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Electrical behaviour of the compositions with x ≤ 0.50 in the Ca1−xLaxTi1−xCrxO3 system has
been studied by employing complex plane impedance and spectroscopic analysis in the
temperature range 100 K–550 K. These studies have revealed the contribution of three
processes to the total electrical conductivity of these samples. An equivalent electrical
circuit model, which contains series arrangement of three paralle RC elements, is proposed
to represent the electrical characteristics of these materials. Out of these three, two
processes correspond to the activated hopping processes within the bulk while the third
process corresponds to the barrier layer formation in these ceramics. Immittance
spectroscopic analysis shows that conduction occurs through localized as well as long
range movement of charge carriers. C© 2001 Kluwer Academic Publishers

1. Introduction
In the past one and half decade we have been study-
ing valence compensated perovskite oxide systems
M1−x Lax Ti1−x M′

x O3 in details where M = Ba, Sr, Ca
and M′ = Co, Ni, Fe [1, 2]. Lanthanum and cobalt doped
strontium titanate (Sr1−x Lax Ti1−x Cox O3) system ex-
hibits relaxor like behaviour in the composition range
0.20 ≤ x ≤ 0.40 [3]. Similar behaviour is exhibited by a
few compositions in the system Sr1−x Lax Ti1−x Fex O3.
In view of the interesting and useful properties exhib-
ited by the above systems, it was considered worth-
while to investigate the possibility of formation an
analogous system Ca1−x Lax Ti1−x Crx O3 and study its
electrical properties in detail. Structure, dielectric be-
haviour and electrical charge transport behaviour of
the system Ca1−x Lax Ti1−x Crx O3 have been commu-
nicated [4, 5]. The conductivity behaviour has been
studied in the temperature range 300 K–1000 K. Mea-
surement of DC conductivity below room tempera-
ture poses problem due to high electrical resistance
of these materials. Further in order to understand
the dielectric/electrical behaviour of these polycrys-
talline ceramic materials, it is necessary to separate
the various contributions to the overall electrical be-
haviour. For this purpose, in this paper we are reporting
the results of immittance complex plane and spectro-
scopic analysis on various compositions in the system
Ca1−x Lax Ti1−x Crx O3(x ≤ 0.50).

∗Author to whom all correspondence should be addressed.

Electrical properties of electronic ceramics are result
of different contributions from various components and
processes present in the materials. In general, the over-
all dielectric properties arise due to inter-grain, intra-
grain and electrode processes. The motion of charge
could take place in any fashion viz. charge displace-
ment, dipole reorientation and space charge formation
etc. [6, 7]. In order to achieve reproducibility and to
have a control over the properties these, so called grains,
grain boundaries and electrode contributions must be
separated out. The method of complex impedance anal-
ysis [6, 7] has emerged as a very powerful tool for sepa-
rating out these contributions. It is useful in studying de-
fects, microstructures, surface chemistry and electrical
conductivity for materials including dielectrics, ionic
conductors, and adsorbate-adsorbent interfaces [8]. A
brief account of complex immittance spectroscopic
analysis is presented here.

AC response of a material can be expressed in any of
the four basic formalisms. These are conventionally ex-
pressed as complex impedance (Z∗), admittance (Y ∗),
electric modulus (M∗) and permittivity (ε∗). These four
functions are jointly called as ‘Immittance functions.
These are given as:

Z∗ = Z ′ − j Z ′′ (1)

Y ∗ = Y ′ + jY ′′ (2)
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M∗ = M ′ + j M ′′ (3)

ε∗ = ε′ − jε′′ (4)

where

tan δ = ε′′

ε′ = M ′′

M ′ = Z ′

Z ′′ = Y ′′

Y ′ (5)

and,

Z∗ = 1

Y ∗ = 1

τωε0εr
, M∗ = 1

ε∗ (6)

where ω(=2π f) is the angular frequency. j = √−1 and
Co is the capacitance of the empty cell i.e. geometrical
capacitance.

The study of ε∗ as a function of frequency has been
widely used since the pioneering work of Cole and
Cole [9]. It is most suited for dielectric materials having
very low conductivity [6, 7]. For other type of materi-
als, Z∗, Y ∗ and M∗ are more suitable as they facilitate
the modeling of equivalent circuits and easy visual-
ization of various charge transfer process. It must be
noted that Z∗ and Y ∗ are inversely related. Hence, the
frequency regions where response of materials under
test is not visible in the Z∗ plots would be highlighted
in M∗ plots. An ‘RC’ circuit has one time constant.
It, therefore, can be conveniently used to represent one
relaxation process.

Total impedance Z∗ for the circuit containing one
parallel RC component is given by:

Z∗ = 1

jωC + 1/R
= R

1 + jωC R
= Z ′ − j Z ′′ (8)

where

Z ′ = R

1 + ω2C2 R2
(9)

Z ′′ = ωC R2

1 + ω2C2 R2
(10)

We get the relation between Z ′ and Z ′′ by eliminating ω

(
Z ′ − R

2

)2

+ (Z ′′ − 0)2 =
(

R

2

)2

(11)

This represent the equation of a circle with center co-
ordinate (R/2,0) and radius equal to R/2, which passes
through origin with its center on the real axis. The
co-ordinate at the top of the semi-circular arc, at a
particular frequency ωo, is (R/2, R/2). Thus substi-
tuting Z ′ = R/2 and Z ′′ = R/2 in Equations 9 and 10,
the relation ωo RC = 1 is obtained, where ωo = 2π fo.
The RC product is known as time constant i.e. relax-
ation time, τ . It should be noted that real and imaginary
parts of these functions, referred as immittance func-
tions, are always positive for dielectric or conductive
materials [10]. Thus for single crystal only one semi-
circular arc is obtained with single time constant. For a
polycrystalline dielectric material, more than one semi-
circular arc or depressed circular arcs may be obtained

Figure 1 Equivalent circuit for a polycrystalline ceramic sample and
corresponding frequency response in complex plane plots for four elec-
trical formalisms.

depending on the number of processes having differ-
ent time constants, τ ’s, such as τ1, τ2 and τ3 [11]. The
different time constants refer to the different RC prod-
ucts i.e. R1C1, R2C2 and R3C3 (Fig. 1). The different
values of time constant correspond to different relax-
ation processes, occurring in various regions of poly-
crystalline materials. For example the conductivity of
grains and grain-boundaries may be due to different
processes and hence they relax in different frequency
regions. In such type of materials, the equivalent circuit
can be represented as a series network of parallel RC’s
elements [12] as shown in Fig. 1 and the impedance in
this can be represented as

Z∗ = [
R−1

1 + jωC1
]−1 + [

R−1
2 + jωC2

]−1

+ [
R−1

3 + jωC3
]−1

(12)

where subscript 1, 2 and 3 represent the number of time
constants.

In the impedance and modulus spectroscopic plots
the imaginary part of impedance, Z ′′ and modulus, M ′′
are plotted as a function of frequency. In the spectro-
scopic plots, each relaxation process manifests itself in
the form of a Debye type peak if the relaxation times for
the different processes occurring in the material under
ac field are separated from each other. The relaxation
time is defined as the inverse of angular frequency at
the maximum of the imaginary part of particular immit-
tance function. For instance, τM denotes the modulus re-
laxation time at which M ′′ reaches the maximum, then
ωτM = 1. Similarly τZ, τY and τε are relaxation times
at which Z ′′, Y ′′ and ε′′ exhibit maxima. If full width at
half maximum (FWHM) is equal to 1.14 decade, then
the peak is said to be an ideal Debye peak (i.e. having
only one relaxation time) and if it is more than 1.14
decades, the relaxation times for different processes
are comparable. The corresponding peaks overlap each
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other to give a summation of Debye type peaks and it
indicates that either there is a distribution of relaxation
times or there is more than one relaxation process in-
volved [11, 13]. The peak heights of Z ′′ vs log f and
M ′′ vs log f are proportional to Rp and 1/Cp as given
by the equations:

Z ′′ = Rp

2
(13)

M ′′ = C0

2Cp
(14)

where Co is the capacitance of the empty cell. Both
impedance and modulus spectroscopic plots are com-
plementary to each other. While the more resistive el-
ement dominates in the impedance spectrum, the less
reactive or capacitive element dominates in the modu-
lus spectrum.

A particular physical process can be represented by
several relaxation times, depending on which dielec-
tric function is chosen. The value of relaxation ratio,
γ = εS/ε∞ where εS and ε∞ represent the static di-
electric constant and dielectric constant at very high
frequency respectively, play very important role in de-
termining the value of the relaxation time for a particu-
lar dielectric function. It, therefore, determines at what
frequency the imaginary part of a particular dielectric
function will have a peak (··· ωτ = 1) [14]. For a single
relaxation process, it is found that ε′′, Y ′′, Z ′′ and M ′′
peak at increasing frequency, i.e. τε′′ > τY′′ > τZ′′τM′′ .
With increasing value of relaxation ratio, the separa-
tion between these relaxation times increases. The fre-
quency dependence of these dielectric functions can be
expressed as

Z∗ = 1

jωC0ε∗ (15)

M∗ = jωC0 Z∗ (16)

It is advantageous to plot Z ′′ and M ′′ vs log f simulta-
neously (in the same graph). This helps in distinguish-
ing whether a particular relaxation process in the mate-
rial is due to short-range movement of charge carriers
or due to long range movement of charge carriers [10].
But localized and long-range movement processes both
may be the bulk processes. If the process is long-range
then peak in M ′′ vs log f and Z ′′ vs log f will occur
at the same frequency even for large relaxation ratios.
If the process is localized, then these peaks will occur
at different frequencies. This argument holds good for a
single polarization process or processes having widely
different time constant [14].

2. Experimental
The detailed method of preparation of various composi-
tions in the system Ca1−x Lax TI1−x Crx Ox (x ≤ 0.50) by
solid state ceramic method has been reported in part I
of this series [4]. Sintered pellets were polished and
coated with Ag-Pd paint, which is matured after fir-
ing at 800◦C for 20 minutes. Capacitance, dissipation

factor and conductance were measured as a function
of frequency in the temperature range 100–550 K at
different steady temperatures using HP – 4192 LF A
impedance analyzer. Measurements were made during
heating and cooling to check the reproducibility of the
results on two pellets of each sample.

3. Result and discussion
Plots of Z ′′ vs Z ′ for all the compositions upto x ≤
0.50 are plotted at several steady temperatures. Typical
complex plane impedance plots for the compositions
with x = 0.10 and 0.30 at a few temperatures are shown
in Figs 2 and 3 respectively. For x = 0.10, two clear
circular arcs are observed at all temperatures. Plots of
Z ′′ vs Z ′ for composition with x = 0.05 and 0.20 show
similar behaviour. For x = 0.30, at low temperature i.e.
150 K one circular arc appears in the higher frequency
range with a spike in low frequency range in its Z ′′ vs Z ′
plots. With increasing temperature, this spike in the low
frequency range changes to another semicircular arc.
At intermediate temperatures i.e. 300 K–400 K, two
complete semicircular arcs are obtained. With further
increasing temperature (T > 400 K), an arc lying in the
high frequency range disappears while a new small arc
begins to appear in the low frequency range. Similar
results are obtained for x = 0.50.

Complex plane modulus plots for the representative
samples with x = 0.10 and 0.30 are given in Figs 4 and 5

Figure 2 Plots of Z ′′ vs Z ′ at various steady temperatures for the com-
position Ca0.90La0.10Ti0.90Cr0.10O3.
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Figure 3 Plots of Z ′′ vs Z ′ at various steady temperatures for the com-
position Ca0.70La0.30Ti0.70Cr0.30O3.

Figure 4 Plots of M ′′ vs M ′ at various steady temperatures for the com-
position Ca0.90La0.10Ti0.90Cr0.10O3.

Figure 5 Plots of M ′′ vs M ′ at various steady temperatures for the com-
position Ca0.70La0.30Ti0.70Cr0.30O3.

respectively at the same temperatures for which Z ′′ vs
Z ′ plots are plotted. It is noted from these plots that for
x = 0.10, two circular arcs are observed upto 200 K.
With increasing temperature, the high frequency arc
disappears while a low frequency arc passing through
the origin, begins to appear. At ∼500 K, again two cir-
cular arcs are obtained. Similar results are obtained for
x = 0.05 and 0.20. For composition x = 0.30, two cir-
cular arcs are obtained upto ∼300 K. At higher temper-
atures (i.e. at T > 300 K), the data points move towards
low frequency arc which passes through the origin with
a spike in the high frequency range. Similar results are
obtained for x = 0.50 sample.

Values of C1, C2, C3 for x = 0.05, 0.10 and 0.20 are
obtained from the intercept of arcs in the complex plane
modulus plots. The corresponding values of R1, R2 and
R3 are obtained from the highest point in these arcs
where the relation 2π fRC = 1 is satisfied, where f is
the frequency of highest point. For x = 0.30 and 0.50,
R1, R2 and R3, and C1, C2 and C3 were obtained from
the complex plane impedance plots for T ≤ 300 K. At
higher temperatures the resistance and capacitance con-
tributions were determined from Z ′′ vs Z ′ plots. These
values are given in Table I. Plots of logarithms of re-
sistance R(R1, R2 and R3) with inverse of temperature
for these samples are shown in Fig. 6. Values of activa-
tion energy obtained from these plots for samples with
x = 0.05, 0.10, 0.20 and 0.30 by least square fitting of
the data, are given in Table II.

Z ′′ vs log f and M ′′ vs log f plots for all the
compositions have been studied. For representative
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T ABL E I Values of resistance R1, R2, R3 and corresponding capacitance C1, C2 and C3 for various compositions (x) in the system
Ca1−x Lax Ti1−x Crx O3

x = 0.05

Temp.→ 100 K 200 K 313 K 397 K 485 K 529 K
R & C ↓
R1 (k�) 242 36.35 12.44 3.46 —– —–
C1 (nF) 0.66 0.44 0.26 0.23 —– —–
R2 (k�) 57680 2800 802.31 25.61 5.81 3.951
C2 (pF) 92 114 66 62 55 56
R3 (k�) —– —– —– 1160 525.30 389.30
C3 (nF) —– —– —– 4.62 4.55 4.34

x = 0.10

Temp.→ 200 K 313 K 348 K 395 K 450 K 498 K
R & C ↓
R1 (k�) 77.58 6.11 —– —– —– —–
C1 (nF) 0.29 0.26 —– —– —– —–
R2 (k�) 5702.10 455.82 66.67 3.51 1.179 0.627
C2 (pF) 59 50 34 30 27 25
R3 (k�) —– 90.90 53.578 28.58 19.658 15.31
C3 (nF) —– 17.51 14.86 18.57 16.25 14.86

x = 0.20

Temp.→ 100 K 150 K 200 K 300 K 380 K 480 K
R & C ↓
R1 (k�) 3642 691.90 73.30 2.07 0.52 0.11
C1 (nF) 0.22 0.12 0.12 —– —– —–
R2 (k�) 21900 124.35 14.56 3.988 0.485 0.134
C2 (pF) 38 44 55 57 66 24
R3 (k�) —– —– 1138.3 1040.5 509.86 243.65
C3 (nF) —– —– 27.99 2.15 1.56 1.18

x = 0.30

Temp.→ 150 K 200 K 300 K 358 K 408 K 513 K
R & C ↓
R1 (k�) 175.64 83.018 6.124 —– —– —–
C1 (nF) 0.18 0.19 0.05 0.06 —– —–
R2 (k�) 1450.7 135.56 12.985 0.258 0.191 —–
C2 (pF) 55 59 61 88 84 —–
R3 (k�) —– —– —– 4.843 3.582 2.865
C3 (nF) —– —– —– 6.59 6.35 7.94

x = 0.50

Temp.→ 102 K 150 K 200 K 303 K 350 K 400 K
R & C ↓
R1 (k�) 15.546 3.185 2.654 1.185 0.201 0.055
C1 (nF) 0.05 0.05 0.10 0.20 0.16 —–
R2 (k�) 23300 466.28 441.67 3.33 0.567 0.16
C2 (pF) 68 68 181 2389 1080 996
R3 (k�) —– —– 293 2.268 0.801 0.347
C3 (nF) —– —– 27.22 70.55 6.64 4.69

T ABL E I I Values of activation energies, E1, E2 and E3 for various compositions (x) in the system Ca1−x Lax Ti1−x Crx O3

Activation energy

E1(eV) E2(eV) E3(eV)

Composition (x) LT HT LT HT LT HT

0.05 0.08 —– 0.10 0.37 —– 0.15
0.10 —– 0.16 0.16 0.50 —– 0.14
0.20 0.08 0.23 0.10 0.34 —– 0.11
0.30 0.09 —– 0.12 0.23 —– 0.05
0.50 0.12 0.33 0.15 0.31 —– 0.42

compositions with x = 0.10 and 0.30, these are shown
in Figs 7 and 8. In these plots, as mentioned earlier,
a peak appears corresponding to a particular polariza-
tion/relaxation process where the relation 2π fRC = 1
is satisfied, where, R and C are the resistance and ca-
pacitance contribution of the RC circuit element cor-
responding to that process. Z ′′ vs log f plots highlight

the circuit element, which is most resistive while M ′′
vs log f plots highlight the circuit element with least ca-
pacitance contribution. It is observed from Z ′′ vs log f
plots for x = 0.10, that one peak occurs for T ≤ 313 K.
At T ≥ 397 K, two peaks are observed, one in the low
frequency range and another one in the high frequency
range. The height of low frequency peak is higher than
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Figure 6 Variation of log R(R1, R2 and R3) with inverse of temperature
for various compositions in the Ca1−x Lax Ti1−x Crx O3 system.

that of high frequency peak. Full width at half maxima
is in the range 1.40–1.65 at different temperatures. The
high frequency peak position in Z ′′ vs log f plots al-
most coincides with the peak position in M ′′ vs log f
plots. No peak, corresponding to low frequency peak
observed in Z ′′ vs log f plots, is seen in the M ′′ vs log f
plots. Behavior of the compositions with x = 0.05 and
0.20 is similar except that two peaks start appearing in
the impedance spectroscopic plots for T ≥ 313 K. Mod-
ulus spectroscopic plots exhibit a peak for x ≤ 0.20.
The frequency corresponding to a particular relaxation
moves to higher side with increasing temperature. For
x = 0.30, modulus spectroscopic plots show one peak
at low temperature. At high temperature (T ≥ 300 K)
shoulder appears at low frequency side and high fre-
quency peaks seems to shift beyond the measured fre-
quency range. For x = 0.50, the modulus spectroscopic
plots show two peaks for T ≤ 150 K and one peak at
T ≥ 200 K. No peak is observed in the frequency range
of measurement at higher temperatures for the samples
with x ≥ 0.10. The temperature range in which these
peaks appear is different for different samples.

Figure 7 Variation of (a) Z ′′ and (b) M ′′ with log frequency at a few
steady temperatures for the composition Ca0.90La0.10Ti0.90Cr0.10O3.

Figure 8 Variation of (a) Z ′′ and (b) M ′′ with log frequency at a few
steady temperatures for the composition Ca0.70La0.30Ti0.70Cr0.30O3.
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From the combined studies of complex plane immit-
tance analysis (Z ′′ vs Z ′ and M ′′ vs M ′) and immit-
tance spectroscopic analysis it is concluded that there
are three polarization processes present in these mate-
rials. One, two or three of these processes are observed
in a given formalism depending on the temperature and
the composition.

The spectroscopic plots of Z ′′ and M ′′ at 400 K are
shown in Fig. 9. It has been observed that for x = 0.05,
M ′′ shows a peak in the range 100 kHz to 1 MHz whose

Figure 9 Impedance and modulus relaxation spectroscopy plots at 400 K
for various compositions x (a) 0.05, (b) 0.10, (c) 0.20, (d) 0.30 and
(e) 0.50 in the system Ca1−x Lax Ti1−x Crx O3.

full width at half maximum is 1.41 decades which is
larger than an ideal Debye peak having FWHM of 1.14
decades. A careful examination of Z ′′ vs log f plot in the
same figure shows a very small hump in the same fre-
quency range. This hump in Z ′′ for x = 0.10, becomes
larger and its peak frequency almost coincides with that
of M ′′ peak. Besides this Z ′′ shows one more peak
at lower frequency whose height is more as compared
to the small hump at higher frequency. For x = 0.20,
height of the low frequency peak in Z ′′ vs log f plots
remains similar to x = 0.10 but a small hump appears
in M ′′ vs log f whose frequency coincides with the peak
frequency in Z ′′. The high frequency peaks in Z ′′ and
M ′′ (corresponding to high frequency peak in x = 0.10)
seems to be shifted beyond the range of frequency mea-
surement. For x = 0.30, the peak in Z ′′ vs log f plots
shifts to higher frequency side as compared to x = 0.20
while no peak is observed in M ′′ in the frequency range
of measurement. There may be a peak at higher frequen-
cies. Similar results are obtained for x = 0.50.

It has been reported that electrical conduction be-
haviour of different compositions in this valence com-
pensated system are dominated by acceptor chromium
Cr3+ ions [5]. The ac electrical characteristics (log σac
vs log f plots) of these compositions are similar to the
acceptor doped titanates having high insulation resis-
tance because grain boundaries act as a highly resistive
barriers for cross transport of charge carriers [15]. The
grain boundary barriers are caused by grain boundary
states that are oppositely charged as compared to the
background dopant centres in the bulk. This causes a de-
pletion of mobile carriers in the vicinity of grain bound-
aries. The grain boundary depletion space charge layers
are described as back to back double Schottky barriers.
The width of the grain boundary space charge layer de-
pends on the acceptor concentration, the temperature
and oxygen partial pressure during firing. Vollmann and
Waser [16] 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 bound-
aries contribution. For such an equivalent circuit, rep-
resenting the ceramics, two plateaus are observed in
log σac 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 depen-
dence region having a slope 1 [15].

It is noticed from the Table II, that activation en-
ergy for grains (E1) and grain boundaries (E2) in the
low temperature regime (T < 250 K) are almost same
i.e. around 0.10 eV for all these samples. In the high
temperature regimes (T > 250 K), there is a significant
difference in the E1 and E2 for x = 0.05, 0.10 and 0.20.
The values of E2 is higher than E1. This can be ascribed
to increased disorder present in the grain boundaries
which leads to more scattering of charge carriers. In
the low temperature region conduction occurs due to
thermal rotation of dipoles which do not involve long
range movement of charge carriers as will be discussed
later. Hence the activation energies for conduction are
equal for grains and grain boundaries.
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In the present system, two plateaus connected by a
frequency dependent region (e.g. for x = 0.10 at T ≥
300 K) or two frequency dependent regions connected
by a plateau (for x = 0.20 at 150 K) or a single plateau
and one frequency dependent region (e.g. for x = 0.30
at T = 560 K and for x = 0.50 at T ≥ 300 K) were
observed [5]. All the three plateaus and frequency de-
pendent regions could not be observed in any sam-
ple simultaneously at any temperature in the frequency
range of measurement. This is due to limited tempera-
ture and frequency range available in the experiments.
The high frequency plateau, observed at low temper-
atures 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 highest frequency avail-
able at these temperatures. The low frequency plateau
at low temperatures in these samples shifts to high fre-
quency range at high temperatures in these and other
samples and 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 boundaries).

It follows from the frequency dependence of AC con-
ductivity [5], dielectric behavior [4] and complex plane
immittance analysis that there are three contributions to
the overall electrical/dielectric behavior. The contribu-
tion which appears in the high temperature (T ≥ 300 K
in all the samples) and low frequency region is due to
interfacial space charge polarization present at grains –
grain boundaries interfaces. Its time constant, RC is
large due to large values of R and C (Table I). R de-
creases with increasing temperature and its contribution
appears as a small arc in the low frequency region in the
complex plane modulus plots. The capacitance associ-
ated with this contribution is in the nano-Farad range.
This order of capacitance is assigned to thin regions
like grain boundaries interfaces [13]. This contribution
appears only above a certain temperature. This is be-
cause at lower temperatures, the dc conductivity due to
long range movement of the charge carriers is small.
It increases exponentially with temperatures. There-
fore, with increasing temperature, these charge carriers
can transport easily through the bulk, get intercepted
at the grain-boundaries, which act as barriers for their
cross transport. 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 εr
vs log f plots of compositions with x = 0.20 and 0.30 in
the intermediate frequency region [4]. 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 σac vs log f plots for all the compositions.

Immittance spectroscopic plots are useful to decide
whether a particular relaxation process is due to long
range or short range movement of the charge carri-
ers. If different functions ε′′, tan δ, Y′′, Z ′′ and M′′ are
plotted as a function of frequency at a given tempera-
ture, then the relaxation time for a particular process,

which is given by inverse of the angular frequency cor-
responding to the peak have increasing value in the
order τε ≥ τY > τtan δ > τZ ≥ τM [14]. Further it can
be shown that if a processes occurs due to long range
movement of charge carriers, then τZ and τM will be
equal. They will be different with τZ > τM for the short
range movement of charge carriers. The difference be-
tween τZ and τM becomes more significant with larger
relaxation ratio, εS/ε∞

It is noted from the plots of Z ′′ and M ′′ vs log f for
various compositions that there is only one peak in the
M ′′ vs log f plot (Fig.9). There is a small hump in the
Z ′′ vs log f plot whose frequency seems to coincide
with the frequency of M ′′ peak in this plot for x = 0.05
in the observed frequency range. Two peaks in Z ′′ vs
log f plot and one peak in M ′′ vs log f plot are observed
for x = 0.10 (Fig. 9b). The high frequency peak in Z ′′
plot occurs at the same frequency where M ′′ peaks. For
x = 0.20 and 0.30, only one peak is observed in M ′′ vs
log f plots which seems to occur at the same frequency
where a hump in Z ′′ vs log f appears.

These materials contain associated defect pairs
Cr3+

Ti′ - V•
0 - Cr4+

Ti or 2Cr3+
Ti′ - V••

0 [5] where all the species
are written in accordance with Kroger - Vink notation
of defects [17]. These defect pairs from dipoles. These
dipoles can change orientation due to hopping of holes
among Cr3+ and Cr4+ sites. Beside this oxygen ions
can jump through V••

0 sites around TiO5V••
0 or CrO5V•

0
or CrO5V••

0 octahedra. This type of relaxation has been
reported in a number of acceptor doped perovskites at
low temperature [18]. At low temperatures, these pro-
cesses give rise to two types of orientation polarization
and localized conduction [4]. This explains equal val-
ues of activation energies obtained from dielectric re-
laxation and conductivity measurements. This process
also accounts for the observed frequency dependence
but weak temperature dependence of AC conductivity
[5]. With increasing temperature, these dipoles get dis-
sociated and long range movement due to hopping of
charge carriers occurs. A higher activation energy in
this temperature range includes dissociation energy of
these dipoles. The charge carriers which undergo long
range movement in grains, giving rise to DC conductiv-
ity, get intercepted at the grain boundaries. This gives
rise to space charge polarization which is manifested
as a rapid rise in dielectric constant at low frequencies
at high temperatures [4].

The peaks in Z ′′ vs log f and M ′′ vs log f plots, which
occur at the same frequency as mentioned above, corre-
spond to long range movement of charge carriers. This
may be due to hopping of holes among Cr3+ and Cr4+
sites. The relaxation frequency for x = 0.20 and 0.30 is
less as compared to x = 0.05 and 0.10 for this process.
The peaks corresponding to orientational polarization
which involves short range movement of charge carri-
ers may occur beyond the frequency range of measure-
ments. There is no peak in M ′′ vs log f plot of x = 0.10
corresponding to low frequency peak in Z ′′ vs log f
plot. One reason for this, as already mentioned, may
be that the capacitance associated with this process is
very large as compared to the capacitance correspond-
ing to the high frequency process. This, therefore, gets
suppressed in the modulus spectroscopic plots [13].
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4. Conclusion
Immittance spectroscopy shows that there are three con-
tributions to the observed polarization/conduction pro-
cesses. These are two orientational polarization caused
due to hopping of holes among defect complexes with
in the bulk and one space charge polarization occurring
at the interface. An equivalent circuit model of the elec-
trical network in these materials is proposed to contain
three parallel RC elements arranged in series. At low
temperature conduction occurs among localized Cr3+
and Cr4+ sites which leads the reorientation of dipoles
whereas at high temperature conduction occurs due to
long range movement of charge carriers among these
sites.
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