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Cite this: RSC Adv., 2019, 9, 32395

Received 21st August 2019
Accepted 2nd October 2019

DOI: 10.1039/c9ra06589j

rsc.li/rsc-advances

This journal is © The Royal Society of C
giant permittivity study of
Zn0.5Ni0.5Fe2O4 spinel ferrite as a function of
frequency and temperature

Mohsen Elain Hajlaoui,ab Radhia Dhahri,a Nessrine Hnainia,b Aida Benchaabane, cd

Essebti Dhahria and Kamel Khirounie

Ni0.5Zn0.5Fe2O4 was prepared by the solid state reaction route at different temperatures. The dielectric

properties of spinel ferrites were investigated in the frequency range 50 Hz–10 MHz and in the

temperature range 300–420 K. Conductance is shown to increase with increasing frequency and

temperature. Impedance analyses indicated that the relaxation phenomenon is strongly dependent on

temperature and frequency. The impedance plots displayed both intra- and inter-granular contributions.

Electrical equivalent circuit was proposed to explain the impedance results. The decrease of giant

permittivity values with the increase in frequency proves the dispersion in the low frequency range and is

showing the Maxwell–Wagner interfacial polarization.
Introduction

In recent years, spinel ferrite materials have attracted the
interest of scientists, especially synthetic chemists1–3 because of
their application in several disciplines such as biomedicine,4

catalysis,5 and magnetic resonance imaging.6 Among the
diverse spinel ferrites Zn–Ni ferrites are found to be very
attractive for the modern electronics industry due to high
mechanical strength, good chemical stability, high magnetic
permeability and resistivity.3,7,8 In order to prepare these ferrite
nanomaterials, different methods have been reported, such as
co-precipitation,9 sol–gel combustion,10 hydrothermal11 and ball
milling methods.12 Moreover, spinel ferrites Ni0.5Zn0.5Fe2O4 are
best known for their low dielectric loss, large permeability, high
electric resistivity and uniquemagnetic structure.13 Due to these
properties they are widely used in electronics devices such as
magnetic heads, magnetic resonance imaging, lters,14 gas
sensors,15–17 super capacitors and fuel cells.18,19 Hence it is
challenging to prepare magnetic nanoparticles with bulk
magnetic properties. Moreover, ferrite microstructures highly
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depend on the preparation process where annealing tempera-
ture affects magnetic and electric properties. In this context,
many reports covered the structural and magnetic properties of
Ni–Zn systems.20–23 The study of the electric properties, however,
is still ongoing.

This work aims to investigate the dielectric properties of
Zn0.5Ni0.5Fe2 O4 ferrite system a wide frequency (50 Hz–10 MHz)
and temperature (300–420 K) range by using X-ray diffraction
and impedance spectroscopy. We deduce the transport mech-
anism involved in dc and ac conductance. Both conductance
and activation energy values of our samples as a function of
temperature and frequency are established.
Experimental

Nickel–zinc ferrites Ni0.5Zn0.5Fe2O4 were synthesized using
solid-state reaction technique. Powder of the oxides NiO, ZnO
and Fe3O4 with above 99.9% purity were mixed and pressed into
pellets with 8 mm of diameter and 1.2 mm of thickness. Finally,
the samples were sintered for 24 h at 1000 �C then heated at
1200 �C for 12 h to obtain the homogeneity of the compound.

The homogeneity, the phase purity, lattice structure and cell
parameters of the ferrites nanoparticles was checked by XRD
technique using X-ray diffractometer (Siemens D5000 X-ray
diffractometer) with monochromatized Cu-Ka radiation lCu ¼
1.5406 Å radiation.

In order to prepare the sample for electrical characterization,
we have achieved to deposit, on each side of the pellet, an
aluminum layer of 200 nm thickness using thermal heat evap-
oration under vacuum. To prevent solvent inltration into the
paint, a gold wire is attached to the aluminum layer by a silver
paint. Electrical and dielectric data over large temperature
RSC Adv., 2019, 9, 32395–32402 | 32395
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View Article Online
range were recorded through an Agilent 4294A impedance
analyzer, whose frequency scale is of 40 Hz–110 MHz. For
completely excluding the effects of sun shine and other sources
of lights, the measurements were conducted under dark.
Fig. 2 Representation of Ni0.5Zn0.5Fe2O4. The octahedral sites are
shown in green and the tetrahedral sites are in orange.
Results and discussion

From X-ray diffractogramme, it is clear that the synthesized
compound is single phase (Fig. 1). The Rietveld renements of
the XRD data performed using Fullprof program24 revealed that
this compound crystallizes in the cubic structure with the Pm3m
space group in which a¼ 8312 Å and V¼ 586.631 Å3. Fig. 2 show
the structure of Ni0.5Zn0.5Fe2O4. The average particle size DSC

was calculated using Scherrer's formula:25

DSC ¼ ð0:9� lÞ
ðb� cos qÞ (1)

where l is the used wavelength (lCuKa ¼ 1.5406 Å), q and b are
the Bragg angle and the full width at half maximum aer sub-
tracting the instrumental line broadening, respectively, for the
most intense diffraction peak:

b ¼ �
b2
m � b2

i

�1
2 (2)

where bm
2 is the experimental full width at half maximum

(FWHM) and bi
2 is the FWHM of a standard silicon sample. The

DSC value of our sample is about 72 nm.
Fig. 3 exhibits the variation of conductance as a function of

frequency at different temperatures. This physical entity is
expressed by the following relation:

G ¼ s
A

l
(3)

where s is the conductivity, A is the cross-sectional area of the
material and l is its length. We can distinguish two regions. For
low frequencies (50 Hz to 103 Hz) we notice poor conductance
dependence on frequency, contrarily to the strong dependence
behavior on temperature seen from the same spectra. Such
behavior can be explained by the Maxwell–Wegner two-layer
Fig. 1 Observed (circle), calculated (continuous line) and difference
patterns (at the bottom) of X-ray diffraction data for Ni0.5Zn0.5Fe2O4.

32396 | RSC Adv., 2019, 9, 32395–32402
model suggesting that ferrites are made of well conducting
grains surrounded by poorly conducting grain boundaries that
are more active at lower frequencies. This leads to poor
conductance resulting from weak electron hopping in the
region.26 The second region that spreads from 103 Hz to 106 Hz
presents a signicant increase of conductance with rising
frequency and can be described by the power law:7

G(u) ¼ A(u)s (4)

where A is a constant, u is the angular frequency and the
exponent s is the slope of the frequency dependent region 0# s
# 1. Where s depends on the temperature and binding energy.27

Fig. 4 exhibits the variation of conductance with tempera-
ture. Shown in green and the tetrahedral sites are in orange.

It is well known that conduction in ferrites is led by the
hopping of charge carriers between the sites.28

The mechanism can be dened by the following equation:29
Fig. 3 Conductance as a function of frequency at different
temperatures.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Variation of conductance as function of temperature at f ¼
83 Hz.
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G ¼ B

T
e
� Ea

kBT (5)

where B is a constant, T is the absolute temperature, Ea is the
activation energy and kB is Boltzmann constant. We observe an
increase of conductance with the rise of temperature at xed
frequency (83 Hz). This is due to an increase of hopping
phenomenon with the increase of temperature. As clearly seen
the rise is more pronounced at 700 K and the graph shows
semiconducting behavior30 described by the increase of
conduction with temperature. The linear relation between
log(G.T) and 1000 T�1 conrms the temperature dependence of
conduction at 83 Hz. In fact, the Arrhenius t given by the eqn
(5) as shown in Fig. 5 allows to obtain the activation energy
which equal to 0.244 eV. This linear behavior clearly observed in
the plot indicates that the conduction is due to electron
hopping from Fe3+ to Fe2+ ions through the crystal lattice.30

Whereas the value of the activation energy suggests a high
potential barrier that can increase the difficulty of charge
carriers mobility and thus affects the conduction mechanism.
Rahmouni et al.23 have reported a decrease in the value of
Fig. 5 Variation of log(G.T) with 1000 T�1 for x ¼ 50%.

This journal is © The Royal Society of Chemistry 2019
activation energy based on the nickel concentration where it
went from 0.665 eV for x¼ 0 to 0.280 eV for x¼ 0.5. Thus, nickel
ions concentration plays leading role in conduction mechanism
same as temperature and high frequency. The actual part of the
impedance measures the resistance of the circuit to the alter-
nating current.

Fig. 6 presents the variation of Z0 as function of frequency
and by varying temperature from 300 K to 420 K with a step of 20
K each time. We also notice the presence of two zones, the rst
one is limited from 5 � 103 Hz and the second one beginning
from 106. As we may see in the plot, for low temperatures and
low frequencies the impedance values are elevated, and they
decrease signicantly for higher temperatures range. These
values illustrate the temperature dependency behavior of
conduction that directly affects the resistance. The alternating
current resistance diminishes with the rising conduction at
high temperatures. In fact, the remarkable change is attributed
to the decrease of the potential barrier that creates free charge
carriers. At high frequencies, we notice an acute decay of
impedance that could be explained with the presence of a space-
charge region resulting from the decline of charge barrier under
the inuence of temperature.30 It is known that grain bound-
aries are active interfaces for the creation of such region.31

Indeed, we can clearly observe constant values for Z0 at different
temperatures for low frequencies suggesting an accumulation
of charge carriers at the grain boundaries.32

The variation of frequency dependent Z00 at varying
temperature is shown in Fig. 7. We note that Z00 decrease when
temperature increase. The plot indicates the presence of two
peaks, called relaxation frequencies. The rst peak, located
between 50 Hz and 103 Hz depending on the temperature, is
attributed to the grain boundaries. Whereas the second one
placed between 105 Hz and 107 Hz is attributed to the relaxa-
tion of the grain boundary. In fact, we can notice the shi
towards higher frequencies as the temperature increases. This
tendency indicates that charge carriers are thermally acti-
vated33 and are accumulated at the grain boundaries, and
further conrms the semiconducting behavior of the nickel
ferrites.
Fig. 6 Variation of real impedance Z0 with frequency at different
temperatures.

RSC Adv., 2019, 9, 32395–32402 | 32397
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Fig. 7 Variation of imaginary impedance Z00 with frequency at different
temperatures.

Fig. 9
Z00

Z00
max

vs.
f

fmax
plots of nickel ferrites at different temperatures.
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On the other side, the resistance is very low and keeps
decreasing with the rising heat. Furthermore, for the frequency
range around 106 we can clearly observe the merging of Z00

regardless of temperature, which indicates the decrease of
space charge polarization.34

In order to determine the value of maximum frequency fmax

for which the imaginary impedance has maximum value, we
superposed both Z0 and Z00. We observe the presence of two pics
which correspond respectively to the two inexion points for Z0

and two maximums for Z00. The frequency fmax corresponds to
the projection of the inexion point on the frequency axis. For
this case we have two inexion points providing two maximums
in agreement with the results discussed in the paragraph above.

Thus, from Fig. 8 we conclude the values of fmax ¼ 92.6 Hz
and fmax ¼ 782.4 � 105 Hz.

The plot of normalized imaginary part of impedance
Z00

Z 00
max

as

a function of normalized frequency
f

fmax
is exhibited in Fig. 9.
Fig. 8 Frequency dependence of real and imaginary parts of imped-
ance Z0 and Z00 at 320 K.

32398 | RSC Adv., 2019, 9, 32395–32402
The representation aims to enable the study of dielectric
relaxation. We observe an overlap of spectra into a master curve
which denotes that relaxation process is irrespective to
temperature. In fact, the temperature independency indicates
the existence of one relaxation mechanism35 for all spectra and
the merging behavior could be explained by the emission of
space charge.36 Moreover, the value of full width at half
maximum is found to be > 1.14 decades indicating a poly-
disperse non-exponential relaxation. This non-Debye (non-
exponential) relaxation type may refer to a hopping mecha-
nism of charge carriers along with time dependent mobility of
the same type of charge carriers.37 To ground deeper explana-
tion to this phenomenon we refer to the following relation
dening the non-Debye relaxation:38

4ðtÞ ¼ exp

�
�
�t
s

�b
�

; ð0\b\1Þ (6)

where 4(t) is the time evaluation of electric eld, s is the
relaxation time at peak and b is the Kohlrausch exponent. The
smaller value of b indicates larger deviation of relaxation with
respect to Debye type relaxation where b ¼ 1.To calculate the
relaxation time from Z00 vs. log f plot, we use the following
relation:39

s ¼ 1

u
¼ 1

2pfmax

(7)

where fmax is the relaxation frequency. Logarithmic represen-
tation of relaxation frequency as a function of inverse temper-
ature is shown in Fig. 10.

As discussed above we conclude that the relaxation
frequency is increasing with temperature. The two slopes,
attributed to the two frequencies observed in the impedance
spectra, are used to determine the values of activation energies.
Following the Arrhenius law:

fmax ¼ f0 e
� Ea

kBT (8)

where fmax is the relaxation frequency, f0 is the pre-exponential
term and kB is the Boltzmann constant. We obtain activation
energy values of 0.250 eV and 0.228 eV corresponding
This journal is © The Royal Society of Chemistry 2019
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Fig. 10 Arrhenius plots for logarithmic representation of frequency as
a function of 1/T.
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respectively to the grain and the grain boundaries. Comparing
the reported results from conduction and impedance spectra
shows close values referring to the same hopping mechanism of
charge carriers.23

Fig. 11 exhibits the plots of imaginary part as a function of
real part of complex impedance at various temperatures of
Ni0.5Zn0.5Fe2O4. This technique aims to investigate the contri-
bution of grains and grain boundaries based on the frequency
range. The plots present two semicircular arcs that are not
centered on the axis of real impedance Z0 indicating a non-
Debye type of relaxation as previously concluded, and the
obedience to Cole–Cole formalism.40 For complex impedance it
is given by the following relation:

Z*ðuÞ ¼ R

1þ
�ju
u0

�1�n
(9)

For when n/ 0 it results in the classical Debye's formalism.
The decentralization could also explain the presence of only one

electrical conductionmechanism.41 In fact, we can attribute the low
Fig. 11 Complex impedance spectrum for different temperatures.

This journal is © The Royal Society of Chemistry 2019
frequency semicircle to the grain contribution, whereas the second
semicircle is attributed to the grain boundaries contribution.

The formation of two semicircular arcs suggests the exis-
tence of two types of relaxation phenomena with the relaxation
time given by sumax ¼ 1, where s is the relaxation time and umax

is the relaxation pulsation. As a matter of fact, these results
correspond to the ndings reported in the previous paragraphs.

On the other hand, we note that the interception of the plots
shis toward lower values of Z0 as the temperatures increases.
There is a gradual decrease of resistance while the temperature
is rising. This behavior indicates the low grain resistance for
high temperatures, and the appearance of semicircles is indic-
ative of semiconducting behavior.41

Using Z view soware, we have simulated the plots of Z00 vs.
Z0. Fig. 12 is showing the simulation accompanied with the
equivalent circuit used for the Ni0.5Zn0.5Fe2O4 sample. The
model contains a series of three R-CPE combination circuits
where R is the resistance, and CPE is the constant phase
element referring to the complex element. The combinations
are attributed to grains and grain boundaries. The constant
phase element impedance is dened by the following
equation:42

ZCPE ¼ [A(Ju)a]�1 (10)

where A is a proportional factor, u is the angular frequency and
a is the exponent between 0 and 1. At a ¼ 1 the constant phase
element is considered an ideal capacitive element, whereas for
a ¼ 0 it is equivalent to resistance.

Using the relationship R ¼ Z0/2 we calculated the resistance
in order to further investigate the relaxation phenomena and
the conduction distribution.

Table 1 presents the values of resistance R and constant
phase element CPE for each series at different temperature.

This data was used to draw the curve given in Fig. 13 showing
the variation of resistance as a function of temperature. We can
notice a sharp decrease of resistance between 300 K and 340 K
more pronounced for R1 than R2 and R3, thereaer it starts
Fig. 12 Nyquist diagram of Ni0.5Zn0.5Fe2O4 as a function of temper-
ature. The inset showing the equivalent circuit.

RSC Adv., 2019, 9, 32395–32402 | 32399
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Table 1 Variation of impedance parameters at various temperatures

Temperature (K) R1 (U) CPE1T (F) CPE1P (F) R2 (U) CPE2T (F) CPE2P (F) R3 (U) CPE3T (F) CPE3P (F)

300 16 161 312 � 10�6 0.59627 4382 11 332 � 10�8 0.76477 6377 1320 � 10�10 0.95868
320 7412 1726 � 10�6 0.69692 2956 27 092 � 10�8 0.70014 3695 1390 � 10�10 0.962
340 4088 14 846 � 10�6 0.74431 1626 13 597 � 10�7 0.61015 2406 1912 � 10�10 0.943
360 2259 10 538 � 10�6 0.8178 778.7 32 877 � 10�6 0.46832 1912 5821 � 10�10 0.86629
380 1189 76 433 � 10�7 0.89876 529 11 626 � 10�5 0.50459 1428 1607 � 10�9 0.79896
400 685.2 6138 � 10�7 0.95869 429.2 47 528 � 10�6 0.646 1034 5586 � 10�9 0.72454
420 463.3 56 788 � 10�7 0.98073 326.4 33 432 � 10�6 0.696 738.6 10 148 � 10�8 0.68974

Fig. 14 Evolution of real part of dielectric permittivity (30) as a function
of frequency.
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decreasing slowly. The temperature dependent behavior of
resistance is attributed to the increase of charge mobility and
thus conduction process. As the rate of resistance decreases
differently in each plot, the rate of conductance is also
increasing differently which indicates different activation
energies as previously seen. In fact, following the Arrhenius
relation we have:

R ¼ R0 exp

�
Eac

kBT

	
(11)

where R0 is a pre-exponential term, Eac is the activation energy and
kB is the Boltzmann constant. Based on the plots given in Fig. 13

This law enables us to conclude two different activation energies
in agreement with the results reported in the previous paragraphs.

Fig. 14 shows the variation of dielectric constant with
frequency at various temperature ranging from 300 K to 400 K.
As a matter of fact, we notice a giant permittivity of the order
106. In fact, the behavior of the permittivity could be divided
according to the frequency. For low frequencies (<103 Hz) the
real part of dielectric constant increases with temperature
which indicates the thermal activation of the charge carriers
and thus affects the polarization. In order to explain this trend,
we resort to Maxwell–Wagner double layer model designed for
inhomogeneous structures.7,41

We assume that the material is composed of two layers
where the grains possess high conductance and grain bound-
aries have poor conductance. At lower frequencies the grain
Fig. 13 Temperature dependence of resistance.

32400 | RSC Adv., 2019, 9, 32395–32402
boundaries possess high resistance, so the electrons gather and
generate polarization at the boundaries which explains the
dielectric behavior of the material in the low frequency area.
Thereaer we notice a rapid decrease of the dielectric constant
independent of temperature. This could be attributed to the
reverse electron motion as the frequency increase,7 resulting in
Fig. 15 Variation of imaginary part of dielectric constant with
frequency at different temperatures.

This journal is © The Royal Society of Chemistry 2019
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Fig. 16 Variation of dielectric loss tangent as a function of frequency
at various temperatures.
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reduction of polarization. We conclude that space-charge
polarization is prominent in the rst region. The variation of
imaginary permittivity is presented in Fig. 15 as a function of
frequency and at different temperatures.

The plots clearly show curves decreasing as the frequency
rises. For the low frequency region, high dielectric constant
values are ascribed to the highest temperatures and they
diminish with it. As the frequency continues to rise, the
dielectric constant also continues to lessen. Fig. 16 exhibits the
frequency dependency of the dielectric tangent (tan d) with
varying temperature values. The plots show high loss for low
frequency depending on temperatures, and then sharply
decreases to a merging point between 102 Hz and 103 Hz.

The elevated resistance of grain boundaries at low frequen-
cies results in electrons requiring high energy which justies
according to Koop's theory the high values of dielectric loss at
that region.43 In the following frequency region, up to 104 Hz the
variation is reversed. We notice a light increase of dielectric loss
that is more pronounced for lower temperatures reaching again
a merging point. This behavior could be explained by the piling
up of the electrons at the grain boundaries aer reaching the
area through hopping mechanism. The last region is dened by
a similar behavior to that of the rst one. There is a reduction of
dielectric loss for the higher frequencies, and continues to
gradually decrease tending towards zero irrespective to
temperature. This coalescence is due to the poor energy loss
during the exchange of electrons.
Conclusions

Zn0.5Ni0.5FeO4 spinel ferrite is synthesized using the solid-state
reaction technique. X-Ray diffractogramme reveals that our
sample is pure and crystallizes in the orthorhombic system with
Pbnm space group. The dielectric study is performed by complex
impedance spectroscopy in a wide range of temperature [300–
420 K] and frequency [40–107 Hz]. The relaxation frequency
values are determined from impedance spectroscopy, which are
thermally activated.
This journal is © The Royal Society of Chemistry 2019
The evolution of ac conductance as a function of temperature
and frequency is found to followMaxwell–Wegner two-layermodel.

Complex impedance plots have revealed the presence of tow
semicircular arcs (grain and boundary grain). This behavior was
modeled by an electrical equivalent circuit composed of three
series sets of resistance and capacitance in parallel. Nyquist plots
show two semicircles, revealing the presence of two relaxations
processes in our material associated with grains and grain
boundaries. Moreover, the real and imaginary part of dielectric
constant were studied as a function both of temperature and
frequency. The decrease of giant permittivity values with the
increase in frequency proves the dispersion in low frequency range
and is showing the Maxwell–Wagner interfacial polarization.

We note a light increase of dielectric loss. This behavior could
be explained by the piling up of the electrons at the grain
boundaries aer reaching the area through hoppingmechanism.
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