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W03-, crystals with 0 s x 5 0.28 have been studied by means of HREM and electrical conductivity 
measurements. Semiconducting behavior with and E, of the order 0.06 eV was observed for crystals 
which, according to the HREM study, contained (102) CS planes (x = 0.03). Plots of conductivity vs 
l/T for W09 and WO,-, containing disordered {102} CS planes are also presented. Metallic behavior 
was found for crystals with ordered {103} CS planes (x = 0.1 l), for W120r4 (x = 0.167), and for W180,Y 
(x = 0.28). 

Introduction 

Tungsten trioxide undergoes several 
well-characterized phase transitions at dif- 
ferent temperatures. Around room temper- 
ature WO3 has a monoclinic structure (1, 
2), called Z in the following, which 
transforms into a triclinic phase below 
room temperature (I, 3-5). At even lower 
temperatures, below 230 K, the structure is 
again monoclinic (3, 5); this form is named 
ZZ below. These phase transitions have been 
shown to be first order (6-8). 

Reduction of tungsten trioxide to metallic 
tungsten traverses many intermediary sub- 
oxides, WOsmX. The first stage of oxygen 
loss from W03 crystals results in the forma- 
tion of (102) crystallographic shear (CS) 
planes (9). Initially (0 < x 5 0.02), these CS 
planes are distributed at random, i.e., the 
(102) CS planes run in several directions 
and have greatly varying spacings in re- 
gions where they are parallel to each other. 
For x 2 0.02 the CS planes are arranged 
parallel to each other. Continued reduction 

leads to the formation of fairly well-ordered 
arrays of (102) CS planes. A complete or- 
dering, implying the formation of Magneli 
phases of the W,O+l type, has, however, 
never been observed. 

In the interval 0.07 5 x I 0.13, (103) CS 
planes are formed, which are quasi-ordered 
for low x values but become more regularly 
spaced with increasing degree of reduction. 
Within this part of the phase diagram, dis- 
tinct phases of the homologous series of 
W,O3,,-2 are reported (ZO-Z3). Further re- 
duction results in the formation of two 
phases with other types of structure: 
Wr2034 (Z4, 15) at x = 0.17 and W1s049 (16) 
at x = 0.28, while no ordered phases have 
been observed in between. 

Many investigations have concerned the 
electrical properties of WO3 (4-8, 17-20). 
Metallic behavior has thus been observed 
for the monoclinic Z phase, while the tri- 
clinic one is semiconducting. This transi- 
tion is associated with a marked change in 
the conductivity. The monoclinic ZZ phase 
is found to be semiconducting with an acti- 
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vation energy of about 0.2 eV. At the tri- 
clinic to monoclinic ZZ transition tempera- 
ture, a decrease in conductivity by a factor 
of 10 is reported. 

The available conductivity data for 
W03-, refer to a large extent to samples 
with a very low degree of reduction, typi- 
cally with x 5 0.01 (8, 29). These investiga- 
tions mainly aim at explaining the mecha- 
nism of conduction in W03. Metallic 
behavior has been reported for Wi~0~~ (21)) 
while Wi2034 has not been studied with re- 
spect to its electrical properties. 

This study is an attempt to explore the 
relationship between stoichiometry, struc- 
ture, and electrical conductivity in the sys- 
tem W03-* for 0 5 x I 0.28. The structure 
of the crystals used in the conductivity 
measurements was afterwards studied by 
means of high resolution transmission elec- 
tron microscopy, and the composition of 
the individual crystals was evaluated statis- 
tically from the electron micrographs. 

Experimental 

WO3 crystals were grown from WO3 
powder (Koch-Light Lab. 99.9%) by chemi- 
cal transport in an oxygen atmosphere, us- 
ing water vapor as the transporting agent. 
The crystals grew in the temperature inter- 
val 1073-1173 K, transported from 1323 K 
with a gradient of 15 K/cm. Yellow, pale 
green, and light yellowish-brown colored 
crystals were obtained. The yellow crystals 
were then reduced by means of a CO/CO:! 
gas mixture at about 1270 K, with a double- 
buffer technique. Details of the preparation 
methods are given in Refs. (22) and (23). 

The crystals used for the conductivity 
measurements ranged from 0.15 to 0.02 cm 
in length. The standard four-probe arrange- 
ment was used. The contacts were applied 
onto the crystals as described elsewhere 
(24). The setup allows recording of resistiv- 
ities ranging from lo7 to 10e3 fI. Due to this 
restriction, conductivity data for W03 and 

Wi80d9 (x = 0.28) could only be recorded in 
the temperature interval 140-400 K. For 
the other crystals the measurements were 
extended down to 80 K. The heating and 
cooling rate was 1% per minute of the cur- 
rent temperature. 

Data were recorded from both the heat- 
ing and cooling parts of a complete cycle, 
and each crystal was cycled between 400 
and 80 K several times, to reveal hysteresis 
effects. Only for slightly reduced WO3 crys- 
tals were such effects found (see below). 
Due to the uncertainty in the estimation of 
the cross section of the irregularly shaped 
crystals, the error in the absolute value of 
the conductivity is estimated to be of the 
order of 25%. 

The structure and composition of the 
crystals used in the conductivity measure- 
ments were determined by means of a 
transmission electron microscope, a 
Siemens ELMISKOP 102, operated at 125 
kV. It was equipped with a double tilt-lift 
stage and with an image intensifier. The 
crystals were ground in a silica tube with a 
silica rod pestle. The fragments so obtained 
were dispersed in n-butanol and collected 
on perforated carbon films supported by 
copper grids. Electron diffraction patterns 
and structure images were recorded from 
several fragments of each crystal. 

A computer-controlled microdensitome- 
ter (Joyce-Loebl MDM6) was used for the 
evaluation of the images. The periodicities 
along the { 102) and { 103) CS planes (8.5 and 
12.0 A, respectively) were used as internal 
calibration of the magnification. The aver- 
age spacings of the CS planes were ob- 
tained from measurements over a number 
of CS planes, ranging from 10 to 130. The 
composition of each fragment was then de- 
termined from the average CS plane spac- 
ing, using the formulas W,03,-i and 
Wn03n-2 for fragments exhibiting the (102) 
and (103) types of CS, respectively, as the II 
values are proportional to the spacings 
(25, 26). The composition of a crystal used 
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in the conductivity measurements was then 
evaluated as the unweighted mean of the 
compositions of the fragments. 

To see how representative the measured 
crystals were of the samples from which 
they were picked, HREM studies were also 
made of specimens containing fragments 
originating from many crystals from the 
same batch. The results of these studies, 
which have been reported previously (22), 
are given in Table I as gross compositions. 

Results 

Preparative, structural, and composition 
data of reduced tungsten oxides are given in 
Table I. Representative conductivity data 
are presented in Fig. 1. 

The activation energy E, for conduction 
has been calculated from the linear part of 
the log 6 vs 1/T curve according to the for- 
mula 6 = a0 exp( -E&T). The data pre- 
sented below refer to the crystals which 
were examined in the electron microscope 
after the conductivity measurement. Con- 
ductivity measurements were, however, 
carried out for three or more crystals from 
each batch. The conductivity curves for 
these crystals were generally very similar. 

I E,=0.2LeV 
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FIG. 1. Conductivity vs l/T plots for W09 and 
WOp-, for 0 < x 5 0.28. MI, T, and MZZ refer to the 
monoclinic I, triclinic, and monoclinic ZZ modifications 
of W09 (see text). 

wo3 

The conductivity data for WO3 given in 
Fig. 1 are representative for the yellow 
crystals. 

The monoclinic Z room temperature mod- 

TABLE I 

PREPARATIVE, STRUCTURAL, AND COMPOSITIONAL DATA OF BATCH PREPARATIONS AND CRYSTALS USED 
FOR CONDUCTIVITY MEASUREMENTS (STANDARD DEVIATIONS IN PARENTHESES) 

Preparation Sample Crystal used for measurements 

Sample 
-lot? PO* 

(at4 T(“K) t(hr) 
Structure 

type 
No. 
frag. 

Cdcul. 
compos. 

Structure No. 
type fw. 

Calcul. 
compos. 

1 a.19 1267 47 {102}CS 

2 10.45 1265 170 3 11.19 1271 48 I:::\:: 
(103)cS 

4 11.21 1264 48 {102}CS 
(103)cS 

S Il.% 1269 46 (103)CS 
6 12.54 1269 59 WI2034 

WI8049 

I 12.78 1269 72 WI8049 

23 2.993(6) 
13 2.980(12) 
27 2.963(20) 
16 2.904(14) 

mean 2.941 

7 2.957(18) 
4 2.897(11) 

mean 2.935 

48 2.893(6) 
21 2.833 
13 2.122 

Mean 2.189 

32 2.122 

{102}CS 
{102}CS 
{102}CS 
(103)CS 

{102}CS 
(103)CS 

WI8049 

13 
14 
12 

3 

2 
13 

11 

3: 

9 

2.994(7) 
2.976(10) 
2.%3(3) 
2.903(14) 

mean 2.955 

2.964(3) 
2.901(S) 

mea* 2.909 

2.897(4) 
2.869 
2.833 

mean 2.834 

2.722 
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*cation of WO, exhibits metallic behavior 
and transforms into a semiconducting tri- 
clinic modification at 28 1 K. The conductiv- 
ity of the triclinic phase is a factor of six 
lower than that of the monoclinic Z phase. 
From the slope of the log 6 vs l/T curve an 
activation energy (EJ of 0.02 eV was de- 
duced. 

The conductivity drops by a factor of 10 
at the triclinic to monoclinic ZZ phase transi- 
tion temperature (218 K). The monoclinic ZZ 
phase is semiconducting. The log 6 vs l/T 
curve for this phase exhibits two different 
slopes, one for 218 > T > 182 K, with E, = 
0.17 eV, and one for 182 K > T > 140 K, 
with E, = 0.24 eV. 

On heating, the monoclinic ZZ to triclinic 
and the triclinic to monoclinic Z phase tran- 
sitions take place at higher temperatures 
than observed upon cooling: at 227 and 286 
K, respectively. A hysteresis effect in the 
conductivity values was recorded in the 
temperature region 182 < T C 227 K (see 
Fig. 1). The conductivity data and transi- 
tion temperatures given above did not vary 
over successive temperature cyclings . 

The conductivity curves for light yellow- 
ish-brown colored crystals differs in several 
aspects from the ones discussed above. 
Each crystal behaves differently, but the 
curves have some common features. The 
monoclinic Z to triclinic transition tempera- 
ture is thus evident from the conductivity 
maximum around 280 K. For 280 < T c 330 
K a small decrease in conductivity with in- 
creasing temperature is recorded, while the 
conductivity of the triclinic phase is almost 
temperature independent. The maximum 
conductivity value at 280 K is lo-15 times 
larger than the corresponding value for the 
yellow crystals. The triclinic to monoclinic 
ZZ transformation occurs at 210 K, and this 
is associated with a decrease in conductiv- 
ity of the order of lOO- 150 times. Finally, 
the low temperature conductivity data of 
the light yellowish-brown and the yellow 
crystals are fairly similar. 

The features of the conductivity curves 
for the green crystals resemble those of the 
yellow crystals. The two conductivity 
curves thus almost coincide at the upper 
and lower ends of the temperature range, 
but in the intermediary region lower con- 
ductivity values are recorded during heat- 
ing than during cooling. The hysteresis is 
thus more pronounced for these crystals 
than for the yellow ones. The discontinuity 
in the conductivity at the monoclinic Z to 
triclinic transition temperature is also 
smaller for the green crystals. 

The yellow, pale green, and light yellow- 
ish-brown crystals were examined one by 
one in the electron microscope. Sharp 
W03-diffraction spots were always ob- 
served. The lattice images of the yellow and 
green crystals showed only the WO3 pat- 
tern, while the images of a few fragments of 
the light yellowish-brown crystals exhibited 
small areas where (102) CS planes had 
started to form. 

wa94 

The X-ray powder diffraction patterns of 
the batch indicated a W03-type lattice of 
monoclinic symmetry. HREM examination 
of the fragments mostly showed randomly 
oriented (102) CS planes. A few fragments 
with only one or two isolated CS planes 
were also found. Some areas with parallel 
CS planes were also seen, but fragments 
with random distribution of the (102) CS 
planes in all four equivalent directions were 
statistically predominant. 

The log 6 vs l/T curve for a crystal picked 
from this batch is given in Fig. 1. Semicon- 
ducting behavior is observed over the entire 
temperature range studied. A linear rela- 
tionship between log 6 and l/T is observed 
for 100 5 T I 225 K, with E, = 0.08 eV. In 
the low temperature i region E, increases 
with increasing temperature, while at high 
temperatures it decreases. 
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wo2.976 

The X-ray powder diffraction pattern of 
this sample showed a W03-lattice of 
orthorhombic symmetry. Although most of 
the fragments exhibited parallel but nonpe- 
riodic (102) CS planes, a few fragments 
with CS planes in several directions were 
also observed. As shown in Table I, the 
gross composition and the composition of 
the crystal used in the conductivity mea- 
surements are the same within one standard 
deviation. One can use the standard devia- 
tion of the average n value as a measure of 
the aperiodic CS plane distribution. For 
this crystal, it values ranging from 25 to 150 
were found, with a mean of 55. The distri- 
bution has a standard deviation of 37. 

From Fig. 1 it is seen that semiconduct- 
ing behavior is observed over the tempera- 
ture range studied, with E, = 0.06 eV for T 
> 110 K. 

wo2.9S5 

The crystal was picked from a batch of 
gross composition WO2.94,. Out of 25 frag- 
ments studied of this crystal, 22 were found 
by diffraction to contain (102) CS planes. 
The 3 fragments containing (103) CS 
planes, and 12 { 102) CS fragments, were 
used in evaluating the composition of the 
crystal. The difference in composition be- 
tween the batch and this crystal thus origi- 
nated from the difference in the relative oc- 
currence of { 103) C’S planes in the batch and 
the crystal (Table I). This might indicate 
that the crystals of this batch contain either 
predominantly (102) or (103) types of CS 
planes. The distribution of CS plane spac- 
ings for the (102) CS fragments in the crys- 
tal is obtained as n = 27.7 + 2.5. 

Three crystals suitable for conductivity 
measurements were selected from the 
batch with gross composition WO2.941. The 
conductivity of one of the crystals, labeled 
W02.955, is given in Fig. 1. The temperature 
dependence of the conductivity of the sec- 

ond crystal is similar to that of the first one, 
while the curve of the third one resembles 
that labeled WO2.m in Fig. 1. This was very 
likely a crystal containing predominantly 
(103) CS planes (see below). Only the first 
crystal was analyzed in the electron micro- 
scope, however. The WOZ.~~~ crystal ex- 
hibits semiconducting properties, with E, = 
0.04 eV for T > 140 K, while E, decreases 
with decreasing temperature for T I 140 K. 

wo2.9a9 

The crystal used in the conductivity mea- 
surements exhibited both (102) and (103) 
CS planes. In this case, however, frag- 
ments containing (103) CS planes domi- 
nated. The composition difference between 
this crystal and those of the batch (see Ta- 
ble I) can be interpreted in a manner similar 
to the above. The aperiodicity of the shear 
plane spacing in this case is much narrower 
(n = 20 + 1). 

The temperature dependence of the con- 
ductivity shows (Fig. 1) metallic behavior 
in the temperature range 80 I T I 270 K, 
while a small increase of the conductivity 
with increasing temperature is observed for 
T > 270 K. All three crystals measured 
showed closely similar electrical behavior. 

wo2.897 

This crystal belongs to a sample in which 
only (103) CS structures were observed. 
The gross compositions of the sample and 
of the crystal are in reasonable agreement 
(Table I). The distribution of CS plane spac- 
ings is also generally narrow: n = 19.3 2 
0.75. 

The conductivity curve of a crystal of the 
composition W02.gg7 is given in Fig. 1. As 
for the W02.909 crystal, metallic behavior is 
observed for T 5 270 K while u increases 
with increasing temperature for T > 270 K. 
The conductivity values of W02.897 seem to 
be slightly higher than those of WO2.909. 
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wo2.834 

The fragments of the crystal studied 
showed mainly the Wr2034 structure, with 
frequent twin disorder. Two fragments con- 
taining areas of (103) CS planes were also 
observed, but the conductivity curve re- 
corded should, to a good approximation, be 
representative for the Wi~03~ phase. The 
batch was found to contain crystals of 
w&34 and w18049. 

The conductivity curve of this compound 
exhibits metallic behavior over the entire 
temperature region studied. 

wo2.722 

This crystal was selected from a sample 
which, according to the X-ray powder dif- 
fraction pattern and electron microscopy 
observations, was a single phase. The cell 
parameters are a = l&322(2) A, b = 
3.782(2) ii, c = 14.034(2) A, and p = 
115.21”(2). 

The metallic properties of this compound 
are confirmed, and Wi8049 is found to be a 
better conductor than W12034. 

Discussion 

Salje and Viswanathan (4) and Lefkowitz 
et al. (8) have shown that W03 crystals 
formed by sublimation and crystals formed 
from recrystallized molten W03 differ 
slightly in properties and room temperature 
structure. Thus crystals obtained from 
melted WO3 exhibit higher monoclinic Z to 
trilinic and triclinic to monoclinic ZZ phase 
transition temperatures that those formed 
by sublimation. At room temperature the 
latter possess a monoclinic structure, while 
the former are triclinic. Our W03 crystals, 
obtained by a chemical transport reaction, 
have a monoclinic structure according to 
the X-ray powder patterns; this is consis- 
tent with the various transition tempera- 
tures reported above. 

Berak and Sienko (29) have shown that 
even a very small decrease in the oxygen 
content of W03 gives rise to an increase in 
the conductivity. The activation energies 
for conduction in the triclinic and mono- 
clinic ZZ phases are reported to increase and 
decrease, respectively, with decreasing ox- 
ygen content of the samples. As our con- 
ductivity values of the yellow colored crys- 
tals are slightly lower than those reported 
by, e.g., Berak and Sienko (19), and as our 
E, values compare favorably with previ- 
ously reported ones, we conclude that our 
crystals are very close to W03 in stoichiom- 
etry. 

In this connection it can be noted that 
Lefkowitz et al. (8) have suggested that the 
anomaly in the conductivity curve around 
180 K might indicate the presence of an- 
other structural transition. 

The crystals of W03-, with 0 I x 5 0.045 
exhibit semiconducting properties. In this 
part of the phase diagram the parent W03 
lattice accommodates the oxygen loss by 
forming (102) CS planes. As mentioned 
above, these planes are arranged differently 
for various x values. Thus one observed a 
smooth transition from randomly oriented 
CS planes to parallel and rather periodic CS 
planes via parallel and aperiodic ones, with 
increasing x values. A similar gradual in- 
crease of the conductivity, and decrease of 
the activation energy, with increasing de- 
gree of reduction can be noted. The shape 
of the log v vs l/T also changes with the 
composition. 

Berak and Sienko (19) reported conduc- 
tivity data for a crystal picked from a prepa- 
ration with the gross composition w02.9877. 

Assuming the composition of this crystal to 
be the same as that of the batch, one thus 
would expect that the conductivity and the 
shape of the conductivity graph would be 
something intermediary between our 
curves for WO2.w and WO2.976. However, 
the data presented by Berak and Sienko 
agree well with our data for W02.976, both 
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with respect to the conductivity and to the 
shape of the curve, while their E, value is 

slightly higher (0.10 eV) than our value for 
WO2.976 (0.06 eV). This suggests that their 
crystal might be slightly more oxygen defi- 
cient than their batch preparation. 

The conductivity values for W02.909 are 
lower than those for WO2.897, while the 
shapes of the curves are almost identical. 
Thus both crystals exhibit metallic conduc- 
tivity below 270 K, and both contain (103) 
CS planes. Barek and Sienko (19) reported 
one conductivity value for 80 K for a crys- 
tal from a preparation of the gross composi- 
tion WO2.895, which is about 10 times higher 
than ours. However, they also stated that 
WO2.895 exhibits metallic behavior in the 
low-temperature region, with a conductiv- 
ity minimum around 270 K. 

Viswanathan et al. (21) have performed 
two probe conductivity measurements on 
small needle-shaped crystals of W02.722 
(Wr8049). They also found metallic behavior 
for Wla049. Their conductivity values are, 
however, substantially lower than ours, 
most probably due to the measuring tech- 
nique applied. 
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