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Electrical transport behaviour of the valence compensated system Caj_yLa, Ti1_xCr,O3

(x <0.50) has been investigated by studying the Seebeck co-efficient, DC and AC
conductivity as a function of temperature. Seebeck co-efficient, DC conductivity of different
compositions has been measured in the temperature range 300 K-1000 K. AC conductivity
for different compositions were determined in the temperature range 100-550 K and
frequency range 10 Hz-10 MHz. Positive values of Seebeck co-efficient show that holes are
the majority charge carriers. Conduction seems to occur by correlated barrier hopping of
holes among Cr®t and Cr** ions or V¢, and V¢. Almost equal values of activation energies
obtained for DC conductivity and dielectric relaxation process show that both the processes
occur by the same mechanism. © 2001 Kluwer Academic Publishers

1. Introduction

Calcium titanate is a paraelectric material having or-
thorhombic structure at room temperature [1]. The
structure becomes tetragonal at 600°C which changes
to cubic at 1000°C. Study of optical density on the sin-
gle crystal of CaTiO3; has shown the band gap to be
3.4 eV at 0 K [2]. The electrical conductivity of this
compound at 130°C, after exposing to oxidizing atmo-
sphere, was found to be p-type [3]. CaTiO3 can be con-
verted to n-type semiconductor either by reduction at
elevated temperature or by doping with donors [4]. The
defect chemistry and electrical behavior at high temper-
ature have been reported by many researchers includ-
ing Chan and Smyth [5] and Balachandran and Eror
[6-9]. Yttrium doped calcium titanate, when heated in
an atmosphere of low partial pressure of oxygen, be-
comes semiconducting and exhibits relaxor behavior
characteristic of barrier layers [4]. On replacing diva-
lent calcium by trivalent yttrium or other rare earth ions,
the charge neutrality is maintained by creating an ap-
propriate number of vacancies on calcium sites [4, 8].
Lewis and Catlow [10] have reported that donor substi-
tution on A-site will lead to the formation of titanium
vacancies to maintain electrical charge neutrality. The
acceptor dopants such as K* and Fe3* will create oxy-
gen vacancies [11]. During the last few years, some
investigations on the electrical properties of valence
compensated solid solution of alkaline earth titanates
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doped simultaneously and equivalently with La’* or
Y3 on alkaline earth ion sites and Co®*t, Ni** on tita-
nium sites have been made. These materials are found
to exhibit interesting and useful dielectric properties
[12-17].

We are reporting now the results of our investigations
on an analogous system Ca;_,La,Ti;_,Cr,O3 which
represents a valence compensated solid solution be-
tween CaTiO3; and LaCrO3 where calcium is replaced
by lanthanum and titanium is replaced by chromium.
The synthesis, structure and dielectric behaviour of
these materials are communicated in Part—I of this se-
ries [18]. Compositions with x < 0.10 have been found
to have orthorhombic structure similar (space group
Pcmn) to CaTiOs while compositions with x > 0.20
have orthorhombic structure (space group Pbnm) simi-
lar to LaCrOs. In the present paper the electrical trans-
port behaviour of these materials is being reported.
Such studies are useful in understanding the dielectric
behaviour.

2. Experimental

The compositions with x =0.03, 0.05, 0.10, 0.20, 0.30
and 0.50 in the system Ca;_,La,Ti;_,Cr,O3 were
prepared by solid state ceramic method. The detailed
method of preparation of these materials have been
reported in part — I of this series of papers. For
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measurement of Seebeck co-efficient, the sintered thick
pellets (~7-8 mm) were polished and pressed between
two spring loaded platinum foils in a locally fabricated
sample holder. The temperature of upper and lower sur-
faces of the pellet was measured by Pt/ Pt-10% Rh ther-
mocouples welded to these foils. Thermo e.m.f. was
measured using the Pt leads of the thermocouples em-
ploying KETHLEY 740 type Scanning Thermometer.
Measurements were made at different steady temper-
atures and temperature gradients of 5—-10°C were pro-
duced across the two surfaces of the pellets with the
help of an auxiliary heating coil wrapped near the sam-
ple. DC conductivity was measured in the temperature
range 500 K-1000 K at different steady temperatures
using thin pellets (1-1.5 mm thick). AC conductivity
was measured as a function of frequency in the tem-
perature range 300 K— 550 K using 4192 - A Hewlett
Packard Impedance Analyzer.

3. Results

3.1. Electrical conduction behavior

3.1.1. Seebeck co-efficient behavior

Plots of Seebeck coefficient, o (1 V/K) vs. temperature
in the temperature range 300 K—1000 K for all these
samples are shown in Fig. 1. It is noted that all the
compositions with x < (.50 have positive values of «.
o decreases with increasing temperature upto 400 K and
thereafter it becomes almost temperature independent.
The positive values of « indicate that these samples have
p-type conductivity i.e. holes are the majority charge
carriers. The values of Seebeck co-efficient at 500 K
for various compositions are given in Table 1. Both the
end members of this perovskite solid solution system
viz. CaTiO3 and LaCrOj3 have been reported to exhibit
p-type conduction. In CaTiO3, p-type conduction is ex-
plained due to presence of excess acceptor impurities
in the starting raw materials due to their more relative
abundance in nature [19]. In LaCrO3, some of Cr>* jons
transform to Cr** ions due to native impurities and the
conduction is reported to occur by hopping of holes
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Figure 1 Plots of Seebeck co-efficient ‘«’ (1 V/K) vs temperature (K)
for various compositions in the system Ca;j_,La,Tij_,Cr,O3.
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among Cr** and Cr** ions [20]. In the present system
also, the conduction seems to be dominated by accep-
tor (chromium) ions as will be discussed in the next
section, which explains the observed p-type behavior.
ESR spectra of CaggsLag o5Tio.95Cro.0503 has shown
that chromium is present in +3 state. It is in agreement
with the observation of Mizushima et al. [21]. Presence
of a small amount of Cr** is also not ruled out in these
materials.

3.1.2. DC conductivity behavior

DC conductivity measurements have been made in the
temperature range 500 K—1000 K. Plots of logarithm of
dc resistivity, log p4c with inverse of temperture for the
compositions with x =0.05, 0.10, 0.20, 0.30 and 0.50
are shown in Fig. 2. These plots are found to be linear
obeying Arrhenius relationship:

E, {

Pdc = Po EXP kT ( )
where E, is the activation energy for conduction and
k is Boltzmann constant. The value of activation ener-
gies of conduction determined by least square fitting of
the resistivity data for various compositions are given
in Table I. The value of DC resistivity at 500 K for
various samples is also given in Table I. It is noted that
the resistivity decreases as x increases from x = 0.05 to
0.10. The values of activation energy for these compo-
sitions are 0.33 and 0.37 eV respectively. The resistivity
and the activation energy (0.43 eV) of the composition
x =0.20 is higher than that of x =0.10. The resistiv-
ity and the activation energy decrease with increasing
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Figure 2 Variation of log pq. with inverse of temperature for various
compositions in the system Caj_,La, Tij—,Cr,Os.



TABLE 1 Values of activation energies, E, Seebeck coefficeient ‘e’ and resistivity ‘pgc’ for various compositions (x) in the system

Cay —x La,\. Ti; —x C]‘x 03

Seebeck

Activation Activation co-efficient Resistivity
Composition energy™ (ev) energy(DC) (ev) ‘a’(nWV/K) ‘pdc’ (ohm cm)
(x) 400 K-550 K 550 K-1000 K (500 K) (520 K)
0.05 0.19 0.37 489 6.30 x 10*
0.10 0.27 0.33 441 1.15 x 10*
0.20 0.38 043 372 5.09 x 103
0.30 0.29 0.34 491 9.91 x 102
0.50 0.24 0.27 407 3.10 x 10?

*E, is determined from log o, at @ — 0 at different temperatures (extrapolating plateaus at various temperatures in log o, vs log f plots)

x for x > 0.20. The anomalous change in resistivity
around x =0.10 may be correlated with the change in
the structure around this composition. The crystal struc-
ture of the compositions with x < 0.10 is similar to that
of CaTiO3 whereas the structure of the compositions
with x > 0.20 is similar to that of LaCrO; [18].

3.1.3. AC conductivity behavior

AC conductivity has been studied as a function of fre-
quecy in the temperature range 100-550 K for all the
compositions. Typical plots of log o, vs log f at a few
steady temperatures and log o, vs 1000/T at 1, 10 and
100 kHz for x =0.05 and 0.30 are shown in Figs 3
and 4 respectively. For T <200 K, two plateaus sep-
arated by a frequency dispersion region are observed
in log o, vs log f plots of compositions with x =0.05
and 0.10 (Figs. 3a). For x =0.20, 0.30, and 0.50, the
low frequency plateau is not observed for 7 <200 K.
However, for T > 300 K two plateaus separated by fre-
quency dependent regions are seen in all these compo-
sitions. Thus the log o, vs log f plots of these materials
have three plateaus separated by frequency dependent
regions. All the three plateaus do not appear at any tem-
perature of measurement in any composition because of
limited frequency range of measurement. The low fre-
quency plateau for x =0.05 and 0.10 at T > 200 K and
for x =0.20,0.30,and 0.50 at T > 300 K represents the
total conductivity whereas the high frequency plateau
represents the contribution of grains to the total conduc-
tivity. The difference between these two represent the
contribution of grain—boundaries to the overall con-
ductivity. The low as well as high frequency plateaus
observed in x =0.05 and 0.10 for T <200 K represent
the two processes contributing to the bulk conduction
behaviour. One of these processes relaxes in the high
frequency region and contribution of the other process
appears as a plateau in the high frequency region. The
plateau corresponding to the total conductivity is not
seen in these compositions at 7 <200 K. The plateau
corresponding to the total conductivity appears only
above T =200 K in these two compositions as men-
tioned above.

The frequency dependence of ac conductivity of the
compositions x = 0.05 and 0.10 at low temperature and
in the high frequency region (after first plateau), which
corresponds to the relaxation of one of the bulk con-
duction processes, can be represented by

o(w) x &° (2)
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Figure 3 Variation of log o, with (a) log f and (b) inverse of temperature
for the composition Cag 95Lag 05 Tip.95Cro.0503.

where the frequency dependence power exponent ‘s’
is a weak function of frequency at a given tempera-
ture. The value of ‘s’, found by least square fitting of
the data of the frequency dependent region of log o,
vs log f plots in these compositions, lie in the range
0.50—1.0. The values of ‘s’ decreases with increas-
ing temperatures (Fig. 5). log o, vs log f plots for all
the compositions at 7 > 300 K have slope of nearly 1
corresponding to the relation 0 = wCgp where o and
Cgp represent the total conductivity and capacitance
of grain boundary respectively. This shows the switch
over of grain-boundary process to the bulk conduction
process. These results are similar to those observed by
Vollmann et al. [22] in acceptor doped StrTiOs.

3651



~E3-160K|
—©—200K
—~A-300K
—X7—358K
—©-408K
—4—457K
513K
—W-560K

log o, (ohm cmy’

(b) .
3 l-o—10 KHz
PR 100KHz

log 5, (ohm cmy’

1000/T (K

Figure 4 Variation of log o, with (a) log f and (b) inverse of temperature
for the composition Cag 70Lag 30 Tip.70Cro.3003.

0.8

T

06

0.2

300 . 350 400 450 500 550
Temperature (K)

Figure 5 Plot of ‘1-s’ vs temperature for composition CaggpLag 10
Tig.90Cr.1003.

In the log o, vs log f plots of these samples, Figs 3a
and 4a, the low frequency plateau in the high tempera-
ture region i.e. for T > 300 K for x =0.05 and 0.10 and
for T > 200 K for x =0.20, 0.30 and 0.50, corresponds
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to total conductivity due to grains and grainboundaries
and the high frequency plateau at the higher tempera-
tures corresponds to the bulk conductivity. The values
of conductivity of grains and grainboundaries at dif-
ferent temperatures can be obtained from these plots.
Vollmann et al. [22] did not report the third plateau re-
gion in their log o, vs log f plots which was observed in
the present system because their electrical conductiv-
ity data were recorded in the high temperature region
(T > 400 K). In this temperature range, the possibil-
ity of bulk conduction relaxation is negligible. In our
system, the electrical conductivity data were recorded
upto low temperature (i.e. 100 K). Hence due to relax-
ation of one frequency dependent conduction process,
the third plateau is observed at very low temperature of
observation.

4. Discussion

Calcium titanate is a wide band gap i.e. 3.2-3.4 eV ma-
terial [2-3, 23]. In CaTiO; the oxygen 2p orbitals form
the valence band, which is separated from the conduc-
tion band, formed from 4s levels of titanium ions. The
electrical properties of alkaline earth titanates (ABO3)
have been widely investigated [24-29]. The electrical
transport in these materials depends on the charged de-
fects whose concentration depends on doping level and
processing parameters. These materials may lose oxy-
gen at high temperature (>1000°C) in accordance with
the reaction:

1
Oy & 502 + Vit + 2¢/ 3)

These oxygen vacancies are doubly positively
charged at high temperature. Below ~550°C, oxygen
vacancies exist as singly ionized defects as V§ [30-31]
according to the reaction

Ve o Ve )

Oxygen vacancies remain singly ionized upto 4 K,
below which they exist as neutral species. These oxy-
gen vacancies act as intrinsic donors. The trivalent ions
substituted at A sites and pentavalent ions at B sites
(La** and Nb>* separately) act as extrinsic donors [D*].
These donors have very little ionization energy and ex-
ist mostly in fully ionized state around and above room
temperature [32]. Cation (M or Ti) vacancies are pre-
dominant intrinsic acceptors in the alkaline earth ti-
tanates [33—37]. Trivalent ions A3+ on Ti** site, delib-
erately added act as extrinsic acceptors. They ionize as

AL & A 40 (5)

Besides the above defects, electrons and holes may be
generated intrinsically by excitation across the band

gap as
O&e+hn* (6)

The overall charge neutrality condition requires that
the sum of charges on the positively and negatively



charged defects should be equal, viz.

n—+2[Vy 1+ [V 1+ I[A]
= p+2[Vy' ]+ [Vgl + [D°] @)

The square brackets indicate the concentration and
the number outside the brackets indicates the charge on
the defect species.

The above equation can be simplified by considering
only the predominant defects under different prevailing
conditions i.e. temperature, partial pressure of oxygen
and concentration of dopants. The electrical conductiv-
ity depends on the concentration of charge carriers i.e.
e’, h* and V& and their mobilities (yt., ), and M) as-
suming that mobilities of the cations in the perovskites
is very small as compared to electrons/holes or oxygen
vacancies.

o =nep, + pewy + 2e[Vg'lpvse 3)

In the high temperature region, the titanate samples
equilibrate with the ambient oxygen in air according to
the equation (3.4) rapidly within reasonable period of
time. In acceptor doped and undoped titanate ceramics,
oxygen vacancies are predominant ionic defects. The
kinetics of attaining equilibrium with ambient oxygen
is determined by their high ambipolar diffusion coeffi-
cient. It takes only a few minutes to attain a new equi-
librium after a sudden change in Po, at 1000°C [29]. In
the low temperature region, the oxygen equilibration is
far too slow to be effective in the time scale of measure-
ment. Therefore, the concentration of oxygen vacancies
can be regarded as frozen in. The transition range from
high temperature to low temperature depends on the
sample thickness, grain size, the rate of cooling and the
nature of grain boundary barriers for the cross transport
of oxygen vacancies. For alkaline earth titanates, this
temperature range extends from 750 K to 950 K [28].
There may be contribution of ionic conductivity in these
materials due to non-associated frozen in oxygen ion
vacancies:

2e[ Vo' liwvee )]
e[Voluvs (10)

o A\

Uva

The mobilities pye or wye are thermally activated.
The activation energy for the diffusion of doubly ion-
ized oxygen vacancies in alkaline earth titanates is ap-
proximately 1.0 eV [38].

The observed values of activation energies for dc
conduction for various compositions in the system
Ca;_,La,Ti;_,Cr,Oj3 are in the range 0.30—0.40 eV.
This rules out the possibility of intrinsic conduction and
conduction due to migration of oxygen ion vacancies.
The +ve values of Seebeck co-efficient, « indicate that
the holes are the majority charge carriers. In all these
samples, a decreases with increasing temperature upto
400 K. Thereafter it remains constant. The constant
values of Seebeck co-efficient in the temperature range
500-1000 K show that the number of charge carriers
remains constant in this range. The decrease in the re-

sistivity of these samples with increasing temperature
above 500 K is therefore due to thermally activated
mobility of charge carriers.

In this velence compensated system Ca;_,La,
Ti;_,Cr, O3, lanthanum La’* and chromium Cr>* ions
are substituted for Ca>* and Ti** in equivalent amount
for internal charge compensation respectively. It has
been reported that for small concentration of lanthanum
ions, the charge is compensated electronically accord-
ing to

[Lag,] =n an

while at higher concentration of lanthanum, the charge
compensation may occur by calcium or titanium ion
vacancies [4, 39]:

[Lag,] = 2[V{, ] or 4[VE] (12)

In the former case, the conduction is n-type and
the conductivity should increase with increasing lan-
thanum concentration. In the case of ionic compensa-
tion, the conductivity is not expected to increase much
due to low mobilities of cation vacancies in the tem-
perature range of measurement. We observe p-type
conduction in this system and the conductivity in-
creases with increasing x. This shows that conduction
is mainly influenced by chromium ions. Lanthanum
ions on calcium sites in these samples are compen-
sated by chromium ions on titanium, Ti** sites but a
small amount may be compensated by cation vacancies
whereas chromium ions on titanium sites are mainly
compensated by lanthanum ions on calcium sites and
traces may be compensated by holes. This is due to
inefficient mixing of the component salts in the ce-
ramic method used for the preparation of these materi-
als. Compositions with small concentration of dopants
(x <0.03 or so) are more chemically inhomogeneous
as compared to compositions with higher concentra-
tion due to this. Therefore, in compositions with small
values of x, there seems to be electronic compensa-
tion significantly in local regions. At low values of x,
the electrons generated by ionization of La** ions will
compensate the holes, which are present because of ex-
cess concentration of acceptor impurities in the start-
ing raw materials to a large extent. The properties are
therefore dominated by ionization of chromium ions on
Ti** sites, which gives holes. With increasing x, the in-
ternal charge compensation and ionic compensation in
local regions due to inhomogeneous mixing occurs pre-
dominantly. The positive values of o observed in these
materials is in conformity with this. The holes, present
in this system, are present as Cr** ions. The dc con-
duction occurs by activated hopping of charge carriers
among Cr** and Cr** ions on Ti** sites [40]. Decreas-
ing values of frequency dependence exponent ‘s’ with
increasing temperature (Fig. 5) shows that conduction
occurs due to correlated barrier hopping of charge carri-
ers as discussed earlier. The conduction due to hopping
of small polarons is ruled out as log o'T vs 1/T plots are
not linear [40]. Further, for hopping of small polarons
‘s’ should increase with temperature which is contrary
to our observation.
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It has been discussed above that electrical conduc-
tion characteristics of different compositions in this va-
lence compensated system are dominated by acceptor
chromium Cr** ions. The ac electrical characteristics
(log o4 vs log f plots) of these compositions are similar
to the acceptor doped titanates having high insulation
resistance because grain boundaries act as a highly re-
sistive barriers for cross transport of charge carriers
[29]. The grain boundary barriers are caused by grain
boundary states that are oppositely charged as com-
pared to the background dopant centres in the bulk.
This causes a depletion of mobile carriers in the vicin-
ity of grain boundaries. The grain boundary depletion
space charge layers are described as back to back dou-
ble Schottky barriers. The width of the grain boundary
space charge layer depends on the acceptor concentra-
tion, the temperature and oxygen partial pressure dur-
ing firing. Vollmann and Waser [41] represented the
ceramic samples by brick wall model. In this model the
ceramic corresponds to an electrical network consisting
of two parallel R-C circuits connected in series. One of
these RC element corresponds to the bulk and the other
to the grain boundaries contribution. For such an equiv-
alent circuit, representing the ceramics, two plateaus
are observed in log o, vs log f plots. The plateau in
the low frequency range gives the total conductivity of
the sample while the high frequency plateau gives the
bulk conductance. The two plateaus are separated by a
frequency dependent region having a slope 1.

In the present system, two plateaus connected by a
frequency dependent region are observed in all the com-
positions at T > 300 K. The high frequency plateau, ob-
served at low temperatures is only observed in x = 0.05
and 0.10 for T <300 K. This gives the contribution of
one bulk process, which does not relax in the high-
est frequency available at these temperatures. The low
frequency plateau at low temperatures in these sam-
ples corresponds to the total conductivity of both the
bulk processes. The low frequency plateau, appearing
at T > 300 K in all the samples, corresponds to the total
conductivity (including grains as well as grain bound-
aries).

It follows from the frequency dependence of AC
conductivity and dielectric behavior (communicated in
part — I) [18] that there are three contributions to the
overall electrical/dielectric behavior. The contribution
which appears in the high temperature (' > 300 K in all
the samples) and low frequency region is due to interfa-
cial space charge polarization present at grains—grain
boundaries interfaces. Its time constant, RC is large due
to large values of R and C. R decreases with increas-
ing temperature and its contribution appears as a small
arc in the low frequency region in the complex plane
modulus plots (to be discussed in part III of this series).
The capacitance associated with this contribution is in
the nano-farad range. This order of capacitance is as-
signed to thin regions like grain boundaries interfaces
[42]. This contribution appears only above a certain
temperature. This is because at lower temperatures, the
dc conductivity due to long range movement of the
charge carriers is small. It increases exponentially with
temperature. Therefore, with increasing temperature,
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these charge carriers can move easily through the bulk
get intercepted at the grain-boundaries, which act as
barriers for their cross transport. This has already been
mentioned. This trapping of charge carriers at grain-
boundaries gives rise to space charge polarization. This
is manifested by a rapid rise in dielectric constant with
temperature in the high temperature range. This contri-
bution of space charge polarization is clearly seen in &,
vs log f plots of compositions with x = 0.20 and 0.30 in
the intermediate frequency region [18]. The relaxation
seems to be similar to the Debye relaxation process.
The resistive part of this contribution can be obtained
from the difference in the resistance corresponding to
low frequency plateau and high frequency plateau ob-
served in log o, vs log f plots for all the compositions.

Debye type peaks are observed in D vs T or D vs
log f plots of all the compositions [18]. These peaks are
observed only at certain temperatures in the frequency
range of measurements. This may be due to the orienta-
tional polarization present in the bulk. These materials
contain a variety of defects viz. V¢, V&F, Lag,, Vi,
V’C’a,Criiﬂ, Cri?;. Oxygen vacancies exist predomi-
natly in singly ionized state V§ upto (550°C) above
which they change into doubly ionized state. But these
materials contain some frozen in doubly ionized oxygen
vacancies at low temperatures [29,43]. These positively
charged defects might be associated to from dipoles of
the type Cra;’ - V§ or 2Cr3; - V§*. These dipoles can
change orientation due to hopping of holes among Crr;
and Cr; sites. Another process, which may occur is the
hopping of holes among V§ and V§* which will again
lead to change in orientation of dipoles. The values of
activation energies calculated from the Arrhenius plots
of relaxation times vs temperature (log 7 vs 1000/ T') in
low temperature range (200-350 K) and in high tem-
perature range (350-550 K) are found to be around
0.10 eV and 0.25 eV respectively. These values agree
with the values obtained from Arrhenius plots of con-
ductivity obtained from the plateau regions of log oy
vs log f plots in the same temperature regions. This
shows that both the polarization and conduction occur
due to the same process. DC conductivity should in-
crease with increasing x. If the conduction is dominated
by the chromium ions as proposed. With increasing x,
the probability of formation of associated pairs such
as Crp; - V¢ or Cr7, - Vg - Cr/; also increase leading to
trapping of the holes. It is because of these compet-
ing processes that there is no definite trend of o4. with
x. At higher temperatures, when these defect pairs are
dissociated freeing the trapped charge carriers sites, in-
crease in conductivity with increasing x is observed as
expected.

Nowick et al. [44] observed dielectric relaxation
peaks at low temperatures in acceptor doped potas-
sium tantalate and calcium titanate. They determined
the activation energies for this relaxation process and
found these in the range 0.10-0.40 eV. They ascribed
this relaxation to orientational polarization arising due
to formation of associated defects of the type M, - Vg7,
MY, - V& where M represents trivalent or divalent ac-
ceptor on Ta or Ti sites. The change in orientation of
dipoles occurs due to jumping of V§* in Ti(Os - V§®)



octahedra. They explained low values of activation en-
ergies due to sufficient readjustment of ions around
the impurity atoms (acceptor dopants) which ease the
jumping of oxygen ions with low value of activation
energy. This mechanism is ruled out in our samples as
this will not contribute to DC conductivity.

Conduction in these samples seems to occur by
hopping of holes among Cr** - Cr** sites and among
V3 -Vg® pairs. This is clearly reflected in the two
plateaus, observed in log o, vs log f plots of x =0.05
and 0.10 at low temperatures (7" <200 K) (Figs 4a
and 5a). The higher activation energies observed in high
temperature region (Table III) in these samples may be
due to the presence of defect pairs such as Crl; - V¢
which trap the charge carriers. With increasing temper-
ature, these defect pairs will dissociate making these
hopping sites available for conduction. Therefore the
activation energy for conduction in high temperatue re-
gion will include the dissociation energies of these pairs
in addition to activation energy for migration of charge
carriers. This explains the higher values of activation
energies of conduction as compared to low tempera-
ture values.

5. Conclusions

Seebeck coefficient is found to be positive over the en-
tire temperature range of measurement showing that
holes are the majority charge carriers. Measurement of
DC and AC conductivity shows that at low temperature
conduction occurs due to thermally activated rotation of
dipoles in a process similar to Debye relaxation. With
increasing temperature conduction seems to occur by
thermally activated hopping of charge carriers among
V¢ - Ver and Cr*t and Cr** sites.
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