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a b s t r a c t

The powders of Ni–Zn ferrite having the chemical formula Ni(1−x)ZnxFe2O4, where x varies as 0, 0.1, 0.2,
0.3, 0.4, and 0.5, were synthesized using solid state reaction method. The X-ray diffraction (XRD) studies
confirmed the formation of spinel cubic structure. The average crystallite size was calculated using line
broadening in XRD patterns. Also structural parameters like lattice constant (a), jump rate (L), polaron
eywords:
i–Zn ferrite
RD
EM

radius (rp), bond lengths (RA, RB) and porosity (P) were determined from XRD data. The micro-structural
features of the samples were studied using scanning electron microscopy (SEM) techniques. The variation
of dielectric constant (έ), loss tangent (tan ı) and AC conductivity (�ac) as a function of frequency in range
of 100 Hz to 5 MHz was studied. Also the variation of dielectric constant and loss tangent as function of
temperature was studied at fixed frequencies. The DC resistivity measurements of the samples were

be m
ielectric constant
esistivity

performed using two pro
versus 1000/T.

. Introduction

The nickel–zinc ferrite is a soft ferrite having low magnetic
oercivity and high electrical resistivity. The high electrical resis-
ivity and good magnetic properties make this ferrite an excellent
ore material for power transformer in electronic and telecom-
unication applications [1]. The Ni–Zn ferrites are commonly

roduced by conventional ceramic processes involving high tem-
erature (≥1200 ◦C), solid state reactions between the constituent
xides/carbonates. The electronic structure of these materials may
e qualitatively understood as a generalized Mott insulator [2]. In
etail, the strong intra-site coulomb repulsion between ‘d’ elec-
rons splits the partially filled ‘d’ band into upper and lower
ubbard bands, which results in an insulating electronic ground

tate and local magnetic moments at the same time [3]. Nickel
errite (NiFe2O4) with an inverse spinel structure shows ferrimag-
etism, which originates form magnetic moment of anti-parallel
pins between Fe3+ ions at tetrahedral sites and Fe3+, Ni2+ ions
t octahedral sites [4]. In bulk Ni–Zn spinel ferrite Ni2+ occupies
ctahedral site whereas Zn2+ occupies tetrahedral site. Morrison

t al. [5] have observed the presence of Zn2+ ions in octahedral
ites in as prepared state itself when the material was prepared
sing micelle process having 7 nm size particles. The Neel tem-
erature of Ni0.5Zn0.5Fe2O4 spinel ferrite was found to increase
ignificantly from 538 K in the bulk state to 592 when the grain

∗ Corresponding author. Tel.: +91 020 2569 2678x320.
E-mail address: vlmathe@physics.unipune.ernet.in (V.L. Mathe).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.04.152
ethods. The activation energies were computed from the plots of log �dc

© 2010 Elsevier B.V. All rights reserved.

size was reduced to 16 nm [6]. The electrical properties of Ni–Zn
ferrite have been studied by several investigators. Among them,
Abdeen [7] has reported the AC and DC electrical conductivity
in Ni–Zn ferrite. He was observed that DC and AC electrical con-
ductivities increase as temperature increase transforming from
ferrimagnetic to paramagnetic state on passing through Curie point.
This indicates that the studied ferrite samples are magnetic semi-
conductors. The dependence of the anomalous electrical properties
of nanocrystalline Ni–Zn ferrites upon composition and sintering
temperature has been studied by Sheikh and Mathe [8]. Gul et
al. [9] have observed the presence of Zn2+ ions causes apprecia-
ble change in the structural, magnetic and electrical properties.
Shinde et al. [10] investigated the DC resistivity of Ni–Zn fer-
rites prepared by oxalate precipitation method. They obtained the
high resistivity ferrites can be prepared by oxalate precipitation
method with low sintering temperature and smaller duration as
compared to ceramic and citrate precursor method. Mathe and
Bhosale [11] investigated the effect of annealing on spray deposited
Ni–Zn ferrite thin films. They obtained the synthesis of Ni–Zn spinel
ferrite by spray pyrolysis method onto a glass substrate is fea-
sible. The composition dependence of the conductivity of Ni–Zn
ferrite is explained in terms of the cation valences and distribu-
tion by El-Sayed [12]. Temperature dependence of effective thermal
conductivity and effective thermal diffusivity of Ni–Zn ferrites stud-

ied by Joshi et al. [13]. Costa et al. investigated the effect of the
sintering temperature on the micro-structural evolution and mag-
netic properties of Ni–Zn ferrites prepared by combustion reaction
[14].

dx.doi.org/10.1016/j.jallcom.2010.04.152
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:vlmathe@physics.unipune.ernet.in
dx.doi.org/10.1016/j.jallcom.2010.04.152
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(2). Plot of ˇ cos �/� versus sin �/� is shown in Fig. 3. The effective
crystallite size and strain were calculated using a linear equation;
y = �x + 1/ε, the slope of these lines gives strain while their intercept
on y-axis shows the effective crystallite size. The effective crystal-
lite size and the lattice strain obtained from the Williamson–Hall
32 A.S. Fawzi et al. / Journal of Alloy

In the present work, Ni(1−x)ZnxFe2O4, where x = 0.0, 0.1, 0.2, 0.3,
.4 and 0.5, named as A1, A2, A3, A4, A5 and A6, respectively, have
een prepared by the solid state reaction method. The single phase
f the prepared samples, its lattice parameter, average particle
ize, X-ray density, porosity and polaron radius have been deter-
ined using X-ray diffraction data. The surface morphological and

verage grain size was studied by scanning electron microscopy
echniques. The average grain size (grain diameter) of the sam-
les was determined from SEM micrographs by linear-intercept
echnique. Temperature and frequency dependence of dielectric
onstant (έ) and dielectric loss (tan ı) for all compositions have
een studied.

. Experimental details

The Ni–Zn ferrites were prepared using the solid state reaction method. The
owders of NiO, ZnO and Fe2O3 in the required stoichiometric proportion were thor-
ughly mixed and milled for 3–4 h. The second stage is pre-sintering, which involves
eating of intimate mixture of raw materials in order to start reaction between ini-
ial ingredients. The pre-sintering helps in homogenization, to remove the absorbed
ases and moisture, causes partial reaction of the oxides and tends to reduce the
hrinkage during the final sintering. The powders were pre-sintered at 900 ◦C for
4 h. The pre-sintered powders were then milled to fine powder so as to reduce the
article size and to promote mixing of any unreacted oxides. These powders were
hen mixed with 1% polyvinyl alcohol as a binder and pressed into pellets having
iameter of 10 mm and thickness of 2–3 mm using hydraulic press. The samples in
he form of pellet were sintered at 1200 ◦C for 12 h. The sintering involves large-scale
iffusion and erasing of gradients of chemical potentials, resulting in formation of
roduct.

The single phase formation of the materials was confirmed by powder X-ray
iffraction technique. X-ray diffractogram of all samples was recorded using an X-
ay diffractometer (model Bruker D8 Advance). The SEM micrographs were recorded
sing scanning electron microscope (model JEOL JSM 6360). The capacitance (Cp)
nd loss tangent (tan ı) were measured by two probe method in the frequency
ange 100 Hz to 5 MHz at room temperature using precision LCR meter (Model HIOKI
532-50 LCR Hi tester). The variation of dielectric constant and loss tangent with
emperature were studied at four fixed frequencies viz, 1 kHz, 10 kHz, and 100 kHz
nd 1 MHz by recording the same parameters. The frequency dependent AC con-
uctivity was calculated from dielectric constant and loss tangent data. The DC
esistivity measurements of the samples were performed by means of a two probe
ethod.

. Results and discussion

.1. Structural properties

The X-ray diffraction pattern of ferrite samples having general
ormula Ni(1−x)Zn(x)Fe2O4 where x = 0, 0.1, 0.2, 0.3, 0.4 and 0.5 are
hown in Fig. 1. All the patterns were indexed using JCPDS data
or NiFe2O4, Ni–Zn ferrite card no. (10-325) (8-234), which depict
ubic spinel structure of Ni–Zn ferrite samples. There are no extra
eaks indicating purity of the samples synthesized. The positions
ll the Bragg lines were used to obtain the interplanar spacing and
hese values were used to index the peaks. The graph of lattice
arameter verses the function F(�) (Nelson–Riley formula) [15] is
iven in Fig. 2, where

(�) = 1
2

[(
cos2 �

sin �

)
+

(
cos2 �

�

)]
(1)

traight line plots are obtained for all samples, extrapolating the
ines to F(�) = 0 at � = 90◦ gives corrected value of lattice constant.
he concentration dependence of the lattice constant (a) with an
ccuracy of ±0.02 Å was determined form XRD data for x = 0–0.5
nd given in Table 1. It is clear from Table 1 that the doping greatly
ffects the lattice constant (a) for all samples. Usually, in a solid
olution of spinels within the miscibility range, a linear change

n the lattice constant with the concentration of the components
s observed [16]. The slow linear increase in the lattice constant
ue to the replacement of Ni2+ (0.78 Å) ions by slightly larger Zn2+

ons with an ionic radius of (0.83 Å) in the system Ni(1−x)ZnxFe2O4.
he results are in agreement with the reports in the literature [15].
Fig. 1. X-ray diffraction patterns of A1, A2, A3, A4, A5 and A6.

The average crystallite size (D) obtained from the most intense line
(3 1 1) was (18–27 nm) as estimated by Scherrer equation as follows
[17].

D = K�

ˇ cos �
(2)

where D is the average particle size, ˇ is the full width of the diffrac-
tion line at half the maximum intensity, K is a constant (=0.9), � is
the wavelength, � is the Bragg diffraction angle. The average crys-
tallite size values and lattice strain (�) were determined from XRD
line width using Scherrer formula modified by Williamson and Hall
equation [18].

ˇ cos �

�
= 1

ε
+ � sin �

�
(3)

where ε is the effective crystallite size, � is the strain introduced
inside the sample and all other parameters are as defined in Eq.
Fig. 2. The lattice constant versus the function F(�).
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Table 1
Lattice constant (a), effective crystallite size (ε), lattice strain (�), polaron radius (rp), jump rate (L), X-ray density (�x), actual density (�a) and percentage porosity (p).

Samples a (Å) ε (nm) � (%) rp (Å) L ( ´̊A) �x (gm/cm3) �a (gm/cm3) P (%)

A1 8.34 11 3.8 × 10−3 0.733 2.945 5.37 5.24 2.51
A2 8.36 13.2 2.9 × 10−3 0.735 2.955 5.34 5.13 3.89
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p
t
t
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r
r
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r

r

r

w
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F
c

A3 8.38 15 2.6 × 10 0.73
A4 8.39 17.6 2.1 × 10−3 0.73
A5 8.40 18 2.3 × 10−3 0.73
A6 8.41 19 2.5 × 10−3 0.74

lot are listed in Table 1. It is clear from the data in Table 1 that
he doping does not greatly affect the effective crystallite size and
he lattice strain inside the samples. Also variation in the crystal-
ite size using Scherrer formula (2) and Williamson–Hall equation
3) are in close agreement with each other. Fig. 4 represents the
elation between tetrahedral site radius (rtet) and octahedral sites
adius (roct) with the lattice parameter a. The radii of the tetrahe-
ral (rA) and octahedral (rB) sites have been calculated by using the
elation [19]

A = [CAZn r(Zn2+) + CAFe r(Fe3+)] (4a)
B = 1
2 [CANir(Ni2+) + CAFer(Fe3+)] (4b)

here r(Ni2+), r(Zn2+), and r(Fe3+), are the ionic radii of Ni2+, Zn2+,
nd Fe3+, ions respectively, while CAZn, and CAFe in Eq. (4a) are the

Fig. 3. Williamson–Hall plot of the A1, A2, A3, A4, A5 and A6.

ig. 4. Variation in tetrahedral site radius and octahedral site radius with lattice
onstant.
2.961 5.31 4.93 7.18
2.966 5.29 4.84 8.61
2.969 5.26 4.72 10.32
2.973 5.23 4.51 13.78

concentration of Zn2+ and Fe3+ ions on tetrahedral sites and CANi
and CAFe in Eq. (4b) are the concentration of Ni2+ and Fe3+ ions on
octahedral sites. It is well known that there is a correlation between
ionic radius and lattice parameter. It is seen from Fig. 4 that the lat-
tice parameter increases with increasing tetrahedral site radius (rA)
and decreasing octahedral site radius (rB). Observations from Fig. 5
indicate that with increasing Zn concentration, radius of tetrahedral
site is increased whereas that of octahedral site is decreased, which
in turn increases the lattice parameter. The results are in agreement
with the reports in the literature [8]. The bond lengths (RA, RB) have
been calculated using the relations RA = rA + r(O2−), RB = rB + r(O2−),
where r(O2−) is the radius of the oxygen ion (1.32 Å). The oxygen
positional parameter or anion parameter (u) for each sample was
calculated using the formula [19]

u3m = 1/4R2 − 2/3 + [(11/48)R2 − (1/18)]
1/2

2R2 − 2
(5)

where R = RB/RA are average bond lengths.
The data on radii of tetrahedral and octahedral sites, bond

lengths and oxygen position parameter for all the samples are given
in Table 2. It is seen from the data that the oxygen position param-
eter increases with increasing in Zn2+ concentration which causes
increase in lattice parameter as observed from XRD data. The X-ray
density �x was calculated using the relation, �x = 8M/Na3, where
M is the molecular weight of the ferrite sample, N is Avogadro’s
number and ‘a’ is lattice constant. Experimentally, the density was
obtained using Archimedes principle. The weights of sample in air
and xylene were recorded. The actual density (�a) was calculated
using the formula [8].

�a = (Wair × �liquid)
(6)
(Wair − Wliquid)

where �a is the actual density, Wair is the weight of pellet in air,
Wliquid is the weight of pellet in liquid, and �liquid is the density of
liquid.

Fig. 5. Variation in tetrahedral site radius and octahedral site radius with Zn con-
centration.
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Table 2
Cation distribution, bond lengths (RA, RB), ionic radius per molecule of the tetrahedral and octahedral sites (rA, rB) and oxygen position parameter (u).

Samples Substance Tetrahedral A sites Octahedral B sites RA (Å) RB (Å) rA (A∀) rB (A∀) u (A∀)

A1 NiO·Fe2O3 Fe3+ Ni2+·Fe3+ 1.99 2.045 0.67 0.725 0.2600
A2 0.9NiO·Fe2O3 0.1ZnO·Fe2O3 Zn2+

0.1Fe3+
0.9 Ni2+

0.9·Fe3+
1.1 2.006 2.0395 0.686 0.719 0.2610

2+ 3+ 2+
0.8·Fe3+

0.7·Fe
0.6·Fe
0.5·Fe
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lier by Austin and Mott [27] and Appel et al. [28]. Alder and Feinleib
[29] have reported the frequency dependent electrical conductivity
A3 0.8NiO·Fe2O30.2ZnO·Fe2O3 Zn 0.2Fe 0.8 Ni
A4 0.7NiO·Fe2O3 0.3ZnO·Fe2O3 Zn2+

0.3Fe3+
0.7 Ni2+

A5 0.6NiO·Fe2O3 0.4ZnO·Fe2O3 Zn2+
0.4Fe3+

0.6 Ni2+

A6 0.5NiO·Fe2O3 0.5ZnO·Fe2O3 Zn2+
0.5Fe3+

0.5 Ni2+

The porosity of samples was determined by liquid immersion
echnique, using the formula:

ercentage porosity =
(

�x − �a

�x

)
× 100 (7)

It is seen from Table 1 that the samples prepared are of good
uality having experimental density values close to X-ray density.

In ferrites, the charge carriers are not completely free but are
trongly localized in the d-shell; this localization may be due to
ormation of polarons. A small polaron defect is created when an
lectronic carrier gets trapped at given sites as a consequence of
he displacement of adjacent atoms or ions. An attempt has been

ade to calculate the polaron radius for all the samples studied by
he relation [20].

P = 1
2

[
	

6N′

]1/3
(8)

here N′ number of sites per unit volume = 96/a3. Also we have
alculated jump length (L) using relation [21].

= a

√
2

4
(9)

The values of jump length for various values of Zn concentration
re summarized in Table 1. This shows that jump length (L) and
olaron radius (rp) increases with increasing Zn concentration. The
bserved increase in L and rp with Zn concentration suggests that
harge carriers require more energy to jump from one cationic site
o other.

The scanning electron micrographs of the two end members viz
amples (A1) and (A6) are given in Fig. 6(a and b). The average grain
ize is estimated as ∼1.57 �m for sample A1 and that of sample A6
re much bigger in size, which is estimated as 3.14 �m as seen in
ig. 6(a and b). This shows that particles grow substantially with the
ncrease in Zn concentration. It is reported that zinc enhances the
rain growth mechanism due to greater solubility in the solid state
eaction at higher concentration. The compositional stoichiometry
f the samples was curtained by EDAX.

.2. Dielectric properties

The effect of frequency on dielectric constant (έ) at room tem-
erature for all samples is illustrated in Fig. 7(a). From Fig. 7(a), it is
lear that dielectric constant decreased with increasing frequency
nd finally at higher frequencies attains almost constant value for
ll the samples. This is obvious because of the fact that the species
ontributing to the polarizability are lagging behind the applied
eld at higher frequency. The variation of dielectric constant with

requency reveals the dispersion due to Maxwell–Wagner [22,23]
ype interfacial polarization, which is agreement with Koop

′
s phe-

omenological theory [24]. The large values of dielectric at lower
requency are mainly due to presence of all type of polarization

.e., Ptotal = Pe + Pi + Pd + Psc where subscripts indicate the electronic,
onic, dipolar and space charge contributions respectively. Accord-
ng to Sarah and Suryanarayana [25], the polarization in ferrites
s through a mechanism similar to the conduction process. The
xchange of electrons between ferrous ions (Fe2+) and ferric ions
1.2 2.022 2.034 0.702 0.714 0.2619
3+

1.3 2.038 2.0285 0.718 0.708 0.2629
3+

1.4 2.054 2.023 0.734 0.703 0.2638
3+

1.5 2.07 2.0175 0.75 0.697 0.2648

(Fe3+) on the octahedral site may lead to local displacement of
electrons in the direction of applied field and these electrons deter-
mine the polarization. The polarization decreased with increasing
frequency and then reaches a constant value due to the fact that
beyond a certain frequency of external field the electron hopping
cannot follow the alternating field.

Fig. 7(b) shows the dielectric loss (tan ı) as a function of fre-
quency at room temperature for all samples. It can be seen that the
dielectric loss decreases with increasing frequency [26]. The plot
of �ac with frequency is shown in Fig. 7(c). The AC resistivity is
decreased with increasing in frequency at room temperature.

To understand the conduction mechanism and the hopping of
charge carriers responsible for the conduction mechanism, the vari-
ation of ac conductivity as a function of frequency is calculated.
Fig. 8 shows the variation log(�ac − �dc) with log ω2 for all sam-
ples. The nature of the graph is similar in all samples. It is well
known that AC conductivity in disordered solids is directly propor-
tional to frequency. The electrical conduction mechanism in terms
of the electron and polaron hopping model has been discussed ear-
Fig. 6. (a and b) SEM micrograph of A1 and A6 samples.
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low frequencies, all four types of polarizations contribute, the rapid
increase in dielectric constant with temperature is mainly due to
interfacial and dipolar polarizations, which are strongly temper-
ature dependent [31]. In case of the interfacial polarization, this
ig. 7. Frequency dependent variation of (a) dielectric constant (b) loss tangent and
c) ac resistivity for Ni–Zn ferrite samples.

ollows the relation

ac − �dc = ω2�

1 + ω2�2
(10)

here, ω is the angular frequency, � is staying time (10−10 s) for all
eramics (if ω2�2 � 1). The linearity of AC conductivity plot indi-
ating that the conduction occurs by hopping of small polaron type
f charge carriers among the localized states. At higher frequen-

ies, where conductivity is increased greatly with frequency, the
ransport is dominated by contributions from hopping of infinite
lusters [30].

Fig. 9(a) is showing the variation of dielectric constant (έ)
ith temperature for A2 sample. The dielectric constant gradually
Fig. 8. Variation of AC conductivity with frequency for Ni–Zn ferrite samples.

increases with temperature at first and then decreases beyond a
Curie temperature (TC). The temperature dependent behavior of
dielectric constant for ferrites can be explained as follows: dielec-
tric constant in ferrites is attributed to four types of polarizations
[25]: interfacial (Pi), dipolar (Pd), atomic (Psc) and electronic (Pe). At
Fig. 9. Variation of (a) dielectric constant and (b) loss tangent with temperature for
A2 sample.
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ig. 10. Variation of DC resistivity with temperature for Ni–Zn ferrite samples.

s due to the accumulation of charges at the grain boundary, an
ncrease in polarization results as more and more charges reach
he grain boundary with increase in temperature.

Fig. 9(b) shows the variation of loss tangent (tan ı) with tem-
erature for different frequencies for sample A2 in which a pattern

s similar to dielectric constant with temperature. As seen from
ig. 9(b), loss tangent is minimum at lower temperature and
ncreased with increasing temperature. The increase in loss tangent
s a result of the decreasing resistivity of the all samples with tem-
erature. This curve can be understood on the basis of the Debye
quation for loss tangent [32].

an ı = ε′

ε′′ = 1
ω�

(11)

here ε′′ = imaginary part of the permittivity, ω = the angular fre-
uency, � = the conductivity relaxation time

According to this equation, dielectric loss would be increase
ith decrease in relaxation time for a given frequency. Therefore,

s the relaxation time decreases with increasing temperature and
oss tangent also increases. However, with further increase in tem-
erature, tan ı shows a decline after a certain maximum value. An
bserved break in the plot is due to the instrumental limitation, as
CR bridge meter (model HIOKL 3532-50 LCR Hi TESTER) cannot
ecord value of tan ı greater than 10.

.3. Electrical properties

The temperature dependent variation of DC resistivity for all
amples is shown in Fig. 10. It is seen that the resistivity decreases
inearly with increasing temperature within certain range of
emperature measurements for all samples. The conduction mech-
nism in ferrites is explained on the basis of Verwey and de Bohr
33] mechanism that involves exchange of electrons between the
ons of the same elements present in more than one valence state
nd distributed randomly over equivalent crystallographic lattice
ites. The decrease in DC resistivity with increase in temperature
s attributed to increase in drift mobility of the charge carriers. The
alue of DC resistivity found to increase with increasing Zn2+ con-
entrations in Ni–Zn ferrite. The observed increase in DC resistivity
ith increase Zn concentration may be attributed to decreased Fe2+
ontent due to incorporation of Zn in the lattice. The DC resistivity
f the ferrites, in general, depends on the density, porosity, grain
ize and chemical composition of the samples [9,34]. Fig. 10 also
hows two regions of conductivity (i.e., change in slope) with a
ingle transition. It is clear that the transition from ferrimagnetic
Fig. 11. Variation of Curie temperature (TC) with Zn concentration.

to paramagnetic state shifted towards lower temperature with the
increase in Zn concentration, as shown in Fig. 10. The Curie temper-
ature clearly correlates with the Zn concentration of the samples
and decreases as the concentration of Zn increases. The decrease of
TC with an increasing Zn2+ concentration may be explained on the
basis of modification of the A–B exchange interaction strength due
to the change of the Fe3+ distribution between A and B sites. The
decrease of the Curie temperature is due to the weakening of A–B
interaction. This could be attributed to the increase in the distance
between the moments of A and B sites which is confirmed by the
increase in the lattice parameter with increasing Zn concentration
[35]. The Curie temperature (TC) versus Zn concentration for all the
samples is given in Fig. 11.

3.4. Conclusions

Ni Zn ferrite samples synthesized using solid state reaction tech-
niques have been investigated in depth from the point of view of
structural, dielectric and electrical properties. In Ni–Zn ferrite lat-
tice constant found to increase with increasing Zn concentration.
Also the radius of octahedral sites, X-ray density, and experimen-
tal density found to decrease with increase Zn concentration but
porosity and tetrahedral sites increase with increase Zn concen-
tration. The average grain size varies from 1.57 to 3.14 �m, with
variation of Zinc concentration in Ni(1−x)ZnxFe2O4 composites. The
dielectric behavior is explained in terms of electron exchange
between Fe2+ and Fe3+, suggesting that the polarization due to
heterogeneity of the samples. Dielectric constant variation with
temperature shows peak behavior, which is associated with the
magnetic transition temperature of Ni–Zn ferrite. The variation of
DC resistivity with temperature shows two regions of conductiv-
ity for all samples. The change in slope of curves beyond transition
temperature indicates the change in activation energy for all sam-
ples. The Curie temperature found to decrease with increase in Zn
concentration.
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