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A b s t r a c t .  The relationship between structural transformations and colour centres creation is 

discussed for deeply coloured hydrogen tungsten bronzes and for pure WO3 powders, acquiring less 

intense colour after mechanical treatments of variable duration. A comparative study on coloration 

is made also for mixed compounds (1-x)WO3.y.xReO 2, where an evidence of a resonance effect for a 

particular Raman band at 970 cm -1, attributed to the color centres, is observed. Besides, it is found 

that even moderate milling treatments result in a quite different structural evolution of tungsten 

trioxide upon cooling. 

1. Introduct ion  
Tungsten trioxide WO3 is an important technological ma- 

terial widely known for its electrochromic and catalytic 

properties [1, 2]. Its performance as active electrode in 

electrochromic devices is derived from a combination of 

the following properties: 

(i) The ability of tungsten ions to change their valence 

state upon reduction/oxidation processes both in the bulk 

and at the surface of crystalline grains [1,3]. In defect-free 

WO3 single-crystals, the tungsten ions have the valence 

state 6+ with the 5d-shell being empty; these crystals are 

transparent with a band gap of about 3 eV at room tempe- 

rature (RT) [1]. When the valence state of tungsten ions is 

reduced, the oxide turns to be blue coloured [1]. The co- 

lour centres are generally attributed [4] to defects consis- 

ting of electron excess charge, localised at the octahedra 

basic units [WS+O6]. The blue coloration can be induced 

by different methods such as chemical and electrochemical 

insertion [3,5] of small cations, UV irradiation [3,6,7] and 

annealing in vacuum [8]. Treatments inducing some de- 

gree of amorphisation of the crystalline structure, like ion 

beam bombardment [9], promote also the change of elec- 

tronic distribution in the deformed regions and a conse- 

quent modification of its optical properties. Also, simple 

mechanical treatments like milling can induce the forma- 

tion of electronically charged defects, as discussed in our 

previous works [10,11]. Many of these methods, how- 

ever, generate a coloration which is easily reversed by 

simple exposure to an oxidising atmosphere. A different 

approach to obtain charged defects with specific optical 

absorption properties exploits the mixing of WO3 with 

other oxides, having different electronic configurations: 

for example, an addition of even small fractions of 

rhenium oxide causes a strong coloration in the resulting 

mixtures after a proper thermal treatment [10,11]. 

Depending on the reduction method, the W s+ colour 

centres can be found in the bulk or at the surface of the 

crystalline grains. Moreover, depending on the con- 

centration of such centres, the additional 5d-electron can 

be localised (small polaron) or smeared over a few (large 

polaron) or an infinite (conductive electron) number of 

tungsten ions [12]. Most work up to now was devoted 
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to the study of bulk colour centres with localised (as in 

amorphous thin films or glasses) or delocalised (as in 

tungsten bronzes) 5d-electrons [13]. 

(ii) Reasonable electronic [1,8,14] and ionic [1,12,13] 

conductivities allowing for the diffusion of the electrons 

balancing the insertion of foreign cations into the struc- 

ture. In fact, the commercial powders exhibit n-type semi- 

conductivity and show a yellow colour, due to the pre- 

sence of bulk defects [14]. At high concentration of excess 

electrons the conductivity becomes metallic-like, and the 

heavily doped compounds MxWO 3 (in most of the cases M 

= H, Li, Na) are labelled as "tungsten bronzes"[1,12,13]. 

The electronic conductivity, dependent on the charge 

cartier concentration, appears to be correlated also to the 

structural transformation of the crystal. 

In the crystalline tungsten trioxide the change of the 

electronic density of states, responsible for the electro- 

chromic effect, the electronic conductivity and the struc- 

tural transformations are strongly correlated to each other. 

The crystal structure of WO 3 can be described as deriva- 

fives of an ideal cubic structure based on corner-sharing 

[WO6] octahedra, known as the ReO3-type structure [12]. 

The different degrees of distortion with respect to the ideal 

cubic structure are caused by the second order Jahn-Teller 

effect [12, 15], reflecting an interplay between the lattice 

phonons and the electronic bands. 

The increasing thermal motion of the atoms induces 

an isotropy of the structure, starting from very low 

symmetry triclinic or monoclinic phases up to the 

tetragonal phase; a true cubic structure is not stable for 

the pure WO 3 compound at any temperature below the 

melting point. On the basis of reported experimental data, 

the following sequence of crystal phases, in the order of 

increasing temperature, is presently accepted for the bulk 

crystal: monoclinic (II) polar or e-phase with space group 

Pc (Cs2), from 5 K to 278 K [16]; triclinic or g-phase, 

P T (Cil), from 248 K to 290-300 K [16-19]; monoclinic 

(I) or y-phase, P2~/n (C/hS), from 290-300 K to 600 K 

[17,19-21]; orthorhombic Pmnb (D2hl6), from 600 K to 

1010 K [22]; tetragonal P4/nmm (Dnh7), from 1010 K to 

the melting temperature (1746 K) [23]. 

The insertion of excess electrons in WO3, induces 

structural modifications leading to an evolution from 

lower to higher symmetry phases, quite similar to that 

obtained by increasing temperature. The phase transitions 

at low temperatures seem to be affected by much lower 

concentration of excess electrons. The polymorphism of 

WO 3 at RT and below is also remarkably affected by 

factors like the preparation route, the crystal size and the 

sample' s history [ 11,24], while high temperature phases, 

on the contrary, show a good reproducibility of the re- 

sults, lower hysteresis effects and independence of the 

phase sequence from impurities or mechanical treatments. 

The amount of the reduced tungsten ions, induced by 

various methods, strongly affects the physical properties 

of WO3. The study of such centres is of strong interest 

from both fundamental and applied points of view. In the 

past, the W 5§ centres were mainly probed by electron spin 

resonance (ESR) technique, optical absorption and x-ray 

photoelectron spectroscopy (XPS) [1]. All these three 

methods provide mainly informations on the electronic 

structure of the colour centres, whereas their direct struc- 

tural investigations are usually difficult, because of the 

small concentration of the reduced sites compared to the 

total number of tungsten ions. Therefore, one can expect 

to elucidate more by using a combination of different di- 

rect and indirect structural techniques applied to the same 

samples. 

The principal aim of the present work is to discuss the 

production of colour centres and the structural transfor- 

mations induced by means of various milling treatments. 

In particular, the paper will be focused on the transfor- 

mations associated with colour changes, and will compare 

these optical, structural and vibrational changes with 

those induced by the high temperature mixing of tungsten 

oxide with rhenium oxide. 

2. Experimental M e t h o d s  
The starting material for the present study was 

commercial stoichiometric WO3 powder (,,Reahim", 

Russia) for optical industrial applications with a nominal 

purity of 99.998 %. The powder had pale yellow colour 

with an average grain size of the order of microns: it will 

be identified in the following as virgin powder. The 
powders, manually compressed in a mortar of agate for a 

few minutes, will be labelled as treated powders. Finally, 

the powder Ireated for 1 h in a ball milling machine 

(Retschmuele) will be referred to as ground powder. 
A set of "mixed powders" was produced by high-tem- 

perature (up to 600 ~ cumulative treatment from diffe- 

rent mixtures of WO3 and ReO3: they can be simply iden- 

tified by a general formula (1-x)WO3_y "xReO2 where the 

index x denotes the relative molar fraction of rhenium 

ions and the index y reflects the non-stoichiometry of the 

material (note that ReOz appears as a result of the ReO 3 

decomposition at about 400 ~ Following this pro- 
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cedure, seven compositions were obtained, whose colour 

varied from greyish-blue to black. The x values 

determined from the ratio of the W and Re L3-edge x-ray 

absorption spectra edge jumps were found to be 0.05, 

0.11, 0.17, 0.21, 0.24, 0.51 and 0.81. The phase content 

was confirmed by powder x-ray diffraction measurements. 

Finally, hydrogenated samples used for comparison 

with the high-temperature WO3 crystal transformations 

indicated by the general formula HxWO3, were prepared by 

H + insertion into the virgin WO3 powder placed in 1N 

aqueous solution of sulphuric acid in the presence of in- 

dium as a catalyst. The hydrogen content was estimated 

by comparison of x-ray powder diffraction patterns for our 

samples with that available in the literature [25,26]. The 

as-prepared samples had deep-blue colour and the com- 

position x = 0.23 corresponding to the tetragonal phase 

(JCPDF-ICDD 20-483). Upon hydrogen loss, they trans- 

formed first into the orthorhombic HxWO 3 phase, with x 

= 0.1 (JCPDF-ICDD 6-210), and later turned into mono- 

clinic (I) WO3. 

The samples were analysed by powder x-ray diffraction 

(XRD) and Raman spectroscopy. A Bragg-Brentano x-ray 

diffractometer, made by ItalStructures, working with Cu 

K~ radiation was used. The x-ray diffractograms were re- 

corded at RT in the angle range 20 = 20-65 ~ and a step 

A(20) = 0.05 ~ 

The RT Raman measurements were carried out in 

back-scattering geometry using a micro-Raman set-up, 

consisting of an Olympus microscope (model BHSM-L- 

2), mounting an objective 80x with a numerical aperture 

N A = 0.75, and coupled to a 1 meter focal length double 

monochromator Jobin-Yvon (Ramanor, model HG2-S) 

equipped with holographic gratings (2000 grooves/mm). 

The spectral resolution was of the order of 3 cm -1. The 

scattered radiation was detected by a cooled (-35 ~ 

photomultiplier tube (RCA, model C31034A-02), ope- 

rated in photon counting mode. The signal was stored into 

a multichannel analyser and then sent to a microcomputer 

for the analysis. The standard macro-Raman configuration 

with a right angle scattering geometry and a liquid helium 

flux cryostat or an optical oven was used for low and 

high-temperature measurements, respectively. The Raman 

spectra were excited by the various wavelengths of a 

Krypton laser (647.1 nm and 530.9 nm), an Argon laser 

(mostly the 514.5 nm line, but for resonance measure- 

ments the higher energy lines also) and a He-Ne laser 

(632.8 nm). The light power entering the microscope 

was maintained below 10 mW, while in the macro- 

Raman configuration a nominal power of 20 mW 

were used. More experimental details can be found in 

[11,24,27]. 

3. Results  and  Discuss ion  

3.1. Phase Transitions Caused by Temperature and Elec- 

tron Insertion. The intercalation of small hydrogen ions 

into WO3 allows to stabilize at RT high symmetry phases 

(orthorhombic, tetragonal and cubic), observed in the pure 

material well above RT. The insertion process results in 

the formation of the so-called hydrogen bronze HxWO3, 

having a modified electronic density of states of the host 

WO3 matrix but, at the same time, not very much diffe- 

rent crystal structure. Small hydrogen ions are distributed 

in HxWO 3 among interstitial sites of the host crystal 

lattice and are weakly bound to the host structure allowing 

the good ionic mobility. The following phase sequence is 

reported for HxWO 3 compounds: monoclinic (I) for 0 < x 

< 0.1, orthorhombic for 0.1 < x < 0.15, tetragonal B for 

0.15 < x .< 0.23, tetragonal A for 0.23 < x < 0.5 and 

cubic for x > 0.5 [25,26], quite similar to that of pure 

WO3 for increasing temperatures [19-23]. 

The vibrational spectroscopy can provide very useful 

information on the phase transitions in WO 3, comple- 

mentary to that obtained by diffraction techniques. Until 

now, Raman and IR spectroscopic studies have been wide- 

ly used for the phases close to RT [28,29], but no data 

have been reported to our knowledge for the temperature- 

driven orthorhombic-to-tetragonal phase transition occur- 

ring at 740 ~ in the pure oxide. In the following, 

comparative Raman investigations are presented on the 

changes of phonon spectra during the intercalation-induced 

and temperature-induced structural transformations. 

Experimental problems exist for both types of mea- 

surements: at high temperatures, a strong broadening of 

bands and an increase of spurious contributions to the 

spectra make the analysis of the specific Raman peaks 

difficult; for the intercalated compounds, the optical ab- 

sorption of the laser light, caused by the coloration, 

strongly decreases the Raman scattering cross section. In 

addition, a spontaneous loss of protons of the samples in 

the oxidising atmosphere does not allow for a quantitative 

control of the hydrogen molar fraction x, however, it is 

possible to follow the evolution from highly intercalated 

phases to less intercalated ones by performing several fast 

Raman spectra during the time of the de-intercalation 

process, even losing somewhat in terms of signal-to-noise 

ratio. 
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Fig. 1. (a) Evolution of the Raman spectra for HxWO 3 upon 
oxidation in air. The starting H~WO 3 powder with the 
maximum hydrogen content x = 0.23 is shown at the 
bottom. The top spectrum, reduced by a factor 30 to be 
comparable, was obtained after two hours of exposition to 
air and corresponds to pure monoclinic (I) WO 3. The 
intermediate spectra correspond to compositions in the 
range 0 < x < 0.23. (b) Temperature dependence of the high 
frequency Raman modes for the tungsten trioxide WO 3 
powder across the orthorhombic-to-tetragonal phase tran- 
sition. 

In our experiment, the maximum level of hydrogen 

insertion reached x --- 0.23 as it was controlled by com- 

parison with reported XRD patterns [25,26]: the hydrogen 

bronze H0.23WO 3 appears to be deep-blue coloured being in 

the tetragonal phase. At increasing air exposition periods 

of time after hydrogenation, the powder returns back to 

the yellow monoclinic (I) WO3 phase, passing through 

the orthorhombic n x W O  3 (0.1 < x < 0.15). This process 

is reflected by the time sequence of the spectra in Fig. 

l(a), starting f rom the maximum proton content x --- 

0.23, corresponding to the bottom spectrum and resulting 

in pure monoclinic (I) phase after two hours of measure- 

ments, corresponding to the top spectrum. The data acqui- 

sition for all spectra was started from the higher frequency 

side to avoid a bias in the 710 cm -1 mode to the 816 cm 1 

mode intensity ratio, depressing the lower frequency mode 

upon the de-hydrogenation process. In fact, the 710 cm I 

mode decreases strongly with respect to the 816 cm -1 

mode upon the hydrogen insertion, and disappears for pro- 

ton concentrations lower than the maximum attainable. 

In the case of the HxWO 3 compound, a remarkable de- 

pendence is observed for the highest stretching mode fie- 

quency vs. the hydrogen content: upon de-hydrogenation, 

its frequency decreases from 814 cm 1 in H0,23WO 3 to 806 

cm -1 in monoclinic (I) WO3. This mode hardening can be 

attributed to the change of the formal tungsten valence 

state: when protons are inserted, it is reduced to 5.77+ in 

H0.23WO 3. Assuming that the reduced tungsten ions are 

the colour centres with polaronic absorption mechanism 

[30,31], the donated electron is localised at the tungsten 

ion sites increasing the covalency and thus the strength of 

the tungsten-oxygen bonds. Therefore, a different stretch- 

ing frequency should be expected for the same distance. 

The experimental data show as net result a slight increase 

of the W-O stretching frequency, even taking into 

account a greater bond length in HxWO3 compared to 

WO3. 

The comparison of the same stretching modes evo- 

lution at high temperatures across the orthorhombic-to- 

tetragonal phase transition in pure WO 3 (Fig. l(b)) 

suggests the strict similarity of the two transformations. 

Both stretching modes at 700 and 800 cm 1 are no more 

detectable at 800 ~ when the powders are in the 

tetragonal phase, but it is very interesting that the lower 

frequency mode at 700 cm 1 disappears already at 

temperatures below the transition point (740 ~ while 

the 800 cm ~ mode disappears in the tetragonal phase. 

This fact, however, can be due to peculiar experimental 

conditions, not to a complete symmetry change inhibiting 

all the Raman modes. The monotonically increasing 

contribution observed at 800 ~ in Fig. l(b) is probably 

due to blackbody radiation of the oven cavity or to 

luminescence contributions arising from the change of 

optical properties across the orthorhombic-tetragonal 

phase transition [30]. Some Raman active modes are 

expected to survive in the tetragonal phase [32], on the 

basis of the standard group theoretical analysis, but the 

anharmonic interactions, strongly enhanced by the high 

temperature, surely induce a dramatic broadening of the 

surviving Raman bands, and this fact, together with the 

spurious contributions, does not allow the detection of 

the 800 cm 1 stretching mode at T_> 800 ~ 

A reasonable explanation of the existence of only one 

stretching mode in the tetragonal phase [23] is the 

symmetrization of the W-O bonds in the a-b plane, while 

the bonds along the c axis remain different and Raman 

active. In fact, the total Raman spectrum of hydrogenated 

tungsten oxide shows a number (4) of Raman active 

modes lower with respect to the orthorhombic phase [28], 

but in agreement with the predictions of the group theory 

for the tetragonal phase. 
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Fig. 2. Low frequency Raman spectra of WO 3 virgin powder 
samples undergoing cumulative mechanical pressure treat- 
ments for short times: i) starting virgin powder (y-phase); 
ii) after 5 s compression; iii) after 10 s compression; iv) 
after 120 s compression; v) reference treated powder sample, 
after 10 minutes moderate milling (~5-phase). 

3.2. Polymorphism Driven by Moderate Mechanical 
Treatments. The crystal structure of pure WO 3 is strongly 

affected by the mechanical treatments, even moderate. The 

most evident effect is the transformation of the powders 

from monoclinic to triclinic structure, under a weak grin- 

ding treatment at RT. It can be inferred from small modi- 

fications of the XRD patterns, but a clearer evidence is 

given by the evolution of low frequency bands (up to 100 

cm ~) of the Raman spectra. These bands correspond most- 

ly to lattice modes of librational nature and are noticeably 

affected by the transitions between the low symmetry 

phases of WO3, which involve mainly collective rotations 

of the basic [WO6] octahedral units [18,23]. The Raman 

spectra modifications between the monoclinic (I) (y-) and 

triclinic (5-) phases are already known [33, 34]; in our 

powder samples they are well evident in Fig. 2 as a 

consequence of short-time manual treatments: the relative 

intensity of the 34 c m  -1 peak (typical of the monoclinic 

phase) decreases whereas the peak at 41 cm 1 (typical of 

the triclinic phase) increases. Note that the phase trans- 
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Fig. 3. Raman spectrum (a) and XRD pattern (b) of WO 3 
ground powder after lh milling. Arrows indicate the typical 
features of the monoclinic (II) e-phase: (a) the bands at 143, 
643 and 679 cm -1 and (b) the peak at 20 = 24 ~ 

formation is reversible by annealing the sample weU 

above RT. 

A different phenomenology occurs when the mechani- 

cal treatments increase in both strength and duration. After 

a first transformation into the k-phase, observed for mild 

mechanical treatments, at some step of the structural evo- 

lution (after about 1 h milling) new Raman peaks appear 

at 143, 643 and 680 cm 1 (Fig. 3(a)): they correspond to 

the ones of the low temperature monoclinic (II) e-phase 

[34]. The occurrence of the e-phase in these ground 
powders is also supported by XRD measurements, where 

a new diffraction peak appears at 20 = 24 ~ (Fig. 3(b)). To 

our knowledge, a Raman evidence of e-phase at RT was 

previously reported only for WO 3 microcrystals of size 

below 100 nm [35,36]. 

A high sensitivity of the phase occurrence to me- 

chanical treatments is also found at low temperatures. The 

evolution of the high-frequency Raman bands in virgin 
and treated powders is shown in Fig. 4. 

The virgin powder transforms into the new N-phase, 

whose characteristic modes (the most evident ones are at 

684 and 790 cm 1) are strongly dominant below 120 K 
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Fig. 4. Low temperature evolution of the high frequency 
stretching modes in Raman spectra of WO 3 (a) virgin and 
(b) treated powders. The monoclinic (I) "/-phase is labelled 
by m in (a). Shoulders attributed to the N-phase are indicated 
in the lowest temperature spectrum in (b). Temperature va- 
lues are obtained from the Stokes/anti-Stokes ratio in all the 
cases. 

(Fig. 4(a)), while the modes of the monoclinic (I) y-phase 

(stable at RT) survive also as weak features or shoulders 

even at 40 K. Some modes having quite close frequencies 

to that of the N-phase were previously observed at low 

temperature in WO3 microcrystals [35,36], grown by an 

evaporation method. It is interesting to note that there is 

no evidence of the monoclinic (II) polar e-phase, pre- 

viously reported by Salje et al. in single crystals at -230 

K [33,34] and in a polycrystalline sample at T < 220 K 

[16]. This absence, however, has been already reported by 

others studies on powder samples [33,37]. Moreover, in 

the present measurements no evidence was also found for 

the expected transition to the triclinic g-phase. It has been 

observed, on the contrary, at low temperatures in most 

previous works [23,33,34]. 

The low temperature Raman spectra of the treated 

powder, being in the triclinic phase at RT, are shown in 

Fig. 4(b). It is quite evident that no dramatic change of 

the spectral shapes occurs in the explored temperature 

range, besides the usual broadening of the peaks with tem- 

perature. Even at the lowest temperature (70 K) the main 

spectral pattern corresponds well to that of the triclinic g- 

phase observed at RT. However, the spectroscopic 

evidences for the N-phase are certainly detectable, but they 

appear much weaker than in virgin powders: the presence 

of the N-phase is revealed by the asymmetry of the low 

frequency side of the 712 and 808 c m  -1 stretching modes. 

These bands are consistent with the satellite bands at 687 

c m  "1 and 787 cm -1, reported by Hayashi et al. [35,36] at 

low temperatures on microcrystalline samples, and with 

the bands well observed in the virgin powder (Fig. 4(a)). 

The findings of the transition to the N-phase in the 

virgin powder, having a much greater grain size than eva- 

porated microcrystals, allows to rule out the hypothesis 

that the N-phase could be a peculiar characteristic of mi- 

crocrystalline samples. Therefore, other variables, like the 

stress and carrier concentration (connected to substoichio- 

metry), should play an important role in driving such 

transition and have to be carefully considered. The signifi- 

cantly low value of the W-O stretching frequency in the 

N-phase spectrum (790 cm ~ against more than 800 cm -1 

for all the others phases) suggests a more relaxed struc- 

tural configuration, which cannot be induced by simple 

lattice parameter contraction, usually obtained by tempe- 

rature reduction or high pressure application. Thus, the N- 

phase and the e-phase would represent opposite evolutions 

of the crystal structure, and we could expect that condi- 

tions promoting the transition to the N-phase inhibits the 

transition to the e-phase and vice versa. Recently, we 

have suggested [24] that the e-phase is favoured by the 

total strain generated by (bi)polarons when they reach a 

sufficient concentration, equivalent to the application of 

high pressure. Thus the evolution of WO3 toward either 

the e-phase or N-phase can be determined also by the 

carrier concentration, associated with oxygen deficiency. 

In fact, slightly defective WOa.x samples show the 

transition to the e-phase [9, 38], while the N-phase seems 

to be characteristic of crystals having a minimum amount 

of stress and very low carrier concentration. 

3.3. Coloration and Structural Disorder Caused by Strong 

Mechanical Treatments. The prolonged time of milling 

results in deep-blue coloration of the ground WO 3 pow- 

ders. The broadening of peaks in XRD patterns suggests 

an increase of structural disorder caused by a decrease of 

the crystallite size and an increasing strain. For very long 

times, up to 21 hours, the characteristic peaks of the va- 

rious crystal phases become very hard to separate. The 

Raman scattering cross section strongly decreases, because 

of the defect-induced optical absorption, and no discrimi- 

nation of the characteristic peaks for different phases is 

possible. However, the basic skeleton, common to all 

WO 3 phases derived from the ReOa-type structure, sur- 

vives, and a true "amorphisation" must be ruled out. 

The Raman spectrum of the 1 h ground WO 3 powder 
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Fig. 5. Comparison between the Raman spectra of blue 
coloured ground powder just after 1 h milling (solid line) and 
the same powder returned back to yellow colour after an 
annealing treatment during 8 h at 90 ~ (dotted line). The 
former spectrum has much lower intensity, so that the 
strong 800 cm -a peak was used for normalization. 

is shown in Fig. 5 by solid line. A particular Raman 

band, at about 950 c m  1, not  present in bulk crystal 

phases, may be attributed to the structural disorder and to 

the increasing fraction of surfaces when the grain size 

decreases. Similar bands appear also in crystalline 

WO3.nH20 [29] and amorphous WO 3 [39] films and ate 

usually assigned to a vibration of the W=O double bond 

involving terminal oxygen. It is important to remark that 

a moderate heat treatment in a normal oxidising atmo- 

sphere can easily reverse the blue coloration, and allows 

to restore the Raman scattering intensity generated by the 

powder samples. But the XRD patterns, as well as the 

Raman spectral shape remain those of disordered strained 

crystals after milling. In Fig. 5 such effect is well evi- 

denced: the two Raman intensities, collected before and 

after the heating, have been normalised to the 800 cm -1 

peak, and the spectral profiles overlap almost perfectly. In 

addition, the excitation of Raman spectra by different laser 

lines, ranging from the red light (near to the colour centre 

absorption band) to the blue light (far away from it), does 

not reveal any appreciable resonance effect, that allows to 

exclude association of the terminal bonds (and thus 950 

cm 1 band) to the surface colour centres. 

3.4. Colour Centres in Mixed Powders (1-x)WO3_y.xRe02. 

The idea to introduce excess electrons in tungsten oxide 

by mixing with rhenium oxide has been tested by 

studying the coloration and the structural transformations 

in the mixtures (1-x)WO3_y.xReO 2. The Raman spectra of 

the mixtures are shown in Fig. 6. All the observed 

vibrational modes in the frequency range from 20 to 900 

cm 1, for all the compositions, can be assigned to WO3 

dynamics. The Raman spectra in the mixtures with higher 
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Fig. 6. Raman spectra (excited by the laser line 530.9 rim) 
of (1-x)WO3.y.xReO 2 mixtures. The intensity of the upper 
spectrum, corresponding to the treated WO 3 powder (x = 0) 
was reduced by a factor 10. 

x seem rather similar to the spectra of pure W O  3 measured 

at temperatures well above the ambient one [27]. The 

addition of rhenium oxide does not induce any remarkable 

change in the spectral shape, like the appearance of new 

bands, except a weak band at 970 cm -1 discussed below. 

This fact suggests that no chemical reaction or formation 

of solid solution occur in the bulk of the crystal grains, 

and the ReO z phase is not Raman active. This is not 

surprising since rhenium ions in ReO2 are located in 

highly symmetrical environments and the oxide has 

metallic conductivity: both facts reduce strongly the 

Raman activity. 

The most striking effect observed in Raman spectra of 

these mixed powders is related to the strong quenching of 

the Raman scattering intensity upon increasing of the 

ReO2 content. The presence of only 5 % of ReO2 de- 

creases drastically the total Raman intensity by a factor of 

about 20 (see difference in the intensity of spectra for x = 

0 and x = 0.05 in Fig. 6). A further increase of the ReO2 

content in the range from 0.05 to 0.21 additionally lowers 

the intensity by a factor of two, and, finally, in the 

sample with x = 0.81 no appreciable Raman signal is 

observed. Note that the dramatic intensity decrease versus 

x cannot be justified by the decrease of the tungsten oxide 

content. Since all mixtures are coloured from greyish-blue 
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for low x values to black for high x values, and the colour 

was found to be stable against oxidising atmosphere, we 

suggest that the decrease of the Raman intensity is related 

to the formation of colour centres, similar to the case of 

ground WO3 powders, with the reduced tungsten ions 

located at the tungsten oxide grain boundaries between 

WO 3 and ReO2 phases. In fact, according to the electrical 

neutrality condition, the charge of the tungsten ions loca- 

ted at the boundaries between two phases should be 

lowered from 6+ to 5.7+, that transforms such sites into 

colour centres [11]. One can expect that the W-O bonds 

strength should be stronger for the reduced tungsten sites, 

as it was found in HxWO 3 discussed above. Therefore, a 

high-frequency shift of the stretching Raman bands or an 

appearance of the new Raman band, associated with colour 

centres, can be expected: no shift of the 800 c m  1 band 

was observed, but the new band at about 950 cm 1 was 

detected (Fig. 7). To distinguish, if it is related to the 

colour centres, the Raman measurements using different 
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Fig. 7. Raman resonance effect for the band at ~ 970 cm ~ 
(indicated by arrow) in the mixed sample 0.95 WO3.y.0.05 
ReO 2. All spectra are normalized using the two strongest 
bands at 700 and 800 cm I. The wavelengths of the laser 
lines, used to excite the spectra, are also shown. 

laser wavelenghts were performed. As a result, the reso- 

nance Raman effect is observed for the 970 cm 1 band, 

when the excitation light approaches the absorption range 

(in the red)typical of these colour centres. 

4. Conclusions 

At high temperatures, the structural transformation 

occurring in pure WO3 appears to be very similar to that 

controlled by the protons insertion in tungsten bronzes. It 

is observed that a symmetrization of the W-O bonds in 

WO 3 appears to occur gradually before reaching the tetra- 

gonal phase. 

At low temperatures, the existance of tungsten oxide 

phases is strongly influenced by the mechanical history of 

the powders. The most striking effect is the transforma- 

tion from monoclinic (I) to triclinic phase induced by 

moderate mechanical treatment like manual grinding for 

times on the scale of minutes. This transformation deter- 

mines all the low-temperature evolution of the powder 

samples. Below RT the following two sequences can be 

proposed, on the basis of Raman spectra evolution at low 

temperature: 

a) Untreated Powders: monoclinic (I) T-phase exists bet- 

ween RT and - 220 K, whereas monoclinic (I) (gradually 

decreasing fraction upon cooling) and N-phase (increasing 

upon cooling) coexist between - 220 K and - 40 K 

(minimum explored temperature); 

b) Treated powders: triclinic 5-phase prevails always bet- 

ween RT and - 70 K (minimum explored temperature) 

over small amount of N-phase, appearing below - 130 K. 

Long duration milling induces an increasing structural 

disorder, but no amorphisation can be reached. XRD and 

Raman evidences of small amounts of the E-phase, pre- 

viously reported in bulk crystals only at low T, are found 

for 1 h milling duration. 

A strong blue coloration of the powders increases to- 

gether with the structural disorder upon the prolonged 

milling treatments. However, the coloration is reversible 

under the oxidising action of the atmosphere, and this 

bleaching process is strongly accelerated by moderate 

heating. The structural disordering, on the contrary, can be 

reversed only by high-temperature annealing (above - 300 

~ These findings are consistent with the hypothesis of 

electronic defects (colour centers) creation at the freshly 

generated surfaces during the milling process. The exis- 

tance of such defects has some support by scanning 

tunneling microscopy [40,41]. 
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In the mixtures (1-x)WO3. r .xReO2, a permanent, non 
reversible coloration is obtained. In this case, the colour 
centres are related to reduced tungsten ions, distributed at 

the grain boundaries between the WO3 and ReO2 phases. 
The Raman band, attributed to such W-O bonds, exhibits 
some resonant behaviour when it is excited by red light, 

i.e. within the optical absorption band of the colour 

centres. 
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