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Abstract Nanocrystalline powders of Ni—Zn ferrite
(NZFO) having the chemical formula Ni, Zn;_, Fe,Oy,
where x varies as 1, 0.8, 0.6, 0.4, 0.2, and 0, were syn-
thesized by chemical co-precipitation technique. The
samples synthesized were characterized by X-ray diffrac-
tion (XRD) technique at several stages. As prepared
samples at room temperature show absence of Bragg peak
indicating that there was no crystalline phase formation of
ferrite. The XRD pattern of the samples sintered at 400 °C
clearly showed the characteristic Bragg peaks of spinel
cubic structure. XRD patterns were further analyzed to
calculate the lattice constant, porosity, and jump length of
charge carriers. Electrical dc resistivity measurements were
carried out with respect to temperature using two probe
method. NZFO samples showed abnormal electrical
behavior at room temperature. Also abnormal electrical
behavior with increase in temperature in the range 600—
800 K was observed. Variation of dielectric constant and
loss tangent with frequency were studied at room temper-
ature. The electrical and dielectric behavior of the Ni—Zn
samples is discussed in the light of literature.

Introduction

Magnetic nanoparticles continue to be a fascinating subject
of interest from both fundamental and application point of
view. It is well known that polycrystalline Ni—Zn ferrites
(NZFOs) are widely wused for many technological
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applications [1, 2]. Most electronic applications require
these materials to be pressed into larger shapes with near
theoretical density, which is difficult to obtain if the
particles have wide-size distribution [3].

Ni—Zn ferrites are well known and have been used for
many years in the electrical and electronic industries.
NZFO is a soft magnetic ceramic that has spinel configu-
ration based on a face-centered cubic lattice of the oxygen
ions, with the unit cell consisting of eight formula unit of
the type [Zn,Fe,_,] A [Ni;_,Fe; ; ] g O4. In this formula
‘A’ represents tetrahedral site and ‘B’ represents octahedral
site [4]. The structural, electrical, dielectric, etc. properties
of ferrite are very much sensitive to methodology adopted
for the synthesis, preparative parameters, initial ingredi-
ents, etc. The change in cation distribution may result into
unexpected electrical and magnetic behavior. Nowadays,
these materials are largely studied in the search for
improved properties [5] and new applications [6] especially
in the nanometric scale as ultrafine powders [7] and thin
films [8, 9]. Ferrites are commonly produced by a ceramic
process involving high-temperature solid-state reactions
between the constituent oxides or carbonates. The particles
obtained by this process are rather large and non-uniform
in size. These non-uniform particles, on compacting, result
in the formation of voids or low density. In order to
overcome these difficulties arising out of the ceramic route,
wet chemical methods like air oxidation, co-precipitation,
hydrothermal processing, etc. have been considered for
production of homogeneous, fine and reproducible ferrites
[10]. In this work, we have studied synthesis of nano-sized
ferrimagnetic Ni,Zn;_,Fe,O4, powder by co-precipitation
followed by low- and high-temperature sintering and
investigated the structural and electrical properties of the
obtained samples. The electric properties of ferrites gives
valuable information about the behavior of localized
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electric charge carriers leading to a greater understanding
of mechanism of dielectric polarization of the ferrites.

Experimental

The Ni,Zn,_,Fe,O, sample was synthesized using Ni
nitrate, Zn acetate and Fe nitrate as precursors, by dis-
solving them in distill water in the required mole
proportion. The clear solution was co-precipitated with a
1 molar NaOH solution at fixed temperature of 100 °C.
Samples at this stage are refereed ‘as prepared’. The pre-
cipitate was filtered and then washed several times with
distilled water until the pH of the filtered water became 7
(i.e., neutral). The filtrate was then dried at 100 °C over-
night. The dried powders were then used to make pellet
with a die of diameter 10 mm. The hand press machine was
used to apply pressure of about 5-6 ton for 5 min was
applied to make the pellets. The diameter of the 2- to 3-mm
thick pellet was 10 mm. These pellets were sintered at
different sintering temperatures for same interval of time.
The data of the pellets structural, electrical, and dielectric
properties on the samples sintered at 400 °C was collected.
All the samples further sintered at 900 °C for the same time
interval of 6 h to compare the electrical and dielectric
properties of the samples. The samples of Ni,Zn, _,Fe,Oy,
where x = 1, 0.8, 0.6, 0.4, 0.2, and O sintered at 400 °C are
refereed as A, B, C, D, E, and F and those sintered at
900 °C are A’, B, C', D/, E/, and F in the present case,
respectively.

The single-phase formation of the materials was con-
firmed by powder X-ray diffraction (XRD) technique. X-ray
diffractogram of all the samples was recorded using an
X-ray diffractometer (model Bruker D8 Advance). JEOL,
Analytical Scanning Electron Microscope (model JSM-
6360A) was use to record microstructure of the samples
surface under study. The resistivity measurements were
carried out using two probe method. Keithley’s multimeter
(model 2000) was used to record current through the sample
keeping voltage across the sample constant at room tem-
perature and well above Curie temperature. The frequency-
dependent dielectric measurements were carried out on
HIOKY 3532-50 LCR meter at room temperature.

Results and discussion

Structural properties

Ni—Zn powder samples were characterized at several stages
of synthesis using XRD technique. The samples charac-

terized before drying at 100 °C show amorphous nature.
The samples dried at 100 °C show small hump at the

positions of (311) and (400) peaks, which is a characteristic
of spinel cubic ferrite phase. In order to get spinel cubic
ferrite phase the samples were sintered at 400 °C for 6 h.
The XRD patterns of each Ni—Zn composition treated at
400 °C is shown in the Fig. 1. The positions of all the
Bragg peaks were used to obtain the interplaner spacing
and these values were used to index the peaks. The peaks
were indexed by comparing the interplanar distance with
the JCPDS data [11]. All the samples show formation of
single-spinel cubic phase except sample ‘E’. In case of
Nig»Zn, gFe,O4 (sample E), one extra peak of a-Fe,Oj is
observed. Formation of second phase such as «-Fe,Oj is a
consequence of the preferential loss of one or more diva-
lent cation during the precipitation stage [12]. Lattice
constant was calculated for each composition by analyzing
the XRD patterns and given in Table 1.

The variation of lattice constant ‘a’ as a function of Zn
concentration is shown in Fig. 2(a). It can be observed that
lattice parameter increases with increasing Zn substitution
for all the Ni, Zn;_, Fe,O,4 except at x = 0.2 (sample ‘E’)
for which one peak of hematite (x-Fe,O3) phase is
observed, The increase in lattice parameter with increasing
Zn content can be explained on the basis of the ionic radii.
The radius of the Zn>* (0.83 A) ion is greater than that of
the NiZ* (0.78 A) [13], which follow Vegard’s law [14].
Only the sample ‘E’ show decrease in ‘a’. The decrease in
‘a’ for sample ‘E’ may be attributed to partial oxidation of
Ni** to Ni*? of lower ionic radius and also due to Zn loss
and O, release from the sample leading to lattice shrinkage.
Similar lattice contraction due to presence of x-Fe,Oj3 is
observed in case of Mn-Ni—Zn ferrite [15].

(511)

Intensity (A. U.)
A = =

| | | | | |
20 30 40 50 60 70 80

20 ( degree )

Fig. 1 (A-F) X-ray diffraction pattern of Ni,Zn;_,Fe,O, sample
from x = 1 to x = 0, respectively, sintered at 400 °C. H represents
hematite phase
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Table 1 Lattice constant, average crystallite size, and jump length of
Ni—Zn composition sintered at 400 °C

Composition Lattice Average Jump .
const. ‘a’ (A) crystalline length L (A)
size (nm)
NiFe,04 8.3485 4.79 29516
Nig gZng,Fe,04 8.3658 7.69 2.9577
Nig ¢Zng 4Fe;04 8.3860 4.33 2.9649
Nig 4Zng ¢Fe,04 8.3870 4.35 2.9652
Nig ,Zng gFe,04 8.3243 3.31 2.9430
ZnFe,04 8.4480 11.7 2.9868

The crystallite size for each composition was calculated
from XRD line width of (311) peak using Debye Scherrer
formula, ¢t = 0.9/fcosf, where, ‘¥ = crystallite size,
‘A’ = wavelength of X-ray, ‘f’—full width at half maxima
(FWHM) and ‘0’ is Bragg angle. The composition-depen-
dent crystallite size is also shown in the Fig. 2(b). The
crystallite size decreases with increasing Zn concentration
for the compositions ‘A’, ‘B’, ‘C’, ‘D’, and ‘E’, except ‘F’.
The increase in average crystallite size for ZnFe,0, is due
to the grain growth, indicating that the temperature
required for the phase formation for Zn ferrite is less as
compared to the other compositions. The crystallite size
data for Ni—Zn samples sintered at 400 °C is given in
Table 1.

It is known that the presence of pores may affect dras-
tically on the physical properties of materials. In the
present case experimental density was calculated using
Archimedes method given by the equation

Experimental density (d') = [W/(W — W’)]
x density of the liquid

(1)

where W—weight of the sample in air, W —weight of the
sampled in liquid. In the present case xylen was used as
liquid. X-ray density (d’) was calculated using the formula

d" = 8 M/Na® (2)

for the spinel ferrite, where M—molecular weight of the
sample, N—Avogadro’s No.

% porosity = [(d" — d')/d"] x 100 (3)

The composition-dependent % porosity is shown in the
Fig. 2(c). It is observed that as the concentration of Zn
increases the % porosity of the samples also increases. This
is due to the fact that the decrease in the average particle
size with increasing Zn content [16].

Figure 3(a—c) shows the scanning electron micrographs
(SEM) images of NiggZng,Fe,O4 (a) as synthesized, (b)
sintered at 400 °C for 6 h and (c) sintered at 900 °C for
6 h. In Fig. 3(a) it is seen that ferrite particles are of uni-
form size and some of the particles are agglomerated. The

Fig. 2 (a) The variation of
lattice constant ‘a’ as a function
of Zn concentration. (b) The
variation of crystalline size as a
function of Zn concentration.
(¢) Composition-dependent %
porosity in Ni Zn;_,Fe,04
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Fig. 3 (a) The SEM image of
as synthesized NiggZn ¢,Fe,0y,
(b) The SEM image of Ni (gZn
0.2 Fe,0y sintered at 400 °C. (c)
The SEM image of Ni ggZn o5
Fe,0, sintered at 900 °C

average grain size is of the order of 50 nm. The sintering
temperature has a great influence on the microstructure. It
is seen from Fig. 3(b, c) that, the grain size for same
sample increases with increasing sintering temperature.
The average grain size was 78 nm and 960 nm for the
sample sintered at 400 °C and 900 °C, respectively.

Dc resistivity measurement

The composition-dependent dc resistivity of each pellet of
NZFO series measured at room temperature is shown in
Fig. 4. In spinel ferrite, it is known that Ni and Zn ions
prefer to occupy ‘B’ (octahedral) and ‘A’ (tetrahedral)
sites, respectively. Electrical resistivity is very much sen-
sitive to cation distribution [17]. When Zn is substituted for
Ni; Zn ion occupies ‘A’ site preferentially and equivalent
iron ion migrates from ‘A’ site to ‘B’ site in place of
reduced amount of Ni. This increases Fe*’ — Fe*?
exchange probability and thereby decrease the resistivity.
Therefore, it is expected that in NZFO, substitution of Zn
in place of Ni should decrease the resistivity. But, in the
present case resistivity rises with increase in Zn concen-
tration in place of Ni. The observed behavior can be
explained as: In Ni—Zn spinel ferrite, conductivity is due to
both ‘n’ and ‘p’ type of charge carriers. The ‘n’ type charge
carriers are due to electron hopping between Fe*? — Fe*?
and ‘p’ type charge carrier are due to hole hopping between
Ni*? < Ni*? at octahedral site. The resistivity of the
sample would be decided by the hopping of Fe** « Fe*?

and Ni*? — Ni*® probability. When Zn is substituted for
Ni, it is expected to occupy tetrahedral site. However, in
some cases part of Zn may occupy octahedral site [18] and
part of Ni may occupy tetrahedral site. This will reduce
Fe* « Fe*? ions exchange interactions at the cost of loss
of Ni*? « Ni™ exchange interactions. This result into
dilution of conduction mechanism at crystallographic lat-
tice sites in these mixed ferrites and may also contribute to
the increase in dc resistivity with increase of Zn concen-
tration [19]. Conduction mechanism in ferrite is well-
explained using polaron-hopping model. Therefore, the
polaron jump length is calculated for all the samples. The
values of jump length ‘L’ calculated for various composi-
tions are given in Table 1. This shows that ‘L’ increases
with increasing Zn content. The observed increase in L
with increase in Zn concentration supports increase in
resistivity. It is seen from Fig. 4 that the Ni—Zn samples
sintered at 900 °C possesses higher resistivity than that of
the samples sintered at 400 °C. Normally, it is expected
that resistivity of polycrystalline materials decreases with
increase in grain size, i. e., resistivity should decrease with
increasing sintering temperature. However, a reverse trend
is observed in the present work. A similar trend was
observed by Verma et al. in case of NZFO [20]. The
comparatively lower values of resistivity in the samples
sintered at 400 °C are possibly due to the presence of
localized states in the forbidden gap, which arises due to
lattice imperfections. The presence of these states effec-
tively lowers the energy barrier to the flow of electrons.
Increase in resistivity with sintering temperature can be
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Fig. 4 Compositional dependence dc resistivity in NZFO

explained in terms of increasing structural improvement.
Increased sintering temperature results in more uniform
crystal structures with reduced imperfections thereby
increasing sample resistivity. The effect of structural
improvement is more significant than that of the anticipated
effect of grain size.

The dc resistivity of polycrystalline Ni—Zn samples
sintered at 400 °C and 900 °C was measured as a function
of temperature from room temperature to the temperature
well beyond the Curie temperature (i.e., 300-923 K). The
comparison of the resistivity for the NiggZng,Fe,04 and
Nig.¢Zng 4Fe,0,4 samples, respectively, sintered at 400 °C
and 900 °C are shown comparatively in Fig. 5(a, b),
respectively. It is observed that for both the samples
resistivity decreases with increasing temperature indicating
the semi conducting nature of the samples. The tempera-
ture dependence of resistivity found to follow the
Arrhenius equation,

p = Poexp <f—T> (4)

where p,, is the pre-exponential factor with the dimensions of
Q cm, k is the Boltzman constant (8.617 343 x 107° eV/K),
E, is the activation energy, and T'is the absolute temperature.
The conduction mechanism of ferrites can be explained on
the basis of the Verwey de Boer [21] mechanism that
involves exchange of electrons between the ions of the same
elements present in more than one valence state and dis-
tributed randomly over crystallographic lattice sites. The
decrease in resistivity with increase in temperature is due to
the increase in drift mobility of the charge carriers. Also
conduction in ferrites is attributed to hopping of electrons
from Fe>*to Fe®* at elevated temperatures [22].

It can be seen that for both the samples variation of
resistivity with increasing temperature follow the same
trend. For spinel ferrite samples usually three linear regions
are observed in the In p vs. 1/T plot from room temperature
to well above Curie temperature [23-25]. The change in
slope indicates change in conduction mechanism. The first
low-temperature region (up to about 423 K) is attribute to
the conduction due to impurities, voids, defects, etc. The
second temperature region (up to Curie temperature) is
attributed to ferrimagnetic region. Third temperature
region (above Curie temperature) is attributed to para-
magnetic region [23-25]. In the present case first region
agrees with the reports in the literature. In the temperature
range 600-800 K the plot deviated from linearity, which is
unusual. The temperature region above 800 K again
follows linearity.

The activation energies for conduction are computed
from log;o pgc verses 1000/T plots for all the samples, and
the data is given in Table 2. In Table 2 it is seen that the
activation energy decreases at higher sintering temperature.
Higher values of activation energy have been found to
correspond to low conductivity values of samples, with
increasing Zn concentration.

It is important to note that small changes in AE with x
are observed for the present system. According to Ahmed
et al. [26], the effect of x on AE is greater if the substituted

Fig. 5 (a) Comparison of () 75F (b)
variation of log dc resistivity of T _auun 70k -
Ni0'82n0_2F6204 with ’ B
temperature inverse; sintered at 6 6.5
| ]
400 ° C and at 900 ° C. (b) £ 60
Comparison of variation of log S5+ [“‘ o L 551 A
dc resistivity of Nig¢Zng 4Fe,04 g A _-‘. S SOF AA‘ i
with temperature inverse; 4t [A r = stk A s
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o !
3k A‘ . f
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Table 2 Resistivity, activation energy, and % porosity comparison of Ni, Zn(,_,, Fe;O4 sample sintered at 400 °C and 900 °C

Composition Pac MQ Pac MQ Activation energy Activation energy % porosity % porosity
cm 400 °C cm 900 °C AE (eV) 400 °C AE (eV) 900 °C (gm/cm®) 400 °C (gm/cm®) 900 °C
NiFe,0, 3.4921 6.9884 0.3331 0.1724 5.858 5.582
Nig gZng,Fe,04 1.5212 6.1286 0.1847 0.2677 5.908 5.621
Nig 6Zng 4Fe,0y4 10.2233 19.8405 0.2851 0.1392 10.847 9.724
Nig 4Zng ¢Fe,0y4 8.8368 27.3442 0.2273 0.1615 14.248 12.925
Nig »Zng gFe,0y4 8.0689 30.1190 0.2140 0.2026 22.884 21.124
ZnFe,0,4 35.9534 24.2480 0.4230 0.1803 34.601 31.245

cation occupy B-sites. Devale et al. [27] suggest that
almost no change in E is observed when the substitution is
made on A-sites without disturbing the B-sites. Therefore,
the present results suggest that substitution of Zn in place
of Ni affects cation distribution at octahedral site. The
unusual behavior observed in the temperature range 600—
800 K can be explained as: It is expected that in NZFO
both Ni*? and Zn™ ions occupy to octahedral site and
tetrahedral site respectively, and Fe** ions are expected to
occupy tetrahedral and octahedral site. Our room temper-
ature resistivity data suggest that Zn** ion may occupy
octahedral site. Kim et al., based on mossbaure spectra
analysis reported that for Ni—Co spinel ferrite system an
alteration of occupancy of Ni, Co ions to tetrahedral site
instead of octahedral site [28]. Altering the cation distri-
bution between the chemically inequivalent sites will not
lead to change crystal structure and chemical composition,
but will affect the electrical properties. The present study
therefore indicates that a ferrite with a particular compo-
sition may have different cation distribution in its bulk
phase than that in its nanoparticle phase. When temperature
is increased above 500 K slowly migration of Fe*, Ni*?
ions from A site to the B site starts at the cost of migration
of Zn*™* from octahedral site to tetrahedral site. Migration
of Fe*?, Ni*? ions to octahedral site increase Fe** « Fe*?
and Ni*? — Ni**hopping probability, which results in
decreased resistivity values. The migration processes
increases up to 700 K and afterwards it saturates [28]. This
results an anomaly in the resistivity behavior in the tem-
perature region 600-800 K. Similar results were obtained
for Ni—Co ferrite synthesized by chemical co-precipitation
technique by us [29].

Dielectric properties

Figure 6(a, b) shows variation of ¢‘ with frequency for the
Ni,_,ZnFe,0,4 samples sintered at 400 °C and 900 °C,
respectively. Initially &¢° decreases with increase in fre-
quency and finally at higher frequencies reaching a

constant value for all the compositions. This is obvious
because of the fact that the species contributing to the
polarizability are lagging behind the applied field at
higher frequency. The variation of &° with frequency
reveals the dispersion due to Maxwell-Wagner [30, 31]
type interfacial polarization, which is in agreement with
Koop’s phenomenological theory [32]. According to these
models, the dielectric material with a heterogeneous
structure can be imagined as a structure consists of well-
conducting grains separated by highly resistive thin layers
(grain boundaries). In this case, the applied voltage on the
sample drops mainly across the grain boundaries and a
space charge polarization is built up at the grain bound-
aries. The space charge polarization is governed by the
available free charges on the grain boundary and the
conductivity of the sample. Koop proposed that the effect
of grain boundaries is predominant at lower frequencies.
The thinner the grain boundary, the higher the dielectric
constant value is. The observed decrease of & with
increasing the frequency can be attributed to the fact that
the electron exchange between Fe*? and Fe** ions cannot
follow the change of the external applied filed beyond a
certain frequency [33]. According to Novikava et al. [34]
the polarization in ferrite is thought a mechanism similar
to conduction process.

Figure 6(c, d) shows variation of tan § with frequency
for the Ni;_,Zn,Fe,O, samples; sintered at 400 °C and
900 °C, respectively. It is seen from the Fig. 6(c, d) that tan
o0 decreases with increasing frequency with shoulder nature
for A, C, D, and A’. The observation of shoulder indicates
the presence of resonance between the hopping frequency
of the charge carriers and applied frequency. For other
samples, shoulder behavior is not observed in the measured
frequency range. This may be due to the resonance fre-
quency for other samples lie beyond the frequency range of
measurements. The value of tan J is less for the samples
sintered at 900 °C as compared to that of the samples
sintered at 400 °C. The dispersion behavior observed can
be explained on similar line to that of ¢ variation with
frequency.
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Fig. 6 (a) Variation of ¢ with
frequency at room temperature
for Ni,Zn,_,Fe,0, sintered at
400 °C. (b) Variation of ¢ with
frequency at room temperature
for Ni,Zn;_,Fe>O, sintered at
900 °C. (¢) Variation of loss
tangent with frequency at room
temperature for Ni,Zn;_,Fe,O,4
sintered at 400 °C. (d) Variation
of loss tangent with frequency
at room temperature for
Ni,Zn;_,Fe,0, sintered at

900 °C
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Samples of nanocrystalline Ni,Zn;_,Fe,O, have been
successfully synthesized using chemical co-precipitation
method and effect of sintering temperature on the mor-
phological, electrical, and dielectrical properties have been
studied. It is observed from XRD analysis that ferrite phase
is formed at as low temperature as 400 °C without for-
mation of unidentified phase. The microstructure study
from SEM shows that the grain size increases with sin-
tering temperature. % porosity and resistivity of the
samples were dependent on Zn concentration. The nature
of dc resistivity with temperature at different sintering
temperatures clearly shows the change in conduction
behavior of the same sample. The anomalous behavior is
due to change in cation distribution. Study of dielectric
properties with frequency at room temperature helps in
understanding the electric behavior of the samples.
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