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The temperature-frequency dependences of the dielectric constants of cobalt ferrite prepared by sol-gel 
method involving auto-combustion was studied in the work by impedance spectroscopy. It was established 
that the course of the curves presented in Nyquist coordinates depends on temperature. With increasing fre-
quency, the real ' and imaginary '' components of the dielectric permittivity decrease due to the mechanism 
of the polarization process that is typical for ferrites. In the frequency dependence of the tangent of the 
dielectric loss angle tg , it was found the maximum at a temperature of 298 K at f  56 Hz, since for this 
frequency, the carrier jump frequency coincides with the frequency of the applied external field. It is shown 
that with increasing temperature, the specific conductivity of ferrite CoFe2O4 also increases. The dependence 

'(f) indicates the existence in the studied sample of the DC conductivity, the contribution of which into the 
dielectric response significantly increases with temperature. It is established that the acti-vation energy of 
carriers EA is equal to 0.49 eV. 
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1. INTRODUCTION 
 
By the response to an external magnetic field and by 

the internal magnetic ordering all substances in nature 
can be divided into five groups [1], such as diamagnets, 
paramagnets, ferromagnets, antiferromagnets and ferri-
magnets. Five different types of magnetic states of mat-
ter correspond to the above types of magnetic materials: 
diamagnetism, paramagnetism, ferromagnetism, antifer-
romagnetism and ferrimagnetism. 

Ferrimagnets include substances, the magnetic pro-
perties of which are due to uncompensated antiferromag-
netism. Thus, like ferromagnets, they have high magne-
tic susceptibility, which essentially depends on the ma-
netic field strength and temperature. At the same time, 
ferrimagnets are also characterized by a number of sig-
nificant differences from ferromagnetic materials. Some 
ordered metal alloys have ferrimagnetic properties, but, 
mainly, these are various oxide compounds, among which 
ferrites are of the greatest practical interest [2]. 

Modern communication devices use many parts with 
ferrite cores [3, 4]. Ferrites satisfy rigorous requirements 
for modern elements of communication devices, as well 
as find other applications [5-7]. These are, for example, 
ferrite antennas, unidirectional waveguide isolators, mic-
rowave modulators. The production of ferrites of various 
compositions increases the possibilities of their use, the-
reby ferrites exceed the application limits, for which they 
were originally developed, and began to be used in com-
puter technology, measurement control techniques and 
atomic technology. 

Cobalt ferrite is known as a hard magnetic material 
with high coercivity and low magnetization. These proper-
ties, along with high physical and chemical stability, faci-
litate its use in data storage devices, as well as in mag-
neto-optical and magneto-electric devices [8-11]. 

This work is devoted to the study of the temperature-
frequency dependences of the dielectric properties of the 
CoFe2O4 ferrite obtained by the sol-gel auto-combustion 
(SGA) method [12]. 

2. EXPERIMENTAL 
 
CoFe2O4 ferrite powder was obtained using the SGA 

method. The phase composition was controlled by X-ray 
analysis, which was performed using a DRON-3 diffrac-
tometer with Cu( ) radiation in the range of scan an-
gles of 20º  2  60º and with a step of 0.02°. According 
to the conducted analysis, the peaks of the XRD patterns 
indicate the presence of the spinel cubic structure of the 
Fd3m space group [13]. 

A ferrite brick with a diameter of 0.8 cm and a height 
of 0.12 cm was obtained by pressing at 30 kN a synthe-
sized powder with the addition of a binder, namely, 10 % 
solution of polyvinyl alcohol. This sample was subjected 
to sintering at a temperature of 1300  for 5 hours in an 
atmosphere of air with slow cooling. After sintering and 
grinding, a cobalt ferrite brick with the following geome-
try was obtained: diameter 0.68 cm and height 0.1 cm. 
Thus, the linear seal of the sample L/L was 0.15. 

A graphite electrode/ferrite brick/graphite electrode 
capacitor system was fabricated to carry out impedance 
studies. The dielectric and conducting characteristics of 
the investigated ferrite sample were determined by the 
parameters of the complex impedance 

 
 Z Z jZ  (1) 
 

(here Z  and Z  are the real and imaginary parts of the 
complex impedance, j is the imaginary unit), the meas-
urements of which were carried out using the PGSTAT 
12/FRA-2 Autolab spectrometer in the frequency range 
of 10 – 2-106 Hz. The temperature measurements were 
conducted in the range from 298 K to 723 K with a step 
of 25 K using an SNOL 7.2/1100 electric furnace. 

Taking into account the sample geometry, the specific 
resistivities and frequency dependence of the electrical 
parameters were calculated 

 
 j , (2) 
 

 S Z
h

, S Z
h

, (3) 
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where S and h are the sample base area and height, res-
pectively. 

The complex specific conductivity was determined by 
the following relationship: 

 

 1 j , (4) 
 

 
M

, 
M

, (5) 
 

 
2

2SM Z
h

. (6) 

 
Similarly, based on the measured values of Z , Z , the 

real and imaginary components of the complex dielectric 
permittivity were determined using the correlations 

 
 j , (7) 
 

 2
0 0

h Z
M S Z

, (8) 

 

 2
0 0

h Z
M S Z

, (9) 

 
where   2 f, 0 is the permittivity of vacuum. 

The dielectric losses are calculated by the formula 
 

 tg . (10) 

 
3. RESULTS AND DISCUSSION 

 
3.1 Temperature characteristic of the impedance 

hodograph curves 
 
Fig. 1 presents the impedance hodographs Z   f(Z ). 

The nature of the curves presented in Nyquist coordinates 
depends on temperature. For example, dependences Z (Z ) 
in the temperature range of 298-373 K represent a loop 
consisting of two semicircles. The first area is responsible 
for the contribution to the dielectric response of the sam-
ple grain volume. The presence of the second area located 
to the right of the previous one, can be associated with the 
contribution to the dielectric response of grain boundaries 
or other electrical barriers [14]. 

 

 
 

Fig. 1 – Temperature dependences of CoFe2O4 impedance hodo-
graphs 

With increasing temperature, the second area in the 
Nyquist diagram narrows and completely disappears at 
a temperature of 398 K (see Fig. 2). 

A similar behavior of the dependence Z (Z ) is obser-
ved up to T  448 K inclusive. Already at a temperature 
of  473 K, the Nyquist diagram (see Fig. 3) changes its 
shape and looks like an acute angle, which is about 45º, 
and at a temperature of  673 K, the dependence Z (Z ) 
represents a curve which approaches in shape the right 
angle (Fig. 4). 

The analysis of the diagrams Z (Z ) showed that the 
value of the cobalt ferrite resistance significantly decrea-
ses with increasing temperature that, in fact, is typical 
for semiconductors. 

 

 
 

Fig. 2 – Nyquist diagram at a temperature of 398 K 
 

 
 

Fig. 3 – Dependence Z (Z ) at a temperature of 548 K 
 

 
 

Fig. 4 – Frequency impedance spectrum at a temperature of 
698 K 

– 
Z

, O
hm

  

– 
Z

, O
hm

 
– 

Z
, O

hm
 

– 
Z

, O
hm

 

Z , Ohm 

Z , Ohm Z , Ohm 

Z , Ohm 



 
EFFECT OF TEMPERATURE ON THE DIELECTRIC PROPERTIES OF … J. NANO- ELECTRON. PHYS. 8, 04069 (2016) 
 

 
04069-3 

3.2 Dielectric losses in cobalt ferrite 
 
In Fig. 5 we illustrate the frequency dependences of 

the real  and imaginary  parts of the complex permit-
tivity at a temperature of 298 K. The main trend is that 
the values of  and  decrease with increasing frequency 
for all temperatures. 

This behavior of the real and imaginary parts of the 
complex permittivity is explained by the mechanism of 
the polarization process in ferrites. Due to electronic ex-
change Fe2+  Fe3+ + –, there is a local displacement of 
electron that influences the polarization in ferrites [15] 
along the applied electric field direction. With increasing 
frequency, the polarization decreases as a result of the 
fact that at a certain electric field frequency, there is no 
electronic exchange between the Fe2+ and Fe3+ ions due 
to the applied field action. 

As clearly seen from Fig. 5, the tangent of the diele-
ctric loss angle tg   1 at f  1.67 kHz. It should be noted 
that this frequency increases with increasing tempera-
ture. Thus, for example, at a temperature of 323 K, this 
frequency is 5.25 kHz, and for T  348 K – 7.54 kHz. 
Therefore, cobalt ferrite can compete by the parameter 
tg  with ordinary dielectrics at frequencies higher than 
103 Hz. 

In Fig. 6 we present the frequency dependence of the 
tangent of the dielectric loss angle at a temperature of 
298 K. As seen from the figure, a sharp maximum, the 
value of which is equal to 30, is observed at f  56 Hz. 

 

 
 

Fig. 5 – Dependence of the real  and imaginary  parts of the 
complex dielectric permittivity for different frequencies 

 

 
 

Fig. 6 – Frequency dependence of the loss tangent 

Fig. 7 presents the frequency dependence of the loss 
tangent for different temperatures. As seen from Fig. 7, 
a general tendency to decrease the dielectric losses with 
increasing frequency is observed for the indicated tem-
peratures. At the same time, it should be noted that at 
a temperature of 323 K for f  56 Hz, there is a peak in 
the figure, which is weaker in intensity and equals 26. 
Along with this, at T = 348 K, besides the peak at the 
above frequency, there is another one at a frequency of 
255 Hz, which is much more intense at 373 K. However, 
at T  398 K, the peak at a frequency of 56 Hz comple-
tely disappears, and the second peak intensity increases 
with increasing temperature at which sample CoFe2O4 
is studied (Fig. 8). The reason for this dependence of the 
loss tangent can be the following: with increasing tempe-
rature, the maximum at a frequency of 255 Hz appears 
due to the probable activation of the fault motion at the 
grain boundaries towards the surface that is a manifes-
tation of intergranular polarization. 

The authors of [16] also detected a peak for lithium 
magnesium ferrites in the range of 50 Hz at room tem-
perature. As known [17], largely, the maximum in the 
frequency dependence of the loss tangent arises in that 
case, when the carrier jump frequency coincides with the 
frequency of the applied external field. 

 

 
 

Fig. 7 – Frequency dependence of tg : 1 – 298 K, 2 – 323 K, 
3 – 348 K, 4 – 373 K 

 
 

 
 

Fig. 8 – Tangent of the dielectric loss angle as a function of fre-
quency at different temperatures 
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3.3 Study of the dielectric permittivity of CoFe2O4 
depending on temperature 

 
A relatively high dielectric permittivity, which de-

pends on the frequency, temperature and, above all, the 
material composition is typical for ferrites. With incre-
asing frequency, as a rule, the dielectric permittivity of 
ferrites decreases. Thus, for example, at room tempera-
ture, the real part of the relative dielectric permittivity 
of cobalt ferrite at a frequency of 10 Hz is 550 and at 
f  102 Hz it is equal to 66, and at f  103 Hz – 40. 

The experimental data on the change in the real part 
of the dielectric permittivity with temperature at differ-
ent frequencies are shown in Fig. 9. For all frequencies, 

 monotonously increases with increasing temperature 
in the temperature range of 298-623 K; however, there 
is a sharp increase in the dielectric permittivity in the 
temperature range of 623-698 K. The curve ( ) has a 
maximum on a frequency of 10-2 Hz at a temperature of 
673 K, and on a frequency of 106 Hz – at T  698 K. Thus, 
the change in the real part of the dielectric permittivity 
with temperature has a maximum in the high-tempera-
ture region, which shifts to higher temperatures with inc-
reasing frequency. Ions of variable valence have a great 
influence on the polarization properties of ferrites. An 
increase in the material dielectric permittivity is usually 
observed with increasing their concentration. 

As known [18, 19], in polycrystalline ferrites, the die-
lectric conductivity, as well as the specific conductivity, 
depends on the structure, for example, on the grain size 
of the sample, which, in turn, depends on the synthesis 
method and the ferrite composition. Unlike grains, their 
boundaries have a higher concentration of vacancies and 
other inhomogeneities that mostly affects the electrophy-
sical properties of ferrites. The more ionic vacancies and 
weakly bound electrons are in ferrites, the greater the 
number of dipoles they form, and the higher the dielectric 
permittivity will be. Obviously, the optimum temperature 
for the formation of such dipoles at grain boundaries is 
in the range of 673-698 K depending on the frequency, 
which results in a sharp increase in the real part of the 
dielectric permittivity of cobalt ferrite. 

In Fig. 10 we present the temperature dependence of 
the imaginary part of the dielectric permittivity. As seen, 
they are described by smooth curves, the course of which 
depends on frequency. A sharp increase in  is observed 
at low frequencies. 

 

 
 

Fig. 9 – Temperature dependence of the real part of the dielec-
tric permittivity for different frequencies 

 
 

Fig. 10 – Temperature dependence of the imaginary part of the 
dielectric permittivity for different frequencies 

 
Such a frequency dependence of  is a consequence 

of grain boundary polarization, which is based on the 2-
layer Maxwell-Wagner model. The grain-boundary pola-
rization occurs because of the structural inhomogeneity 
in ferrites. Due to the existence of free charges, the ele-
ctrons jumping at low frequencies can be trapped by in-
homogeneities [20], which prevent the free transfer of 
electric charges in the sample resulting in the accumu-
lation of the latter in some identified its regions. An 
increase in  with increasing temperature at a certain 
frequency is a consequence of a decrease in the resistance 
of ferrites. Because of the low resistance facilitating to 
the electronic transitions, a higher polarization is obser-
ved, that is, the value of  increases. 

 
3.4 Temperature dependence of the specific 

conductivity of ferrites 
 
According to the electrical properties, ferrites belong 

to semiconductors. Their electrical conductivity is due to 
the electron exchange processes between ions of variable 
valence. The electrons participating in the exchange can 
be considered as charge carriers, whose concentration is 
almost temperature-independent. At the same time, with 
increasing temperature, the probability of electron jump 
between ions of variable valence exponentially increases, 
that is, the charge carrier mobility increases. Therefore, 
the temperature change in the specific conductivity of fer-
rites with sufficient (for practical purposes) accuracy can 
be described by the following formula: 

 

 0 exp AE
kT

, (11) 
 

where 0 is the pre-exponential factor, which does not 
depend on temperature,  is the activation energy of 
DC carriers, k is the Boltzmann constant. 

In Fig. 11a we illustrate the frequency dependence of 
the real part of the specific conductivity in logarithmic 
coordinates. The dependence (f) begins to increase at 
room temperature for f  103 Hz. Deviation from linear-
ity of the frequency dependence of the real part of the 
electrical conductivity is observed for  523 K, at that 
the frequency of deviation from linearity increases with 
increasing temperature; and for  548 K (Fig. 11b) 
the above dependence reaches a plateau. This indicates 
that in the studied ferrite, there is the DC conductivity, 
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Fig. 11 – Frequency dependence of the real component of the 
specific conductivity of cobalt ferrite at different temperatures: 
a – T  473 K, b – T  498 K 

 

 
 

Fig. 12 – Diagrams ( ) at T  498 K 
 

whose contribution to the dielectric response increases 
with temperature and becomes dominant at T  548 K. 

The frequency dependence of the real component of 
the specific electrical conductivity is described by the 
Debye relaxation formula 

 

 n
dc A , (12) 

 
where  and n are the parameters, which depend on the 
temperature and composition. The term n is respon-
sible for the polarization component of the specific con-
ductivity. The proportionality factor A is determined as 

 
2 2

6
nqA

k
, (13) 

 
where  is the oscillation frequency of ions in the lattice 
sites, n, q,  are, respectively, the concentration, charge, 
and carrier free path, and k is the Boltzmann constant. 

The value of dc for CoFe2O4 at various temperatures 
is estimated using the diagrams ( ) by extrapolating 
the relationships between  and , which in the low-fre-
quencies range have the form of straight line segments, 
to the intersection with the abscissa (Fig. 12). 

 
3.5 Determination of the carrier activation  

energy 
 
Among the many factors influencing the electrical 

resistance of ferrites, the concentration of divalent iron 
ions Fe2+ is  the  main one.  Under  the  effect  of  thermal  
motion, the weakly bound electrons jump from iron ions 
Fe2+ to  ions  Fe3+ and reduce the valence of the latter. 
With increasing concentration of divalent iron ions, the 
material conductivity linearly increases and the activa-
tion energy  decreases simultaneously. The hole ex-
change between o2+ and 3+ ions  is  also  possible  for  
cobalt ferrite [21]. It follows that with approaching ions 
of variable valence, there is a decrease in the height of 
energy barriers, which should be overcome by electrons 
when passing from one ion to the neighboring. In spinel 
ferrites, the activation energy of electrical conductivity 
is usually in the range from 0.1 to 0.5 eV. Magnetite 
Fe3O4 with   5 10 – 5 Ohm m has the highest concen-
tration of divalent iron ions and, correspondingly, the 
smallest resistivity [22]. 

In Fig. 13 we show the dependence of ln( dc) on the 
inverse temperature. It is seen from the figure that the 
above dependence is linear in the Arrhenius coordinates. 
The presence of a straight line region in the temperature 
dependence of the specific conductivity represented in the 
coordinates of ln( dc) on 103/  indicates the realization 
of the electrical conductivity activation mechanism. 

The activation energy is calculated by the formula 
 

 1 2 1

1 2 2
lnA

kT TE
T T

, (14) 
 

where T1  723 K, T2  298 K, 1, 2 are the DC specific 
conductivities corresponding to the stated temperatures. 

 

  
Fig. 13 – Dependence of the logarithm of the DC specific con-
ductivity on the inverse temperature 
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4. CONCLUSIONS 
 

Thus, the study of the dielectric characteristics found 
from the analysis of the impedance spectra at different 
temperatures allowed to reveal the regularities of their 
change depending on frequency. Based on the Nyquist 
diagrams, the resistance of cobalt ferrite significantly 
decreases with increasing temperature. 

The temperature dependence of the dielectric charac-
teristics of cobalt ferrite is associated with the process of 
thermal excitation of charge carriers. Thus, the electron 
exchange between Fe2+ and Fe3+ ions affects the polari-
zation in CoFe2O4 ferrite. In addition, the nonmonotonic 
nature of the temperature dependence of the real part of 

the dielectric permittivity implies the existence of a con-
tribution to the polarization of the grain boundary pro-
cesses, which is manifested in the vicinity of tempera-
tures of 673-698 K. 

A typical increase in tg  with decreasing frequency 
is a sign of the presence of the DC electrical conductivity. 
Based on the diagrams ( ), we estimated the value of 

dc as a function of temperature, the behavior of which 
is well described by the exponential law, that is the DC 
electrical conductivity expectedly increases with increa-
sing temperature. According to the measurement results 
of the DC conductivity of CoFe2O4 spinel, the activation 
energy of charge carriers, which is equal to 0.49 eV for 
the studied temperature range, is determined. 
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