation in atomic motion between copper and its axial oxygen
atoms occurs upon temperature increase (Fig. 6.1.7(f)). This dynamic effect is
the main cause for the temperature-induced changes in the 0>~ — Cu?* charge
transfer processes and, thus, is the origin of the thermochromic properties of
a-CuMoO, upon heating [48].
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Figure 6.1.7: The Cu K-edge XANES spectra of a-CuMoQy: The calculated Cu
K-edge XANES spectra for individual copper atoms in the supercell (gray lines)
and the configuration-averaged XANES spectra (coloured lines) (a). The XANES
spectra calculated for non-equvalent atoms in the average structure at 296 K
known from XRD measurements. The XANES spectrum for Cu2* corresponds to
the case of the Cu2 atom without two axial oxygen atoms (b). The experimental
XANES at selected temperatures (c). The averaged XANES spectra calculated for
the RMC/EA structure models at selected temperatures (d). The averaged XANES
spectra calculated for the XRD structure models at selected temperatures taking
into account the lattice expansion (e). Illustration of correlation reduction in
atomic motion between copper and axial oxygen atoms (f).
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6.2. XAS study of CuMo;_,W;04

6.2. XAS study of CuMo; ,W,0O,

This section is devoted to the effect of tungsten concentration on the
structure and properties of CuMo;_,W,0O,. 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 y-to-o
phase transition in the temperature range between 0 and 100°C [4, 6].

Multi-edge XAS was used to probe a variation of the local atomic structure
in CuMo;_,W,04 (0 < 2 < 1) solid solutions at room temperature and in
CuMog.90Wg.1004 in the temperature range of 10-300 K.

6.2.1. Composition-dependent CuMo,_, W0, study

The experimental EXAFS spectra of CuMo;_, W0, (Fig. 6.2.1) show
clear dependence on z related to the large difference in atomic masses and electron
configurations of Mo and W atoms.
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Figure 6.2.1: The experimental Cu, Mo K-edge and W Lj-edge normalized
XANES (a-c) and EXAFS x(k)k? (d-f) spectra and their Fourier transforms
(g-i) for CuMoy_,. W0y solid solutions calculated in the k-space range of 2.5-
14.5 A= with Athena program.

The structural models for solid solutions with z = 0.20, 0.30, 0.50, 0.75
were obtained from the simultaneous analysis of EXAFS spectra measured at
several absorption edges (Cu and Mo K-edges and W L3-edge) by the RMC/EA
method. It was shown that MS effects play an important role in the analysis of
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CHAPTER 6. OVERVIEW OF THE MAIN RESULTS

CuMo;_,W 04 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 the bond angle
distribution functions (BADFs) gave information on the degree of distortion of
the coordination shells and its dependence on the composition.

Axial distortion of CuOg octahedra results in a monomodal BADF of
Z0—-Cu-0O 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 Z0—-Mo—0O and Z0-W-0O with maxima at ¢ ~80° and 96°,
respectively. Molybdenum and tungsten atoms are octahedrally coordinated by
oxygen atoms in solid solutions with z >0.20; however, MoOg octahedra are
somewhat more distorted than WQg. 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.

6.2.2. Temperature-dependent CuMog 9o Wy 1004 Study 3

CuMog.90Wo.1004 solid solution exhibits thermochromic properties
similar to pure CuMoO,4. However, we observed that the addition of 10 mol%
of tungsten to CuMoO, induces local distortions and stabilizes the ~y-phase,
leading to an increase of the phase transition temperature by ~50-100 K
(Fig. 6.2.2).

The partial RDFs for Cu—O, Mo—O and W-O atom pairs, calculated from
the atomic coordinates of the RMC/EA models of CuMog goWq.1004, are
shown in Fig. 6.2.3. At low temperature (50 K) in y-phase, tungsten atoms have
distorted octahedral coordination close to that of molybdenum. 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 (Fig. 6.2.3), one can see that in the W—O 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 Ljs-edge for a-CuMog 9oWg.1004 using the structure
model corresponding to ~-phase (tungsten in the distorted octahedral
environment) give slightly better agreement with the experimental data,
however, the shape of the W—O distribution is quite close to that obtained using
a-phase initial structure model.

3The results related to CuMog.goWo.1004, have been published as I. Jonane, A. Cintins, A.
Kalinko, R. Chernikov, A. Kuzmin, Low temperature X-ray absorption spectroscopy study of
CuMo0O4 and CuMog.90Wo.1004 using reverse Monte-Carlo method, Rad. Phys. Chem. 175
(2020) 108411.
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Figure 6.2.2: Experimental Mo K-edge XANES of CuMoOy4 and

CuMoy.99W¢.1004 at 300 K (c-phase) and 10 K/50 K (~-phase) (a). Temperature
dependence of the fraction of a-phase in CuMoO4 and CuMog 9o Wy 1004 upon
heating and cooling obtained from the LCA analysis of the Mo K-edge XANES
spectra (b).
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Figure 6.2.3: Radial distribution functions for Cu—0, Mo-0, W-0O atom pairs
in CuMoy 99Wy.1004, calculated from the coordinates of the RMC/EA models.
Dashed vertical lines show interatomic distances according to XRD data [1]. Red
arrow indicates a group of oxygen atoms which does not exist in the tetrahedral
coordination.

These results confirm the tendency of tungsten atoms in
a-CuMog 9o W(.1004 solid solutions to adapt more distorted environment that is
closer to the octahedral than tetrahedral atomic configuration with oxygen
atoms, thus affecting the temperature/pressure of a-to-y phase transition and
helping to stabilize y-phase at room temperature.
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CHAPTER 6. OVERVIEW OF THE MAIN RESULTS
6.3. RXES study at the W Ls-edge of CuMo;_,W,0, *

CuMo;_,W_,0y4 solid solutions were studied by the resonant X-ray
emission spectroscopy (RXES) study at the W L3-edge to follow a variation of
the tungsten local atomic and electronic structures across observed
thermochromic phase transition as a function of sample composition and
temperature. The experimental results were supplemented with ab initio
calculations [28].
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Figure 6.3.1: Composition-dependent RXES experimental data of
CuMo,_, W0, solid solutions: RXES intensity map as a function of incident
and emitted energies for CuMog 50 Wy 5004 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 red dashed lines. Observed bands (Lo, oo and B1-B4) are labelled (b). A
schematic diagram of 2p3d RXES process for an atom in octahedral coordination
(¢). The W Ls-edge HERFD-XANES spectra for different CuMoy_, WOy solid
solutions measured at the emission energy E,=8398.5+0.2 eV, indicated by the
horizontal orange line in (a) are shown in the panel (d). High energy resolution
off-resonant X-ray emission spectra for different CuMon _ . W, Oy solid solutions
obtained with incident energy F;=10190 eV — below the W Ls-edge (e,g) and at
E;=10242 eV — above the W Ls-edge (f,h).

The analysis of the RXES plane (Fig. 6.3.1) provides valuable
information on the coordination of tungsten atoms in the sample bulk and allows

4The 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 04 solid
solutions at the W L3-edge by resonant X-ray emission spectroscopy, Acta Mater. 205 (2021)
116581.
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6.3. RXES study at the W Lz-edge of CuMo;_,W;04

one to determine the crystal field splitting parameter A for the 5d(W)-states
(Fig. 6.3.2). Moreover, this information can be extracted from the analysis of
the RXES plane using 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 (Fig.6.3.1). The analysis of 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;_, W, O, solid solutions have
octahedral coordination for samples with > 0.15 both at low and high
temperatures, whereas their coordination changes from tetrahedral to octahedral
upon cooling down to 90 K for smaller W content (Fig. 6.3.2(a)). Nevertheless,
at 300 K for solid solution with z < 0.15 some amount of tungsten ions
co-exists in the octahedral environment. 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.
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Figure 6.3.2: Crystal field splitting parameter A as a function of x in
CuMo,_ W, 0, at 90 K and 300 K: calculated from off-resonant XES (Fig.
6.3.1(f)) and HERFD-XANES (Fig. 6.3.1(d)) spectra. A schematic energy level
diagram showing crystal field splitting of 5d(W)-states in the tetrahedral and
octahedral environment is also shown (a). Temperature-dependent RXES data
for CuMoy.96W¢ 0404 Parts of the RXES planes at 90 K and 420 K on heating.
Averaged value of normalized magnitude of the peak splitting (A) and the ratio
of peak intensities (I, /I2) as a function of temperature (b).

The RXES method is well suited for in situ measurements and was used
here to track the hysteresis loop of the first-order structural phase transition
between o and ~ phases in CuMo;_,W,0O, solid solutions on cooling and
heating, even at low (z < 0.10) tungsten content (Fig. 6.3.2(b)). The spectral
shape changes reflect the transitions between tetrahedral (a-phase) and
octahedral (y-phase) tungsten coordination.
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CHAPTER 6. OVERVIEW OF THE MAIN RESULTS
6.4. XAS study of Cu;_,Zn,MoO, >

Here the influence of Zn?* ions on the thermochromic properties of
Cu;_,Zn,MoOy4 (2=0.10, 0.50, 0.90) solid solutions is shortly discussed.

The XANES and EXAFS spectra analysis revealed that the substitution
of Cu?t by Zn?* ions stabilizes the 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?T ions with filled 3d subshell.

Among sampled solid solutions, only Cug.g9Zng.10M00O, exhibited
thermochromic phase transition between « and ~ phases with the hysteresis
behaviour (Fig. 6.4.1). From the Mo K-edge XANES analysis, about 50% of the
a-Cug.goZng.10MoQ, transforms to the low-temperature -~-phase at
T1/2c~134 K during cooling, whereas 50% of the ~-Cug.gpZng.10MoOy
transforms back to the a-phase at T',o,5~226 K upon heating. These
temperatures are smaller than those for pure CuMoOy.

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% ions strongly. This result
can be explained by the instability of molybdenum coordination, which is
tetrahedral in a-Cug.gpZng 10MoO, solid solution but changes to distorted
octahedral under lattice contraction at low temperatures in
v-Cug.90Zng,10M00Oy4. This effect is similar to the temperature or
pressure-induced «-to-y phase transitions in CuMoOy, [1]. Thus, tuning the
thermochromic properties of CuMoO4 by doping with zinc may find
applications for monitoring storage conditions in the low-temperature range.
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Figure 6.4.1: Temperature dependence of Cuy 90Zny.10M00;y: experimental Mo
K-edge XANES (a). Temperature dependence of the a-phase fraction in CuMoO,
and Cug.g9Zng.10MoOy. Photographs of the Cug.goZng.10MoOy4 sample at 77 K
(brownish) and 300 K (green) are also shown (b). MSRD factors, obtained in
RMC/EA simulations for the nearest 4 Mo—O atom pairs in Cuy_Zn,MoOy, (c).
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>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 Zn2* ions on the local structure and
thermochromic properties of Cu;_,Zn;MoOy solid solutions, Materials Today Communications
28 (2021) 102607.
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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 (CuMoQO,) and its solid solutions with tungsten
(CuMo; _,W,0,) and zinc (Cu; _,Zn,MoOy) 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 CuMoO, 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 RMC/EA simulations coupled with ab initio
mutiple-scattering calculations. However, simple linear combination analysis of
XANES data and the regularization-based method of 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 CuMoQy in the temperature range
between 10 and 973 K. EXAFS spectra analysis at several absorption edges
simultaneously by the RMC/EA method allowed us to obtain 3D structure
models of CuMoOy and its solid solutions and to analyse them in details.

The analysis of XAS data in the low-temperature range (10-300 K)
allowed us to reconstruct the hysteresis of a-to-y phase transition in CuMoOy.
Based on these data, the y-to-« phase transition occurs in the temperature range
of 230-280 K upon heating, whereas the a-to-y transition occurs between 120
and 200 K upon cooling. During heating v-CuMoQOy4, molybdenum coordination
by oxygen atoms gradually changes from strongly distorted octahedral to less
distorted tetrahedral. At 250 K, the sample consisted of ~60% ~v-phase and
~40% a-phase. The analysis of the 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
g(R)(Mo-0) 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 7y and « phases is
relatively weak, and the disorder is dominated by static distortions.

CuMog.99Wg.1004 solid solution exhibits thermochromic properties
similar to pure CuMoO,. The addition of 10 mol% of tungsten to CuMoOy
induces local distortions and stabilizes the y-phase, leading to an increase of the
phase transition temperature by ~50-100 K.
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CHAPTER 7. SUMMARY AND CONCLUSIONS

The XANES and EXAFS spectra analysis revealed that the substitution
of Cu?* ions by Zn?t ijons stabilizes the a-phase, which is natural for
a-ZnMoQy. 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.gpZng.190MoO,, the phase transition hysteresis shifts to lower
temperatures (7% /2c~134 K and Tj,,5~226 K), while larger Zn?t
concentration stabilizes c-phase in all low-temperature range. 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 «-phase but changes to distorted octahedral under lattice
contraction at low temperatures in y-phase.

Tuning the thermochromic properties of CuMoO, 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.

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 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 of
CuMoOQy as a function of temperature taking into account the thermal disorder
effect. At the same time, they are able to reproduce the average positions (the
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 MoOy4 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?*t charge transfer processes and, thus, affects the thermochromic
properties of a-CuMoQO, upon heating above room temperature.

A variation of the EXAFS spectra at the metal absorption edges in
CuMo;_,W,0, strongly correlates with Mo:W ratio. It was shown that
multiple-scattering effects play an important role in the analysis of
CuMo;_, W 0Oy solid solutions and should be taken into account to describe the
contributions from the outer coordination shells accurately. At room
temperature, CuMo;_,W,O,4 solid solutions with tungsten content above
x ~0.15 have the wolframite-type CuMoOy4-III phase isostructural to CuWO,.
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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 can be extracted from the
analysis of RXES plane using 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 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; _, WOy solid solutions always
have octahedral coordination for samples with x > 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 x < 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; —, W, Oy solid solutions governs their
thermochromic properties, which are related to the variation of the transmission
window in optical spectra [6,7]. 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 [6]. The band gap is smaller in the case of octahedral
coordination of tungsten [7], i.e., in solid solutions with 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 CuMoOy and its solid solutions.

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

* The thermochromic phase transition of CuMoO, 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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Main theses

1. The hysteresis of the thermochromic phase transition between « and -y
phases in CuMoOQy, 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 MoO, 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 O2?~—Cu?" charge transfer
processes and, thus, is the origin of the thermochromic properties of
a-CuMoOQy.

(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 Ls-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; _, W, Oy solid solutions.

(Published in [A2].)

4. In CuMo;_,W, 0,4 (z < 0.10) solid solutions, the addition of W5 jons
induces local structural distortions and stabilizes ~y-phase that leads to a
shift of the phase transition hysteresis to higher temperatures. The
addition of Zn2?T ions, in turn, stabilizes a-phase and shifts the phase
transition hysteresis of Cu;_,Zn,MoO4 (xz < 0.10) to lower
temperatures. Both W%t and Zn?* ion additions thus modify the
thermochromic behaviour of the material.

(Published in [A1, A3].)
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