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Abstract

X-ray absorption spectroscopy at the Cu and Mo K-edges was used to study
the effect of heating on the local atomic structure and dynamics in copper
molybdate (a-CuMoQy) in the temperature range from 296 to 973 K. The
reverse Monte-Carlo (RMC) method was successfully employed to perform
accurate simulations of EXAFS spectra at both absorption edges simultane-
ously. The method allowed us to determine structural models of a-CuMoO,
being consistent with the experimental EXAFS data. These models were
further used to follow temperature dependencies of the local environment
of copper and molybdenum atoms and to obtain the mean-square relative
displacements for Cu-O and Mo-O atom pairs. Moreover, the same mod-
els were able to interpret strong temperature-dependence of the Cu K-edge
XANES spectra. We found that the local environment of copper atoms is
more affected by thermal disorder than that of molybdenum atoms. While
the MoO, tetrahedra behave mostly as the rigid units, a reduction of cor-
relation in atomic motion between copper and axial oxygen atoms occurs
upon heating. This dynamic effect seems to be the main responsible for the
temperature-induced changes in the O?~—Cu?" charge transfer processes
and, thus, is the origin of the thermochromic properties of a-CuMoO,4 upon
heating above room temperature.
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1. Introduction

Transition metal molybdates are well-known materials having a wide
range of technological applications ﬂ, E, B] In particular, copper molybdate
(CuMoQy) has been intensively studied due to its diverse functional prop-
erties, including thermochromism, piezochromism, and photoluminescence
M, B, E, B] It is also known as an efficient oxidation catalyst ﬂg, @, m, Iﬂ, IE],
photocatalyst ﬂE, @] and n-type photoanode in water splitting photoelec-
trochemical cells [15]. Furthermore, the properties of the molybdate can
be tailored by reducing the particle size or by doping and producing solid
solutions M, , , ]

Several structural phases of pure CuMoQO, are known in the literature:
a-CuMoQy, [-CuMoQy, v-CuMoO4, CuMoOy4-11, CuMoO4-I11, e-CuMoOy
and n-CuMoOy, @, @, Eé] At ambient pressure, CuMoQO, exists in two
phases - y-phase with dark brown colour and a-phase with green colour.
The first order a-to-y phase transition occurs upon cooling at ~ 200 K and is
accompanied by drastic colour change and volume reduction of 12-13% ]
The transition to y-phase can be also induced by applying pressure ﬂﬂ, ]
Note that similar colour change from green to brown but of different origin
occurs in a-CuMoQO, upon heating up to ~ 673 K ﬂﬁ]

Significant changes in the structure and optical properties of CuMoQy as
a result of temperature or pressure treatment make it as a promising material
for a wide range of chromic-related applications as, for example, in tempera-
ture and/or shock sensors ﬂa] and smart inorganic pigments [24]. CuMoOy is
advantageous at low temperatures due to its reversible thermochromic phase
transition ﬂa] and at high temperatures (above 400 K) Nﬁ], where majority
of organic compounds and liquid crystals are unstable.

The green colour of CuMoQ, at room temperature is caused by the trans-
mission window in the range of ~ 1.9-2.5 eV, which separates two optical
absorption bands responsible for chromic properties of the material ﬂﬁ] The
red band, located below ~ 1.9 eV, is related to 3d°—4p ﬂﬁ] or d-d transitions
ﬂH, |ﬁ|, @] at copper sites, whereas the blue band, located above ~ 2.5 eV,
is attributed to the oxygen-to-metal charge transfer NEJ, |2_J.|, @, @] When
temperature increases above the room temperature, the transmission window
diminishes due to the blue band shift towards longer wavelengths ﬂﬁ]

The structural, optical, electrical and magnetic properties of CuMoOy4
were studied previously in ,, @, , @, @] Recently, a negative thermal
expansion (NTE) of a-CuMoOy lattice was proposed at temperatures above
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Figure 1: Crystal structure of a-CuMoOy HE] and three non-equivalent copper atoms
with corresponding Cu—O distances. Oxygen atoms are red, copper atoms are blue, and
molybdenum atoms are green.

room temperature up to 390 K ﬂﬂ]

In order to understand the relationship between a-CuMoO, structure and
its thermochromic properties, we have performed temperature-dependent X-
ray absorption spectroscopy (XAS) study at the Cu and Mo K-edges sup-
ported by advanced simulations.

Recently we have used X-ray absorption near-edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) spectroscopy at low
temperatures to follow the a-to-v and y-to-a structural phase transitions in
CuMoO, upon cooling and heating, respectively ﬂﬁ, ] In this study, we
turn to the behaviour of a-CuMoQ, at high temperatures, that has not been
tackled until now using XAS.

Copper molybdate remains in triclinic P1 symmetry through all tem-
perature range at ambient pressure until the melting point ~ 1070 K @]
Note that the existence of 5-CuMoO, phase with hexagonal symmetry was
proposed for temperatures above 840 K in [30] but its existence was not con-
firmed in further studies ﬂﬁ] The structure of a-CuMoQOy is composed of
distorted CuOg octahedra, CuOj5 square-pyramids and distorted MoQO, tetra-
hedra NE] We will further distinguish three non-equvalent copper (Cul,
Cu2, Cu3) and molybdenum (Mol, Mo2, Mo3) atoms with different local
environments (Fig. [I).

The interpretation of the X-ray absorption spectrum for such complex
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low-symmetry structure is a challenging task because to account for thermal
fluctuations and static disorder the spectrum should be evaluated for all
possible geometric configurations and averaged. In this study, we solved this
task by advanced simulation-based technique such as the reverse Monte Carlo
(RMC) method [31].

First, we applied RMC simulations based on evolutionary algorithm (EA)
@] and ab initio multiple-scattering theory ﬂﬁ] to analyse the temperature-
dependent (296-973 K) Cu and Mo K-edge EXAFS spectra of a-CuMoOQy.
As a result, structural models of the material accounting for both static and
dynamic (thermal) disorder were obtained. Next, these models were vali-
dated using the Cu K-edge XANES spectra, which show unusually strong
temperature dependence, and were employed to determine the radial distri-
bution functions and related structural parameters. Finally, the explanation
of the thermochromic behaviour of a-CuMoO, upon heating above room
temperature is proposed.

2. Experimental details

High-quality X-ray absorption spectra at the Cu (8979 V) and Mo (20000
eV) K-edges were recorded in transmission mode at the Elettra XAFS bending-
magnet beamline @] in the temperature range from 296 K to 973 K. The
storage ring operated in the top-up multibunch mode at the energy £ =
2.4 GeV and current I, = 160 mA. The synchrotron radiation was monochro-
matized using Si(111) (for the Cu K-edge) and Si(311) (for the Mo K-edge)
double-crystal monochromators, and its intensity before and after the sample
was measured by two ionization chambers filled with a mixture of Ar, He and
Ny gases. Metal foils of copper and molybdenum were used as references for
energy calibration.

The samples for the XAS experiments were prepared by mixing CuMoQOy,
powder, synthesized using solid-state reaction method as described in @],
with boron nitride powder and pressing into pellets. The thickness of the
samples for each absorption edge was optimized to get the value of the ab-
sorption edge jump Apu, ~ 1. The heating of the samples was performed in
vacuum using the I’Aquila-Camerino glass furnace ﬂﬁ] The sample temper-
ature was stabilized for 15-20 min before each measurement.

Temperature-dependent experimental XANES and EXAFS spectra at the
Cu and Mo K-edges in a-CuMoO, are shown in Figs. [2] and [3] for selected
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Figure 2: Temperature-dependent experimental Cu and Mo K-edge XANES of a-CuMoOy.

temperatures. The EXAFS spectra were extracted following the conventional
procedure [34].

3. Data Analysis

3.1. Reverse Monte Carlo method

Temperature-dependent structural information encoded in XAS spectra
was extracted from EXAFS data by reverse Monte Carlo calculations cou-
pled with evolutionary algorithm approach (RMC/EA), as implemented in
the EvAX code [31]. Our RMC/EA method is based on the iterative random
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Figure 3: Temperature-dependent experimental Cu and Mo K-edge EXAFS x(k)k? spectra
and their Fourier transforms for a-CuMoQOy.

changes in the structural model of a material, aimed to minimize the differ-
ence between the Morlet wavelet transforms (WTs) @] of the experimen-
tal and calculated configuration-averaged EXAFS spectra. Random atomic
displacements introduced by the method allows one to reproduce tempera-
ture induced distortions measured in the XAS experiment. Initial structural
models for RMC/EA calculations were constructed based on the diffraction
data for a-CuMoQOy NE] taking into account temperature-dependent lattice
expansion.

The experimental EXAFS spectra at the Cu and Mo K-edges were anal-
ysed simultaneously. The RMC/EA simulations were performed using peri-
odic boundary conditions for a 4a x 4b X 4c¢ large supercell, containing 2304
atoms. The maximum allowable displacement of atoms at each iteration was
set equal to 0.4 A. The configuration-averaged EXAFS spectra were calcu-
lated using the ab initio self-consistent real space multiple-scattering (MS)
FEFF8.5L code @] MS contributions were accounted up to the 5th order.
The amplitude reduction factor S3 was equal to one for both absorption edges
in all simulations.
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Figure 4: The results of RMC/EA-EXAFS calculations for a-CuMoQOy at selected temper-
atures: circles — experimental data, lines — calculated spectra. The Cu and Mo K-edges
EXAFS spectra x(k)k? are compared in the upper panels and their Fourier transforms
(only modulus is shown) — in the middle panels. The Morlet wavelet transforms (WTs)
of the experimental and calculated EXAFS spectra at T' = 296 K are also shown in the
lower panels.

The comparison between the experimental and calculated EXAFS spectra
was performed using the Morlet WT in the k-space range from 2.5 to 14.5 A1
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 (Fig. @). WT allows one to obtain
a two-dimensional representation of the EXAFS spectrum in k£ and R spaces
simultaneously that makes the fitting procedure more accurate.

Good agreement between experimental and calculated EXAFS data was
obtained after several thousands of iterations. The RMC/EA calculations
were repeated several times with different sequences of pseudo-random num-
bers ﬂjj to improve statistics and to estimate uncertainties of the results.
The final structural models were used to determine the radial distribution
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functions (RDF's) g(R) (Fig. H) for the first coordination shell of copper and
molybdenum atoms and to estimate the mean-square relative displacements
(MSRDs) ¢? for the nearest Cu-O and Mo-O atom pairs within the first
shell (Fig. [@).

The MSRDs were calculated from the atomic coordinates using the me-
dian absolute deviation (MAD) method ﬂﬁ, ] The MAD provides a robust
statistic, which is important in the case of RMC when the number of atomic
pairs in the simulation box is rather limited. The standard deviation of a
distribution was estimated as

o =c¢-MAD = ¢- median(|R; — median(R)|), (1)

where c is the scalling constant equal to 1.4826 for Gaussian distribution @]
Temperature dependences of the MSRDs ¢?(T'), including static o2, and
thermal o2, contributions, were described by the correlated Einstein model

[39]

h hew

2 2 E

o“(T) =0, + coth , 2
( ) st QMWE 2kBT ( )
where p is the reduced mass of the atomic pair, wg is the Einstein frequency,
and kp is the Boltzmann constant. Next, the effective force constants x ﬂﬁ]

and the Einstein temperatures O were evaluated as

K= pwp, (3)
op = . (4)
kp

The obtained values of kK and © g for Cu—O and Mo—O atom pairs are reported
in Table [II

Table 1: Average values of the Einstein frequency wg, the Einstein temperature © g and
the effective force constant x calculated from the temperature dependences of the MSRD
factors ¢%(T') shown in Fig. [ for the four nearest Cu-O and Mo-O atom pairs in a-
CuMoOy.

Atom pair Einstein frequency Einstein temperature Effective force constant

wg [THz] Or [K] K [N/m]
Cu-O 55+ 6 422 + 42 65 + 13
Mo-O 122 + 20 932 £+ 153 341 + 112
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Figure 5: Radial distribution functions for three non-equivalent Cu-O and Mo-O atom
pairs in a-CuMoQy, reconstructed by the RMC/EA method.

3.2. XANES calculations

The most pronounced thermal effect in XANES of a-CuMoO, was ob-
served at the Cu K-edge (Fig.[2]). To interpret this phenomenon, XANES cal-
culations were performed by the ab initio full-multiple-scattering FDMNES
code , ] employing muffin-tin (10% overlap) self-consistent potential.
The dipole and quadrupole transitions were taken into account. The cluster
with the radius of 4.0 A was constructed around each absorbing copper atom
to account for all atoms producing significant contributions into the FTs in
Fig.Bl All calculated XANES spectra were broadened by the Cu K-edge core
level width I',.,,. = 1.55 eV.

The calculated Cu K-edge XANES spectra for three non-equivalent cop-

10
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Figure 6: Temperature dependence of the MSRD factors o2 for the four shortest metal-
oxygen (Cu-O and Mo-O) bonds in a-CuMoQOy. Best fitted correlated Einstein models
are shown by solid lines.

per atoms (Cul, Cu2, Cu3) in the average crystallographic structure at
296 K, known from the diffraction data Né], are shown in Fig. [[(a). The
XANES spectrum for Cu2*, which corresponds to the Cu2 atom without
two axial oxygen atoms, was also evaluated to test the influence of oxygen
vacancies on the spectrum shape.

Next, we performed XANES calculations for the structural models ob-
tained by the RMC/EA-EXAFS simulations, which include thermal disorder
effects. 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
(Fig. M), and the averaged XANES spectra calculated from three indepen-
dent RMC/EA simulations are reported for four selected temperatures (296,
673, 873 and 973 K) in Fig. [l(c). Note that some atomic configurations re-
sult in the XANES spectra deviating rather strongly from the average one;
however, their percentage is small.

Finally, 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 ﬂﬁ] and are shown in Fig. [[(d).

4. Results and discussion

4.1. EXAFS data analysis

Temperature-dependent, experimental EXAFS spectra x(k)k? at the Cu
and Mo K-edges in a-CuMoO, are shown in Fig. [3 at selected temperatures.

11
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Figure 7: The Cu K-edge XANES spectra of a-CuMoQOy. (a) The XANES spectra calcu-
lated for non-equvalent Cul, Cu2 and Cu3 atoms in the average structure at 296 K known
from diffraction measurements HE] The XANES spectrum for Cu2* corresponds to the
case of the Cu2 atom without two axial oxygen atoms. (b) The experimental XANES at
four selected temperatures. (c) The averaged XANES spectra calculated for the RMC/EA
structure models at four selected temperatures. (d) The averaged XANES spectra calcu-
lated for the XRD structure models at three selected temperatures taking into account
molybdate lattice expansion ﬂﬁ]

Both sets of spectra are dominated by the first coordination shell contribu-
tions, while the structural peaks in the Fourier transforms (FTs) are well
observable up to ~ 4 A. One can also see that thermal disorder produces a
stronger effect on the Cu K-edge data.

The results of RMC/EA simulations for selected temperatures are shown
in Fig. @l Good agreement between experimental and calculated EXAFS
spectra was obtained for both edges simultaneously at all temperatures sup-
porting the reliability of extracted structural data.

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

12
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Figure 8: The calculated Cu K-edge XANES spectra for structural models obtained in
the RMC/EA-EXAFS simulations for four selected temperatures. Gray lines correspond
to XANES spectra of individual copper atoms in the supercell, coloured lines show the
configuration-averaged XANES spectra.

single-scattering contribution from nearest oxygen atoms forming the first
coordination shell around Cu and Mo ions. Next peaks are due to a super-
position of contributions from more distant atoms and MS effects. The total
MS signals were calculated at both edges, and their FTs are shown in Fig. @
at T = 296 K. Their contributions are important above ~ 2.2 A and should
be taken into account to reproduce accurately the experimental signals. Note
also that the presence of MS contributions introduces angular sensitivity into
EXAFS and thus is essential for atomic structure reconstruction in RMC/EA
simulations.

The final sets of atomic coordinates obtained in RMC/EA simulations
were used to calculate partial radial distribution functions gcy_o(R) and
9Mo—o(R) for all non-equivalent metal atoms (Fig. B). Note that the ability
to distinguish the local environment around any atom of interest is a big ad-
vantage of the RMC/EA method compared to conventional fitting methods.

An increase in temperature has a strong effect on the Cu—O distributions,
leading to the broadening of the peaks due to an increase in the amplitudes
of thermal vibrations of the atoms. The first peak in the Cu—~O distributions

13
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located at ~ 1.95 A corresponds to the nearest 4 oxygen atoms and is close for
three non-equivalent copper 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
oxygens in Cul and Cu2 octahedra or one oxygen in Cu3 square-pyramids).
The Cu2 atoms have the most distorted local environment because of the
sixth weakly bound oxygen atom located at ~ 2.63 A (Fig. ).

The local environment around molybdenum atoms is less affected by an
increase of temperature due to relatively strong bonding between molybde-
num and oxygen atoms within MoO, tetrahedra. The Mo-O distance is
equal to ~ 1.78 A for all three non-equivalent molybdenum atoms, while
some asymmetry of the Mo-O peak shape becomes visible above ~ 800 K
(Fig. B). Note that there are groups of one and two oxygen atoms around
Mol and Mo3 atoms, respectively, located at ~ 2.8 A. However, being rather
closely located, these oxygen atoms are not bound directly to the molybde-
num atoms.

Temperature dependence of the MSRD factors o2 for the groups of four
shortest Cu—O and Mo-O bonds is shown in Fig. [ together with the cor-
related Einstein models obtained using Eq. The MSRDs of the Cu—
O atom pairs are rather close for three non-equivalent copper atoms and
are larger than those for stronger Mo-O bonds. Respectively, the param-
eter of the Einstein model in Table [ is significantly smaller for the Cu-O
bonds than for the Mo-O bonds. In the temperature range of 296-973 K,
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, whereas the Mo—O MSRD factor in-
creases from 0.004 +0.001 A2 to only 0.007 +0.002 A2. This means that the
MoQ, tetrahedra can be considered as rigid units.

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, our EXAFS analysis was not able to discriminate
them with enough accuracy due to the limited sensitivity of EXAFS to distant
oxygen atoms, whose contribution to the total EXAFS spectrum is weak.

When RMC simulations are used to fit EXAFS spectra, one can validate
the obtained sets of atomic coordinates also against diffraction data. To do
this, we projected coordinates of all atoms in the supercell into a single unit
cell and calculated the average positions for each non-equivalent atom. Thus
obtained average positions of atoms correspond to the Wyckoff positions,
so that the diffraction pattern can be calculated and compared with the
experimental one known from the diffraction experiment [18]. An example
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of such procedure is shown in Fig. [0 for a-CuMoQO4 at 973 K. As one can
see, our RMC/EA simulations reproduce rather well the average positions of
atoms and, as a result, the diffraction pattern.

4.2. XANES analysis

The Cu and Mo K-edge XANES spectra in a-CuMoO, are shown in
Fig. Their origin is due to dipole allowed 1s(Cu/Mo)—np transitions
in the presence of the core hole at the 1s(Cu/Mo) core level. Besides,
there is a strong pre-edge peak at the Mo K-edge located at ~ 20006 eV.
It is due to the 1s(Mo)—4d(Mo)+2p(O) transition, and its intensity de-
pends on the 4d( Mo 2p O) orbital mixing and the number of unoccupied
states (MoS*+ 4d0 h On the contrary, the pre-edge peak at the
Cu K- edge is very weak and is located at ~ 8978 eV. It is due to the
1s(Cu)—3d(Cu)+2p(0O) transition @ @ which is weaker in six-fold or five-
fold coordination than in the tetrahedral one, but the small intensity of the
peak is mainly due to the limited number of unoccupied states (Cu®*(3d?)).
Note that the pre-edge peak at the Cu K-edge becomes even less resolved at
high temperatures (see the inset in Fig. 2l(top panel)).

Recently, we have shown that there is a correlation between the pre-
edge peak intensity at the Mo K-edge and a degree of the distortion of
molybdenum-oxygen coordination polyhedra in CuMoQOy4 @] Weak temper-
ature dependence of the experimental Mo K-edge XANES in Fig. Rl(bottom
panel) indicates that molybdenum atoms remain in tetrahedral coordination
at all studied temperatures, in agreement with the diffraction data HE] The
only experimentally observed effect is related to the thermal expansion of the
lattice, which leads to a decrease of the oscillation frequency above the edge.

At the same time, the Cu K-edge XANES spectra show a rather strong
temperature dependence (Fig. B(top panel)). In particular, upon the tem-
perature increase from 296 to 973 K, the shoulder appears at ~ 8985 eV,
the main peak at ~ 8997 eV becomes smaller, and some increase of the ab-
sorption occurs at ~ 9025 eV. We have found that such strong variations of
the Cu K-edge XANES cannot be related simply to the lattice expansion.
The XANES calculations performed for the equilibrium static structure HE]
taking into account the thermal expansion result in close XANES spectra
(Fig.[0(d)), which differ only in the oscillation frequency above the edge due
to the expected increase of interatomic distances. It is important to note that
the model based on the equilibrium static structure is not able to reproduce
temperature dependence observed in the experiment and, in fact, deviates

15



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.

significantly from the experimental XANES spectra at high-temperatures.
This result suggests that thermal disorder should be explicitly included in
the Cu K-edge XANES model.

There are a few studies known in the literature that demonstrated a sen-
sitivity of XANES spectra to thermal disorder m, @, , @, @] Here,
we used the results of RMC/EA-EXAFS simulations to interpret XANES
temperature dependence. This approach has an advantage since atomic con-
figurations employed in the XANES calculations are first validated against
EXAFS spectra and intrinsically include correlation effects in atomic motion.

The simulated Cu K-edge XANES spectra corresponding to RMC/EA
structural models are shown in Fig. 8 While some configurations produce
quite different XANES, the configuration-averaged XANES spectra are close
to the experimental data. They reproduce well temperature dependence
observed experimentally, including the behaviour of the main peak at ~
8997 eV and the fine structure at ~ 9025 eV (compare Fig. [[(b) and (c)).
However, the origin of the shoulder increase at ~ 8985 eV remains puzzling.

Theoretical calculations suggest that the shoulder intensity increases when
the octahedral coordination of copper atoms transforms into square-like by
loosing two axial oxygen (05, O6) atoms (see Cu2* model in Fig.[l(a)). Since
these oxygen atoms are always present in the structure, we propose that this
effect is of dynamic origin. Two axial oxygen atoms are weakly bound to cop-
per atoms but, at the same time, are strongly bound to molybdenum atoms,
participating in the formation of rigid MoQO, tetrahedra. We expect that an
increase of the librational motion of MoO, tetrahedra at high temperatures
weakens interaction between axial oxygen atoms and copper atoms, making
their relative motion uncorrelated and, thus, reducing their contribution to
the Cu K-edge XANES. Unfortunately, our RMC/EA simulations are not
sensitive enough to the contribution of axial oxygen atoms, which is rather
weak. Therefore, the obtained atomic configurations are not able to repro-
duce accurately the temperature dependence of the the Cu K-edge shoulder
at ~ 8985 eV.

4.3. Thermochromic properties

It is known that thermochromic behaviour of a-CuMoO, above room
temperature is governed by an interplay between two absorption bands due
to the band gap in the blue and due to Cu?*(d?) d-d transition in the red
ﬂa, , , ﬁ While there is a consensus on the origin of the red band
located below ~ 1.9 eV ﬂa, 21, ], the origin of the band gap (~ 2.5 eV) is
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still not fully understood and was attributed to 02~ —Mo®* [5] or 02~ —Cu2*
, ] charge transfer processes. Note that the colour change from green to
brown upon heating is caused by the red shift of the band gap.

The band gaps of several molybdates with tetrahedral coordination of
molybdenum atoms were estimated from reflectivity spectra and are equal to
4.3 eV for a-ZnMoO, @], 5.1 eV for CaMoO, and 5.3 eV for SrMoOy @]
In these materials the band gap is determined by electronic transitions in
MoO3~ oxyanionic groups from the top of the valence band formed mainly
by O 2p states to the conduction band dominated by Mo 4d states ﬂﬂ]
For comparison, an optical band gap of 3.17 eV was found for 5-ZnMoO,
with distorted octahedral coordination of molybdenum ions @] Therefore,
it seems reasonable that the blue band in a-CuMoQO, located at even lower
energy of about 2.5 eV is not related to O?~—Mo®" charge transfer transition.

As we have shown (Figs. [l and [6), MoO, tetrahedra in a-CuMoOy4 be-
have as rigid units with strong Mo-O bonding and weak temperature depen-
dence compared to CuQOg octahedra, where the Cu—O axial bonds undergo
the largest changes. Since axial oxygen atoms around copper simultaneously
belong to MoO, tetrahedra, the librational movement of rigid MoO, units
weakens the interaction between copper and axial oxygen atoms at high tem-
peratures, which is observed as an increase of the shoulder at 8985 eV at the
Cu K-edge XANES (Fig. Rl(top panel)). Therefore, we propose that this dy-
namic effect, complemented by a small lattice expansion, is responsible for
an increase of the band gap and for the colour change of a-CuMoQO, from
green to brown upon heating.

5. Conclusions

The local atomic structure and dynamics were studied in thermochromic
a-CuMoQOy using X-ray absorption spectroscopy in the temperature range
from 296 to 973 K.

The RMC/EA-EXAFS method was successfully employed to perform ac-
curate and simultaneous analysis of the Cu and Mo K-edge EXAFS spec-
tra of polycrystalline a-CuMoQy,. The partial radial distribution functions
gou—o(R) and gyo—o(R) were obtained for all non-equivalent atoms in the
unit cell, providing information on the temperature dependence of metal-
oxygen coordination polyhedra distortion. Our RMC/EA-EXAFS simula-
tions were also able to reproduce rather well the average positions of atoms
(the Wyckoff positions) in agreement with known diffraction data NE]
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The mean-square relative displacements o2 for Cu-O and Mo-O atom
pairs were determined within the first coordination shell of metal atoms. The
values of the Einstein frequency wg, the Einstein temperature © and the
effective force constant k were calculated from the temperature dependences
of 0(T) for the four nearest Cu-O and Mo-O atom pairs. The obtained
results support the rigidity of MoO, tetrahedra.

We found that both the Cu and Mo K-edge XANES spectra are sen-
sitive to thermal disorder. However, the Mo K-edge XANES shows weak
temperature dependence caused by the lattice thermal expansion, whereas
thermal disorder affects strongly the Cu K-edge XANES. To address this
problem, 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. Thus calculated XANES spectra are in agree-
ment with the experimental ones and reproduce their temperature-dependent
behaviour.

At the same time, we found that the interpretation of the temperature
dependence of the Cu K-edge shoulder at ~ 8985 eV requires a more sophis-
ticated model, accounting for the reduction of correlation in atomic motion
between copper and axial oxygen atoms. These results suggest that the ther-
mochromic properties of a-CuMoQO, upon heating above room temperature
can be attributes to a change in the O*~—Cu®" charge transfer processes.
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Figure 9: (a) Example of comparison of diffraction patterns for a-CuMoOy at 973 K: black
curve — experimental data from HE], red 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) Comparison of the atomic positions (small
blue circles) for two representative atoms (Cu2 and O1) in the unit cell obtained in the
RMC/EA-EXAFS simulations at 973 K with their Wyckoff positions (red circles) from
the diffraction data [18] and evaluated from the RMC/EA simulations (green circles).
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