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A polycrystalline sample of ceramic oxide Ni0.27Cu0.10Zn0.63Fe2O4 was prepared by the solid state reaction method. The

sintered sample was well polished to remove any oxide layer formed during sintering and the two surfaces of the pellet were

coated with a silver paste as a contact material. Among dielectric properties, complex dielectric constant (ε∗ = ε
′
− jε′′), loss

tangent (tanδ) and ac conductivity (σac) in the frequency range of 20 Hz to 2 MHz were analyzed in the temperature range

of 303 to 498 K using a Wayne Kerr impedance analyzer (model No. 6500B). The experimental results indicate that ε′, ε′′,

tanδ and σac decrease with an increase in frequency and increase with increasing temperature. The transition temperature, as

obtained from dispersion curve of ε′, shifts towards higher temperature with an increase in frequency. The variation of dielectric

properties with frequency and temperature shows the dispersion behavior which is explained in the light of Maxwell-Wagner

type of interfacial polarization in accordance with the Koop’s phenomenological theory. The frequency dependent conductivity

results satisfy the Jonscher’s power law, σT (ω) = σ(o)+Aω
n, and the results show the occurrence of two types of conduction

process at elevated temperature: (i) low frequency conductivity, due to long-range ordering (frequency independent, region I),

(ii) mid frequency conductivity at the grain boundaries (region II, dispersion) and (iii) high frequency conductivity at the grain

interior due to the short-range hopping mechanism (frequency independent plateau, region III).
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1. Introduction

The current decade has witnessed vast research

interest in ferrites, which achieved a prime po-

sition of economic and technological importance

within the family of magnetic ceramic oxides be-

cause of their excellent physical properties [1–5].

The physical properties of ferrites are controlled by

the preparation conditions, chemical composition,

sintering temperature and time, type and amount

of substitutions [6]. Various physical properties of

polycrystalline ferrites are highly influenced by

distribution of cations among the sub lattices, na-

ture of grain (shape, size, and orientation), grain

boundaries, voids, inhomogeneities, surface lay-

ers, contacts etc. [7–9]. The information about the

associated physical parameters of the microstruc-

tural components is important since the overall

∗E-mail: belalcuet@gmail.com

properties of the materials are determined by these

components. An important characteristics of fer-

rites is their high value of resistivity and low eddy

current losses [10–12], which make them ideal for

high frequency applications.

For microwave applications, the dielectric prop-

erties, such as dielectric constant and dielectric

loss, are very important as the dielectric constant

affects the thickness of microwave absorbing layer

and the dielectric loss factor (tanδ) of a material de-

termines dissipation of the electrical energy. This

dissipation may be due to electrical conduction,

dielectric relaxation, dielectric resonance and loss

from non-linear processes. Due to the combined

effect of electrical and magnetic properties of fer-

rites, they are good candidates as multiferroic ma-

terials. Recently, Kumar et al. have reported that

ferrites also behave like multiferroics [13].

Dispersion in dielectric constant and loss tan-

gent with frequency in polycrystalline ferrites
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is strongly dependent on the polarization pro-

cess [14], and is also related to the conduction

mechanism [15]. The aim of the present work is

to study the mechanism of dielectric polarization

and conduction as a function of frequency and

temperature.

2. Experimental

NiCuZn ferrite of Ni0.27Cu0.10Zn0.63Fe2O4 sys-

tem was prepared by a standard solid state re-

action technique at Solid State Physics Labo-

ratory, Department of Physics, Bangladesh Uni-

versity of Engineering and Technology (BUET),

Dhaka, Bangladesh. The starting materials were

in the form of AR grade oxides (Fe2O3, NiO,

CuO and ZnO) from E. Merck, Germany. The

reagent powders were weighed precisely accord-

ing to their molecular weight. Homogeneous mix-

ing of the materials was carried out using an agate

mortar in acetone media for 4 h. These powders

were calcined at 1173 K for 5 h at a heating

rate of 10 K·min−1 in air to form ferrite through

chemical reaction, and then cooled down to room

temperature at a cooling rate of 5 K·min−1. The

calcined materials were crushed for another 1 h in

acetone to reduce it to small crystallites of uniform

size. The mixture was dried and a small amount of

saturated solution of polyvinyl alcohol was added

as a binder. The resulting powders were pressed

uniaxially under a pressure of 55.18 MPa in a stain-

less steel die to make pellets.

The pressed pellet was then finally sintered at

1573 K for 5 h in air. The surfaces of the sample

were well polished in order to remove any oxide

layer formed during the process of sintering and the

two surfaces of the pellet were coated with a sil-

ver paste as a contact material for electrical and di-

electric measurements. Dielectric measurement as

a function of frequency in the range of 20 Hz to

2 MHz at room temperature and also as a function

of temperature in the range of 303 to 498 K at dif-

ferent frequencies were carried out using Waynek-

err impedance analyzer (model No. 6500B) in con-

junction with a computer controlled furnace, which

maintained the desired temperature with the help

of a programmable temperature controller. The real

part of dielectric constant was calculated using the

formula:

ε
′ = (Cpd)/(ε0A) (1)

where Cp is the capacitance of the pellet in F, d the

thickness of the pellet in m, A is the cross sectional

area of the flat surface of the pellet in m2 and ε0 –

the constant of permittivity for free space which is

equal to 8.85 × 10−12 F/m.

The imaginary part of dielectric constant (ε′′) of

the sample was calculated using relation:

ε
′′ = ε

′
× tanδ (2)

where tanδ is the dielectric loss tangent.

The frequency dependence of conductivity is

expressed as: σAC = d/(A × RAC); where RAC is

the AC resistance.

3. Results and discussion

The X-ray diffraction (XRD) pattern for

a Ni0.27Cu0.10Zn0.63Fe2O4 sample is shown in

Fig. 1a. The XRD pattern, without any extra lines

that would not belong to the spinel structure, pro-

vides a clear evidence of single phase spinel struc-

ture formation. It is obvious that the peaks char-

acteristic of spinel NiCuZn ferrite appear in the

diffractogram as the main crystalline phase in the

sample. The peaks (1 1 1), (2 2 0), (3 1 1), (2 2 2),

(4 0 0), (4 2 2), (5 1 1) and (4 4 0) correspond to

spinel phase.

The lattice parameter was determined by the

Nelson-Riley extrapolation method. The values of

the lattice parameter obtained from each reflected

plane have been plotted against Nelson-Riley func-

tion [13]:

F(θ) = 1/2[cos2
θ/sinθ + cos2

θ/θ ] (3)

where θ is the Braggs’ angle at which the straight

line is obtained. The good matching of the lattice

parameter vs. F(θ) with a straight line also con-

firms the single phase character of the material

(Fig. 1b). The accurate value of the lattice constant

was estimated from the extrapolation of the line to

F(θ) = 0 or θ= 90°.
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Fig. 1. XRD pattern of Ni0.27Cu0.10Zn0.63Fe2O4 (a) and N-R function of ceramics at room temperature (b).

Fig. 2 shows the variation of ε′ and ε
′′ with fre-

quency from 20 Hz to 2 MHz at different measur-

ing temperatures (TSM), selected from the range of

303 to 498 K. It can be seen that at all temper-

atures the sample shows the frequency-dependent

phenomena, i.e. the dielectric constant decreases

with increasing frequency exhibiting a normal fer-

romagnetic behavior. The value of dielectric con-

stant rapidly decreases at the region of low fre-

quency, further at the region of middle frequency,

but the rate of decreasing is significantly smaller,

and at the high frequency range the dependency be-

comes almost constant. The value of ε′′ decreases

faster (Fig. 2b) than ε
′ (Fig. 2a) and tends to the

same value in the high frequency range. The di-

electric behavior of ferrites may be explained on

the basis of dielectric polarization process, which

is similar to that of the conduction mechanism

and is caused mainly by the hopping conduction

mechanism. Electrical conduction in ferrites can

be explained by Verway-de-Boer hopping mech-

anism [16]. Verway explained that the electrical

conduction in ferrites is mainly due to hopping of

electrons between ions of the same element exist-

ing in more than one valence state and distributed

randomly over crystallographically equivalent lat-

tice (octahedral sites, due to smaller distances be-

tween the cations) sites. In the present case it has

been found that the dielectric constant decreases

gradually at lower frequencies and remains almost

constant at higher frequencies, indicating dielec-

tric dispersion. The dielectric constant decreases

with increasing frequency and then reaches a con-

stant value due to the fact that beyond a certain

frequency of an external ac field, the electron ex-

change between Fe2+ and Fe3+ is not able to follow

the alternating field. The dispersion of ε′ can also

be explained based on the contributions from var-

ious sources of polarizations [17, 18]. The larger

value of ε
′ at lower frequencies is attributed to

four types of polarization: space charge/interface

(grain-boundaries), dipolar, atomic and electronic,

however, dipolar and interfacial polarizations are

known to play the dominant role. Space charge po-

larization is due to the accumulation of charges at

the grain boundaries; an increase in polarization

occurs as more and more charges reach the grain

boundary with an increase in temperature. The de-

crease (and finally disappearance) in ionic and ori-

entation polarizability as well as release of space

charge polarization with increasing frequency may

be responsible for the decrease in ε
′ at higher fre-

quencies [19]. Fig. 2a correlates the ε
′ and fre-

quency of the sample at TSM. The value of ε′ is in-

creasing with Tsm. It is also observed that the value

of ε′ is shifting to higher frequency side with Tsm

which might be due to the contribution of space

charges increased with Tsm. The contribution of

ε
′ at high frequency side also increases propor-

tionally with TSM (inset of Fig. 2a). The rates of
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increasing dissipation energy (ε′′) in the measured

frequency range are similar for all the TSM (inset of

Fig. 2b). With increasing temperature the number

of charge carriers increases, resulting in enhanced

buildup of space charge polarization governed by

space charge carriers. Hence, the values of dielec-

tric parameters increase. The high value at lower

frequency region is due to Maxwell-Wagner inter-

facial type of polarization [20, 21] for the inhomo-

geneous double layer dielectric structure, which is

in agreement with Koop’s phenomenological the-

ory [22]. The inhomogeneous dielectric structure

was supposed to be consisted of two layers. The

first one contains the fairly well conducting large

ferrite grains which are separated by the second

thin layer of the poorly conducting grain bound-

aries. The grain boundaries of low conductivity and

high dielectric constant are found to be more effec-

tive at lower frequencies, while the ferrite grains of

higher conductivity and lower dielectric constant

are more effective at high frequencies [23]. The

presence of Fe2+ ions in excess amount favors the

polarization effects. Thus, the higher dispersion ob-

served in the samples can be attributed to the pres-

ence of Fe2+ ions in excess amount which could be

formed at elevated measuring temperature. Since

in ceramic oxide the rotational displacement of

Fe3+
↔Fe2+ dipoles results in orientational polar-

ization that may be visualized as exchange of elec-

trons between the ions, the dipoles align them-

selves along the alternating field. In the studied

material the presence of Ni2+/Ni3+ and Cu2+/Cu+

ions gives rise to p-type carriers, and their displace-

ment in the direction of external electric field also

contributes to the net polarization, in addition to

that of n-type carriers. However, the contribution

due to p-type carriers is smaller than the electronic

exchange between Fe3+ and Fe2+ ions and has an

opposite sign since the mobility of p-type carri-

ers is smaller than that of n-type carriers. As a re-

sult, net polarization increases initially and then de-

creases with increasing frequency. This may be at-

tributed to polarization due to changes in valence

states of cations and space charge polarization. At

higher frequencies the dielectric constant does not

change; it may be due to the inability of electric

dipoles to follow up the fast variation of the applied

alternating electric field. Consequently, the occur-

rences of friction between dipoles dissipate energy

in the form of heat. In turn, this affects the internal

viscosity of the system and decreases the dielectric

constant. These frequency independent values are

known as static values of the dielectric constant.

Similar results were reported earlier by Popandian

et al. [24].

Fig. 2. Variation of (a) ε′ and (b) ε′′ with frequency at

TSM for Ni0.27Cu0.10Zn0.63Fe2O4.

Fig. 3 shows the temperature dependence of di-

electric constant at selected frequencies, which is

the essential part of our study. In general, ε′ and

ε
′′ increase as the temperature increases, indicat-

ing the semiconducting nature of the ceramic ox-

ide. The dielectric dispersion of ε′ and ε
′′ is weak

in low-temperature region. It can be explained on

the basis that at relatively low temperature, the
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Fig. 3. Variation of (a) ε′ and (b) ε′′ with temperature at different frequencies for Ni0.27Cu0.10Zn0.63Fe2O4.

charge carriers in most cases are not able to ori-

ent themselves with respect to the direction of ap-

plied field; therefore, they have a weak contribution

to the polarization and the dielectric behavior. As

the temperature increases, the bond charge carri-

ers get enough thermal excitation energy to be able

to obey the change in the external field more eas-

ily. These thermal excitations of atoms about their

lattice points may be due to disorder at the lattice.

Space charge contribution to the polarization may

be attributed to the thermally activated charge car-

riers. This, in turn, enhances their contribution to

the polarization, leading to an increase of dielectric

constant.

Further, it is clear that the ε
′ for all mea-

sured temperatures shows a peak at a character-

istic temperature (relaxation processes) depending

on the selected frequencies. This phenomenon, i.e.

dielectric anomaly, is referred as the ferroelectric-

paraelectric transition. The peaks are found to be

shifted to higher temperature as the frequency in-

creases. These peaks appear when the jumping

frequency of localized electron approximately be-

comes equal to that of the externally applied ac

electric field frequency. It can be seen that in all the

systems the transition is of diffuse type. It is well

known that the process in the oxygen-rich ambi-

ent decreases the density of oxygen vacancies and

reversely, the process in the oxygen-deficient ambi-

ent increases the density of oxygen vacancies in the

samples. So, the relaxation peak is considered to

be associated with the oxygen vacancies. Another

interesting phenomenon is that the peak tends to

be broadened and unanimously shifted towards the

high temperature. It indicates that the peak belongs

to relaxation type peaks. There is a wide consensus

that the anomaly appearing in the high temperature

range in oxide materials is related to oxygen vacan-

cies [25]. This suggests that the high-temperature

anomaly in our sample may be related to oxy-

gen vacancies. The increase in ε
′ with temperature

has earlier been observed for the Mg–Ti [26],

Ni–Zn [27], Mg–Zn [28] ferrites. The hopping of

electrons between Fe2+ and Fe3+ ions at adja-

cent B-sites is thermally activated on increasing

the temperature. The hopping of these strongly

localized electrons in the d-shell causes local

displacements in the direction of applied ac field.

The local displacements of electronic charge car-

riers cause the dielectric polarization in ferrites.

In the first region ε
′ is increasing slowly with

temperature. This may be due to the fact that the

thermal energy supplied to the system is not suffi-

cient to free the localized dipoles and to orient them

in the field direction. In most cases, the atoms or

molecules in the samples cannot orient themselves

at a low temperature region. When the temperature

rises, the orientation of these dipoles is facilitated

and this increases the dielectric polarization. At

very high temperatures the chaotic thermal oscil-

lations of molecules are intensified and the dielec-

tric constant passes through a maximum value. It is
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observed that the variation of dielectric constant

with temperature at lower frequencies is much

more pronounced than at higher frequencies.

Fig. 4 shows variation of loss tangent (tanδ)
with temperature. The values of tanδ increase with

increasing frequency and temperature. Loss tan-

gent or tanδ represents the energy dissipation in

the dielectric system. In general, tanδ in polycrys-

talline ferrites is a result of the lag in polarization

with respect to the applied alternating electric field.

Moreover, the loss factor is considered to be caused

by domain wall resonance. At higher frequencies,

losses are found to be low since the domain wall

motion is inhibited and magnetization is forced to

change by rotation [29]. In the low frequency re-

gion, it is considered to be caused by phase lag-

ging of space charge polarization with applied field

frequency.

Fig. 4a shows the variation in tanδ with fre-

quency at TSM. With increasing TSM, tanδ also in-

creases and the range of frequency up to which tanδ

becomes minimum also increases. As tanδ is pro-

portional to the ε
′′, so it exhibits similar dispersion

behavior. It is also observed from the plots that the

higher dielectric loss occurs at higher temperature

and lower frequencies. This is understandable from

the fact that at lower frequencies the trend is

due to space charge polarization and at higher

temperatures the trend may be due to macroscopic

distortion of charges [30].

The variation of dielectric loss at low frequen-

cies with respect to temperature and frequency

may be due to space charge polarization [31]. Fur-

ther, the space charge polarization can be explained

through Shockley-Read mechanism. This mecha-

nism assumes that at low and middle order fre-

quencies and at higher temperatures the impurity

ions in the bulk crystal matrices capture the sur-

face electrons, causing the space charge polariza-

tion at the surfaces. The electron capture process

increases with an increase in temperature. By this

mechanism, one can consider that the loss tangent

increases with increasing temperature and at low

frequencies [32].

Fig. 5 illustrates the curves correlating the

temperature dependence of the ac-conductivity

Fig. 4. Variation of tanδ with (a) frequency and

(b) temperature at different selected tem-

peratures and frequencies, respectively, for

Ni0.27Cu0.10Zn0.63Fe2O4.

(σAC) for the investigated ferrite. From the figure it

is clear that as the frequency increases σAC exhibits

a step-like increment which is characteristic of a

potential profile with multiple activation energies.

The increase in σAC with the applied frequency can

be explained on the basis of barrier hopping con-

duction mechanism due to bound charge carriers.

The crossover frequency from region I to II was

found to increase with temperature, and at TSM =
498 K region II disappears. The frequency inde-

pendent plateau at lower frequencies and high tem-

peratures may be associated to the activated hop-

ping of charge carriers to the adjacent vacant lat-

tice sites, resulting in long range translational mo-

tion of charge carriers, giving rise to dc conductiv-

ity. At the high frequency, short range translational
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motion of charge carriers takes place. Above these

frequencies there is a third region formed, where

reorientational hopping motion takes place. In or-

der to investigate the σAC at a constant temperature

we can use the universal power relation – an elegant

tool proposed by Jonscher [33] as:

σT (ω) = σ (o)+Aω
n (4)

where σ(0) is the frequency independent conduc-

tivity, A is the temperature dependent pre-factor,

and n is the frequency exponent. The variations

of σT (ω) with frequency, for TSM, are shown in

Fig. 5a in log-log form. A frequency-independent

plateau appears for the low frequency range, as-

sociated with the term σ(o). The term Aω
n con-

tains the ac dependence and characterizes all dis-

persion phenomena. To understand the conductiv-

ity of these types of oxides the second term individ-

ually accounts for different regimes. The conduc-

tivity at lower frequencies may be approximated

as dc conductivity, and in region II, dispersion is

observed at lower frequencies, while a plateau at

higher frequencies. The dispersion region accounts

for the ac conductivity of the grain boundaries and

the plateau region for the dc conductivity of grains.

The frequency dispersion (region II) corresponds to

a short range translational hopping mechanism.

Fig. 5b shows the temperature dependence

of σAC at different selected frequencies. As the

temperature increases, σAC also increases, which is

clear from Fig. 5a. As ferrites exhibit semiconduct-

ing behavior, the σAC of ferrites increases with in-

creasing temperature according to the well known

Arrhenius equation:

σAC = σ0 exp

[

−
Ea

kBT

]

(5)

where Ea represents the activation energy, σAC

is the conductivity at temperature T, σ0 is a

temperature independent constant and kB is the

Boltzmann constant. The apparent Ea at different

frequencies is determined by plotting ln (σAC) vs

1/T as shown in Fig. 5b (inset). The inset also

shows the low and high-temperature frequency-

dependent conductivity based activation energies

of the sample. From Fig. 5b it is clear that the Ea

Fig. 5. Variation of σAC with (a) frequency and

(b) temperature at different selected tem-

peratures and frequencies, respectively, for

Ni0.27Cu0.10Zn0.63Fe2O4.

values at high temperature region are greater than

that of low temperature one for all measured fre-

quencies. This frequency dependent activation en-

ergy results from the multiple site hopping conduc-

tion mechanism and the trend of decreasing in ac-

tivation energy with an increase in frequency is ob-

served in the entire temperature range. This con-

ductivity discussion is consistent with the Mott’s

theory [34], which states that at low temperatures,

the hopping range can be much larger than the dis-

tance between the neighboring equivalent sites due

to the lower activation energy involved. The larger

Ea might be due to magnetic transition as explained

by Goodenough [35]. According to him, the mag-
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netic transition can be considered as a second order

one, which is characterized by a large temperature

range. This second order transition may be due to

volume expansion, i.e. an increase in the jumping

length between the ions, hence, an increase in Ea.

The temperature dependent σAC suggests that the

conduction process is thermally assisted [36].

4. Conclusions

The magnetic ceramic oxides consisting of

Ni0.27Cu0.10Zn0.63Fe2O4 have been prepared by a

standard solid state reaction technique. The dielec-

tric constant and dielectric loss decreased, while

the ac conductivity increased as the frequency in-

creased for all the measuring temperatures. The

dielectric dispersion with frequency has been ex-

plained on the basis of electron-hole hopping

mechanism, which is responsible for conduction

and polarization. The temperature dependent di-

electric constant showed peaking behavior and the

peaking happened at higher temperature, depend-

ing on the increasing selected frequencies. The di-

electric losses were reflected in the conductivity

measurements, where the materials of high con-

ductivity exhibited high losses and vice versa. The

parameters ε
′, ε

′′, tanδ and σAC increased with

the rise in temperature due to increase in mobil-

ity and thermal activation of hopping frequency.

The conductivity spectra obey well the modified

Jonscher’s power law, indicating different contri-

butions to the conductivity; the low frequency con-

ductivity is due to the long-range translational hop-

ping of charge carriers at the grain boundaries

and above the crossover frequency, conductivity is

dominated by the short-range translational hopping

motion. The ac conductivity data were used to eval-

uate the apparent activation energy.
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