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CoWO, is a p-type semiconductor with conductivity in the range 107% to 1073 ohm™!
cm™L. The solid exhibits extrinsic behaviour up to 750 K and intrinsic behaviour above
750 K. In this solid conduction by hopping of small polarons seems to be dominating
up to 750K and above 750 K conduction becomes band type. The energy band gap of
the solid has been found to be 2.80eV. The values of mobility and the mean free path
are estimated. The variation of dielectric constant with temperature has been attributed
to changes in atomic and ionic polarization and space charge polarization of thermally

generated charge carriers.

1. Introduction

The electrical transport properties of transition
metal compounds have drawn much attention in
the last few years because of their complex elec-
tronic structures. These materials include the
3d-transition metal tungstates (TMT) [MeWO,
where Me = Cr, Mn, Fe, Co, Ni and Cu etc.],
having either Wolframite or Scheelite structure.
Over the last few years we have been studying
their electrical transport properties. To supple-
ment the electrical transport studies of this series
reported earlier [1, 2], the a.c. and d.c. electrical
conductivity, thermoelectric power and static
dielectric constant of CoWOQ, single crystal are
reported in the present paper.

The crystal structure of CoWQ4 is of the
NiWO, type [3]. The lattice parameters [4] are
a=4.667A, b=5681A, c=4947A and
8=90° with errors estimated to be *(0.001A
and *0.02°. The crystallographic space group
is Ci—Ps. [5] and the cell volume is 262.3 A3,
The structure is monoclinic [4] with two formula
units per unit cell and is characterized by zigzag
chains of oxygen octahedra co-ordinating the
metal ions and aligned along the c-axis. The
magnetic moments are ferromagnetically aligned
within the chains in the ac-plane, inclined to the
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a-axis by angles between 20 and 45° [6—8], and
antiferromagnetically coupled to adjacent layers
having a magnetic unit cell, which has twice
the dimensions of the crystallographic unit cell
along the g-axis [9]. The magnetic space group
(Shubnikov group) [9] is P,2/c. It is antiferro-
magnetic with Neel temperature equal to 55 X [10],
and magnetic moment equal to 3.6 * 0.05 yrm.

2. Experimental details

The single crystals of CoWO,, used in our measure-
ments, were grown by the flux method [11]. The
crystals were identified by the X-ray powder
method. The experimental details regarding the
measurements and sample holder assembly- are
similar to our previous work [1]. The a.c. electrical
conductivity and dielectric constant were measured
with the help of Ruttonsna Simpson Universal,
LCR Bridge Model 901-I (India), which operates at
a frequency of 1kHz. The d.c. electrical conduc-
tivity and thermoelectric power were estimated
from the resistance and thermoelectromotive force
values (emf), respectively, which were measured
by a Philips (India) digital multimeter PM 2522/90,
with an accuracy better than  0.25% and + 0.20%
in the case of resistance and emf measurements,
respectively. The temperature of both the surfaces
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Figure 1 Variation of a.c. and d.c. electrical conductivity,
Oac. and oy, with temperature in a CoWO, single
crystal.

of the crystal were measured with the help of
chromel—alumel thermocouples attached to
platinum electrodes. A temperature difference of
AT~20°C was produced across the crystal.
Ambient temperature has been taken as the
average of the temperature of both surfaces.

3. Results

3.1. Electrical conductivity

The a.c. and d.c. electrical conductivities (o, .
and 04.) of CoWO, in the temperature range
300 to 1150K are shown in Fig, 1. The variation
of conductivity with temperature, can be expressed
by the following expression [12]

0 = 0o(T) exp (—L,/kT) 1)
and
0o(T) = K'T**a**(1 + Cymi* @
where

, 2 3/2
K = 2@ ( ﬂfT) ,a = (ﬂe—) , C - HE.,
h Mn Un

where m,, i, and my,, (4, are masses and mobitities
of electrons and holes respectively and £, is the
activation energy. In view of Equation 2, the plot
of logjoo against 1/7 should be a straight line.
Log100,. and logyy04 . against 10°/T have been
plotted and two straight lines in the temperature
ranges 550 to 750 and 750 to 1150K have been
obtained. The activation energy and oo(7) for
both the temperature ranges are given in Table L.
The activation energy in the temperature range
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TABLE I Electrical conductivity data of CoWO, in
different temperature ranges

Temperature g, (T) Activation
range (K) (ochm cm)~! energy
V)
500-750 7.08 X 107! 0.64
750-1150 5.20x 10* 1.40

500 to 750K is very small, 0.64 eV, thus it cannot
be the activation energy for intrinsic conduction
for CoWO, [13]. Therefore conduction below
750K is due to impurities and defects etc. and is
indicative of the extrinsic behaviour of the
compound. The activation energy above 750 is
1.40eV, which seems to be the activation energy
for intrinsic conduction.

3.2, Thermoelectric power

The variation of thermoelectric power with tem-
peratures from 300 to 1200K for single crystal
CoWQ, is shown in Fig. 2. Thermoelectric power
(0) is calculated, using the relation

dF
0 = —

T 3
Positive values of 6 over the entire range of
temperature studied have been obtained, establish-
ing that the charge carriers in CoWQ, are holes.
Hence CoWQ, is a p-type semiconductor. The
thermoelectric power remains constant up to
750K and then starts decreasing linearly with
temperature. On a simple two band model, the
temperature variation of & may be given by the
following expression [12]
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Figure 2 Variation of thermoelectric power, —@, with
temperature for a CoWO, single crystal.
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Figure 3 Variation of the static dielectric constant, €', of
a CoWO, single crystal with temperature measured at
1 kHz.

where .
_E, [C—
e (C+1) ®)
and c 3%
2k
= 4+
<c+1) Lls@  ©

From the experimental values of n, K and £, one
can estimate the values of C and @, and using
these values of C and « besides the value of g,
(pre-exponential factor) in Equation 1, one can
calculate the value of uy, in terms of m3,. Since the
exact value of mj, for this compound is not known,
we have taken myj, = 10m for the temperature
range 300 to 750K and mf, = m for the tempera-
ture range 750 to 1200K, where m is the free
electron mass. The calculated value of yy, for the
higher temperature range is 63.9cm® V¥ sec™!
(1200K).

3.3. Static dielectric constant

The static dielectric constant € was measured on
the same crystal. ¢’ was measured in the tempera-
ture range 300 to 1050K. The plot of logeé'
against 1/7 is shown in Fig. 3. €' increases slowly
up to 700K. The increase is due to the ionic
nature of the compound [15] (ionicity ~ 0.80
[14]), the lattice expansion and the polarizability
of the constituent ions. Besides these contri-
butions, atomic polarizability [16] due to the
loosening of bonds with increase in temperature
also contributes to ¢’ to some extent. Above 700K,
the increase becomes fast and linear, This fast
increase is due to the semiconducting nature of

the compound above this temperature. Above
700K, the number of thermally generated charge
carriers, which are unable to move freely with
electric field, increases. If these charges are
impeded by trapping, a space charge builds up and
macroscopic distortion results [15], thereby the
€' increases. This type of polarization which is
known as space charge polarization, occurs when
the number of charge carriers generated increase
exponentially. All these charges take part in
increasing the space charge polarization, therefore
the dielectric constant increases at a much faster
rate.

4. Discussion and interpretation of the
experimental results

Thermoelectric power is constant over a tem-
perature range 300 to 750K. This indicates that
the charge carrier concentration is constant, This
property strongly favours the localized model for
CoWO, below 750K, ie. charge carriers are
localized at Co®" sites. The estimated drift mobility
from the conductivity, Seebeck coefficient [17]
(for small polaron hopping) of 1.26 x 107* cm?
V™ !sec™! at (400K) is very low. The mean free
path (L) of the charge carriers calculated from
the formula

_ :
L 1o QmmkT) @)
is also very low, ~ 0.06 A, which is much less than
the lattice constant a [18]. According to Hill
[19] for a single carrier dominated process, aeT,
(where a is the thermoelectric power) should be
equal to the activation energy of conduction.
Applying this in this case it becomes obvious that
the mid-temperature region is single carrier (Co™"),
impurity dominated, because we have obtained
an ael value approximately equal to 0.69eV
which is nearly equal to an activation energy (£,)
of 0.64 eV in this region. This indicates a polaron
mechanism of conduction. In addition the ionic
nature of the compound, narrow 3d-bands and the
increase of electrical conductivity with frequency
also suggest hopping conduction by small polarons
[20]. The small polarons (Co® ions), present as a
result of defects, give rise to p-type extrinsic
conduction with thermally activated mobility
which increases exponentially with temperature
and is characterized by the following equation
[21,22]

Ha = exp (— Em/kT) ®

T3/2
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Figure 4 Log (opT"?) against T™¥* in a CoWO, single
crystal.

where A is a constant and £y, is the activation
energy for mobility. In hopping type conduction,
small polarons move from one impurity centre
(lattice site) to another by a thermally activated
hopping process [23]. In the case of CoWOQ,
hopping would involve electrons jumping from a
Co** ion to a neighbouring Co®* jon. In CoWO,,
since the 3d sub-bands (de and dy) are narrow,
the electronic correlation will be strong, resulting
in the formation of small polarons [24]. The
conduction below 500K follows Mott’s equation
[24, 25]

0, TV = Aexp (—B/T") ©

where 4 and B are constants. It can be seen from
Fig. 4 that the plot of log 0, 7" against 77 is
a straight line up to 500K. Therefore it is con-
cluded that conduction in the region 300 to
500K is due to small polarons which conduct via
a band type of hopping motion, while in the
temperature range 500 to 750K conduction is
due to thermally activated small polaron hopping
from one site to another neighbouring site.
Conduction between 750 and 1050K is
interpreted in the light of the band theory of
solids. Higher E,, uy and L values (1.40eV,
639cm? V™! sec™! and 84.1A respectively) and
the decrease in mobility with temperature [26],
together with the linear variation of log €' with
T and the smaller value of aeT (1.03eV) than
activation energy (£,) (1.40eV) are in favour of
normal band type conduction. Appropriate bands
for conduction are the filled O*": 2p and Co**:
[de’a dy*a de*f] and empty Co®*: de'B dy*8, We*:
5d along with 4s, 4p bands associated with Co®*
ions. Ten-fold degeneracy of the d-orbitals is
removed by crystal field and exchange splittings
[27—29]. Each cation is surrounded by six anions
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with octahedral co-ordination [3]. The resulting
octahedral crystal field splits the five spatially
distinct orbitals into alower triplet of de symmetry
(the xy, xz and yz orbitals) and an upper doublet
of dr symmetry (the x> —y? and 322 — 7? orbitals)
[26,27]. Their energy separation 10Dg is ~2eV
[27,30]. Since in the higher temperature region
conductivity contains a small contribution from a
second carrier which is evident from the difference
between el (1.03eV) and activation energy
(1.40eV), in this case the band gap must be less
than the true band energy unless there is clear
evidence that the electron and the holes have
significantly different mobilities. The value of
Ue/tn (0.134) has been calculated from which it
is obvious that electrons and holes have signifi-
cantly different mobilities, therefore the true
energy band gap for intrinsic conduction in this
solid is approximately 2.80eV. The value of the
a.c. conductivity is larger below 800K and
approaches the d.c. value above 800K and finally
coincides with the d.c. value; this also supports
the band model. The electrical conductivity above
1000K becomes almost independent of tempera-
ture, so the conductivity behaviour may be said to
approach to that of a degenerate semiconductor,
in the sense that a large number of charge carriers
give rise to high conductivity which is unaffected
by the temperature [13].
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