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Calcium titanate (CaTiO3) with the general formula for perovskites, ABO3, is of technological importance,
particularly with regard to dielectric properties. In this work, CaTiO3 ceramic material was prepared by
the conventional solid state reaction method. The dielectric properties, impedance characteristics and
modulus behavior of the CaTiO3 ceramic material sintered at 1240 �C were investigated in the frequency
range of 10�2–106 Hz and temperature range of 100–250 �C. The XRD analysis of the sintered CaTiO3

shows that it is an orthorhombic structure with lattice parameters a = 5.4398 Å, b = 7.6417 Å, and
c = 5.3830 Å. The FESEM micrograph shows a significant difference in grain size distribution ranging from
0.26 to 2.32 lm. The AC conductivity, rAC, is found to increase with increasing temperature within the
frequency range of 10�2–106 Hz confirming the hopping of electrons to be the conduction mechanism.
Due to the decreasing values of the frequency exponent s with increasing temperature, the results of
the rAC are discussed using the correlated barrier height (CBH) model. For dielectric studies, the dielectric
constant, e0 is found to decrease with increasing frequency. In the whole temperature range of
100–250 �C, high and low frequency plateau are observed. Each converges at high frequency (>105 Hz)
for all the temperatures. The frequency dependence of loss tangent, tand, decreases with rise in temper-
ature, with the loss tangent peak shifting to higher frequency. Due to its dielectric characteristics, it is a
suitable candidate for developing a variety of capacitors. For the master modulus plot, the shapes remain
unchanged in the temperature range considered. The Cole–Cole plots reveal that two primary relaxation
processes exist in the sample for each temperature. The Nyquist plots reveal that at temperatures below
150 �C, a linear response in the imaginary part of the impedance, Z0 0 , is noticed. At and above 175 �C, the
linear response gradually changes to a semicircle arc. The modulus behavior indicates the presence of
correlation between the motions of mobile charge carriers. The plots of Arrhenius diagram of relaxation
times of loss tangent, stand, and imaginary part of dielectric modulus, sM0 0 , obey the Arrhenius law, where
the activation energies calculated from the slopes are 2.09 and 2.38 eV respectively.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction different structures, depending on the transition temperature [3].
Since the discovery of ferroelectricity in barium titanate
(BaTiO3) in 1945 [1], a large number of titanate materials, whether
pure or doped, have been examined for a wide variety of techno-
logical applications. Among the titanate materials, calcium titanate
with its chemical formula, CaTiO3, has been extensively investi-
gated due to its many interesting electric and dielectric properties.
Consequently, CaTiO3 has gone into various potential technological
applications in a wide frequency range spanning microwave to
radio frequencies [2]. The demands for CaTiO3 in electronic devices
include varistors, capacitors, thermally sensitive resistor element,
electrodes, etc. CaTiO3 undergoes phase transition and exhibits
It displays an orthorhombic structure at room temperature. With
the temperature increases to about 1227 �C, a phase transition
from the orthorhombic to tetragonal structure occurs [3]. The tita-
nate transforms to the ideal cubic perovskite structure at a higher
temperature of about 1327 �C [4–6].

There are a number of processing techniques reported during
the past decades for synthesizing CaTiO3, such as sol–gel [7], co-
precipitation [7], combustion [8], polymeric precursor [9], and or-
ganic–inorganic [10] techniques. A typical preparation route for
CaTiO3 involves solid state sintering in which CaO (or CaCO3), and
TiO2 (rutile/anatase) serve as the starting materials with the sinter-
ing process performed at about 1377 �C [11]. The solid state method
has received a lot of attention due to the low cost and simplicity of
the process. However, to have a good understanding of the dielec-
tric behaviors of the material, the dielectric properties can be inter-
preted in terms of the complex dielectric permittivity, er

�, complex
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Fig. 1. X-ray diffraction (XRD) patterns of CaTiO3 calcined at: (a) 1100 �C and
sintered at and (b) 1240 �C. The FE-SEM micrograph of CaTiO3 sintered at 1240 �C
(inset).

Table 1
Comparison of observed and calculated d-values, peak position in 2h for the miller
indices (hkl) of all the XRD peaks corresponding to CaTiO3 sintered at 1240 �C.

h k l 2hobs 2hcal dobs (Å) dcal (Å) Relative
intensity (%)

0 2 0 23.3188 23.3003 3.81476 3.81458 14.68
1 1 1 26.1097 26.0878 3.41298 3.41297 3.14
1 2 1 33.1991 33.1746 2.6986 2.6983 100
2 1 0 35.0755 35.0755 2.55841 2.55841 1.1
1 0 2 37.3466 37.3466 2.40789 2.40789 1.9
1 1 2 39.1917 39.163 2.29867 2.29839 4.8
2 2 0 40.7639 40.7486 2.21358 2.21254 4.9
0 2 2 41.0606 41.0498 2.19826 2.197 3.6
1 3 1 42.6948 42.6717 2.11783 2.11717 1.9
2 2 1 44.3166 44.2902 2.04402 2.04349 1.3
0 4 0 47.5959 47.5752 1.91056 1.90977 34.2
2 1 2 49.1074 49.0773 1.85524 1.85477 2.1
2 3 1 52.3125 52.2361 1.74887 1.7498 0.2
3 0 1 53.3443 53.3291 1.71603 1.71648 1.8
1 4 1 53.617 53.6175 1.70936 1.70793 2.2
3 1 1 54.7763 54.7671 1.67589 1.67476 3.2
2 4 0 59.1021 59.1102 1.56184 1.56165 9
1 2 3 59.3897 59.392 1.55625 1.55491 24
0 5 1 63.2111 63.2136 1.47106 1.46979 0.5
3 3 1 65.5706 65.5312 1.42357 1.42331 1.1
4 0 0 69.071 69.071 1.35988 1.35988 3.6
2 4 2 69.5423 69.5452 1.35181 1.35064 14.5
1 5 2 73.2736 73.2736 1.29191 1.29191 1
1 6 1 79.159 79.159 1.20989 1.20898 5.4
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conductivity, r�, complex dielectric modulus, M�, loss tangent, tan
d, complex impedance, Z�, and other related physical properties.

There have been few papers which report on studies of the
physical properties of CaTiO3. Balachandran and Eror [12] prepared
CaTiO3 with different Ca:Ti ratios of 1.003, 1.005, and 1.008 by a
liquid mix technique [13,14] and investigated the electrical con-
ductivity of the sample at 1050 and 1100 �C under thermodynamic
equilibrium conditions with the oxygen partial pressures, PO2 , in
the range of 100–10�19 atm. They concluded that the measured
electrical conductivity was exactly the same as those obtained pre-
viously in a sample with the ideal Ca:Ti ratio of 1.000. The report
also indicated that no obvious changes were found in the absolute
values of the conductivity as the Ca:Ti ratio was changed in all the
three regions (region 1, PO2 = 10�19–10�14 atm; region 2,
PO2 = 10�13–10�8 atm; region 3, PO2 > 10�4 atm). Recently, Sindhu
et .al. [15] studied the rietveld refinement and impedance spec-
troscopy of CaTiO3. The refinement revealed that CaTiO3 crystal-
lized in orthorhombic symmetry with the Pbnm space group at
room temperature. In the framework of conductivity, the Nyquist
plot revealed a non Debye relaxation behavior with distributed
relaxation times. The value of the frequency exponent s can be ex-
plained with the aid of the correlated barrier hopping (CBH) model.
This paper also reported on the dielectric response of materials to
an applied electric field in terms of frequency and temperature.
The doping of CaTiO3 with different impurities to investigate the
electrical properties has been reported in several literatures. One
of the literature reported that the electrical conductivity was
improved by doping with iron (Fe) and enabled this compound
to be an attractive use as a membrane for hydrogen production.

In the present work, CaTiO3 ceramic materials are prepared by
the conventional solid state reaction method. The purpose of the
present work is to investigate the effect of frequency and temper-
ature on the AC conductivity and dielectric properties of the CaTiO3

ceramic materials within the frequency range 10�2–106 Hz at var-
ious temperatures within 100–250 �C. The modulus behavior of the
CaTiO3 is also investigated since no reported studies have been
found to utilize this mode of analysis on the titanate.

2. Experimental

The CaTiO3 ceramic samples were synthesized using the conventional solid state
sintering method. High purity of CaO (99.95% purity, Alfa Aesar) and anatase–TiO2

(99.99% purity, Alfa Aesar) were used as starting powders. They were mixed together
according to their molecular weight ratio by ball milling for 24 h using ceramic balls.
The milled powders were then placed in a ceramic boat and were pre-sintered at
1100 �C for 10 h in air using an electric furnace. The calcined products were crushed
and ground using a mortar and pestle, followed by sieving using a 45 lm test sieve to
obtain better powder homogeneity. The sieved powders were compacted into disk-
shaped samples (pellets) with a 20 mm diameter under a pressure of 50 kPa. The
compacted pellets were subsequently sintered at 1240 �C for 10 h in air.

The formation of the crystalline phase of the sintered samples was analyzed by
X-ray diffractometry (XRD) at room temperature using a PANalytical X’Pert Pro dif-
fractometer system with Cu Ka radiation from 20� to 80� at 2h intervals. The micro-
structure and grain size distribution of the sintered samples were examined by
Field Emission Scanning Electron Microscopy (FESEM) using a FEI 230 Nova Nano-
SEM machine. Grain sizes on micrographs were determined using a built in cursor.
For dielectric measurement, both surfaces of the sintered pellets were polished
using a fine abrasive paper to make them parallel. After the polishing, silver conduc-
tive paint was deposited on both surfaces of the sintered pellets. The dielectric
properties of the sintered pellets in terms of complex dielectric permittivity, e�,
complex dielectric modulus, M�, and complex impedance, Z�, were measured in
the frequency range 10�2–106 Hz and in the temperature range 100–250 �C using
a High Resolution Dielectric Analyzer.
3. Results and discussion

3.1. X-ray structural and microstructural analysis

Fig. 1 depicts the XRD patterns of the CaTiO3 samples calcined
at 1100 �C and subsequently sintered at 1240 �C for 20 h at room
temperature in air atmosphere. The CaTiO3 phase is confirmed by
comparing the observed XRD patterns with the respective Inor-
ganic Crystal Structure Database (ICSD) pattern [16]. Immediately
after the 1100 �C calcination, most of the sharp XRD peaks are
identified as belonging to the orthorhombic-type CaTiO3 phase in
agreement with the ICSD No. 98-007-7005. The remaining of the
small XRD peaks are ICSD-traced to be residual rutile, anatase
and oxygen. After further annealing at 1240 �C, all the XRD peaks
are completely ICSD-matched, thus confirmed to be those of a
single-phase CaTiO3-type orthorhombic (Pnma) structure. After a
rietveld refinement of the single-phase XRD profile, the refined lat-
tice parameters of the CaTiO3 are found to be in close agreement
with the literature data for CaTiO3 [16]. Further crystallographic
details are given in Table 1.

A FE-SEM micrograph of the sintered CaTiO3 pellet is shown in
Fig. 1 (inset). The morphology reveals some residual pores among
micron-sized loosely connected grains, suggesting that further
densification is possible. The microstructure shows a non-uniform



Fig. 2. Histogram of grain size distribution of CaTiO3 sintered at 1240 �C.

Fig. 3. Variation of AC conductivity, rAC as a function of reciprocal temperature
(1000/T) at different selected frequencies for CaTiO3 sintered at 1240 �C.

Fig. 4. Variation of AC conductivity, rAC as a function of frequency at various
temperatures for CaTiO3 sintered at 1240 �C.
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distribution of grain sizes as evidenced by the 0.26–2.32 lm grain-
size range in Fig. 2. However, most of the grains are in the
0.5–1.0 lm range.
3.2. Frequency and temperature dependence of AC conductivity

Fig. 3 shows plots of the AC conductivity, rAC, as a function of
reciprocal sample temperature (1000/T) at selected frequencies
for the CaTiO3 sintered at 1240 �C. As seen in Fig. 3, rAC continu-
ously increases with increasing temperature within the frequency
range of 10�2–104 Hz. For rAC at the higher frequencies of 105 Hz
and 106 Hz, rAC shows a temperature independent behavior in
the considered range of temperatures. The boosting of rAC with
rising temperature indicates that rAC which originates from differ-
ent localized states in the gap [17] is a thermally activated process.
Specifically, the temperature-dependent rAC exhibits different
rates of increase, in which rAC increases at a very gradual rate at
the lower temperatures, and then at a fast rate at the higher tem-
peratures. A possible explanation of this behavior is the hopping of
electrons between the localized states is induced by the applied
electric field frequency, particularly in the low temperature region
and is induced by the applied electric field frequency in addition to
being excited by the energy in the high temperature region [18].
With increasing frequency, rAC increases strongly indicating the
hopping of electrons to be a conduction mechanism [19].

Fig. 4 shows plots of the AC conductivity, rAC, as a function of
frequency in the frequency range of 10�2–106 Hz at various sample
temperatures in the range of 100–250 �C for the CaTiO3 sintered at
1240 �C. It is obvious that rAC increases as the frequency is
increased, with rAC exhibits similar curve shapes with increasing
values of rAC and with elevated temperature in the frequency
range of 103 – 105 Hz (inset). At the higher frequencies above
105 Hz, rAC at different temperatures begins to merge into a single
frequency-dependent linear plot with almost the same values of
rAC at a given frequency. That rAC increases linearly with increas-
ing frequency could be due to active motion of electrons, atoms,
and hopping between the equilibrium sites [20]. rAC is seen to
obey the universal power law behavior, or called Jonscher’s law
[21] according to the following relation:

rAC ¼ Axs ¼ rtotal � rDC; 0 < s < 1 ð1Þ

where A is a constant which is poorly dependent on temperature, x
is an angular frequency (x = 2pf), s is a frequency exponent, rtotal is
the total measured conductivity, and rDC is the direct current (DC)
conductivity. The low values of rAC in a relatively low frequency
region could be attributed to the blocking of ions between the elec-
trode and samples [22].

The frequency exponent s varies in the range 0–1. It is temper-
ature dependent which outlines many body interactions of the
electrons, impurities and charges, besides being useful for distin-
guishing which type of AC conduction mechanism is involved in
the investigated sample [23,24]. The values of s are determined
from the slope of the linear rAC versus frequency curve (Fig. 4).
The s values obtained are in the range of 0.792–0.957, in which
the values of s decrease with the rise in temperature, as shown
in Fig. 5a. Various theoretical models such as the quantum-
mechanical tunneling (QMT) model, the correlated barrier hopping
(CBH) model, the small polaron tunneling model, and the overlap-
ping large polaron tunneling (OLPT) model have been developed in
order to investigate the AC conduction mechanism in dielectric
samples. Among these models, the CBH model, proposed by Elliott
[25], is the most appropriate model. In this model, the charge car-
riers hop between two sites over a barrier separating them, and the
frequency exponent s decreases continuously with increasing
temperature [26], which is in good agreement with the results
obtained here. The frequency exponent s in the CBH model can
be expressed in relation [27] as shown below:

S ¼ 1� f6kT=½WM � kTlnð1=xs0Þ�g ð2Þ

where WM is the maximum barrier height, k is the Boltzmann con-
stant, T is the absolute temperature, x is the angular frequency, and
s0 is the characteristic relaxation time. The value of WM can be



Fig. 5. Temperature dependence of: (a) the frequency exponent s and (b) 1-s for CaTiO3 sintered at 1240 �C.
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calculated from the slope of 1-s versus T curve plotted, as shown in
Fig. 5b.

3.3. Frequency dependence of dielectric constant and loss tangent

The effect of frequency on the dielectric constant, e0, and the loss
tangent, tan d, at various temperatures are studied for the CaTiO3

sintered at 1240 �C, as depicted in Fig. 6. Generally, e0 and tand ex-
hibit the same pattern in the whole frequency range for all the
temperatures. A continuous decreasing trend in e0 with increasing
frequency is seen as illustrated in Fig. 6a. Two plateaus are
observed with one occurring in the lower frequency region
(100–103 Hz) and another in the higher frequency region
(104–106 Hz) for all the measured temperatures. It is worth notic-
ing that the lower frequency plateau shifts to the higher frequency
region with increasing temperature. Each lower frequency plateau
exhibits a steep decrease afterward and converges at the same
level for all temperatures (i.e. high frequency plateau). Alterna-
tively, e0 is found to be almost independent of frequency in the high
frequency region above 105 Hz for all the temperatures. The varia-
tion of e0 with frequency can be discussed on the principle of Max-
well–Wagner type interfacial (space charge) polarization in which
under the influence of an applied external electric field, the space
charge polarization is produced due to the contribution of grain
and grain boundaries of a dielectric, which produces the localized
accumulation of space charge [28]. The reduction of e0 along the
whole frequencies for all the temperatures can be explained by
the space charge carriers are no longer to be able to line up their
Fig. 6. Variation of: (a) e0 and (b) tand of CaTiO3 sintered at 12
axes parallel to an applied external electric field, as the change in
the direction of the electric field become rapid and the alternation
of the space charge carriers’ direction lags behind that of the elec-
tric field when the frequency is further increased [28]. As the tem-
perature is raised, the dipoles acquire adequate thermal energy to
follow the change in the electric field, thus e0 is found to increase
with increasing temperature within the frequency range 10�2–
105 Hz. Beyond the frequency of 105 Hz, e0 is no longer follow the
changes of temperature and it keeps almost constant along this fre-
quency region.

In Fig. 6b, tan d is obviously dependent on the temperature in
which tan d shows an increase with increasing temperature. tan d
is found to decrease in the frequency range 10�2–102 Hz at differ-
ent temperatures (150–250 �C), except for the temperatures of 100
and 125 �C, where a small tand peak is observed in the lower fre-
quency range of 10�1–100 Hz. The small tand peak at the low tem-
peratures and frequency indicates that the possibility of the dipole
polarization. Beyond the frequency of 102 Hz, tan d increases,
passes through a maximum value, and then decreases for all the
temperatures. The decreasing trends of tand right after the occur-
rence of the peaks show that this sample exhibits almost zero
dielectric loss at higher frequencies. This suggests that the CaTiO3

sample is a lossless material at higher frequencies. The high value
of tand at the lower frequency could be due to the free charge mo-
tion in the sample and is associated with the conductivity relaxa-
tion [29]. The amplitude of tan d peak increases with the shifting
of the broad tand peak towards the higher frequency with elevated
temperature.
40 �C as a function of frequency at various temperatures.
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Based on the investigation of e0 and tan d along the frequency
range 10�2–106 Hz between 100 and 250 �C, CaTiO3 could be a
potential candidate ceramic material for manufacturing capacitors.
In practice, due to its temperature and frequency dependence char-
acteristic of e0 within the frequency range 10�2–105 Hz, it finds
applications in capacitors which are used for power supply bypass-
ing and decoupling. Beyond the operating frequency of 10�5 Hz,
due to the increasing temperature gives ineffective contributions
to e0, it could be developed into temperature stable multilayer
capacitors which used in resonant circuits and filtering
applications.

By taking BaTiO3 sample as a comparative example [30], e0 of
pure BaTiO3 bulk sample prepared by solid state method showed
a value of about 1000, whereas the obtained e0 of CaTiO3 in our case
is comparatively small, which is about 27.4 at room temperature.
Despite of the huge difference of e0 between both distinct samples,
they can be developed into various type of dielectrics used for
passive components regarding to their functionality. Based on
the values of e0, CaTiO3 with low e0 value of 27.4 can be used to
make Class 1 dielectric capacitors coded C0G, while BaTiO3 with
high e0 value of 1000 can be used to produce Class 2 dielectric
capacitors coded X5R. The codes of Class 1 and 2 dielectrics are
classified by the Electronic Industries Alliance (EIA) [31].

3.4. Cole–Cole and Nyquist plots

The complex Argand plane plots between e0 0 and e0, also known
as Cole–Cole plots, for the CaTiO3 sintered at 1240 �C at several
temperatures are shown in Fig. 7a. A semicircle at the high
frequency and an incomplete semicircle at the low frequency are
obtained for each temperature indicating that two primary relaxa-
tion processes exist in the sample in the mentioned temperature
interval. The Cole–Cole plot is known to be described by the empir-
ical relation [32] given as:

e� ¼ e0 � je00 ¼ e1 þ ½ðes � e1Þ=1þ ðjxsÞ1�a� ð3Þ

where e� is the complex dielectric constant, es and e1 are the low
and high frequency values of e0 respectively, j =

ffiffi
ð

p
� 1Þ, x = 2pf is

the angular frequency, s is the mean relaxation time, and a is a
measure of the distribution of relaxation times, s = x-1 = 1/2gf. The
Cole–Cole plots indicate the polydispersive nature of the dielectric
relaxation of the CaTiO3, as the parameter, a, as determined from
the angle subtended by the radius of the circle with the real axis
passing through the origin of e0-axis, showing a consistent increase
in the interval 0.18–0.39 with increasing temperature.
Fig. 7. The plots of: (a) Cole–Cole (e0 0
The complex impedance plots between Z00 and Z’, also known as
Nyquist plots, for the CaTiO3 sintered at 1240 �C at several temper-
atures are shown in Fig. 7b. The Nyquist plots reveal that with the
change in temperature, distinct effects on the characteristic imped-
ance spectrum are observed. The Nyquist plots reveal that at the
temperature below 150 �C, a straight line with large slope is no-
ticed, suggesting the insulating behavior of the sample [33]. The
gradient of the slope show a decrease from 100 to 150 �C. At and
above 175 �C, the linear response gradually changes to semicircular
arc indicating the increase in the conductivity of the sample [34].
The semicircular arcs are visible in the high frequency zone with
reduced impedance values as the temperature is increased. As
the temperature is further increased above 498 K, other semicircu-
lar arcs appear in the low frequency zone. The presence of the low
and high frequency semicircular arcs can be interpreted by model-
ing an equivalent electrical circuit, which comprises two parallel
resistive, R and capacitive, C components connected in series
[35], as shown in Fig. 8. The two parallel R-C components are char-
acterized by the parallel combination of (Rb–Cb) and (Rgb,Cgb), in
which Rb and Cb represent the bulk (grain) resistance and the bulk
capacitance, whereas Rgb and Cgb resemble the grain boundary
resistance and the grain boundary capacitance (Fig. 8). Hence, the
appearance of low frequency semicircular arc is attributed to the
grain boundary effects in the material arising due to the parallel
combination of Rgb and Cgb. The high frequency semicircular arc ap-
pears attributed to the bulk property of the material arising due to
the parallel combination of Rb and Cb.

3.5. Frequency dependence of real part and imaginary part of
dielectric modulus

The complex dielectric modulus analysis is a convenient visual
monitor to investigate the electrical transport phenomena in cera-
mic materials and to distinguish the microscopic processes respon-
sible for localized dielectric relaxation [36]. The complex dielectric
modulus, M�, is given by the inverse of complex dielectric constant
and is formulated as follows [37]

M� ¼ 1=e� ¼ jxC0Z� ¼ M0 þ jM00 ð4Þ

M0 ¼ xC0Z00 ¼ e00=ðe0 þ e00Þ2 ð5Þ

M00 ¼ xC0Z0 ¼ e00=ðe0 þ e00Þ2 ð6Þ

where M0 and M0 0 are the real and imaginary part of the dielectric
modulus respectively, C0 = e0A/d is the geometrical capacitance
vs e0) and (b) Nyquist (Z0 0 vs Z0).



Fig. 8. Equivalent electrical circuit.
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(where e0 = free space of permittivity = 8.854 � 10�12, A = area of
electrode surface, d = thickness of the specimen).

The graph of the real part of the dielectric modulus, M0, as a
function of frequency at different temperatures is shown in
Fig. 9a. The values of M0 approach zero at the low frequencies for
most of the temperatures. These observations conclude the
electrode polarization makes an almost negligible contribution to-
wards M0 [38]. M0 shows gradual increase with increasing fre-
quency and reaches almost constant values above 105 Hz for all
the temperatures. As the temperature is increased, the dispersion
region of M0 is clearly observed especially within the frequency re-
gion 103–105 Hz and the dispersion shifts to the higher frequency
with increasing temperature. It is worth noticing that M’ decreases
with increasing temperature along the frequency range studied.

The graph of the imaginary part of the dielectric modulus, M0 0,
as a function of frequency at different temperatures is shown in
Fig. 9b. With the rise in temperature, the position of the peak of
M0 0 shifts towards the higher frequency and the height of the peak
of M0 0 increases, indicating the presence of dielectric relaxation
which is thermally activated, in which the hopping process of
charge carriers is predominant. The depressed peak of M0 0 is also
noticed in the lower frequency region at the higher temperatures
of 225 and 250 �C. The presence of two peaks of M0 0 in the temper-
ature indicates that at least two relaxation processes occur in the
sample, in which the higher frequency peak can be attributed to
the high-frequency dipolar polarization, whereas the lower fre-
quency peak is due to low-frequency dipolar polarization [39].
From the view of the higher frequency peak of M0 0 for each temper-
ature, the frequency region below the peak represents the range in
Fig. 9. Frequency dependence of: (a) M0 and (b) M0 0 of CaTiO3 sintered at 1240 �C at diffe
9(b)).
which the charge carriers are mobiles over long distances [40],
whereas the frequency region above the peak determines the range
in which the charge carriers are confined to the potential wells
being mobile on short distances within the wells [41,42].

3.6. Arrhenius diagram of relaxation time as a function of reciprocal
temperature

The scaling behavior of the material is explained by the varia-
tion of M0 0/M0 0

max with log (f/fmax) at different temperatures
(Fig. 9b inset) and it shows that the shape and FWHM of the asym-
metric M0 0/M0 0

max curve remain constant in the temperature range
studied, implying a non-exponential behavior of the conductivity
relaxation. Further, the overlapping of the high frequency
M00/M00

max peaks for all the temperatures into a single master curve
indicate that the same relaxation mechanism at various tempera-
tures is described for CaTiO3.

The frequency corresponds to the maximum peaks of M00 and
tan d for a particular temperature is denoted as fmax M0 0 and
fmaxtand respectively. The relaxation time of M0 0, sM

0 0 and tan d,
stand has been calculated using the relation [43]:

sM00 ¼ 1=xmax ¼ 1=2pfmaxM00 ð7Þ

stan d ¼ 1=xmax ¼ 1=2pfmax tan d ð8Þ

The plots of Arrhenius diagram of the relaxation times of stand

and sM
0 0 are shown in Fig. 10. Both plots obey the Arrhenius law,

where the activation energy calculated from the slopes is 2.09
and 2.38 eV respectively.

4. Conclusion

CaTiO3 samples were successfully synthesized by the conven-
tional solid state reaction method. The X-ray Diffraction studies
confirm the orthorhombic structure of the CaTiO3 samples with
the Pbnm space group at room temperature. The microstructure
of the samples is found to have the grain size distribution ranging
from 0.26 to 2.32 lm. The AC conductivity, rAC, which is found to
increase with increasing temperature within the frequency range
of 10�2–106 Hz strongly indicates the hopping of electrons to be
a conduction mechanism. The continuous decrease in the values
of the frequency exponent s with increasing temperature can be
well-explained using the correlated barrier height (CBH) model,
rent temperatures. Master modulus plot of CaTiO3 sintered at 1240 �C (inset figure



Fig. 10. Arrhenius diagram of relaxation times, sM0 0 and stand as a function of
reciprocal temperature 1/T.
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suggesting the conduction takes place through the large polaron
hopping mechanism. The decreasing trend of the dielectric
constant, e0, with increasing frequency is observed for all the tem-
peratures. The variation of e0 with frequency can be discussed on
the principle of Maxwell–Wagner type interfacial (space charge)
polarization. The Cole–Cole plots reveal two primary relaxation
mechanisms in operation for all the temperatures. The values of
a increase with increasing temperature, confirming the polydisper-
sive nature of the dielectric relaxation of the CaTiO3. The Nyquist
plots reveal that the insulating behavior of the sample at the tem-
perature below 150 �C. At and above 175 �C, the linear response
gradually changes to a semicircular arc indicating an increase in
conductivity of the sample. The presence of the low and high
frequency semicircular arcs at and above 225 �C arise from the
contribution of grain-bulk and grain-boundary regions of the sam-
ple. The loss tangent (tand) peak and imaginary part of dielectric
modulus (M0 0) peak shift to the higher frequency region with
increasing temperature indicating the presence of dielectric relax-
ation which is thermally activated, in which a hopping process of
charge carriers is predominant. The plots of Arrhenius diagram of
relaxation times of stand and sM

0 0 obey the Arrhenius law, where
the activation energies calculated from the slopes are 2.09 and
2.38 eV respectively.
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