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Electrical conduction in Cue04 crystals 
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The d.c. electrical conductivity and thermoelectric power of CuW04 have been measured in 
the temperature range 300 to 700 K on unannealed and annealed single crystals and on 
polycrystalline pellets. It has been found that CuW04 is an n-type semiconductor. Relevant 
conduction mechanisms appropriate to the regions below and above 455 K are discussed on 
the basis of the experimental data on activation energy, mobility and carrier concentration. 

1. Introduction 
It is well known that the existence of magnetic 
ordering in the transition metal tungstate (TMT) 
family, having the general formula MWO4 
where M = Cu, Fe, Cd, Zn, etc., gives rise to an 
important modification of the energy spectrum of 
conduction electrons [1, 2]. Such a modification is 
likely to influence the electrical properties, such as the 
electrical resistivity, which in TMTs will have a grea- 
ter value than in ordinary metals. 

The present communication concerning CuWO4, 
one of the prime members of the TMT family, de- 
scribes a study of the d.c. electrical conductivity of 
unannealed and annealed single crystalline as well as 
polycrystalline samples in the temperature range 300 
to 700 K, and the data obtained have been analysed in 
the light of various conduction mechanisms. The 
study also includes measurements of the thermoelec- 
tric power of the samples. 

2. Experimental procedure 
The crystals of CuWO 4 were grown by the flux 
method, the details of which have been described 
elsewhere [3]. For the present study, crystals of 
CuWO,  were selected in the form of platelets of 
dimensions 4.0 m m x  2.0 m m x  0.6 mm. The d.c. el- 
ectrical conductivity was measured with the help of a 
megohmmeter ( E B M l l 5 )  and digital multimeter 
(MECO-7). The conductivity measurements were 
made by the two-probe technique, and the results were 
accurate to within 0.05%. The temperature was moni- 
tored using a Pt/Pt-10% Rh thermocouple. The in- 
vestigations were made on four kinds of sample, 
namely (i) as-grown crystals, (ii) crystals annealed in 
air at 700 ~ for 80 h, (iii) crystals annealed in an argon 
atmosphere at 700~ for 80h, and (iv) pelletized 
samples. The two surfaces of the sample in contact 
with steel electrodes were painted with silver paste, to 
ensure better electrical contact in the ceramic sample 
holder, as described elsewhere [4]. Powdered samples 
in the form of pellets were prepared using a hydraulic 
press and a suitable die with a pressure of 
1124.91 kgcm -2. The data of observations in this 
paper are the averages of the readings on five samples. 

For thermoelectric measurements, the sample hol- 
der assembly schematically shown in Fig. 1 was em- 
ployed. A thermal gradient was imposed across the 
sample by placing it between two Nichrome-wound 
heaters. A Chromel-Alumel thermocouple was used 
just behind the copper strips, and aluminium foil was 
used for contact with the sample. Copper wires were 
used as voltage probes. The entire system was kept in 
an evacuated glass chamber at a pressure of 10-5 torr, 
obtained by an oil rotary pump backed with a diffu- 
sion pump. 

3. Results and discussion 
The electrical conduction in solids is normally ex- 
plained using the band theory, according to which the 
variation of electrical conductivity, or, and thermo- 
electric power, 0, in intrinsic semiconducting solids are 
given [53 by the following expressions: 

( ' )  cy = o0(T)ex p 2k7' (1) 

where 
/27zkT'~ 3/2 

O'o(T ) = 2e ~,-~2--) (momh) 3/4 ("r + "h) 

and 

(2) 
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0 = ~ + A (3) 
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Figure 1 Sample holder assembly for thermoelectric power meas- 
urements: (M) mica sheet, (S) sample, (E) electrode, (H) heaters, (Th) 
thermocouple. 
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where 

q - 2e ~ (4) 

[ ~ ( C - 1 )  3 k l n a ~  
A = -  ~ + 4a _] (5) 

m h 
C - gh a - (6) 

~e m e  

k and h are the Boltzmann constant and Planck's 
constant, respectively, me, I.t e and mh, [-th are the effect- 
ive masses and mobilities of electrons and holes, re- 
spectively, and E g  is the energy band gap of the solid. 
Then, knowing the Arrhenius plot (Equation 1), it is 
easy to calculate C and a from Equations 4 and 5 and 
thus gr can be calculated from the evaluated values of 
a, C and Go(T), taking mh = 100m [6] and mr = 70m 
[7] (where m is the free electron mass); the basis of this 
approximate choice is that the material has a narrow 
d-band and the holes are localized in the Cu 2 + 3d 9 
filled band. Consequently, we can calculate the carrier 
concentration n and the lifetime ~e using the relations 

G = no,to (7)  

and 
1 

~e = --m, ge (8) 
e 

The values of ge, ne and z~ so obtained have been 
summarized in Table I. 

The measured Arrhenius data of d.c. conductivity 
versus temperature are shown graphically in Fig. 2 for 
different samples. The case of the pellet and that of the 
as-grown crystal distinctly show two regions, namely 
the intrinsic region (above 455 K) and the extrinsic 
region (below 455 K). These results can be summar- 
ized by the representative equations given in Table II. 

The conductivity data for semiconducting materials 
are generally explained using either or both of the 
band model or localized model and the large-polaron 
model, etc. [8, 9]. However, before applying a model 
one has to know the electrical energy bands of the 
compounds involved. The electronic properties of 
transition metal compounds are mostly characterized 
by a d-band near the Fermi surface. It is also known 
that the 2s and 2p orbitals of oxygen strongly overlap 
with the 4s and 4p orbitals of 3d transition metal 
ions. This overlapping entails a strong hybridization, 
leading to a large energy gap between the top of the 2p 
band and the bottom of the 4s and 4p bands. In the 
transition metal compounds, the mobility of charge 
carriers is very low (Table I) even at lower temperature 
(up to 455 K) due to the narrowness of the d-band, so 
that a polaron is likely to be formed by the interaction 

T A B L E  I Values  of  p~, "c e a n d  n e d e t e r m i n e d  a t  350 K 

Sample  p.e (m2 V -  a s -1 ) "~e n e 
(s) (m 3) 

A s - g r o w n  
c rys t a l  4 .760 x 10 -17 1.897 x 10 26 2.227 x 1026 

Pellet  3.848 x 10 -16  1.534 x 10 25 5.007 x 10 z6 
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of slow-moving electrons with the lattice [10 14]. But, 
since the data related to the polaron coupling constant 
for this compound are not known, it is not possible to 
predict the type of polaron taking part in conduction. 
At lower temperatures (up to 455 K), the conduction is 
therefore believed to be due to impurities; thus the 
possibility of hopping conduction cannot be ruled out. 

The extrinsic regions below 455 K have slopes 
(Fig. 2) which correspond to the activation energy of 
the as-grown crystal and the pellet; these are calcu- 
lated to be 0.062 and 0.259 eV, respectively. The lower 
value of activation energy in the case of the as-grown 
crystal suggests that 

(i) the charge carriers for conduction are not ther- 
mally generated but are constants, 

(ii) the extrinsic conduction is governed by native 
defects or interstitials and impurities, and 

(iii) the electrical conduction might occur through 
ionized impurity centres or may be through polaronic 
motion. 

The band-type conduction of ionized impurity centres 
contributes to conductivity according to the relation 
[15] 

Gao = Go(T )exp 2 ~  (9) 

where E i is identified as the ionization energy of 
donors or acceptors (usually E i -~ 0.1 eV). Now, com- 
pared to the crystal, the conduction mechanism in the 
pellet appears to be different, because the latter has a 
relatively higher value of activation energy (0.259 eV). 
Thus band-type conduction is possible for the case of 
the pellet, but not the crystal. The alternative is to 
consider small polaron conduction below 455 K in the 
case of the as-grown crystal. The fact that narrow- 
band, low-mobility semiconductors like transition- 
metal or rare-earth oxides exhibit a strong coupling 
between charge carriers and lattice vibrations [11] 
supports a small-polaron hopping conduction here. 
The contribution of a small-polaron hopping mech- 
anism towards electrical conductivity is given by the 
relation [11, 12] 

G T  1/2 = G0(T) exp(--  Wn/kT)  (10) 

where W n is the small-polaron hopping energy. Con- 
sequently, the plot of ln(GT l/z) against 103/T at tem- 
peratures below 455 K for the as-grown crystal shows 
a straight line (Fig. 3); the hopping energy calculated 
from the slope of the curve is 0.082 eV. This polaron 
hopping energy is in reasonable agreement with the 
activation energy (0.062 eV) calculated below 455 K 
from Fig. 2 for the as-grown crystal. Therefore one is 
inclined to conclude that the electrical conduction in 
CuWO4 crystals below 455 K may be due to a small- 
polaron hopping (sph) mechanism, and the activation 
is entirely due to thermally increased mobility, given 
by the relation [13, 16] 

g~ph = T~2exp - ~ (11) 

where E m is the activation for the mobility change. As 
a result of small-polaron hopping via lattice defects, 
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Figure 2 Variation of electrical conductivity (In ~) against reciprocal temperature (I03/T) in CuWO4: (0) as-grown crystals, (A) air- 
annealed crystals, (�9 pellet, (%) argon-annealed crystals. 

T A B L E I I Representative equations for the two regions of conduction in CuWO 4 

Sample Extrinsic region (below 455 K) Intrinsic region (above 455 K) 

As-grown crystals ~ex = 2.79 • 10 11 exp( - O.06/kT) or,. = 1.12 x 10 s exp( - 1.17/kT) 

Pellet Crex = 3.41 x 10 l ~  0.26/kT) ~i, = 1.12 • 10 6exp(- 1.06/kT) 

interst i t ia ls  and  impuri t ies ,  the charge Carrier concen-  
t r a t ion  remains  cons tan t  up to a cer tain t empera tu re  
and hence the increase in electr ical  conduc t iv i ty  is 
essential ly due to increase in the mobi l i ty  of charge 
carr iers  with tempera ture .  

The intr insic na tu re  of  the c o m p o u n d  is observed to 
arise above  455 K, the ac t iva t ion  energy measured  
from Fig. 2 being 1.18 eV for the as -grown crystal  and  
1.06 eV for the pellet. Owing  to these relat ively higher  
values of the ac t iva t ion  energy and  the electr ical  
resist ivity ( _  10 l~ f~ cm) it seems p r o b a b l e  that  the 
electrical  conduc t ion  is b rough t  a b o u t  by an e lect ron 
t ransferred from one Cu 2 + to the ad jacent  Cu 2 + ion. 
Such a t ransfer  would  lead to the fo rma t ion  of Cu a + 

ions: 

C u  2+  ..}_ C u  2+ ~ C u  3+ -~ C u  + 

This process  needs quite a lot of energy, because bo th  
Cu 3+ and Cu + ions are less stable than  Cu 2+. Evi- 
dently,  in this region (above 455 K) the conduc t ion  by 
exci ta t ion  of e lect ron from the valence band  to the 
nearer  conduc t ion  band  seems more  probable .  

However ,  accord ing  to Suchet [17] a c o m p o u n d  
conta in ing  ei ther  empty  or  comple te ly  filled 3d sub- 
levels cannot  tend itself to transfer. Now,  the act iva-  
t ion energy in this t empera tu re  r ange  (455-700 K) for 
the as -grown crystal  is 1.17 eV and hence the energy 
gap  is expected to be 2.34eV. But accord ing  to 
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Bharati et al. [-6-1, the energy gap between the 0 2 -  :2p 
filled band and the empty Cu 2 + : 3d band in CuWO4 is 
2.96 eV (-~ 3 eV) in this temperature range. There- 
fore, the estimated values of activation energy cannot 
be assigned as the activation energy for O2+:2p 
-~ Cu 2 + : 3d (Eg ] ) type conduction. This is, however, 

more likely to be the energy required to excite an 
electron from the 3d valence band to the empty 3d 
band. Further, the lower value of the mobility 
(Table I) indicates the formation of some kind of 
polarons. This, of course, seems quite reasonable be- 
cause the presence of narrow 3d bands may lessen the 
activation energy to some extent. The activation en- 
ergy is reduced to an amount which is equal to the 
polaron binding energy; such polarons conduct ac- 
cording to the relation 

cy = Cyo(T)exp( ER+hW~ (12) 

where h Wo is the polaron binding energy. Obviously, 
the actual activation energy is less than the estimated 
value. The drop in activation energy around 455 K 
appears to be due to a change in the conduction 
mechanism. One might therefore argue that large or 
intermediate mobility polarons change into small pol- 
arons. The low-mobility polarons do not contribute 
appreciably to the electrical conduction which results 
in a decrease in the activation energy. 

On the other hand, the annealed samples (Fig. 2), 
show only one region as against two in the unannealed 
and the pelletized samples. The activation energy is 
found to be 0.495 and 0.545 eV for argon- and air- 
annealed samples, respectively. Due to the greater 
value of activation energy as compared to ionization 
energy (0.1 eV), small-polaron hopping conduction 
does not seem probable, while large or small polaron 
as well as normal band conduction may be responsible 
for the electrical conduction. 

The activation energy computed from the 
ln(cy T 1/2) versus 103/T plots (Fig. 3) is found to be 
0.492 and 0.544 eV for argon- and air-annealed sam- 
ples, respectively. The values worked out from Figs 2 
and 3 are nearly the same for the same kind of the 
sample. Therefore, it seems that small or large polaron 
band type conduction is probable and not the sph 
conduction. 

The observation on the annealed samples is inter- 
esting. In fact, the annealing is known to be charac- 
terized [18] by small changes in particle size and dis- 
location density along with large changes in twin 
probability and electrical resistivity. The surface tex- 
ture changes from coarse to smooth, the defects being 
annealed out, and hence it might be thought that a 
lowering of the resistivity would result, as observed 
(Fig. 2), signifying a greater degree of reflection of 
electrons from the surface after annealing. Further, the 
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Figure 3 Variation of ln(cyT 1/2) against 
reciprocal temperature (103/T) in CuWO4: 
(0) as-grown crystals, (A) air-annealed 
crystals, (A) argon-annealed crystals. 
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Figure 4 Variation of thermoelectric power, 0, against reciprocal temperature (103/T) in CuWO,: (O) pellet, (A) argon-annealed crystals, 
(Q) as-grown crystals. 

influence of argon gas compared to air favoured the 
formation of dipoles by interstitial and substitutional 
ion pairs, thereby leading to a dipole concentration 
and vacancy states. This gives rise to oxygen vacancies 
which are compensated by cationic reduction. Obvi- 
ously therefore, the argon annealed crystal shows 
lesser resistivity, as observed, compared to the air 
annealed crystal. 

The variation of thermoelectric power O measured 
as a function of 103/T is shown in Fig. 4. That 0 is 
observed to be negative over the entire range of 
temperatures reveals the n-type nature of CuWO, .  
The behaviour of the three kinds of sample is fairly 
similar, as seen from Fig. 4. At lower temperatures the 
mobility of electrons is very low, entailing low thermo- 
electric power, the sharp deflection of thermoelectric 
power at 396 K being due either to the presence of the 
narrow 3d sub-bands (there is a possibility of large- 

polaron formation in the wide 0 2-:2p band that 
conducts via a band mechanism) or to the movement 
of oxygen ion vacancies owing to the ionic nature of 
the compound. 

4. Conclusions 
l. Observations on the electrical conductivity and 

thermoelectric power reveal the n-type character of 
CuWO4. 

2. A change in the conduction mechanism is noti- 
ced to occur at 455 K in the case of as-grown crystals 
and pellets. There is extrinsic conduction below 455 K 
and intrinsic conduction above 455 K. 

3. Below 455 K in the case of single crystals, 
conduction is thought to be due to a small-polaron 
hopping mechanism while in the case of pellets the 
normal band-type conduction is appropriate. Above 
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455 K, in both samples, large-polaron as well as nor- 
mal band conduction seems responsible for electrical 
conduction. 

4. In the case of annealed samples there exists one 
region of conduction for which large-polaron as well 
as normal band conduction seems more relevant. 
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