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Abstract—We report on the behavior of frequency and temperature dependences of the impedance of a mea-
suring cell in the form of a parallel-plate capacitor filled with barium hexaaluminate ceramics with four alu-
minum cations replaced by iron (BaO ⋅ 2Fe2O3 ⋅ 4Al2O3). The measurements have been performed in the fre-
quency range of 0.5–108 Hz at temperatures of 20–375°C. A technique for determining the electrical prop-
erties of the investigated ceramics is proposed, which is based on an equivalent electric circuit allowing the
recorded impedance spectra to be approximated with sufficiently high accuracy. The established spectral fea-
tures are indicative of the presence of two electric relaxation times different from each other by three orders
of magnitude. This fact is explained by the difference between the charge transport processes in the bulk of
crystallites and thin intercrystallite spacers, for which the charge activation energies have been determined.
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1. INTRODUCTION
At present, researchers take an active interest in

high-temperature ceramics based on barium hexaalu-
minate BaO ⋅ 6Al2O3 with isomorphic substitution of
iron or manganese oxides for aluminum oxide, which
leads to the occurrence of a number of new structural,
mechanical, and electrical properties important for
engineering applications [1]. These ceramics are used
in fabrication of gas turbines due to their high refrac-
tory characteristics and, in addition, exhibit the cata-
lytic properties of deep oxidation of a fuel during its
high-temperature (up to 1700 K) combustion [2, 3].
On the other hand, these ceramics have an electrical
conductivity and can therefore be used in high-tem-
perature heating elements operating in air. In this case,
the strong temperature dependence of the ceramics
conductivity opens the opportunities for application in
electronics, e.g., in heat resistors for automating of
various high-temperature technological processes.
Study of the electrical properties of ceramics is
important not only for solving application tasks, but
also for understanding the nature of specific features
observed in these materials, including the high-tem-
perature polarization and electric relaxation.

It is well known that the electrical conductivity of
ceramic materials is caused by the ions located near

defects: in interstitial sites or near vacancies of the
crystal lattice. Such ions can move from one defect to
another and, in an electric field applied to the sample
contacts, the electric current caused by the ion drift
toward electrodes arises. If a ceramic material contains
one-element ions of different valences, then the elec-
trical conductivity can be caused by electrons hopping
between these ions (electron hopping conductivity).
This conductivity type is characteristic of a great num-
ber of ceramic materials, including the magnetically
ordered compounds (ferrites) containing different-
valence ions of 3d metals in the crystal lattice [4].

A specific feature of the studied barium hexaalumi-
nate ceramics with four aluminum cations replaced by
iron (BaO ⋅ 2Fe2O3 ⋅ 4Al2O3) is that iron ions are in the
di- and trivalent states in the octahedral positions of
the crystal lattice with a magnetoplumbite structure
[3]. This facilitates electrons hopping between the
localized ion states Fe2+ ↔ Fe3+ + e– and the occur-
rence of electron hopping conductivity. However, at
this conductivity type, the spatial motion of electrons
in ceramics can often be limited by various structural
defects and potential barriers at the crystallite bound-
aries, including those on the intercrystallite spacers,
where the charge accumulation regions can form. This
leads to the occurrence of local electric fields directed
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oppositely to the external electric field and to the spa-
tially inhomogeneous (migration) polarization. The
occurrence of the migration polarization is indicated
by the anomalous growth of the real and imaginary
permittivity components in the low-frequency range
[5].

At present, there is a lack of detailed understanding
of the electric polarization processes and nature of the
conductivity in the ceramic materials based on barium
hexaaluminate, because of insufficient experimental
studies. They could be carried out, in particular, using
impedance spectroscopy, which has been successfully
used in studying the electrical properties of liquid
crystals doped with an ion surfactant [6], electrode–
liquid crystal interfaces [7], and electrical properties of
thin magnetic films with a nanoisland structure [8].
Study of the impedance spectra are of special impor-
tance for the ceramic materials representing heteroge-
neous media with the complex composition and struc-
ture, the electrical properties of which originate from
various processes of motion and accumulation of elec-
tric charges in both dc and ac electric fields.

Here we experimentally study the electrical proper-
ties of the barium hexaaluminate ceramics BaO ⋅
2Fe2O3 ⋅ 4Al2O3 at different temperatures and frequen-
cies to establish the correlation between electric charge
transport and dielectric characteristics of this ceram-
ics. The studies were carried out in the temperature
range of 20–375°C at the electric field frequencies
from 0.5 Hz to 100 MHz via measuring the impedance
Z = Z ' – iZ '' of a measuring cell in the form of a paral-
lel-plate capacitor filled with the studied ceramics.

2. EXPERIMENTAL RESULTS

The studied ceramics was fabricated by hot press-
ing and sintering of the initial barium hexaaluminate
prepared by the mechanochemical method described
in [3]. In the initial material, four aluminum cations
are replaced by iron (BaO ⋅ 2Fe2O3 ⋅ 4Al2O3). Measur-
ing cells for experiments were fabricated in the form of
parallel-plate capacitors containing plates 22.6 × 8.4
× 1.5 mm in size cut from the obtained ceramics and
metallized on their both sides by thermal vacuum
deposition of chromium or nickel with a thickness of
0.5 μm onto polished plate surfaces. It is worth noting
that the choice of a contact material is very important
for recording the impedance spectra, since electric
charge accumulation regions can form near electrodes
[7] and induce additional migration polarization, thus
masking the polarization and relaxation processes in
the bulk of the studied material. The frequency depen-
dences of the impedance of the fabricated samples
were measured on an Agilent E5061B network ana-
lyzer at frequencies from 0.5 Hz to 100 MHz and tem-
peratures from 20 to 375°C.

Figure 1 shows frequency dependences of the abso-
lute value of the impedance |Z|( f ) and phase shift

angle ϕ( f ) between the current and voltage in a capac-
ity measuring cell with the studied ceramics and chro-
mium electrodes. The dependences were obtained at a
temperature of t = 20°C. It can be seen that the abso-
lute value of the impedance of the studied ceramics
(curve 1) in the low-frequency region ( f ~ 0.5 Hz)
attains its maximum value of |Z| ~ 780 kΩ, but, as the
frequency increases to f ~ 108 Hz, the impedance drops
by almost five orders of magnitude (to |Z| ~ 20 Ω). The
phase-frequency response of the impedance (curve 2)
has the pronounced minimum ϕmin ~ –32° at f =
100 Hz and maximum ϕmax ~ ‒14° at f = 2.5 kHz.
With a further increase in the frequency, the phase
shift tends to a value of ϕ = –90°, which is indicative
of a significant decrease in the loss in the capacity cell
and of the almost complete disappearance of the con-
ductivity contribution to the dielectric polarization of
the studied ceramics. Note that the behavior of |Z|( f )
and ϕ( f ) for the sample measuring cell with nickel
electrodes does not qualitatively differ from the
dependences shown in Fig. 1.

The decrease in the conductivity contribution to
the dielectric polarization of the ceramics at high fre-
quencies is confirmed by the frequency dependence of
the dissipation factor tanδ( f ) (inset in Fig. 2), which
is determined as a ratio between the real impedance
component Z ' = |Z|cosϕ and imaginary impedance
component Z '' = –|Z|sinϕ. The frequency dependence
of Z ' is shown in Fig. 2 by closed circles (curve 1) and
the frequency dependence of Z '', by open circles
(curve 2). In the tanδ( f ) dependence near f =
2.5 kHz, one can see the pronounced maximum
attaining a value of tanδ ~ 4; however, with an increase
in frequency, the dissipation factor rapidly decreases
and at f = 100 MHz, it amounts to ~10–2.

To interpret the electrical processes occurring in
the studied ceramics in an ac electric field, it is conve-

Fig. 1. Frequency dependence of the absolute value of the
impedance |Z|( f ) (closed circles) and phase shift angle
ϕ( f ) between the current and voltage (open circles) of a
capacity cell with chromium electrodes on the BaO ⋅
2Fe2O3 ⋅ 4Al2O3 ceramics.
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nient to analyze the measured spectra by presenting
them in the form of a hodograph [6, 8], which is the
dependence of the imaginary impedance component
Z '' on the real component Z ' (Fig. 3). It can be seen in
Fig. 3 that the hodograph forms two contacting
incomplete semi-circumferences, one (with a smaller
diameter) starting nearly with the reference point and
corresponding to the impedance spectrum in the
high-frequency range and the other (with a larger
diameter), corresponding to the impedance spectrum
in the low-frequency range. Such a form of the hodo-
graph indicates the existence of two different conduc-
tivity mechanisms in the studied ceramics, which can
be demonstrated using the equivalent circuit shown in
the inset in Fig. 3.

The equivalent circuit consists of two circuits con-
nected in series, each being a resistor (active element)
with a parallel reactive element (R1, 2 and CPE1, 2 in the
circuit, respectively). These elements are included in
the circuit because the centers of both the large and
small semi-circumferences forming the hodograph in
Fig. 3 are located below the ordinate axis, which is a
typical sign of the existence of structural and electrical
inhomogeneities in the studied substance, the proper-
ties of which are determined by the parts with the non-
uniform active and reactive characteristics [9]. Select-
ing the nominals of elements of the equivalent circuit,
we can approximate the points of the hodograph built
on the basis of the measured impedance spectra with
the required accuracy.

The nominals of the active elements of the equiva-
lent circuit can be easily determined from the follow-
ing considerations. At the frequency f → 0, a point of
intersection of the right-hand edge of the large semi-
circumference with the abscissa axis corresponds to
the static resistance of the studied sample: Z ' ≡ Rs ~

7.8 × 105 Ω. Note that, taking into account the sample
sizes, we can determine the resistivity of the studied
ceramics: ρs ~ 9.6 × 104 Ω m. Obviously, the resistance
Rs is the sum of resistances R1 and R2 in the equivalent
circuit (see the inset in Fig. 3). The resistance R1 can
be determined by extrapolation of the right-hand edge
of the small semi-circumference arc of the hodograph
in Fig. 3 to the intersection with the Z ' axis (R1 ~ 1.7 ×
105 Ω). As a result, we have the resistance R2 = Rs –
R1 ~ 6.1 × 105 Ω. Note that the two frequencies corre-
sponding to the semi-circumference maxima in the
hodograph are the frequencies of electric relaxation of
two conductivity mechanisms: f1 ~ 3.3 × 104 Hz and
f2 ~ 26.5 Hz. These frequencies allow us to determine
the corresponding relaxation times: τ1 ~ 4.8 × 10–6 s
and τ2 ~ 6.0 × 10–3 s.

In determining the nominals of the reactive ele-
ments of the equivalent circuit, it is necessary to take
into account the fact that the structure of ceramic
materials is, as a rule, inhomogeneous due to the dif-
ference between sizes and orientations of crystallites
separated by intercrystallite spacers. The crystallites
are randomly distributed over a sample and form spe-
cific fractal conducting and polarization structures;
the intercrystallite spacers in many ceramics are amor-
phous; however, they can also be partially crystallized.
In such materials, the characteristics of reactive con-
stant phase elements (CPEs) in the equivalent circuit
is a universal tool for modeling the observed complex
polarization phenomena related to charge accumula-
tion and transport in a sample. For the studied ceram-
ics, the CPE can be considered as a nonideal capacitor
with the frequency-dependent capacitance and Q fac-
tor or as an element the characteristics of which corre-
spond to the characteristics of a fragment of the fractal
structure of a substance [10]. In this case, the CPE

Fig. 2. Frequency dependences of the real (1) and imagi-
nary (2) components of the impedance of the BaO ⋅
2Fe2O3 ⋅ 4Al2O3 ceramics measured on a capacity cell with
chromium electrodes. Inset: frequency dependence of the
dissipation factor.
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Fig. 3. Hodograph of the impedance of a capacity cell with
chromium electrodes on the BaO ⋅ 2Fe2O3 ⋅ 4Al2O3
ceramics. Dots show the experiment and the solid line, the
results of approximation with the use of the equivalent
electric circuit.
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impedance can be written in the form ZCPE = 
[10], where A is the proportionality factor, i is the
imaginary unit, and η is the index of fractal dimen-
sionality of the structure. At η = 1, the CPE is a con-
ventional capacitor and the coefficient A has a capaci-
tance dimensionality. It is convenient to write the CPE
complex impedance with the separated real and imag-
inary parts

(1)

Obviously, for the electrical circuit consisting of
two links connected in series (see the inset in Fig. 3),
the total impedance Z(ω) is the sum of impedances of
each link, Z1(ω) and Z2(ω)

(2)
The impedances of each of two links of the equivalent
circuit were calculated using the formula from [11],
which was obtained with regard to (1):

(3)

The parameters of the reactive elements of the
equivalent circuit were chosen to ensure the minimum
deviation of the frequency dependence of its imped-
ance from the corresponding characteristics measured
of the experimental samples. Figure 3 (solid line)
shows the results of approximation, which are in good
agreement with the experimental data. This confirms
the validity of using the two-link equivalent circuit for
modeling the polarization and charge transport prop-
erties in the studied ceramics.

The optimal parameters of the equivalent circuit
elements obtained for the studied BaO ⋅ 2Fe2O3 ⋅
4Al2O3 ceramic samples with chromium and nickel
electrodes are given in Table 1. It can be seen that the
resistances R1 and R2 of the sample with nickel elec-
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trodes are noticeably higher, which can be explained
by the higher contact resistance of nickel electrodes
and the measurement data obtained on the sample
with chromium electrodes can therefore be considered
to be more accurate. It is important that although the
resistances R1 and R2 corresponding to the electrical
resistances of crystallites and intercrystallite spacers
slightly differ from each other, taking into account that
the spacer thickness is significantly smaller than the
crystallite size, we can state that the resistivity of the
spacers is many times as large as the resistivity of crys-
tallites. As a result, charges can be accumulated on
these spacers between crystallites with the formation
of a network of specific capacitors with high capaci-
tance, which gives rise to the so-called migration
polarization. This fact is confirmed by the CPE2
capacitance coefficient A2 of the intercrystallite spac-
ers and exceeding the crystallite capacitance coeffi-
cient A1 (Table 1).

As is known, the electrical properties of the studied
ceramics strongly depend on temperature; in particu-
lar, upon heating of the ceramics, its electrical con-
ductivity rapidly grows [3]. In addition, it is well
known that, in the case of hopping conductivity, upon
heating of the material the probability of overcoming
the barriers by carriers increases; as a result, the resis-
tance of the ceramics will exponentially decrease
according to the Arrhenius law Rs(T) =

, where Ea is the activation energy, T is
the temperature (K), and kB is the Boltzmann con-
stant. To determine the activation energy, we mea-
sured frequency dependences of the impedance of the
studied ceramics in the temperature range from 20 to
375°C, which were used to calculate the nominals of
the corresponding elements of its electrical model
(equivalent circuit).

Figure 4 shows temperature dependences of the
resistances R1(t) and R2(t) of the electrical model of
the ceramic sample with chromium electrodes. For
the sake of convenience, we built the dependences on
the reciprocal absolute temperature in logarithmic
coordinates. It can be seen that the presented depen-
dences contain two portions each, which are well
approximated by straights. This confirms that the
experimental temperature dependences of both the
crystallite resistance R1(t) and intercrystallite spacer
resistance R2(t) obey the Arrhenius law in each por-
tion. In addition, it is important that the approximat-
ing straights intersect at the point tc1 ~ 110°C for the
temperature dependence of the crystallite resistance
and at the point tc2 ~ 75°C for the temperature depen-
dence of the intercrystallite spacer resistance.

Obviously, using the Arrhenius law, we can easily
determine activation energies for each portion of the
temperature dependences from the slope of the
approximating straights. It was found that these ener-
gies in the low-temperature portions are almost twice

a Bexp( / )sR E k T

Table 1. Parameters of elements of the equivalent circuit for
BaO ⋅ 2Fe2O3 ⋅ 4Al2O3 ceramic capacity cells with chro-
mium and nickel electrodes

Electrode material Cr Ni

R1, Ω 1.7 × 105 2.2 × 105

R2, Ω 6.1 × 105 1.8 × 106

η1 0.76 0.85
η2 0.75 0.72

A1, (Ω–1 sη) 6.5 × 10–10 1.6 × 10–10

A2, (Ω–1 sη) 3.7 × 10–8 2.4 × 10–8
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as low as in the high-temperature portions for both
crystallites (E1L ~ 0.22 eV and E1H ~ 0.48 eV) and inter-
crystallite spacers (E2L ~ 0.24 eV and E2H ~ 0.49 eV) of
the studied ceramics. Comparing the activation ener-
gies for crystallites and intercrystallite spacers, we can
see that the difference between them in the low-tem-
perature portions is smaller than 10%, while in the
high-temperature portions, only 2%. Therefore, the
hopping conductivity mechanism related to electrons
hopping between localized states of ions Fe2+ →
Fe3+ + e– is implemented both in the bulk of crystal-
lites and in the intercrystallite spacers.

Although the temperature dependences of the
impedance strongly change with increasing tempera-
ture, they are still well approximated by the two-link
electric circuit (see the inset in Fig. 3). This fact
allowed us to determine temperature dependences of

the nominals of the equivalent circuit, which are given
in Table 2 for three temperatures corresponding to the
boundaries of the studied temperature range and
approximately to its middle point. It can be seen from
Table 2 that upon heating the ceramics, we observe,
along with a significant decrease in the resistances R1
and R2, the significant increase in the capacitance
coefficients A1 and A2 of CPEs in the equivalent cir-
cuit. This can be explained by the fact that with an
increase in temperature, the probability of hopping of
the electrons involved in the hopping conductivity of
the ceramics grows, which facilitates the increase in
the density of chargers accumulated on the crystallite
and intercrystallite spacer boundaries. As expected,
the fractality coefficients of the crystallite structure
(η1) and intercrystallite spacers (η2) remain almost
invariable with increasing temperature.

It is well known that the inhomogeneous polycrys-
talline structure of ceramic materials, which usually
contains various defects, significantly affects not only
the frequency dependences of the complex permittiv-
ity, but also the frequency dependences of the complex
conductivity. The frequency dependences of the com-
plex permittivity components ε'(ω) and ε''(ω) and
complex conductivity components σ'(ω) and σ''(ω)
can be easily calculated using the spectra of the real
Z '(ω) and imaginary Z ''(ω) components of the com-
plex impedance of the measuring capacity cell (Fig. 2)
filled with the studied material using the formulas [12,
13]

(4)

and

(5)

where d is the ceramic plate thickness, S is the measur-
ing capacity cell contact area, and ε0 is the permittivity
of vacuum.

Figure 5 shows frequency dependences of the real
and imaginary components of the permittivity (cir-
cles) and conductivity (triangles) calculated from for-
mulas (4) and (5) from the impedance spectra
recorded at a temperature of t = 20°C. It can be seen
that in the studied range of 0.5–108 Hz, ε' decreases
with increasing frequency by approximately three
orders of magnitude and ε'' decrease by almost six
orders of magnitude, while σ' increases by five orders
of magnitude and σ'' almost doubles. Note that the
observed features in the behavior of the presented
dependences are apparently related to the features of
charge polarizations and motion in the studied ceram-
ics, which is confirmed, in particular, by the presence
of two relaxation frequencies f1 ~ 3.3 × 104 Hz and
f2 ~ 26.5 Hz measured from the impedance hodograph
(Fig. 3).
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Fig. 4. Temperature dependence of resistances R1 (closed
symbols) and R2 (open symbols) calculated from the
impedance spectra for the equivalent circuit of a capacity
cell filled with the BaO ⋅ 2Fe2O3 ⋅ 4Al2O3 ceramics.
Straight lines show the approximation of the portions of
the dependences by the Arrhenius law.
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Table 2. Parameters of elements of the equivalent circuit for
a BaO ⋅ 2Fe2O3 ⋅ 4Al2O3 ceramic capacity cell with chro-
mium electrodes obtained from the impedance spectra
recorded at three temperatures

Sample 
temperature, °C 20 160 375

R1, Ω 1.7 × 105 2.3 × 103 43

R2, Ω 6.1 × 105 5.4 × 103 65

η1 0.76 0.71 0.87
η2 0.75 0.78 0.77

A1, (Ω–1 sη) 6.5 × 10–10 3.3 × 10–9 1.6 × 10–9

A2, (Ω–1 sη) 3.7 × 10–8 8.1 × 10–8 1.9 × 10–7



PHYSICS OF THE SOLID STATE  Vol. 60  No. 2  2018

IMPEDANCE SPECTROSCOPY STUDY 279

In addition, it should be noted that the relatively
large values of the permittivity components observed
in the low-frequency range are caused by the migra-
tion polarization of the ceramics due to the charge
accumulation at the interfaces between crystallites and
existing polycrystalline structure defects. In the high-
frequency and microwave ranges, the migration polar-
ization gradually disappears due to the high inertia of
the processes of charge accumulation at the crystallite
boundaries and on defects of the studied ceramics; in
this frequency range, the permittivity is only caused by
the polarization of the ceramics crystal structure.

As we mentioned above, crystallites in the studied
ceramics form specific fractal conducting and polar-
ization structures and, therefore, the theoretical
approximation of the experimental frequency depen-
dences of the real and imaginary permittivity compo-
nents is most convenient to perform using the Cole–
Cole model, in which the complex permittivity is
described by the equation

(6)

Here, εs is the static permittivity, ε∞ is the high-fre-
quency (optical) permittivity, τ is the average permit-
tivity relaxation time, and the parameter 0 < α < 1
characterizes the degree of the relaxation time spread
around a certain average value. Using Eq. (6), we can
easily obtain the expressions for the real (ε') and imag-
inary (ε'') permittivity components [14]. However,
taking into account the fact that the studied ceramics
is characterized by the complex conductivity, the
imaginary permittivity component ε'' should be added

∞
∞ α

ε − εε ω = ε +
+ ωτ

*( ) .
1 ( )

s

j

with a term that takes into account the frequency
dependence of the conductivity

(7)

and

(8)

It is important that there are several theories of
hopping conductivity in materials with a complex
(including fractal) structure; therefore, in modeling
the frequency dependence of the conductivity,
researchers usually choose the empirical models that
take into account specific experimental conditions.
For example, the frequency dependence of the real
part of the hopping conductivity for a great number of
compounds with variable valence is often described by
a power equation like σ'(ω) = σdc + Bωn, where σdc is
the static conductivity, B is the proportionality factor,
and 0 < n < 1 is the exponent [5]. Sometimes, to obtain
agreement with the experiment, more complex power
dependences are used, e.g., σ'(ω) =  +  [15].
In our study, the best approximation of the experi-
mental values presented in Fig. 5, was obtained using
the relation [16]

(9)

Here, ωH is the characteristic frequency of carrier hop-
ping. The results of such an approximation of the real
conductivity component σ'(ω) are shown in Fig. 5 by
the solid line built at the following chosen constants:
a static conductivity of the ceramics of σdc = 1 ×
10‒5 Ω–1 m–1, a characteristic hopping frequency of
ωH = 200 Hz, and n = 0.35. It can be seen that the the-
oretical dependence σ'(ω) built using formula (9) is in
fairly good agreement with the experiment over almost
the entire frequency range, but at the edge of the high-
frequency range, there is some discrepancy.

The approximation of the measured ε'(ω) and
ε''(ω) dependences using formulas (7) and (8), respec-
tively, with regard to (9) is shown by dashed lines in
Fig. 5 at the following chosen constants: εs = 1.3 × 104,
ε∞ = 9.8, τ = 6 × 10–3 s, and α = 0.78. It can be seen
that the theoretical dependences of the real (ε') and
imaginary (ε'') permittivity components agree fairly
well with the measured values over almost the entire
frequency range. However, at the edge of the high-fre-
quency range, there is a slight discrepancy between the
theory and experiment for ε''(ω), which is apparently
related to the contribution of the real conductivity
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Fig. 5. Experimental dependences of the dispersion of
complex permittivity components ε' and ε'' (circles) and
complex conductivity components σ' and σ'' (triangles).
Lines show the theoretical approximation of the corre-
sponding dependences.
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component σ'(ω), the approximation of which using
formula (9), as was mentioned above, somewhat dif-
fers from the experiment in the high-frequency range.

To theoretically approximate the frequency depen-
dence of the imaginary component of the conductivity
σ''(ω), we use formulas (4) and (5), which yield the
expression

(10)

Figure 5 (solid line) shows the σ''(ω) dependence built
using formula (10), which is qualitatively consistent
with the measurement data; however, it does not
reflect the minor peculiarities in the behavior. This is
explained by the simplicity of the model, where the
σ''(ω) dispersion is determined by the dispersion of
the effective capacitance of the measuring cell with a
sample.

3. CONCLUSIONS
We studied the frequency and temperature depen-

dences of the impedance of a measuring cell in the
form of a parallel-plate capacitor filled with the bar-
ium hexaaluminate ceramics where four aluminum
cations are replaced by iron (BaO ⋅ 2Fe2O3 ⋅ 4Al2O3).
The measurements were performed in the frequency
range of 0.5–108 Hz at temperatures of 20–375°C. A
technique for determining the electrical properties of
the studied ceramics was proposed, which is based on
an equivalent electric circuit allowing the recorded
impedance spectra to be approximated with sufficient
accuracy. Thus, we qualitatively estimated not only the
electrical properties of the ceramics, but also the frac-
tal dimensionality of its structure. The disclosed spec-
tral features show the presence of two electric relax-
ation times, which differ from each other by three
orders of magnitude. This fact is explained by the dif-
ference between the charge transport processes in the
bulk of crystallites with the fractal structure and in thin
intercrystallite spacers; for both, the charge activation
energies were determined.

The dielectric properties of the ceramics were sim-
ulated using the Cole–Cole equation describing the
dispersion properties of materials with a system of
relaxors; the frequency dependence of the hopping
conductivity was also taken into account using the
empirical model from [16]. The models used describe
fairly well the behavior of the complex permittivity and
conductivity components of the ceramics in the stud-
ied frequency range. However, there is a noticeable
deviation of the theoretical dependences from the
measured ones starting from the edge of the high-fre-

σ ω = ε ε ω ω0''( ) '( ) .

quency range, which can be related to the occurrence
of more complex electrical and dielectric relaxation
processes in the studied ceramics. Therefore, to
approximate the observed permittivity and conductiv-
ity dispersion in a wider frequency range, the Cole–
Cole equation with the continuous distribution func-
tion of relaxation times may become necessary [17].
This function can be specified by modeling or deter-
mined numerically from the experimental dielectric
spectra [18].
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