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Reversible thermochromic phase transition between @- and y-phases was studied in
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»

CuMoOy, and CuMogg9W.1004 using X-ray absorption spectroscopy in the tempera-
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ture range of 10-300 K. Reverse Monte Carlo modelling with evolutionary algorithm

N
©

approach at several absorption edges simultaneously was applied to extract structural
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information encoded in the experimental EXAFS spectra. The obtained results show

w
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that an addition of 10 mol% of tungsten to CuMoOj induces local distortions in the

w
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structure and stabilizes the y-phase, leading to an increase of the phase transition tem-

perature by ~50-100 K.
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64 1. Introduction

65

66 Copper molybdate (CuMoOy) exhibits thermochromism and piezochromism (Wies-
67 mann et al. (1997)) originated from the first-order structural phase transition accompa-
68

69 nied with a drastic colour change between green and brownish-red. While both phases
70 have triclinic P1 symmetry, the crystal structure of y-CuMoQy is built up of distorted
;; CuOg and MoOQg octahedra, whereas the structure of @-CuMoOy is composed of dis-
73 torted CuOg octahedra, CuOs square-pyramids and MoQOy, tetrahedra. According to the
74 pressure-temperature phase diagram (Wiesmann et al. (1997)), a-to-y phase transition
7

72 takes place during cooling below ~200 K or at room temperature (RT) by applying
77 ~0.2 GPa pressure. Furthermore, the phase transition temperature can be increased by
78 inducing chemical pressure upon substitution of molybdenum ions with tungsten ones
79

80 (Gaudon et al. (2007a)). Depending on the tungsten concentration in CuMo;_,W,Oy4
81 solid solutions, phases isostructural to high pressure CuMoO, can be obtained (Wies-
23 mann et al. (1997); Yanase et al. (2013); Benchikhi et al. (2017)).

84 The most attractive for technological applications compound in the solid solution
85 series is CuMog.9o0Wo.1004, because of its ability to switch between the two allotropic
86

87 forms (« and y) in the temperature range from 0 to 100 °C (Gaudon et al. (2007a);
88 Yanase et al. (2013); Robertson et al. (2015); Blanco-Gutierrez et al. (2015)). It was
89 shown (Gaudon et al. (2007b)) that a pressure induced by a finger is enough to pro-
90

91 mote a-to-y phase transition in CuMog99Wy.1004 at RT. The compound exhibits also
92 halochromic properties, i.e. colour change upon solution pH variation, induced by sur-
gi face protonation (Gaudon et al. (2010)). A pronounced thermosalient ("jumping crys-
95 tals*) effect caused by the phase transition has been also observed in CuMog.goW 1004
96 (Robertson et al. (2015)).

97

98 In order to better understand the structure-property relationships in CuMo;_, W, Oy,
99 we performed temperature-dependent X-ray absorption spectroscopy (XAS) studies.
182 We have shown recently (Jonane et al. (2018c¢)) that a variation of the X-ray absorption
102 near edge structure (XANES) at the Mo K-edge in CuMoOy correlates with a degree
103 of the molybdenum—oxygen coordination polyhedra distortion, both showing the hys-
18451 teretic behavior upon @-to-y phase transition (Fig. 1).
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120 Extended X-ray absorption fine structure (EXAFS) data analysis of CuMoOy and
121 CuMoy 99Wy.1004 is challenging task due to the low symmetry of the @ and y phases,
122 leading to a distortion of the local environment. In such case, the conventional EXAFS
123

124 analysis is less effective because of a large number of fitting parameters required. Pre-
125 viously, we have employed a regularization-like method to reconstruct the radial dis-
1;3 tribution functions (RDFs) within the first coordination shell of Mo atoms in CuMoQ,4
128 (Jonane et al. (2018b)). Here we extend our analysis beyond the first shell using
129 advanced reverse Monte-Carlo (RMC) calculations based on evolutionary algorithm
130

131 (Timoshenko et al. (2014c)) at several absorption edges simultaneously. We compare
132 pure CuMoO, and CuMog goW.1004 with the aim to understand the role of tungsten in
123 the functional properties of CuMo,_, W ,Oy solid solutions.

135

136 2. Experimental

137

igg Polycrystalline CuMoO,4 powder was synthesized using solid-state reaction method
140 by heating a mixture of CuO and MoOj; powders at 650 °C in air for 8 hours followed by
141 cooling down naturally to room temperature. The same synthesis method was applied
142

143 for CuMoy 9o Wo.1004 by adding stoichiometric amount of WO;3. The as-prepared green
144 powders had a-phase, confirmed by X-ray diffraction.

145 Temperature-dependent XAS experiments were conducted at the HASYLAB/DESY
146

147 PETRA-III P65 undulator beamline. The storage ring was operated at E=6.08 GeV and
148 current /=95 mA in top-up 40 bunch mode. The X-ray absorption spectra were col-
122 lected at the Cu (8979 eV) and Mo (20000 ¢V) K-edges and W (10207 eV) Ls-edge
151 during heating and cooling in transmission mode using two ionization chambers. Fixed
152 exit Si(311) double-crystal monochromator was used in experimental set-up, and har-
153

154 monic rejection was achieved by a coated silicon plane mirror. The Oxford Instruments
155 liquid helium flow cryostat was used to maintain the sample temperature in the range
123 of 10-300 K. The powder samples for XAS measurements were deposited on Millipore
158 filters. The XAS experiment was performed starting at 300 K, next cooling down to
159 10 K, following by heating up to 300 K, again cooling down to 50 K and finally heating
122 back to 300 K (Fig. 2).
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176 3. Reverse Monte Carlo calculations

177

178 The experimental EXAFS spectra were analysed using the RMC method based on
179 evolutionary algorithm (EA), as implemented in the EvAX code (Timoshenko et al.
180

181 (2014c)). The details of the RMC method were reported by us previously and can be
182 found in (Timoshenko et al. (2012)). The method was successfully used for interpre-
122 tation of EXAFS spectra of numerous materials (Timoshenko et al. (2014a,b); Kalinko
185 et al. (2016); Jonane et al. (2016); Timoshenko et al. (2017); Jonane et al. (2018a)).
186 Starting structure models of CuMoQ, corresponding to the o and y phases were
187

12 8 constructed based on the diffraction data (Wiesmann et al. (1997)). The model for
189 CuMog99Wo.1004 was created by randomly substituting Mo atoms with W atoms in
190 a-CuMoOy and y-CuMoOQy structures keeping the stoichiometric ratio of the elements.
191

192 Several random substitutions were tested. Note that in our RMC method all coordi-
193 nation numbers correspond to that from the diffraction since average crystallographic
13;’ structure is the starting point of the RMC procedure, and only small displacements of
196 atoms, simulating thermal vibrations, are allowed during the RMC fit.

197 The RMC calculations were performed using periodic boundary conditions for
198

199 4agx4box4cy (ag, by and cy are the lattice parameters) large supercell, containing
200 2304 atoms. All atoms in the supercell were randomly displaced at each RMC iter-
201 ation with the maximum allowed displacement of 0.4 A. The configuration-averaged
202

203 EXAFS spectra at the Cu and Mo K-edges and additionally at the W Ls-edge for
204 CuMoyg 9o W.1004 were calculated using the ab initio self-consistent real-space multiple-
;82 scattering (MS) FEFF8.5L code (Ankudinov et al. (1998)) taking into account MS
207 contributions up to the 6th order. The complex energy-dependent exchange-correlation
208 Hedin-Lundqvist potential (Hedin and Lundqvist (1971)) was employed to account for
209

210 inelastic effects. The amplitude scaling parameter S%zl was used in all simulations.
211 Comparison between the experimental and theoretical EXAFS spectra was performed
;1; in direct (R) and reciprocal (k) space simultaneously using the Morlet wavelet trans-
214 form (Timoshenko and Kuzmin (2009)). The convergence of RMC simulations was
215 achieved after several thousand of iterations.

;13 The RMC calculations of the experimental data close to y-to-a phase transition
218
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239 temperature were performed using the structure models for both phases. The obtained
233 fits for CuMoQO,4 and CuMoggoW.1004 at selected temperatures are shown in Fig. 3
234 and 4, respectively. The final atomic configurations were used to calculate the partial
235

236 RDFs g(R) for further analysis.

237

238 4. Results and discussion

239

240

241 The linear combination analysis (LCA) of the Mo K-edge XANES performed in the
242 temperature range from 10 to 300 K, as described in Jonane et al. (2018c), indicates
24

5 42 that the phase transition hysteresis in CuMog99oW.1004 is shifted to higher tempera-
245 tures (Fig. 1) in agreement with previous studies (Gaudon et al. (2007a,b); Yanase et al.
246 (2013)). The transition from « to y phase occurred between 250 and 100 K upon cool-
247

248 ing, whereas the transition from vy to a phase started at about 280 K upon heating and
249 was still not finished at room temperature even several hours after. Optical, calorime-
;gg try and magnetic measurement experiments showed that the y-to-@ phase transition
252 in CuMog 9oW.1004 occurs during heating in the temperature range between 340 and
253 380 K (Gaudon et al. (2007a)).

254

255 Temperature-dependent EXAFS spectra of CuMoOy4 and CuMog 9o W.1004 are shown
256 in Fig. 2. One can see that the Cu K-edge spectra are weakly affected during heating
257 from 10 K to 300 K, however some changes occur at 250 K and can be attributed to
258

259 the transition from CuQOg octahedra to CuOs square-pyramids. The Mo K-edge is dras-
260 tically affected during the phase transition because molybdenum coordination changes
;g; from octahedral to tetrahedral. Finally, it seems that the local environment of tunsgten
263 atoms does not change significantly during the whole cooling and heating experiments.
264 More detailed analysis can be performed based on the results of RMC calculations
265

266 reported in Fig. 3 for CuMoO, and in Fig. 4 for CuMog.990Wy.1004. Note that the RMC
267 models agree well with the EXAFS spectra at two or three absorption edges, which
ggg is crucial for accurate reconstruction of crystal structure for multi-atom compounds
270 (Timoshenko et al. (2014a)).

271 The experimental EXAFS spectra of CuMoO, at T=200 and 300 K (Fig. 3) are
;;é well described by the structure models of y and @ phases, respectively. At the same
274
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288 time, the structure models of both @ and y phases give reasonable agreement with the
289 experimental data at 7=250 K, indicating coexistence of the two phases in close ratio.
290 This conclusion agrees with the LCA results suggesting the presence of the 60% and
291

292 40% of y and « phases, respectively (Jonane et al. (2018b)).

293 The results of RMC calculations using a and y phase structures for CuMog 9o W¢.1004
;Zg are shown in Fig. 4. At T=50 K, the EXAFS spectra at the Cu, Mo and W absorption
206 edges are well reproduced using the y-phase structure model. At the same time, at
297 T=300 K (before cooling), the @-phase model gives good agreement at the Cu and Mo
298

299 K-edges, but slightly worse agreement at the W L;-edge, indicating that some relax-
300 ation of the local environment around tungsten ions occurs. Indeed, the W L;-edge EX-
gg; AFS can be slightly better described by the y-phase structure, which does not apply to
303 the other two edges. This means that in spite of the crystal lattice of CuMoggoWq.10O4
304 at 7=300 K (before cooling) corresponds to that in the @-phase, the local structure
282 around W atoms relaxes in an attempt to reconstruct distorted octahedral coordination.
307 The partial RDFs for Cu—O, Mo-O and W-O atom pairs, calculated from the atom
308 coordinates of the RMC models of CuMoO4 and CuMog 9oW. 1004, are compared in
309

310 Fig. 5. Note that the reported RDFs are averaged over all atoms of the same type within
311 the supercell. However, one can also distinguish three non-equivalent crystallographic
212 sites of Cu and Mo atoms with different local environment in CuMo0Q;.

314 Further we will consider the nearest groups of oxygen atoms located around metal
315 ions at the distances up to about 3.5 A. One can see that the Cu and Mo environments
316

317 are close in both CuMoO,4 and CuMog 99 Wy.1004 compounds. At the same time, while
318 the Cu environment is quite similar also at low (50 K) and high (300 K) temperatures,
319 the distributions of the Mo—O atom pairs differ significantly already for the closest
320

321 4 oxygen atoms. The tetrahedral coordination in @-phase is more ordered than the
322 octahedral one in y-phase. In fact, the MoOg octahedra are strongly distorted with a
323 distribution of the Mo—O distances from ~1.5 A to ~2.8 A. The group of four nearest
324 group

325 oxygen atoms is responsible for a sharp peak in the RDFs at ~1.8 A. These results
326 are in agreement with those obtained by the regularization-like method (Jonane et al.
327

328 (2018b)).

329 Next, we compare the W—O and Mo-O distributions in CuMog g9W.1004 to un-
330
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344 derstand how large is the local structure relaxation around tungsten atoms. At low
345 temperature (50 K) in y-phase, tungsten atoms have distorted octahedral coordination
346 close to that of molybdenum (Fig. 5(E)). The distortion of WOg and MoOg octahedra
347

348 is due to the second-order Jahn—Teller effect (Kunz and Brown (1995)) caused by the
349 charge transfer from oxygen atoms surrounding metal ion, having formally 6+ oxida-
222 tion state (5d° electron configuration). At 7=300 K in a-phase, when the coordination
352 of molybdenum atoms becomes tetrahedral, tungsten atoms tend to have more distorted
353 environment (Fig. 5(F)): there is an additional group of oxygen atoms at about 2.1 A,
354 o

355 and the next group of oxygen atoms at 2.8 A is slightly displaced and split. Moreover,
356 the RMC calculations at the W Ls-edge for a-CuMog99Wy.1004 using the structure
gg; model corresponding to y-phase (W in distorted octahedral environment) give slightly
359 better agreement with the experiment, however, the shape of the W-O distribution is
360 quite similar to that in the a-phase.

361 To conclude, our results confirm the tendency of tungsten atoms in CuMog 99 W.1004
362

363 to adapt distorted octahedral environment when substituting molybdenum atoms, thus
364 affecting the temperature/pressure of a-to-y phase transition and helping to stabilize
365

366 y-phase at room temperature.

367

368 5. Conclusions

369

370

371 X-ray absorption spectroscopy was used to probe a variation of the local atomic
372 structure in CuMoQO,4 and CuMoggoWy.1004 in the temperature range of 10-300 K.
2;2 Advanced data analysis of EXAFS spectra at several absorption edges simultaneously
375 interpreted by reverse Monte Carlo method allowed us to monitor the a-to-y and y-to-
376 a thermochromic phase transitions, occuring gradually with the two phase coexistence
377

378 range. We observed that the addition of 10 mol% of tungsten to CuMoOy induces local
379 distortions and stabilizes the y-phase, leading to an increase of the phase transition
380 temperature by ~50-100 K.
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