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Abstract: Ni-Co-Zn Ferrites with the composition Ni0.80-xCoxZn0.20Fe2O4 (x = 0.10, 0.20,
0.30, 0.40) were synthesized by flash combustion method followed by calcinations at 900°C.
Prepared samples were subjected to various characterization techniques such as X-ray
diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), Vibrating Sample
Magnetometer (VSM), and dielectric studies. XRD pattern shows that the prepared samples
possess single phase spinel cubic structure and the particle sizes were calculated using
Debye–Scherrer formula and the estimated particle size ranges 60–80 nm. FTIR studies also
confirm the formation of spinel structure by having tetrahedral and octahedral modes of
vibration bands between 400 and 600 cm−1. Room temperature VSM studies shows the
saturation magnetization values of prepared samples ranges between 55 and 68 emu/g. The
increase in coercivity is observed due to the increase in anisotropy with the cobalt ion
addition. The impedance measurements were carried out in the frequency range from 1 kHz
to 5 MHz at  room temperature.   The Cole-Cole plot  reveals  the high resistive nature of  the
material and helps in analyzing the inherent phenomenon causes the conduction mechanism.
The electrical and magnetic properties of Ni-Co-Zn ferrites were studied with respect to
composition.
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Introduction

Ferrites are magnetic ceramic materials which are used in many applications such as core of
transformer, recording heads, antenna rods, high quality filters, microwave devices, computer memory, logic
devices, and many biomedical applications [1–4]. Ferrites are generally crystallized into spinel, garnet,
magnetoplumbite, and orthoferrites. Each ferrite material is having unique properties which are required for a
specific application. On the basis of magnetization, ferrites can further be classified in to soft and hard ferrites.

Among the soft ferrites, Ni-Zn ferrites are most versatile, technologically important materials which are
used in high-frequency applications because of their high resistivity and low eddy current losses [5, 6]. Ni-Zn
ferrites possess spinel cubic structure where they crystallize into four interpenetrating face-centered cubic
closed packed structure of oxygen ions. In this structure, cations occupy two interstitial positions called as
tetrahedral (A) and octahedral (B) sites. The properties of Ni-Zn Ferrites mainly depend on its distribution of
cations in the A and B sites of spinel crystal structure, Synthesis methods, doped cations and its microstructure,
etc., [7,8]. Among these factors, chemical composition plays important role in deciding its magnetic and electric
properties and incorporation of new elements results in multi-component system which enhances their
properties [9].
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Ni-Zn ferrites can be synthesized by many methods such as solid state reaction [10], sol-gel [11], co-
precipitation [12], reverse micelle technique [13], hydrothermal [14], and combustion method [15]. The
selection of proper method for the synthesis depends on the desired properties and applications. Combustion
method is chosen for the synthesis of Ni-Zn ferrites due to much simple processing steps, fast and inexpensive
process, which results in nano-sized homogeneous pure ferrite powder [16]. By incorporating new elements in
the place of nickel ion, the properties of Ni-Zn ferrite can be tailored and studied.

In this paper, a work is done on the synthesis and characterization of Co2+ ions substituted Ni-Zn
ferrites and the effect of cobalt substitution on magnetic and dielectric properties were also studied.

Experimental method

Ni-Co-Zn ferrites with the composition of Ni0.8-xCoxZn0.2Fe2O4 (x = 0.1, 0.2, 0.3, 0.4) were synthesized
using nickel nitrate, cobalt nitrate, Zinc nitrate, iron nitrate, and citric acid (fuel) as precursors. Stoichiometric
amount of nitrates and citric acid were dissolved in the de-ionized water. Nitrates to citric acid ratio were
maintained at 1 to obtain complete combustion. Citric acid-nitrate solution was kept in the stirrer which was at
80°C and stirred until it is transformed into a gel. The gel was transferred to the crucible and kept in the
preheated furnace at 500°C. The combustion takes place within 5 minutes with large amount of fumes and
results in burnt ash. Further the resultant ash was ground using mortar and pestle. The resultant fine powder was
calcined at 900°C for 2 hours.

The calcined powder was subjected to various characterizations such as XRD, FTIR, and VSM. The
pellets with the dimension of 12 mm diameter and 3 mm thickness were formed using 10 ton uniaxial press and
were sintered at 1000°C for 2 hours. The sintered pellets were characterized to study the dielectric properties
using LCR meter.

Results and discussion

XRD analysis:

Figure (1) XRD pattern of Ni0.80-xCoxZn0.20Fe2O4 calcined at 900° C
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Figure 2 Shift of 2q values with variation in cobalt concentration

Fig (1) shows the XRD pattern of prepared Ni-Co-Zn ferrites with different composition. All the
samples show single phase highly crystalline spinel cubic structure. The XRD pattern can be well indexed with
peaks corresponding to cubic spinel structure such as (111), (2 2 0), (3 1 1), (2 2 2), (4 0 0), (5 1 1), (4 4 0), and
(5 3 3). This shows that the prepared sample has single phase spinel cubic structure. No other peaks
corresponding to impurities or secondary phases were observed. The average crystallite size was calculated
from the full width half maximum value of the reflection line (311) using Debye–scherrer formula,

D = 0.9λ / β cos θ

Where D is the average crystallite size, l the wavelength of the X-ray, b the full width at half maximum of the
reflection line, and q the  Bragg  angle.  The  lattice  constant  (a)  of  all  the  samples  were  calculated  using  the
relation,

a = dhkl/(h2+k2+l2)1/2

where (hkl) are the miller indices and dhkl is interplanar spacing. The X-ray density (rX-ray) was calculated from
the relation,

rX-ray = 8M/Na3

Where, M is the molecular weight, N the avogadro number and “a” is the lattice constant. The calculated values
of crystallite size, lattice constant, d spacing, and X-ray densities are tabulated in Table (1). The calculated
values are very well agreed with the results of different researchers.

Table (1) Variation of crystallite size, lattice constant, d-spacing, and X-ray density with cobalt ion
concentration.

Co
concentration

Crystallite size
(nm)

Lattice constant
(Aͦ)

d spacing
(Aͦ)

X-ray density
(g/cm3)

x = 0.10 78.54 8.3577 2.5199 5.3579
x = 0.20 63.95 8.3613 2.5210 5.3502
x = 0.30 75.42 8.3684 2.5231 5.3372
x = 0.40 79.73 8.3736 2.5247 5.3278

As the cobalt concentration is increased there is an increase in lattice constant and d spacing which is
because of the substitution of larger ionic radius Co2+ ions (0.72 Å) with Ni2+ ions (0.69 Å)[17,18]. X-ray
density of the resultant powder decreases as the concentration of cobalt ion increases. From figure (2), we can
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see that, incorporation of Co2+ ions in the place of Ni2+ ions shifts 2q to lower angles, indicating corresponding
increase in lattice parameter as the concentration is increased [9].

FTIR

Figure (3) FTIR spectrum of Ni0.80-xCoxZn0.20Fe2O4

Figure (3) shows FTIR spectra recorded in the range of 400–1000 cm−1 for  the  samples  with  the
composition of Ni0.80−xCoxZn0.20Fe2O4 (Where x = 0.10, 0.20, 0.30, 0.40). FTIR spectra show two important
bands between 400 and 600 cm−1 which corresponds to the characteristic peaks of tetrahedral and octahedral
mode of vibration of metal oxygen complexes in spinel ferrites [17]. The two different frequency bands arise
because of the two different modes of vibration and its variation in bond lengths. The corresponding tetrahedral
vibration frequency around 600(n1) cm−1 is due to the smaller bond length between metal–oxygen complexes.
Similarly, the low frequency vibration at 400 cm−1 is due to the larger bond length between metal–oxygen
complexes at octahedral position. The existence of two intrinsic peaks between 400 cm−1 and 600 cm−1 confirms
the formation of the single phase spinel structure [19, 20].

VSM:

The room-temperature magnetic properties were studied from the VSM graph shown in the Figure (4).
Room temperature values of saturation magnetization (Ms)  and coercivity (Hc)  are  tabulated in the Table (2).
All the samples show narrow hysteresis loop which indicates the soft ferrite nature. The resultant saturation
magnetization values are decided by the distribution of cations in the tetrahedral (A) and octahedral (B) sites.
The distribution of cations in the A and B sites are mainly decided by method of synthesis, sintering
temperature,  and type of  cations,  and so on.  The super  exchange interaction between A and B sites  results  in
antiparallel spin alignment of cations. Hence, the resultant magnetization can be obtained from the difference
between octahedral site magnetization (MB) and tetrahedral site magnetization (MA) [8]. The saturation
magnetization (Ms) value increases as the concentration of cobalt ion increases except for the concentration
x = 0.30.
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Figure (4) Room temperature hysteresis loop of calcined samples with varying cobalt content.

Co concentration Ms (emu/g) Hc (Oe)
x = 0.10 60.11 132.97
x = 0.20 62.74 145.60
x = 0.30 55.71 183.49
x = 0.40 67.60 208.75

The variation in saturation magnetization can be explained using Neel’s two sub-lattice model. Cobalt
ions with magnetic moment 3mB have a preference to occupy octahedral (B) sites hence replaces nickel ions
with magnetic moment 2mB in B site, increases the net magnetic moment of B sites. The strong exchange
interaction between A and B sites results in net increase in the saturation magnetization value with the increase
in cobalt content except for x = 0.30. The decrease in the saturation magnetization for the concentration
x = 0.30 may be due to the redistribution of cations among the available A and B sites which reduces A–B
interaction[8,17]. It is observed that coercivity value increased from 132 to 208 Oe with the increase in cobalt
content. This can be attributed to the enhancement of magnetocrystalline anisotropy with the introduction of
more amounts of Cobalt ions [21].

Dielectric study

Impedance spectroscopy is used to study the dielectric properties of ferrites which give the details about
the contribution of grain, grain boundary, and interface effect on its electrical properties over wide range of
frequencies [22]. The graph plotted between real and imaginary part of impedance (cole-cole plot or Nyquist
plot) gives the details about experimental data for the dielectric constant of many materials as a function of
frequency [23].

Figure (5) shows the complex impedance spectra of Ni-Co-Zn ferrite samples prepared with different
composition. For all the samples single incomplete semicircle was obtained due to the presence of multiple
electrical responses [24]. This suggests that the grain interior contribution is not resolved for these samples and
the prominent contribution is from grain boundary. It can be said in another way that the interior grain and
grain-boundary contribution cannot be separated due to the presence of some additional time constants which
occur  outside  the  measured  frequency  range.  The  change  in  size  of  the  semicircles  can  also  be  related  to
variation in grain size [25, 27].
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Figure (5) Cole-Cole plot of Ni0.80-xCoxZn0.20Fe2O4

The dielectic constant is calculated using the relation,

e′=Ct/eoA

Where, C is the capacitance, t the thickness of the pellet, A the area of cross section, eo the permittivity of free
space (8.85 × 10-14(F/cm)).

Figure (6) Variation of dielectric constant with frequency for Ni0.80−xCoxZn0.20Fe2O4.

Figure (6) shows graph between dielectric constant and frequency. Dielectric constant shows the usual
dispersion behavior in low-frequency region and becomes constant at high-frequency region which attributes to
the Maxwell–Wagner type interfacial polarization along with koop’s phenomenological theory. According to
this theory, prepared samples can be assumed to possess a two-layer model. The first layer comprising of
conducting grains and the layer which separates the grains are considered as a second layer being the highly
resistive grain boundaries. This model results in accumulation of charge carriers near the resistive grain
boundaries which leads to space charge polarization at lower frequencies. At higher frequencies, polarization
cannot follow the applied alternating field as a result dielectric constant becomes constant at higher frequencies
[26, 27].
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The variation of dielectric constant with cobalt-ion concentration is also represented in the Figure (6).
In general, the dielectric constant value is high for the material where the polarization is high. The dielectric
constant strongly depends upon porosity, nature of crystallinity, pore-size distribution within the microstructure,
and presence of same element with different valance states [28]. As the cobalt-ion concentration increases, at
low frequencies dielectric constant value follows decreasing trend except for the concentration x = 0.30. This
decrease can be attributed to the reduction in the species contributing for polarization decreases as the cobalt
concentration increases. For x = 0.30 concentration of cobalt ion, there may be formation of more number of
Fe2+ ions  during sintering which results in excess Fe2+ and  Fe3+ ion pairs where the hopping of electrons
between these ions leads to high dielectric constant value[26,29].

Conclusions

Ni-Co-Zn ferrites with different concentrations of cobalt ions were synthesized using combustion
method with subsequent calcinations at 900°C. The incorporation of cobalt ions in the spinel lattice and the
formation of single phase were confirmed using XRD and FTIR studies. From VSM studies, the effect of cobalt
substitution on saturation magnetization and coercivity was analyzed. It showed that there is an increase in
saturation magnetization for all the concentration of cobalt ions except for x = 0.30 concentration and were
explained using Neel’s two sublattice model. The variation at x = 0.30 corresponds to the site preference of
available cations which results in reduction of saturation magnetization value. The increase in coercivity with
cobalt ion content can be related to the increased anisotropic nature of introduced cobalt ions. Cole-Cole plot
suggests the high resistivity of the prepared samples by having single incomplete semicircle. The high dielectric
constant value and its variation with frequency can be explained using the concept that all the samples possess
two layers called conductive grain and high-resistive grain boundaries. Dielectric constant decreases as the
cobalt concentration is increased except for x = 0.30. The rise in dielectric constant for the case of x = 0.30
concentration can be attributed to the formation of excess number of Fe2+ ions during sintering. This results in
excess number of Fe3+ and Fe2+ ion pairs making the material more polarizable; hence, net increase in dielectric
constant. Prepared materials’ high magnetization, low coercivity, and high resistivity suggest that all the
prepared materials can be used in high-frequency applications and high-density data storage devices.
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