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mperature-dependence of
dielectric permittivity and electric modulus studies
of the solid solution Ca0.85Er0.1Ti1�xCo4x/3O3 (0 # x
# 0.1)

Ch. Rayssi, *a S. El.Kossi,a J. Dhahri a and K. Khirounib

The dielectric properties of Ca0.85Er0.1Ti1�xCo4x/3O3 (CETCox) (x ¼ 0.00, 0.05 and 0.10), prepared by a sol–

gel method, were systematically characterized. The temperature and frequency dependence of the

dielectric properties showed a major effect of the grain and grain boundary. The dielectric constant and

dielectric loss of CETCox decreased sharply with increasing frequency. This is referred to as the

Maxwell–Wagner type of polarization in accordance with Koop's theory. As a function of temperature,

the dielectric loss and the real part of permittivity decreased with increasing frequency as well as Co

rate. Indeed, a classical ferroelectric behavior was observed for x ¼ 0.00. The non-ferroelectric state of

the grain boundary and its correlation with structure, however, proved the existence of a relaxor

behavior for x ¼ 0.05 and 0.10. The complex electric modulus analysis M*(u) confirmed that the

relaxation process is thermally activated. The normalized imaginary part of the modulus indicated that

the relaxation process is dominated by the short range movement of charge carriers.
1. Introduction

Perovskite-based ferroelectric materials with the ABO3 chemical
formula have been studied owing to their physical properties
and their important applications in functional technologies
such as actuators, sensors, memories (FRAM), capacitors,
micro-electromechanical systems, energy harvesting1 and more
recently in opto-electronic devices.2 ABO3 perovskites are the
most important materials for piezoelectric, dielectric, ferro-
electric and pyroelectric applications.3,4 Relaxor ferroelectric
materials are characterized by a high frequency dispersion of
dielectric permittivity where the maximum value of the
temperature (Tm) of the dielectric constant shis to higher
temperatures and frequencies. The relaxor behavior is usually
explained by many theoretical models, such as order-disorder
model, micro–macro domain transitions model and dipole
inhomogeneity model, as well as certain phenomena such as
local random eld, dipolar glass and supra-electricity.5,6 CaTiO3

belongs to a class of attractive materials thanks to their tech-
nological properties such as ferroelectricity, electro-
mechanical-optical conversion, and photoluminescence.7 Due
to its properties, CaTiO3 offers a wide range of technological
applications and it can be used as a dielectric resonator in
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wireless communication systems8–10 and photocatalysts or of
immobilizing nuclear waste, luminescent (light emitting)
devices11–13 and biomaterials.14 Owing to their applications in
the miniaturization of electronic devices, the dielectric mate-
rials with a high value of dielectric constant (30) have recently
attracted much attention.15 The high permittivity (30) and low
dielectric loss (tan d) of CaTiO3 make it suitable for microwave
dielectric applications as lters and resonators.16,17 From the X-
ray diffraction, it was observed that calcium titanate (CaTiO3)
has a distorted orthorhombic structure. At room temperature,
CaTiO3 has a paraelectric phase. It has a dissipation factor (D)
�10�3 and a dielectric permittivity above 180 at 1 KHz.18

Accordingly this perovskite is classied as an incipient ferro-
electric.19 CaTiO3 has been extensively studied due to its inter-
esting structural and dielectric properties. These properties are
modied by suitable substitutions in site A (Ca) or site B (Ti).20–25

However, modication at the B-site has attracted surging
attention owing to its important effect on the hybridization of
the valence states between the O-ion and the B site ion. Among
these ions, cobalt is found to be a good dopant which affects the
electrical properties and show a continuous improvement in the
structures of titanate and manganite perovskite.26 However,
a high dielectric loss (tan d) is a huge obstacle in many appli-
cations. Nevertheless, the number of researches devoted to
solving the large tan d problem is still very limited, and the
results showed that this problem is very challenging.27,28

Recently, doping barium titanate with cobalt has been proved to
lower the temperature of the ferro–paraelectric phase transition
RSC Adv., 2018, 8, 17139–17150 | 17139
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Table 1 Experimental, calculated density and compactness of
Ca0.85Er0.1Ti (1�x) Co4x/3O3

Compounds x ¼ 0 x ¼ 0.05 x ¼ 0.1

Density (theo) (g cm�3) 4.350 4.404 4.460
Density (exp) (g cm�3) 4.263 4.271 4.280
Compactness: C 0.98 0.97 0.96
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and increase the dielectric constant with a low dielectric
loss.29,30 These exciting results motivated us to dope cobalt in
CaTiO3 as higher dielectric constant materials can be used in
capacitive components. In our work, the addition of a small
amount of cobalt into CaTiO3 leads to a decrease in its dielectric
Fig. 1 (a and b): plot of EDX analysis of chemical species of CETCox wit
graph.

17140 | RSC Adv., 2018, 8, 17139–17150
loss, which makes it suitable for microwave dielectric applica-
tions as resonators and lters31 and it can also be used as a host
for rare earth ions for efficient luminescence.32 In the present
paper, Ca0.85Er0.1Ti1�xCo4x/3O3 (CETCox) (x ¼ 0.00, 0.05 and
0.10), were prepared by sol–gel method. So, the purpose of the
present work is to gain a deeper insight into the dielectric
properties and their correlation with structural properties in the
solid solution CETCox by plotting the dielectric constant and
loss as a function of frequency and temperature. The Curie–
Weiss law and modied Curie–Weiss law allow us to better
understand the dielectric phenomenon. The electrical modulus
analysis is used to study the dielectric relaxation phenomenon
and the electric process of the compounds.
h (a) x ¼ 0.00, and (b) x ¼ 0.10. Inset shows their corresponding SEM

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a–c): frequency dependence of real (30) part of permittivity of CETCox for x ¼ 0.00, 0.05 and 0.10. (d): is a schematic structure of the
samples.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ay
 2

01
8.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 3
:1

3:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2. Experimental procedure

Polycrystalline samples of the solid solution CETCox (x ¼ 0.00,
0.05 and 0.10) were prepared by sol–gel method. Highly pure
powders of CaCO3, TiO2, Er2O3 and Co Cl2$6H2O were mixed in
stoichiometric ratios. Details of the method of preparation and
structure characterization were described in our previous
work.33 Phase purity, homogeneity, and crystallinity were iden-
tied by powder X-ray diffraction (XRD) analysis using an
XPERT-PRO diffract-meter with a graphite monochromatized
CuKa radiation (lCuKa ¼ 1.54 Å). The data collected in the range
of 0# 2q# 100 were analyzed by the FULLPROF soware based
on the Rietveld method. The XRD peaks was sharp and had
a high intensity, indicating that the prepared samples have
a high crystalline nature with a single-phase formation. Using
Rietveld renement of the XRD data, we indexed all peaks on
the basis of an orthorhombic structure, with a Pbnm space
group. The experimental density was calculated from the weight
and geometrical dimensions of the cylindrical pellets and
compared to the theoretical density rtheo ¼ ZM/NAV where Z is
This journal is © The Royal Society of Chemistry 2018
the number of atoms in orthorhombic structure (Z¼ 4),M is the
molecular weight NA ¼ 6.02� 1023 mol�1 is Avogadro's number,
and V is the volume of orthorhombic unit cell determined from
X-ray measurements. The compactness was deduced from the
ration C ¼ rexp/rtheo. Table 1 shows the values of rtheo, rexp and
C.

The dielectric measurements were performed on ceramic
disks (pellets having a diameter of 8 mm and a thickness of 2
mm) aer sputtering aluminum electrodes on their circular
faces. Aer this step, an Agilent 4294A impedance analyzer and
a cold plate of a liquid nitrogen cooled cryostat were used to
collect capacitance C and conductance G measurements over
a wide range of temperatures and frequencies.
3. Results and discussion
3.1 Morphological study

Fig. 1(a and b) shows the EDX spectra of pure and doped
CaErTiO3 (for x ¼ 0 and 0.1) respectively. EDX spectra revealed
the presence of Ca, Er, Ti, Co and O elements, which conrms
RSC Adv., 2018, 8, 17139–17150 | 17141
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Fig. 3 Frequency dependence of dielectric loss of CETCox for x ¼
0.00, 0.05 and 0.10.
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that there is no loss of any integrated element during sintering,
within the experimental errors. A typical microstructure of
CETCox (x ¼ 0.00 and 0.10) is shown in the inset of Fig. 1(a and
b) the micrograph indicated that the grains are uniformly
distributed over the entire surface of the sample. It is inter-
esting that the grain morphologies were consistent with the
crystal structures.34
Fig. 4 (a–c) Temperature dependence of dielectric constant (30) of
CETCox at different frequencies respectively for x ¼ 0.00, 0.05 and
0.10.
3.2 Dielectric study

3.2.1 Frequency dependence. The dielectric spectroscopic
study provides insights into the structure of compounds, grain
boundary, grain, transport properties and charge storage
capabilities of dielectric material. The dielectric properties
depend on several factors, including the chemical composition
and the method of preparation, etc.35,36

The frequency dependence of the real part (30) of permittivity
of CETCox (x ¼ 0.00, 0.05 and 0.10) at different temperatures is
shown in Fig. 2(a–c). The dielectric constant (30) decreased
rapidly with the increase in frequency. This decrease is due to
17142 | RSC Adv., 2018, 8, 17139–17150
the reduction of space charge polarization effect. Then, it
remained nearly constant but, increased with increasing
temperature at a given frequency. However, at low frequency the
dielectric constant was high. This is due to the presence of
space charge polarization at the grain boundaries, which
generates a potential barrier. Then, an accumulation of charge
at the grain boundary occurred, which led to higher values of
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 The variation of Tm as a function of frequency for x¼ 0.00, 0.05
and 0.10.

Fig. 6 (a–c): The inverse of dielectric constant (103/30) as a function of
temperature at 2 kHz.
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the real part of permittivity.37 The dielectric dispersion can be
explained by the dominance of grain boundaries' effect rather
than by the grains. This is attributed to Maxwell–Wagner type of
interfacial polarization in accordance with Koop's phenome-
nological theory.38,39

The dielectric loss tangent, tan(d), is related to the dielectric
relaxation process and is given as the ratio of the imaginary part
300 and the real part 30, i.e., tan(d) ¼ 300/30. The dielectric loss
represents the energy loss and occurs when the polarization
shis behind the applied electric eld caused by the grain
boundaries.

In general, the dielectric loss of dielectric materials origi-
nates from three distinct factors: space charge migration
(interfacial polarization contribution), direct current (DC)
conduction, and movement of the molecular dipoles (dipole
loss).40

To explain the decrease of the real part of permittivity at
higher frequencies, we supposed that the dielectric structure is
composed of low resistive grains separated by poor conducting
thin grain boundaries (as illustrated in Fig. 2(d)). As a result of
the applied electric eld, we obtained a localized accumulation
of charges, which led to the interfacial polarization.41

The frequency dependence of the dielectric loss tangent at
different temperatures is shown in Fig. 3. The curve shows the
same behavior of the dielectric constant (30). The high value of
tan(d) at a low frequency can be attributed to the high resistivity
of grain boundaries which are more effective than the grains.

The ionic radius of Co3+ is the same as that of Ti4+, but it is
much smaller than that of Ca2+. Co3+ ions are more likely to
replace Ti4+ ions for their similar ionic size. Thus the Co2+ ions
act as electron acceptors in CaTiO3 lattice and occupy Ti4+ ionic
site. The molecular formula of the Co-doped CaTiO3 can be
written as CaCoxTi1�xO3. As a result of this, the CaTiO3 crystal is
distorted. All the above data indicate that Co-doping inuences
the variation of Tc. It also can be seen that 3max decreases with
the increase of Co concentration. Tzing et al.42 proposed that
3max strongly depends upon the size of the grains.
This journal is © The Royal Society of Chemistry 2018
In fact, the dielectric constant of the materials is linearly
proportional to the average value of grain size.43 Therefore, the
decrease of dielectric constant and loss tangent as a function of
Co doping is due to the decrease of grain size, which is in
agreement with the previous results (conduction mechanism).33

This indicates that there is a strong relation between the
conduction process and the dielectric polarization in these Co
doped Ti. In addition, cobalt seems also to have an effect on the
RSC Adv., 2018, 8, 17139–17150 | 17143
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Table 2 Parameters obtained from the temperature dependence of
dielectric permittivity for 2 kHz

X
30m
(2 kHz)

Tm (K)
(2 kHz)

DTm (K)
(2 kHz)

C (105 K)
(2 kHz)

g

(2 kHz)

0.00 1114 600 25 6.75 1.04
0.05 1084 620 36 4.54 1.75
0.10 776 640 40 2.77 1.86

Fig. 7 (a–c): the plot of ln(1/3� 1/30max) as a function of ln(T� Tm) at 2,
5, 20 and 100 kHz for Ca0.85Er0.1Ti1�xCo4x/3O3.
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processing of BaTiO3 ceramics since the grain boundary
mobility decreases with Co doping due to the segregation, at the
grain boundaries, of defects induced by doping.44

3.2.2 Temperature dependence. The variation of the real
part (30) of the dielectric permittivity as a function of tempera-
ture at various frequencies (2 � 103 to 2 � 106 Hz) of CETCox
with 0.00 # x # 0.10 samples is carefully examined and shown
in Fig. 4(a–c). It is observed that 30is frequency and temperature
independent at low temperature. Then, it increases gradually
with increasing temperature to its maximum value (30max)
around 600 K, 620 K, 640 K for x ¼ 0.00, 0.05 and 0.10,
respectively, which corresponds to the transition from a ferro-
electric to a paraelectric phase.45 The study of the dielectric
constant indicates that for x ¼ 0.00 (Fig. 4(a)), the transition
temperature value has no variation as a function of frequency,
which conrms that these compositions are of classical ferro-
electric type. Fig. 4(b and c) shows that the ferroelectric relaxor
characteristic of a high frequency dispersion in the vicinity of
Tc, a diffuse phase transition, a small shi towards high
temperatures and a decrease in the value of the permittivity as
function of frequency are accentuated as the concentration of
Co3+ ions increased from x ¼ 0.05 to 0.10.46,47

Fig. 5 shows the evolution of Tm as a function of frequency. It
also shows that Tm is constant for pure CaErTiO3, conrming
the classical transition, but, it increases with increasing
frequency for Co doped CaErTiO3, conrming the relaxor
behavior.

An inverse of relative permittivity (103/30) as a function of
temperature at 2 kHz is plotted in Fig. 6(c–e) to explain the
dielectric phenomenon in the solid solution CETCox by Curie–
Weiss law. This method describes the ferro–paraelectric tran-
sition in the region and is expressed by the following relation:

1

30
¼ T � TC

C
(1)

where C is the Curie–Weiss constant and Tc is the Curie–Weiss
temperature.

To show the degree of deviation from the relation (1), we
dene the parameter DTm by the following expression:48

DTm ¼ TC–W � Tm (2)

Where Tm denotes the temperature of the dielectric constant
maximum (30max) and TC–W represents the temperature from
which the dielectric constant starts to deviate from the Curie–
Weiss law.
17144 | RSC Adv., 2018, 8, 17139–17150
Above Tc, the linear t is examined in the paraelectric region.
The tting parameters, i.e. the Curie–Weiss constant (C) and the
Curie temperature Tc are listed in Table 2 at 2 kHz.

Note that the Curie–Weiss law was used to determine the
degree of disorder in the solid solutions using an empirical
This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Temperature dependence of dielectric loss (tan d) of CETCox at
different frequencies.

Fig. 9 Frequency dependencies of M0 at different temperatures
respectively for x ¼ 0.00, 0.05 and 0.10.
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formula developed by Uchino et al. for T > Tm. This leads us to
use the modied Curie–Weiss law as given below:49

1

30
� 1

30max

¼ ðT � TmÞg
C

(3)

g is the diffuseness coefficient which shows the character of the
phase transition.50 For g ¼ 1, a classical transition in which
Curie–Weiss law is obeyed, for 1 < g < 2 is a diffuse transition
and for g ¼ 2 is an ideal relaxor ferroelectric.51 The plots of

ln
�
1
30
� 1

30max

�
versus ln(T � Tm) for CETCox at frequencies of 2,

5, 20 and 100 kHz are displayed in Fig. 7(a–c). The same
behavior is observed for the other frequencies. The g of these
frequencies for different concentration of Co are presented in
Fig. 7(a–c). From this gure, we note that diffuseness coefficient
g is found to be around 1 for x ¼ 0 which indicate a classical
transition. However, g value is between 1 and 2 (1 < g < 2) for
doped CaErTiO3, indicating a diffuse behavior. However, the
obtained value of g present an independent behavior with the
effect of frequency.
This journal is © The Royal Society of Chemistry 2018
Fig. 8(a–c) shows the dielectric loss (tan d) as a function of
temperature at various frequencies. The variation of tan d with
frequency shows a similar nature as the variation of 30 with
frequency. It is seen from the gure that the dielectric loss
initially decreases rapidly with increasing frequency, exhibiting
a dispersion at lower frequencies, and then remains fairly
constant at higher frequencies. However, with the increase in
the frequency of the applied eld the mechanisms of polariza-
tion such as space charge, orientation, and ions start lagging
behind the eld and, thus, dielectric loss decreases. Meanwhile,
the variation of the dielectric loss with temperature exhibits the
same nature as that of the variation of dielectric constant with
temperature and could be explained in the same way as that
used for discussing the dielectric constant. It is found that with
the increase in temperature, the dielectric loss increases. The
mobility of charge carriers increases with temperature which
increases the polarization and leads to high dielectric loss. The
observed higher value of dielectric loss at high temperature is
due to charge accumulation at grain boundaries.47

3.3 Electrical modulus analysis

The electrical response can be analyzed by the complex electric
modulus [M*(u)] formalism. It is used to investigate the
RSC Adv., 2018, 8, 17139–17150 | 17145
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Fig. 10 Frequency dependencies of M00 at different temperatures
respectively for x ¼ 0.00, 0.05 and 0.10. Fig. 11 The normalized imaginary part of modulus M00/M00

max vs.
frequency plot, of CETCox for x ¼ 0.00, 0.05 and 0.10.
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dielectric relaxation processes of the compounds. The complex
electric modulus was calculated from the dielectric permittivity
[3*(u)] using the following relation.52–55

M*ðuÞ ¼ 1

3*
¼ 1

30 � j300
¼ 30

302 � 3002
þ j

300

302 � 3002
¼ M 0 þ jM 00 (4)

whereM 0 ¼ 30

302 � 3002
andM 00 ¼ 300

302 � 3002
: (M0, 30) and (M00, 300) are

the real and imaginary components of modulus and permit-

tivity, respectively, and j ¼ ffiffiffiffiffiffi�1p
is the imaginary factor.

The physical signicance of the electrical modulus is the
relaxation mechanism of the electric eld in the material when
the electric displacement remains constant. The frequency
dependent characteristics of the real (M0) and imaginary (M00)
parts of the electrical modulus are excellent methods to inves-
tigate the relaxation process.56

The frequency dependence of the real part (M0) of CETCox at
different temperatures is shown in Fig. 9. At low frequency, the
M0 value is found to be nearly zero and increases when
increasing frequency. This continuous dispersion on increasing
frequency can be attributed to the conduction process due to
the short range mobility of charge carriers. It can also be related
17146 | RSC Adv., 2018, 8, 17139–17150
to the absence of the restorative force which governs the
mobility of charge carriers under the action of an induced
electric eld.57–59 A saturation value (the plateau region) is
reached at high frequency, suggesting that the electrical prop-
erties of the materials are frequency-independent. Moreover,
this feature indicates the negligible contribution of electrode
polarization in the synthesis of CETCox.60

We can deduce from Fig. 9 (x ¼ 0.1) that M0 exhibits three
plateau regions, which indicates the existence of three different
relaxation dynamics.61 These three plateau regions existing in
M0 of the modulus are correlated with the imaginary partM00, as
shown in Fig. 8 (x ¼ 0.1).

The evolution of the imaginary part (M00) of the modulus as
a function of frequency at different temperatures is shown in
Fig. 10. The imaginary part of the modulus (M00) exhibits a single
relaxation peak (x ¼ 0.00, x ¼ 0.05), centered at the dispersion
region of the real part of the modulus (M0) associated with the
grain effect. For x ¼ 0.10, it displays a at peak response, but it
is in fact a double peak response Fig. 10 (x ¼ 0.1). The corre-
sponding relaxation ofM00 peaks shied to the higher frequency
This journal is © The Royal Society of Chemistry 2018
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Fig. 12 Cole–Cole (M00 vs. M0) plot.
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when increasing temperature and the charge carriers move-
ment becomes faster, resulting in a decrease in relaxation
time.18,62 This behavior conrms that the relaxation is temper-
ature dependent, and that the charge carriers hopping is taking
place.57,63 The plot of the imaginary part of the electric modulus
(M00) represents two parts. The rst part, at low frequency i.e. the
region on the le of the peak presents the frequencies range in
which the ions can move over long distance i.e. ions can
successfully jump from one site to the neighboring site. The
second part, at high frequency i.e. the frequency above
maximum (the region on the right of the peak) shows the region
in which ions are conned to their potential wells.64

The variation in the peak position of the real part and the
imaginary part of the modulus of CETCox is related to the
variation in the microstructure and cation distribution with
temperature. Furthermore, the asymmetric broadening of the
imaginary part peaks suggests that the conduction mechanism
is related to non-Debye type.65
Table 3 The calculated values boundary (s) relaxation time of CETCox a

x ¼ 0.00 x ¼ 0.05

T (K) M00
max (10

�4) fmax (Hz) s (s) (10�5) M00
max (10

�4)

600 5.3876 20 260 78, 556 5.7917
620 5.2041 39 480 40, 312 6.0695
640 5.2273 45 790 34, 757 5.9102
660 5.3369 49 310 32, 276 5.7489
680 5.2223 57 190 27, 829 5.5156
700 5.3866 61 590 25, 841 4.9890

This journal is © The Royal Society of Chemistry 2018
The normalized imaginary part of the modulus M00/M00
max as

a function of frequency at different temperatures is shown in
Fig. 11. The normalized functions of M00/M00

max is used to prove
that the relaxation mechanism is dominated by the long-range
or the short-range movement of charge carriers.66 We can notice
from Fig. 11 that the separation between the normalized M00

peaks indicates that the relaxation mechanism is dominated by
the short range movement of charge carriers. In addition, the
broadening of the observed peaks indicates the existence of
electrical mechanism with a spread of the time relaxation
processes.67

The Cole–Cole plot (M00 vs. M0) for CETCox (x ¼ 0.00, 0.05,
0.10) at T¼ 680 K is shown in Fig. 12. The Cole–Cole plot (M00 vs.
M0) is more effective than the Nyquist plot of impedance (Z00 vs.
Z0) in separating the relaxation effects from grains (conducting
regions) and grain boundaries (resistive plates) in materials. We
can notice from Fig. 12 the existence of one semicircle for x ¼
0.00 and 0.05, indicating that the grain boundaries effect is
t different temperature for all compounds

x ¼ 0.10

fmax (Hz) s (s) (10�5) M00
max (10

�4) fmax (Hz) s (s) (10�5)

7727 2, 0597 6.711 9652 1, 6489
12 980 1, 2261 8.0635 15 060 1, 0568
13 980 1, 1384 8.8870 27 250 0, 584
13 980 1, 1384 7.4190 82 850 0, 1921
15 060 1, 0568 6.9366 111 500 0, 1873
16 220 0, 9812 6.1743 187 300 0, 0849

RSC Adv., 2018, 8, 17139–17150 | 17147
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Fig. 13 Variation of relaxation time (s) with inverse temperature (1/T)
of CETCox for x ¼ 0.00, 0.05 and 0.10.
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more dominant than the grain effect in the conduction mech-
anism.68,69 For x ¼ 0.10 the Cole–Cole plot shows the existence
of two successive semi-circular peaks. The rst semicircle is
attributed to the contribution of grain boundary (interfacial
properties) and the second one is associated to the grain (bulk
properties). This indicates the existence of two relaxation
processes with two relaxation times (s) for each relaxation.

The relaxation time (s) is determined from the peak height of
the plot ofM00 versus frequency (Fig. 10), which reveals the short
range or the long range movement of charge carriers.70 It can be
calculated using the following expression:

sgb ¼ 1

2Pfmax

;

where fmax is the relaxation frequency.
The calculated value of the relaxation time is presented in

Table 3.
The evolution of the relaxation time of grain boundary as

a function of 1/T is shown in Fig. 13.
The activation energy in the relaxation mechanism is deter-

mined by the temperature-dependent sgb, which obeys the
Arrhenius law based on the following relation:

sgb ¼ s0 exp

�
Ea

KT

�

where s0 is the pre-exponential factor, Ea is the activation
energy, k is Boltzmann constant, and T is the absolute
temperature.

The grain boundary activation energy value is calculated
from the slope of Log(sgb) versus 1/T and mentioned in Fig. 13.
The activation energy value suggests that the high-temperature
dielectric relaxation is also a thermally-activated process.71 The
Ea value increases with the increase of Co rate. This result can
be associated with the lower value of conductivity which
supports the resistive nature of doped sample. However, for
higher values of x, the grain boundary thickness with high
resistance increases; therefore, more energy is required for the
hopping of electrons between ions.
17148 | RSC Adv., 2018, 8, 17139–17150
4. Conclusion

CETCox samples were successfully synthesized by sol–gel
method. The dielectric properties of CETCox were investigated.
The dielectric permittivity (30) plot as a function of temperature
shows a classic phenomenon for x ¼ 0.00. Then, a small shi
was observed for x ¼ 0.05 and 0.10, which proves the existence
of a relaxor phenomenon. The plot of the dielectric constant
presents a maximum (30max) at high temperature explained by
the space charge polarization. This fact is caused by the
imperfection in materials and the mobility of ions. Results,
also, show that the dielectric loss (tan d) as a function of
temperature has the same evolution of 30. This observation
conrms the relaxor process. In order to explain the dielectric
phenomenon, we used the Curie–Weiss law and modied
Curie–Weiss law. The electrical properties of our compounds
deduced from the complex electric modulus show a conduction
process due to the short range mobility of charge carriers. The
imaginary part of the modulus proves that the relaxation is
temperature dependent, and that the charge carriers' hopping
is taking place.
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