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Abstract. The effect of Zn+2 ions on the AC conductivity and dielectric properties of Mn1−x Znx Fe2 O4 (x = 0.00.1, 0.2, 0.3, 0.4, and 0.5) nanoferrites prepared by solid state reaction method in the frequency range of 100 kHz – 5 MHz
at temperatures between 300 K and 610 K. AC conductivity (σac ) and dielectric
constant (ε0 ) measurements showed that all samples have semiconducting behavior and were increased with increasing temperature and frequency. The variation of the dielectric loss factor (ε00 ) with temperature and frequency showed
two distinct regions, the first one from 300 K to 350 K which was frequency
and temperature independent and the second region from 350 K to 610 K was
frequency and temperature dependent. The AC conductivity and dielectric properties have been explained on the basis of space charge polarization according to
Maxwell-Wagner and correlated barrier hopping (CBH) models. The electron
hopping between Fe+2 and Fe+3 ions as well as hole hopping between Mn+2
and Mn+3 ions.
The sample with Zn content (x = 0.1) has low AC conductivity but has the
highest dielectric constant and dielectric loss factor values.
PACS codes: 77.22.Gm, 77.22.-d, 75.50.Gg

1

Introduction

Ferrites of common use for inductors, transformers, and etc. are natural
magneto-dielectrics, that is, they naturally combine magnetic and dielectric
properties. In artificial magneto-dielectrics (powder magnetic) a binding material is quite good dielectric [1]. Ferrites have wide range of applications from
microwave to radio frequencies. With rapid expansion in the field of solid state
electronics, it is important to study their behavior at different frequencies [2-3].
Ferrites show high dielectric constant and the dispersion of dielectric constant in
frequency range from 20 Hz to 1 GHz [4]. Ferrites have low conductivity, which
is one of the important considerations for microwave applications. The order of
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magnitude of AC conductivity greatly influences the dielectric and magnetic behavior of ferrites, this has raise the interest in AC conductivity and the frequency
dependent in dielectric behavior of ferrites [5].
Mn-Zn elements are important in many high frequency power electronics as
a consequence of their high electrical resistivity [6]. Zn-ferrite has long been
the subject of studying among the spinel ferrites, because it possesses unique
properties such as chemical and thermal stability [7]. Soft magnetic ferrites are
used as cores in modern electronic components such as recording heads, filters,
switching power supply transformers, amplifiers, etc. [8].
Mn-Zn ferrites attracted much attention due to a wide range relative magnetic
permeability value (103 to 104 ) and low magnetic losses as well as increased
thermal stability, high saturation magnetic flux at high temperatures (B > 0.4 T
at 370 K), relatively high Curie temperature and the operating frequency is usually in the range of 1 kHz to 1 MHz, but in some applications the frequency is in
GHz range [9,10]. Mn-Zn ferrites have spinel structure with Fe ions (Fe+2 and
Fe+3 ) at both tetrahedral A-site and octahedral B-site while Mn+2 and Zn+2
ions occupy tetrahedral A-site. The introduction of different metal cations concentration into the soft ferrites, leads to a change in dielectric and magnetic
properties of Mn-Zn ferrites [11]. The electric resistance of the metallic materials is generally low driving the transformer of a switching power supply causes
large eddy current loss at high frequencies [12]. In order to suppress loss, Mn-Zn
ferrites are used in the transformer rather than metallic materials [13].
The aim of this work is to investigate the effect of Zn+2 ions substitution on AC conductivity and dielectric properties of Mn1−x Znx Fe2 O4 (x =
0.0, 0.1, 0.2, 0.3, 0.4, and 0.5) nanoferrites over a wide range of frequencies
(100 kHz – 5 MHz) and temperatures (300 K-610 K).
2
2.1

Experimental Techniques
Samples preparation

The samples of Mn1−x Znx Fe2 O4 nanoferrites (x = 0.0, 0.1, 0.2, 0.3, 0.4, and
0.5) were prepared using the standard ceramic technique. In this method a high
purity of MnCO3 , ZnO and Fe2 O3 were used in stoichiometric ratio and well
ground in agate mortar for 4 h, and pre-sintered in air at 900◦ C for 5 h with
heating rate 4◦ C/min using Lenton UAF16/5 furnace then slow cooled to room
temperature. After that, the samples were grounded again for 3 h and the mixture
was pressed into pellets using hydraulic press of pressure 1.9 × 108 N/m2 then
finally sintered in air at 1300◦ C for 5 h with heating rate 2◦ C/min. The crystallite
size of the prepared samples was estimated by Scherrer’s formula and found in
the range 90–115 nm [8].
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2.2

Samples characterization

The AC conductivity (σ) as well as the dielectric constant (ε0 ) and dielectric loss
factor (ε00 ) of the investigated samples were carried out from room temperature
(300 K) up to 610 K as a function of frequency ranging from 100 kHz to 5 MHz
using LCR Bridge (HIOKI) Model3531 Z Hi Tester Japan. The measurements
were carried out on the prepared samples in the form of disc about 0.85 cm
diameter and 0.2 cm thick.
The dielectric constant (ε0 ) and dielectric loss factor (ε00 ) were determined using
the formulae [14]:
ε0 = Ct/ε0 A ,
00

0

ε = ε tan(δ) ,

(1)
(2)

where: C is the capacitance, t – the thickness, and A – the area of the sample.
The AC conductivity (σac ) was related to the dielectric loss factor ε00 as
σac = wε0 ε00 ,

(3)

where, ε0 is the vacuum permittivity and w = 2πf with f being the frequency.
3
3.1

Results and Discussion
AC Conductivity

The variation of AC conductivity (ln σac ) as a function of the reciprocal
of absolute temperature (1000/T ) at frequencies (100 kHz – 5 MHz) for
Mn1−x Znx Fe2 O4 nanoferrites (x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5) was represented in Figure 1. At each separate frequency, two distinct regions were observed which obey the Arrhenius relation
σac = σ0 exp(−E/kT ) ,

(4)

where σ0 is a constant, E – the activation energy, k – the Boltzmann constant,
and T – the absolute temperature.
In the first region from 300 K to 360 K, there was no pronounced variation of (σ)
with temperature. In the second region, which extended from 360 K to 425 K,
the AC conductivity (σ) was frequency and temperature dependent. Two straight
lines with different slopes were obtained from AC conductivity (σ) data, the
magnitude of each slope depends on the exchange interaction between the outer
and inner electrons of metal ions, which is changed at the transition temperature due to transfer of the system from the ferrimagnetic (ordered) to the paramagnetic (disordered) state, indicating a different conduction mechanisms of
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Figure 1. Dependence of AC conductivity (ln σac ) vs. the reciprocal of absolute temperature (1000/T ) at different frequencies for Mn1−x Znx Fe2 O4 ferrites: a) x = 0.0; b)
x = 0.1; c) x = 0.2; d) x = 0.3; e) x = 0.4; and f) x = 0.5.

Maxwell-Wagner interfacial polarization model and the correlated barrier hopping (CBH) model between (Fe+2 ↔ Fe+3 + e− ) and (Mn+2 + e+ ↔ Mn+3 )
[15-16].
The values of activation energy at low and high temperature regions were calculated and listed in Table 1. It can be seen from these data that the activation
energy values in the paramagnetic region (Epara ) were higher than those of the
ferrimagnetic region (Eferi ). This means that in the paramagnetic region a more
energy was needed to liberate trapped electrons and activate them to participate
in the conduction mechanism. The AC conductivity (σac ) was increased with
frequency where the frequency acted as a pumping force that pushing the localized states between the different conduction states.
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Table 1. The values of activation energy in [eV] at low (Eferri ) and high temperatures
(Epara ) regions for Mn1−x Znx Fe2 O4 ferrites where: (x = 0.0, 0.1.0.3, 0.4, and 0.5) in
frequency range from 100 kHz to 5 MHz
Frequency

x = 0.0
Eferri

x = 0.0
Epara

x = 0.1
Eferri

x = 0.1
Epara

x = 0.2
Eferri

x = 0.2
Epara

100 kHz
200 kHz
400 kHz
600 kHz
800 kHz
1 MHz
2 MHz
3 MHz
4 MHz
5 MHz

0.22
0.20
0.15
0.18
0.19
0.16
0.18
0.19
0.20
0.22

0.34
0.34
0.35
0.33
0.35
0.34
0.33
0.32
0.33
0.34

0.14
0.15
0.15
0.14
0.15
0.16
0.16
0.15
0.14
0.15

0.28
0.29
0.30
0.30
0.31
0.32
0.31
0.30
0.31
0.30

0.17
0.18
0.18
0.17
0.19
0.16
0.16
0.15
0.16
0.16

0.32
0.33
0.33
0.34
0.34
0.33
0.35
0.35
0.36
0.35

Frequency

x = 0.3
Eferri

x = 0.3
Epara

x = 0.4
Eferri

x = 0.5
Epara

x = 0.5
Eferri

x = 0.5
Epara

100 kHz
200 kHz
400 kHz
600 kHz
800 kHz
1 MHz
2 MHz
3 MHz
4 MHz
5 MHz

0.24
0.23
0.23
0.24
0.23
0.23
0.22
0.21
0.21
0.22

0.49
0.48
0.47
0.48
0.47
0.49
0.50
0.50
0.49
0.50

0.14
0.15
0.16
0.17
0.17
0.14
0.17
0.18
0.17
0.18

0.33
0.33
0.34
0.35
0.35
0.36
0.35
0.36
0.36
0.37

0.14
0.14
0.15
0.15
0.14
0.16
0.13
0.14
0.14
0.14

0.40
0.40
0.38
0.39
0.38
0.37
0.37
0.36
0.35
0.35

3.2

Dielectric constant (ε0 )

The dependence of the dielectric constant (ε0 ) on the absolute temperature as a
function of the applied frequency (100 kHz – 5 MHz) for Mn-Zn nanoferrites
were represented in Figure 2. From inspection of these data (ε0 ) was increased
with temperature and decreased with frequency which agreed well with the previous publications [17-18]. This general behavior was nearly the same for all
samples with a small shift in the peak position and the height depending on the
frequency and Zn content (x). The increase of (ε0 ) with increasing temperature
was attributed to the presence of different types of polarization. In the first region (300 K – 375 K), ε0 was nearly temperature independent which means that
the electronic polarization was the most predominant one. Also, in this region, ε0
was increased slowly with temperature at all Zn concentrations because the thermal energy given to the samples was not sufficient to free the localized dipoles to
be oriented in the field direction. In the second region (T > 375 K), by increas48
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Figure 2. Correlation between the real part of dielectric constant (ε0 ) and the absolute
temperature at different frequencies for samples Mn1−x Znx Fe2 O4 : a) x = 0.0; b) x =
0.1; c) x = 0.2; d) x = 0.3, e) x = 0.4; and d) x = 0.5.

ing temperature, the dielectric constant (ε0 ) was increased rapidly. This was due
to larger number of dipoles that became free with such high thermal energy and
the field aligned them in its direction, though increasing the polarization as well
as ε0 but with different rates depending on Zn content (x).
Dielectric constant in ferrites was attributed to four types of polarizations: interfacial, dipolar, atomic and electronic. At low frequencies the four types of
polarizations were contributed. The rapid increase in dielectric constant with
temperature was mainly due to interfacial and dipolar polarizations, which were
strongly temperature dependent [19]. In case of the interfacial polarization
which was due to the accumulation of charges at the grain boundaries, an increase in polarization resulted as more charges that reached the grain boundaries
with increasing temperature. The relatively insignificant variation of dielectric
constant with temperature observed at high frequencies was attributed to atomic
and electronic polarizations which were independent of both frequency and temperature.
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3.3

Dielectric loss factor (ε00 )

The variation of the dielectric loss factor (ε00 ) with temperature as a function of
the applied frequency (100 KHz – 5 GHz) for Mn-Zn ferrites with different Zn
contents (x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5) was illustrated in Figure 3. Two
distinct regions were observed, the first one from (300 K to 350 K), in which ε00
was frequency and temperature independent and a second region (T > 350 K),
which was frequency and temperature dependent [20]. The obtained data of ε00
can be discussed that in the first region, the localization of dipoles were hardly
affected by the small amount of energy. In the second region, the high thermal
energy given to the system was quite sufficient to free the localized dipoles and
at the same time the internal viscosity of the samples was decreased by heating.
The result of this was the increase in dipole motion, i.e. increase the disorder.
Maxwell–Wagner’s two layers model [15,16] which pointed out that the powder
samples of ferrites prepared by calcinations at high temperatures have two layers

Figure 3. Variation of the dielectric loss factor (ε00 ) on absolute temperature as a function
of the applied frequencies for Mn1−x Znx Fe2 O4 ferrites: a) x = 0.0; b) x = 0.1; c)
x = 0.2; d) x = 0.3, e) x = 0.4; and d) x = 0.5.
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of conducting and insulating behaviors, this can explain the variation of ε00 with
temperature.
The dielectric loss factor (ε00 ) was found to decrease with increasing the applied
frequency which agreed well with the Deby type of relaxation process [21,22].
3.4

Compositional variation of AC conductivity and dielectric properties

Figure 4 showed the compositional (Zn) dependence of (σ, ε0 and ε00 ) at different
frequencies and T = 350 K. The AC conductivity (σ), the dielectric constant (ε0
and dielectric loss factor (ε00 ) have the same trend of variation which confirmed

Figure 4. Dependence of dielectric constant (ε0 ), dielectric loss factor (ε00 ) and AC
conductivity (σ) on Zn content (x) at different frequencies with T = 350 K for
Mn1−x Znx Fe2 O4 ferrites.
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that the mechanisms of AC conductivity and dielectric properties have the same
origin [14] which agreed well with equations (1,2,3).
The values of σ, ε0 and ε00 were high for small Zn contents (x = 0.1 and 0.2)
and were decreased at x ≥ 0.3. This result was due to electron hopping between
Fe+2 and Fe+3 ions. The direct reason of the decrease in electrical and dielectric
properties was that the nonmagnetic Zn+2 ions decreased the Mn+2 ions on the
A-site thereby decreasing the polarization. In addition, the presence of Fe+2
and Fe+3 ions simultaneously on the B-sites played a significant role in the
conduction process according to the electron exchange between these two ions,
with the presence of Zn+2 ions on A-sites. As Zn content (x) increased on Asites, Mn+2 ions will be decreased on A-sites, thereby the hole hopping between
Mn+2 / Mn+3 leading to a decrease in polarization and consequently a decrease
in σ, ε0 and ε00 .
4

Conclusion
1. AC conductivity measurements showed that all samples of Mn-Zn ferrites
have semiconducting behavior, where the conductivity was increased with
temperature and was frequency dependent.
2. The dielectric constant (ε0 ) was increased with the increase in temperature
and decreased with the increase in frequencies (100 kHz – 5 MHz) and
two different regions were obtained that indicated to the different types of
polarization.
3. The dielectric loss factor (ε00 ) was independent on temperature and frequency in the range (300 K – 350 K) and was dependent on frequency at
T > 350 K.
4. AC conductivity (σ), dielectric constant (ε0 ) and dielectric loss factor (ε00 )
of Mn-Zn ferrites have been explained on the basis to the space charge
polarization according to Maxwell–Wagner model and the correlated barrier hopping (CBH) model of electron hopping between Fe+2 and Fe+3
as well as hole hopping between Mn+2 and Mn+3 ions.
5. As Zn+2 was increased on A-sites, Mn+2 ions will be decreased on Asites and will occupy B-sites, thereby hole hopping between Mn+2 /Mn+3
leading to a decrease in AC conductivity (σ), dielectric constant (ε0 ) and
dielectric loss factor (ε00 ) of Mn-Zn ferrites.
6. The sample Mn1.9 Zn0.1 Fe2 O4 has low AC conductivity (σ) value, i.e
(high resistivity) and have the highest values of dielectric constant (ε0 )
and dielectric loss factor (ε00 ).
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