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X-Ray photoelectron spectroscopy (XPS) has been applied to electrochromic, reduced WOs and 
W,Mot-,Os crystals. In metal-reduced phases containing crystallographic shear planes the formation of 
MO’+ (preferentially) and Wsc is observed in addition to that of the six-valent states. W5+ and w6’ are 
also dominant in H+-bombarded WOs indicating the formation of bronzes H,WOs. Significant 
differences are observed between single-crystal and “amorphous” oxides. The five-valent state is 
interpreted as being due to electron trapping and polaron formation. Under Ar+ bombardment the 
crystallinity of the surface is destroyed and a continuous distribution of Wc, w”‘, W’+, and Ws’ is found 
similar to that observed for amorphous thin films. At low temperatures the (~4) metal-insulator (M-I) 
transformation of H+:WOs is accompanied by a spontaneous change in the linewidth of Ws+ core levels 
but not of w6’ states. This is in accordance with recent theoretical approaches to M-I transformations. 

Introduction 

It is commonly accepted that structural 
phase transformations are mainly created by 
processes such as instabilities of lattice 
vibrations, displacive transformations, or 
order-disorder phenomena. Additional 
effects due to instabilities of the electronic 
system are usually neglected because the 
coupling of electron wave functions with 
geometrical order parameters is assumed to 
be small. Although this assumption is correct 
for insulators with large gap energies and 
common metals it must be doubted for nar- 
row band semiconductors, polaron materi- 
als, and all crystals showing metal-insulator 
(M-I) transitions. According to the 
fundamental work of Mott (1, Z), structural 
phase transitions may even occur on the basis 

* Permanent address: Mineralogisches Institut, TU 
Hannover, Welfengarten 1, West Germany. 

of electronic delocalization in narrow band 
materials only. 

The main reason for neglecting the elec- 
tronic band structure mechanism in crystal- 
lography was the lack of an experimental 
method to determine electronic levels in 
single crystals. This situation has changed 
dramatically over the last 7 years when X-ray 
photoelectron spectroscopy (XPS) was 
developed and successfully used in surface 
chemistry. This technique provides know- 
ledge of binding energies, including core and 
valence levels, of all atoms with a ca. 20-A, 
thick surface layer. Thus a chemical analysis 
of this layer is possible. Furthermore, 
different valence states can be distinguished 
from chemical shifts of the electronic 
levels. It is therefore an excellent technique 
for studying surface reactions with gases 
(3, 4) or even solid-state reactions, and 
furthermore it gives information about the 
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electronic density of states of the crystal. It 
therefore seemed very attractive to study the 
electronic properties of the best known elec- 
trochromic system W03-Moo3 (5,6). Both 
the structural and physical properties of the 
binary oxides have been widely examined 
and very recently the series of mixed crystals 
W,Mol-,03 has been synthesized and 
investigated (7). It was found that at least 18 
structural phase transitions take place, one of 
which is correlated with an M-I trans- 
formation (e--S). In the low-temperature E- 
phase conductivity occurs according to a 
hopping mechanism and optical absorption 
measurements on slightly HO-doped material 
reveal a strong electron-phonon coupling 
which was interpreted in terms of small 
polaron formation (8). During the structural 
transformation from the monoclinic (z = 4) 
low-temperature phase to the triclinic (z = 8) 
room-temperature modification, the elec- 
tronic properties of the crystal are 
fundamentally changed. From measure- 
ments of the Hall and Seebeck constants by 
Berak and Sienko (9) we know that the 
charge carrier density in W03 increases by a 
factor of 230 in the room-temperature 
phase. At room temperature, the conduc- 
tivity is explained by rather tightly bound 
((u = 3) large polarons. The same authors 
found that in slightly reduced WO+, (x G 
0.0002) the charge carrier density increased 
with the loss of oxygen, each removed oxy- 
gen ion releasing two free electrons into the 
crystal. In more reduced material (x s 0.001) 
most of the electrons (ca. 75%) are trapped 
and do not contribute to conductivity. 

The enormous coupling between the 
charge density and the structural phase tran- 
sition is clearly brought out by the fact that an 
increase in the number of free electrons shifts 
the phase-transition temperature to lower 
values (-27°C for n =2.10” cme3 in 
contrast to -46°C for n = 20.10’* cm-j) and 
even destroys the stability of the low- 
temperature phase for highly reduced 
material (e.g., WO2.9). 

Much attention has recently been given to 
the phenomenon of electrochromism in 
these compounds. Electrochromism basic- 
ally consists of the possibility of changing the 
colour of a crystal under the influence of an 
external electric field. The colour remains 
after the exciting field has been removed but 
the crystal can be bleached again by revers- 
ing the field. Materials showing electro- 
chromism can be used as optical displays. 
According to Schirmer et al. (10) the appli- 
cation of WO3 as an electrochromic device is 
restricted to amorphous films due to the 
small polaron formation in amorphous 
material. However single crystals can easily 
be coloured using the electrolytic method 
given by Hoppmann and Salje (II). The 
virgin W03 crystal shows a yellowish colour 
which is converted to deep blue-black under 
the influence of the electric field. This colour 
is similar to the appearance of the reduced 
oxides and nonmetallic sodium tungsten 
bronzes. 

To understand this phenomenon, two 
principle questions arise: (i) How are charge 
carriers trapped in these compounds?, and 
(ii) what is the influence of the crystal struc- 
ture on this process? 

Previous XPS work on amorphous W03 
(12) and fine powders (13a,b) shows that 
photoelectron spectroscopy can distinguish 
between reduced and unreduced tungsten 
positions. Although these studies suffer from 
the lack of structually well-defined surfaces, 
their comparison with results on crystalline 
materials should elucidate the influence of 
crystal structure on electronic energy levels. 

Experimental Approach 

X-Ray photoelectron spectroscopy (XPS) 
has progressed from the pioneering work of 
Siegbahn and co-workers (14) so that it is 
now used in almost a routine way to study the 
nature of solids and their surfaces. The 
technique consists briefly of irradiating a 
sample with X rays of a particular energy hv 
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and energy analyzing the photoemitted elec- 
trons. The kinetic energy of an emitted elec- 
tron Ek is given by Eq. (1): 

Ek=h~~-(EiwEf), (1) 

where Ef is the energy of the final state (of the 
singly ionized system) and Ei is the energy of 
the initial state (of the neutral system). The 
binding energy EB of the electron is simply 

Eg=Ei-Ef (2) 

and is usually equated with the energy of the 
corresponding level in the neutral atom via 
the frozen orbital approximation (Koopmans’ 
theorem) which ignores relaxation of the 
other electrons in the atom or solid during 
the photoemission process. Since the energy 
levels in the neutral system are quantized, 
the photoelectron spectrum consists basic- 
ally of discrete peaks, superimposed on a 
background due to the electrons which have 
been inelastically scattered in the solid 
before reaching the detector. A chemical 
analysis of the sample is thus possible. Final- 
state effects such as spin-orbit and spin-spin 
interactions and electron shake-up and 
shake-off processes result in additional 
spectral features (15). Coupling between 
the corehole and valence electrons may give 
rise to an asymmetrical broadening of the 
observed core-level spectra (Ida, b). 

In practice EB is usually referred to the 
Fermi level of the spectrometer, 

Eg= hu-Ek-&, (3) 

where &, is the work function of the spec- 
trometer. Determination of &, is not 
straightforward, and spectral positions are 
therefore calibrated with respect to a peak of 
accurately known binding energy. The cali- 
brant is generally either the C (1s) level from 
the contamination layer found on most 
samples or the core level of a metal (usually 
gold) evaporated in situ onto the sample 
surface. This procedure compensates for 
possible shifts in the measured Ek due to 
buildup of charge on poorly conducting 

samples. An additional shift in the observed 
EB may arise from changes in the Fermi level 
of the sample (which need not be the same as 
the Fermi level of the spectrometer). These 
two effects are clearly not important for 
metallic samples. Relaxation energy shifts 
may also complicate interpretation of 
experimental binding energies. A review of 
the problems encountered in the calibration 
of photoelectron spectra has recently been 
given by Evans (18). 

There are two principal features of the 
XPS technique: 

(a) The binding energy of a core-level 
electron in an atom is sensitive to the local 
electron density (and therefore to the nature 
of the bond between it and surrounding 
atoms) giving rise to the so-called “chemical 
shift” in EB. It is thus possible, in principle, to 
observe for example changes in the valence 
state of a particular species, subject to the 
considerations mentioned above. Qualita- 
tively, chemical shifts have been correlated 
with changes in the effective charge localized 
on the atom, a decreasing negative charge 
resulting in an increase in EB. 

(b) The method is surface sensitive. Mean 
free paths for inelastic scattering of photo- 
electrons of ca. 1000 eV kinetic energy are of 
the order of 1.5 nm in most solids, so that 
information contained in X-ray photoelec- 
tron spectra relates predominantly to the 
outer few atomic layers. The surface sensi- 
tivity may be enhanced by reducing the elec- 
tron take-off angle (angle between emitted 
electrons and the surface plane). Should the 
properties of this surface region differ 
markedly from those of the bulk then this will 
clearly be a disadvantage for those interested 
in the volume properties of the sample. 

The two spectrometers used in this study 
have been previously described (17a, b). The 
pressure in the spectrometer is typically <2 x 
lo-‘Pa. The sample holder has an area of ca. 
2 cm’, although crystals as small as ca. 5 cm* 
may be examined. Both the Mg&i,*(hv = 
1253.6 eV) and the AIKarl,;?(hv = 
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1486.6 eV) characteristic X-ray lines have 
been used in this investigation. In situ sample 
treatments available are bombardment by 
At-” or H’ ions using an ion gun, evaporation 
of calibrant metal films, and heating or cool- 
ing of the sample in the temperature range 77 
to 900°K. 

Preparation of the Samples 

Three different types of crystals have been 
examined: single crystals of W03, coarse 
grains of mixed crystals W0.53M00.4703, and 
reduced crystals (W, Mo)02+ The single 
crystals of W03 were prepared by sublima- 
tion at 1420°C (19). The area of the crystal 
used for XPS was ca. 4 mm’, the thickness 
1 mm. The colour of this multi-twin crystal 
was yellowish green. Although deeper 
colours of tungsten oxides often mean a 
slight reduction of the crystal, a careful elec- 
tron microscopic study of a small piece of this 
crystal revealed no lattice faults such as crys- 
tallographic shear planes, and no reduced 
tungsten states have been found in 
subsequent XPS examinations. Further- 
more, optical absorption experiments in the 
near infrared region, which are extremely 
sensitive to substoichiometry (9), showed no 
oxygen loss whatsoever. The crystal is there- 
fore assumed to be fully oxidized WO3. The 
crystal was cleaved along (001) just before 
the experiment and immediately brought 
into the vacuum chamber. 

The preparation of the mixed crystals 
W,Moi-,03 is described by Salje et al. (7). 
The crystal grains used in these experiments 
were enclosed in glass ampoules after the 
crystal growth and not exposed to air until 
the beginning of the experiment. The colour 
of the sample used is bright yellow and the 
average grain size is approximately 0.1 mm. 
To ensure good electrical contact between 
the crystals and the specimen holder the 
crystals were pressed into a thin Al foil which 
was then screwed onto the holder. The same 
procedure was also used for the reduced 

crystals. Following the method of Engstroem 
et al. (20), W00.53M00.4703 was thoroughly 
mixed with tungsten metal and heated to 
570°C in sealed silica tubes. The black reac- 
tion product [W, Mo]O~.~ was first examined 
electron microscopically. It showed arrays of 
crystallographic shear (CS) planes in the 
direction (102) with an average superstruc- 
ture of IZ = 14, but no macroscopic segre- 
gation of W and MO. The same crystals were 
used by Engstroem, et al. (20) to determine 
the phase diagram of the reduced oxides. The 
tungsten-molybdenum ratio of the reduced 
crystals was determined from the XPS data. 

Experimental Results 

(a) Chemical Analysis 

To determine the chemical composition of 
the crystals, full-scan spectra were taken. 
They are shown in Fig. 1 for pure W03 and 
W0.53M00.4703 together with the indexing of 
the core levels. Both spectra show, beside the 
elements W, MO, and 0, small amounts of C 
(contamination) and Al and Au from the 
specimen holder. They are well separated 
from the W, MO, and 0 peaks and do not 
affect the interpretation of the XPS spectra. 
In pure W03, the intensity ratio W+/O 1s = 
0.91 is estimated from XPS peak heights. In 
W0.53M00.4703 this ratio is reduced by ca. 
50% compared with W03, in good 
agreement with that anticipated from the 
chemical formula. Similarly, the reduced 
ternary oxide was shown to have the 
composition WO.sMo~.~O~.+ 

(6) Reduction and Chemical Shift 

The fine structure of the tungsten 4f and 
the molybdenum 3d levels in Figs. 2 and 3 
shows considerable changes after reduction 
of the crystals. In fully oxidized compounds 
only two levels (4fT12 and 4f5,, in W and 
3dsj2 and 3dsj2 in MO) appear. In the 
reduced crystals, the superimposition of two 
doublets induces more broadened features 
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FIG. 1. Wide-scan X-ray photoelectron spectra for: (a) unreduced W03, (b) unreduced Wo,saMo0.4703. 

[as also observed by de Angelis and Schi- procedure (21) as given in Table I. In addi- 
avello (13b) for nonstoichiometric tungsten tion to these peaks, in unreduced crystals a 
oxides]. In tungsten and molybdenum the further small feature appears at a binding 
shifts during reductions w”’ + W5+ and energy ca. 6 eV higher than that of the W 4f 
M$’ + MO’+ are revealed by a curve-fitting doublet. The nature of this satellite has been 
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34 37 40 E,(eVl * 
FIG. 2. W(4f) spectral region for W03: (a) unreduced crystals, (b) reduced crystals. 

discussed by several workers (22, 23, 38). different types of experiment were per- 
During our experiments with crystals we formed using HC and Ar+ ions. The XPS data 
found very little, if any, reduction of the obtained after H’ bombardment are shown 
samples due to X-ray bombardment. in figs. 4 and 5. For a hydrogen partial pres- 

sure of 10m6 Torr and an acceleration voltage 
(c) Ion bombardment of 400 V the principal features of the spectra 

Reduction of the fully oxidized material are identical to those of reduced WO2.9. The 
was achieved by ion bombardment. Two W4f peaks consist of w6’ and Ws+ with the 
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FIG. 3. MoQd) spectral region for Moos: (a) unreduced crystals, (b) reduced crystals. 

TABLE I 

CURVE-FINING DATA FOR~+,W~+,MO~+,AND Mo'+~ 

Ion 
Ratio 

5+/6+ 
A(6+-5+)* 

(eV) 

Full width at 
half-maximum 

(eV) 

6+ 5+ 

Win WOs 
W in W0.df00.4703 

MO in W0.&fo0.4703 

win WO.SMoO.202.9 

MO in Wo.sM00.202.9 

W in HC: W03 (300°K) 
W in H+:WOs (300°K) 
W in H+:W03 (77°K) 

0 - 1.35 - 
0 - 1.35 - 
0 - 1.45 - 

1.3 -1 1.70 1.45 
20.0 1.1 2.4 1.8 
19.0 1.2 1.70 1.45 
9.3 1.3 1.70 1.50 
6.8 1.3 1.70 1.10 

D Binding energies: We’ (4f7j2) = 35.7 eV, Mo6+ (3d,,3 = 233.1 eV. 
* Shift between 6+ and 5+ binding energies. 
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(a) 

FIG. 4. W(4fl spectra from WO3: (a) for as-prepared crystals, and after hydrogen ion bombardment 
(hydrogen pressure = low6 Torr, accelerating potential = 400 V, sample temperature = 300°K) for (b) 
30 min., (c) 45 min., and (d) 11 hr. 
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FIG. 5. W(4fl spectra from W03: (a) after hydrogen ion bombardment (hydrogen pressure= 
10e6 Torr, accelerating potential = 400 V, sample temperature = 300°K) for 80 min., and (b) after cooling 
the bombarded sample to 77°K. 
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ratio W’+/w+ depending on bombarding 
time according to Fig. 6. In the early stages of 
reduction an exponential increase in the 
W5’/w6’ ratio with time is observed. After 
1 hr of bombardment this ratio saturates at 
ca. 25%) which is close to the critical value of 
the structural phase transformation between 
semiconducting and metallic tungsten bron- 
zes. It appears that higher degrees of reduc- 
tion together with the formation of pseudo- 
cubic, metallic H, W03 are difficult to 
achieve under these (low pressure) condi- 
tions. After prolonged reduction (20 hr) only 
small changes in the tungsten states appear 
from the single-crystal spectra. At any stage, 
a subsequent heating of the crystal in uucuo 
at 220°C diminished the concentration of 
W5+. The reduction of W03 under H+ 
bombardment therefore appears to be, at 
least partly, reversible, in that hydrogen is 
removed from the surface region of the crys- 
tal under these conditions. This result is in 
accordance with the observed reversibility of 
electrolytically reduced tungsten oxide (11). 

However, under bombardment with 
hydrogen at a higher pressure (5 X 
10T5 Torr), further features in the W4f 
signals appear. A curve fitting of the XPS 
data using only two doublets shows the 
dominance of the W5+ state together with an 
anomalous increase in the half-width of this 
peak to 2.25 eV (compare Table I). This 
indicates that further reduced states like w”’ 

FIG. 6. Plot showing the variation of the W5+:w6+ 
ratio with hydrogen ion bombardment time (hydrogen 
pressure = 10m6 Torr, accelerating potential = 400 V, 
sample temperature = 300°K) for a W09 sample. 

have been created, which are reversible upon 
heating the crystal in uucuo. These single- 
crystal data are different from the spectra 
observed by Haber et al. (13~) with powder 
samples. In all the spectra obtained with 
single crystals the w”’ and W5+ states are 
dominant and only after extended hydrogen 
bombardment do the w*’ peaks appear. 

In contrast to the small protons the large 
Ar+ ions usually destroy the crystallinity of 
surfaces and reduce oxides by mechanically 
removing oxygen from the crystal. In Fig. 7 
the results of the Ar+ bombardment at 
10e6 Torr and 400 V accelerating potential 
are shown. Even after a short exposure the 
crystal surface is extensively reduced. The 
corresponding tungsten states were found in 
the same curve-fitting procedure as before, 
using four tungsten 4f doublets, correspond- 
ing to w”‘, W5+, w”‘, and w”. The chemical 
shifts of w”’ and W” were taken from Colton 
et al. (24). The distribution of valence states 
of tungsten under different reduction condi- 
tions are given in Fig. 8. Reduction of WO3 
to the metal via the formation of WOZ has 
also been observed by Kim et al. (25). 

The question arises as to what happens to 
MO under weak Ar’ bombardment. To 
answer this, W0.53M00.4703 was bombarded 
and examined by XPS after reduction. It was 
found that both W and MO are reduced, the 
molybdenum being affected to a greater 
degree. This result is in accordance with the 
observations of Kim et al. (25) who demon- 
strated a correlation between the ease of 
reduction of oxides by Ar+ bombardment 
and their standard free energy of formation. 
We expect therefore that oxygen ions asso- 
ciated with molybdenum positions in the 
structure will be more easily removed than 
those directly bound to tungsten. 

Discussion 

The W5+ and Mo5+ Valence States 

In all reduced crystalline materials and 
coloured films studied by XPS the first 
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FIG. 7. W(4f) spectra from a WOs sample: (a) as-prepared crystals; (b) after argon ion bombardment 
(argon pressure = 3 x 10m4 Torr, accelerating potential = 400 V, sample temperature = 300°K) for 
30 min; (c) as for (b) but measured with a reduced electron take-off angle; (d) after bombardment for 
150 min. 
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FiG. 8. Plot showing the distribution of tungsten 
valence states in a W03 sample after periods of argon 
ion bombardment. Conditions (a)-(d) as for Fig. 7. 

reduced metal state is indexed as 5+ in 
accordance with the observed chemical shift. 
In the case of W5+ the shift is ca. 1.2 eV 
below w6’ (Table 1) and ca. 1.8 eV above 
w”‘. Though Ws+ seems to be the dominant 
reduced valence state in these materials, no 
nonmetallic compound with mostly five- 
valent ions of tungsten or molybdenum is 
known, although the surface of commercial 
MoOz has been shown to consist of Moo3 
and MOO, with 2 <x < 3 (25). In pseudo- 
cubic metallic bronzes like Na,W03 all 
tungsten states shift continuously because 
the induced-charge carriers are mostly delo- 
calized (26), whereas, in low symmetric 
semiconducting WOJike sodium bronzes 
(x < 0.28), the charge carriers are trapped as 
Ws+ with a maximum ratio of W’+/W+ = 
0.39. For higher degrees of reduction a 
structural phase transformation to the 
metallic bronzes takes place (27). This M-I 

transformation is therefore correlated with 
delocalization/localization effects and it is 
doubtful whether percolation models [e.g., 
ref. (28)] alone can describe this phase tran- 
sition. 

Together with the increase in the number 
of five-valent states, in all compounds stu- 
died the conductivity increases. This is 
reflected in the XPS data by a simultaneous 
increase of MS+ and polaron states near the 
Fermi level (24). As this effect appears in CS 
phases as well as in bronzes, the occurrence 
of CS planes cannot be a necessary condition 
for MS+ formation. Two correlations 
between MS+ and quasifree charge carriers 
are possible: Both particles are connected in 
space or they are separated. Experimentally, 
Berak and Sienko (9) found, in slightly 
reduced tungsten oxide with Anderson- 
Hyde (29) finite shear planes, ca. 25% of the 
reduced states contributing to conductivity. 
These charge carriers must be localized 
between CS disks because no macroscopic 
conductivity can occur from these highly 
diluted states according to percolation 
theory. Since the creation of Ws+ is not 
restricted to CS planes and can occur to some 
extent between them, they are likely to be 
induced by weakly bound electrons which 
form together with the surrounding distorted 
lattice polarons of different size (8,9). 

The two possible metal positions, W and 
MO, show different reduction behavior in the 
mixed crystals. According to Table I ca. 20% 
MO, but only 1.3% W, appears in the five- 
valent state. The nominal chemical 
composition of the reduced mixed crystal is 
therefore Mo~~~Mo~:~,W~:~~W~~O~.~~. Due 
to the fact that in metal-reduced samples 
most reduced states are localized in the CS 
planes (13b) it is expected that MO is enriched 
in the CS planes. It is even possible that in 
the equilibrium state all central positions of 
edge-sharing octahedra are occupied by MO. 
Additional W5+ states may appear between 
CS planes. This preferential occupancy of 
MO in closer packed octahedral positions 
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resembles the pure Moo3 structure with a valence states, probably depending on the 
short metal-metal distance of 2.6 A. local crystal field at the tungsten site and 

In addition to structural effects, the pref- hence depending on the preparation method 
erential reduction of MO is explained by the of the tungsten oxide glass. 
slightly lower trapping energy of MO Spectra similar to those of amorphous 
compared with W. According to Faughnan material (e.g., thin films) have recently been 
and Crandall (30) the energy difference in published by Haber et al. (13) and Haber 
amorphous material is 0.73 eV. We hope to (32). In the WOs material used by them, 
pursue this question by optical experiments highly reduced tungsten valence states occur 
and X-ray structure analysis of reduced after much weaker H+ bombardments than 
single crystals. used in our experiments. Both studies were 

performed with identical photoelectron 

The Effect of Crystallinity spectrometers and under similar conditions 
so that the explanation for the different 

All core-level spectra of the examined results must be due to different sample 
material show a characteristic dependence of material. These authors used very fine- 
the 4f levels on the crystallinity of the grained quasiamorphous WOs (as is com- 
sample. In all reduced single crystals only 
W6+ and Ws+ valence states dominate the 

mercially available) and not as-grown crys- 
tals. Furthermore, they found no reduction 

XPS spectra. On the other hand, after strong of tungsten oxide by heating in vacua at 
Ar’ bombardment of the single crystals the 
surface region showed considerable w”’ and 

500°C which is a widely used technique to 

W” signals. Since under bombardment oxy- 
produce slightly surface-reduced tungsten 
oxide. Control experiments on our single 

gen is preferentially removed from the sur- crystals showed the appearance of W5+ states 
face, the crystallinity is destroyed and closer at the surface even after heating the speci- 
packing of the metal positions in a glass is mens for 6 hr at 250°C in vacua. The term 
expected, leading even to the formation of “amorphous” does not necessarily mean that 
metallic clusters. This observation is in these substances do not show X-ray 
accordance with experiments of Gerard et al. reflections. As Anderson (33) found, even 
(31), who found similar spectra in amor- WOs ceramic, although fairly X-ray crystal- 
phous W03-*(x = 0.2 . . .0.5). A com- line, behaves differently from single crystals 
parison of their results with the distribution in showing no thermal structural phase 
of the reduced tungsten states in Fig. 8 show transformations. Great care must therefore 
that our highest reduced noncrystalline be taken in producing crystalline tungsten 
material corresponds to amorphous W01.4. oxide, even for the examination of short- 
In colored films at least the electron charges range effects as in XPS experiments. Besides 
are strongly localized forming all reduced the already described differences in the pho- 
tungsten states. As Schirmer et al. (10) poin- toelectron spectra between crystalline and 
ted out this localization of electrons as small amorphous materials, smaller effects are 
polarons is much stronger in amorphous expected due to structural phase trans- 
films than in crystalline material and formations as seen in similar compounds by 
represents the basis of the application of Thornton et al. (34,35). 
WO3 in electrochromic devices. Whereas in 
crystals surplus charges are only slightly The Structural Transformation ~4 
trapped under formation of W5+ states the During cooling, slightly reduced W03(Hf 
amorphous colored state exhibits stronger in WOS) shows the phase transformation ~4 
localization in different reduced tungsten (36) in X-ray experiments. Our XPS data for 



a weakly H’-bombarded crystal indicate 
that, simultaneously, the linewidth of the 
W(4f) peak characteristic of the five-valent 
tungsten position changes from 1.5 to 
1.1 eV, but no change occurs in the six-valent 
tungsten signal (Fig. 5 and Table I). This 
phase transition is of the metal-insulator 
type, similar to that of VOZ. In vanadium 
oxide a corresponding broadening of 
vanadium lines was observed by Blaaw et al. 
(Idb). Following their interpretation of 
general linewidth effects, two different limi- 
ting cases must be distinguished: 

(a) The energy of the core hole-valence 
electron interaction U is small compared 
with the gap energy E,. No irregular 
broadening is expected in this case. 

(b) If U is large compared with E, an 
asymmetric broadened line shape is expected 
as for metallic materials. Further broadening 
will occur if not only the gap energy E, but 
also the valence bandwidth E is small or 
comparable with U. Both limiting cases seem 
to apply to doped W03:H+. The intrinsic 
band gap is 2.74 eV at room temperature and 
3.2 eV at low temperature. Both values are 
large compared with typical core hole- 
valence electron interactions and therefore 
no broadening of the intrinsic w”’ states is 
expected during the phase transformation. 

The five-valent tungsten states show hop- 
ping activation energies of 0.23 eV in the 
low-temperature phase and of almost zero at 
room temperature (9). Furthermore, these 
states are rather localized, so that when 
treated as small polaron bands with Ander- 
son localization, their bandwidth is negligible 
compared with U. Both conditions for line 
broadening are therefore fulfilled and a 
spontaneous change in the linewidth of W5+ 
is expected when passing through the phase- 
transition point. 

There are, however, additional line- 
broadening effects at high temperatures. 
Firstly, phonon-broadening effects are 
possible for W’+. The five-valent tungsten 
state is localized by electron-phonon coup- 
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ling and hence by a considerable lattice 
deformation near the W5+ position. The 
drastic change in the crystal structure during 
the phase transformation alters the defor- 
mation behavior and changes in the phonon 
broadening may contribute to the observed 
difference in the Ws+ half-width of 0.4 eV. 

Furthermore, only in the low-temperature 
phase do the electrons trapped at W5+ form 
oriented d(x*- y*) orbitals. As Schirmer et 
al. (10) found by ESR measurements, all 
these d orbitals lie in the a-b plane, but are 
randomly orientated at higher temperatures. 
In our single-crystal work, the crystal surface 
was always (001). We would expect photo- 
emission from the oriented orbitals to exhibit 
a strong angular dependence. Averaging 
over all directions for w6’ and W5+ at room 
temperature then gives rise simply to spectral 
line broadening whereas at low temperature 
a narrower W5+ line is expected. Hence 
angular resolved XPS experiments on doped 
.c-WOs should show different W5+ signals 
perpendicular and parallel to the crystallo- 
graphic c axis. These experiments are 
planned. Additional final-state effects were 
very recently proposed by Chalzalviel et al. 
(37) and Wertheim et al. (38) to explain the 
splitting of W-4f core levels in metallic 
sodium bronzes. In the case of slightly 
reduced tungsten oxide, this effect is expec- 
ted to be comparably small. Nevertheless, it 
should be examined whether these models 
can explain the observed temperature 
dependence of the linewidth of the Ws+ 
signal (Fig. 5, Table 1). 
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