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a b s t r a c t

Zinc doped nickel ferrite i.e., Ni1−xZnxFe2O4 (0 ≤ x ≤ 0.6) have been prepared by using sol–gel method.
X-ray diffraction of these samples shows the presence of single-phase cubic spinel structure. The room
temperature magnetic measurements showed that saturation magnetization (Ms) increases with the
substitution of Zn2+ ions up to x = 0.4 and thereafter it begins to decrease, whereas magnetostriction (�)
value decreases with the addition of Zn2+ in the Ni–Zn ferrite. Dielectric permittivity (ε′), dielectric loss
tangent (tan ı) and AC conductivity (�AC) for all the prepared samples have been studied as a function
of frequency and composition in the range from 0.05 Hz to 10 MHz at room temperature. It has been
observed that initially ε′, tan ı and � decreases with the substitution of Zn2+ up to x = 0.4 and then
ol–gel processes

agnetic materials
agnetostriction
ielectric constant
lectrical conductivity

AC

increases with the further addition of Zn2+ ions. Variation in the slope parameter s with zinc contents
indicates the presence of different type of conduction mechanism in different compositions. The dielectric
loss curves exhibit relaxation peaks which shift with the addition of Zn contents. The results have been
explained on the basis of space charge polarization according to Maxwell–Wagner’s two-layer model and
the hopping of charges between Fe2+ and Fe3+ as well as between Ni3+ and Ni2+ ions at the octahedral

sites.

. Introduction

Spinel ferrites have attracted intense interest in fundamental
cience, especially for addressing the basic relationship between
agnetic properties and their crystal chemistry and structure. They

ave been extensively investigated in recent years for their useful
lectrical and magnetic properties and applications in information
torage systems, magnetic bulk cores, magnetic fluids, microwave
bsorbers and high frequency devices [1,2]. Among the spinel fer-
ites, Ni–Zn ferrite is a magnetic material that is much used by the
odern electronics industry due to their high electrical resistivity,

igh values of magnetic permeability, low dielectric loss, together
ith high mechanical strength, good chemical stability, and low

oercivities [3].
It is well known that nickel ferrite has an inverse spinel struc-

ure with Ni2+ ions at octahedral [B] sites and Fe3+ ions equally
istributed at tetrahedral (A) and octahedral [B] sites. Whereas,

inc ferrite has a normal spinel structure with Zn2+ ions at A-
ites and Fe3+ ions at B-sites. Therefore, when Ni2+ is substituted
ith Zn2+ in Ni1−xZnxFe2O4, the cation distribution can be repre-

ented as (Zn2+
x Fe3+

1−x) [Ni2+
1−xFe3+

1+x] O2−
4 [4]. This system has been
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extensively studied for various properties as well as for structural
issues. It has been reported that in Ni–Zn ferrite magnetization
increases with increasing zinc concentration up to x = 0.4 and then
decreases with the further addition of zinc whereas the AC con-
ductivity increases with zinc contents in Ni–Zn ferrite [5]. El-Sayed
[6] investigated that initially electrical conductivity of Ni–Zn fer-
rite decreases as zinc content is increased from x = 0.1–0.3, whereas
by further addition of zinc the conductivity increases. Abdeen [7]
found that the real dielectric constant and dielectric loss increases
as the zinc substitution increases in Ni–Zn ferrite, whereas Mohan
et al. [8] predicted that the dielectric constants and dielectric loss
decreases with increasing zinc content up to x = 0.4, after that there
is a progressive increase with increase of zinc. These anomalies in
the dielectric studies of Ni–Zn ferrite depend on the sample prepa-
ration technique, sintering temperature and holding time, chemical
composition and microstructure [9,10].

A lot of work has been reported on the structural, magnetic
and electrical properties of Ni–Zn ferrite [11–14]. But very few
reports have been found in the literature on the magnetostrictive
properties of Ni–Zn ferrite [15]. Nowadays a highly magnetostric-

tive and resistive ferrite phase has become an essential part of
ferrite–ferroelectric magnetoelectric (ME) composites [16,17]. In
order to obtain a high magnetoelectric response in ME composites,
the ferrite phase should be highly magnetostrictive possessing high
resistivity [18]. Therefore, focusing on these objectives we have

dx.doi.org/10.1016/j.jallcom.2011.02.163
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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with x = 0, 0.25, 0.4, 0.5 and 0.6 measured at 300 K in an applied
field of 5 T are presented in Fig. 2. From such measurements, it
has been observed that the magnetization initially increases by
varying the zinc contents up to x = 0.4 and afterwards it begins to

T
C
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repared Ni1−xZnxFe2O4 (0 ≤ x ≤ 0.6) by using the sol–gel method
nd reporting their structural, magnetic, magnetostrictive and elec-
rical properties. However to the best of our knowledge, no reports
ave been found in the literature on the magnetostrictive prop-
rties along with the magnetic and electrical properties of the
ol–gel prepared Ni–Zn ferrite. We herein report that for x = 0.4
omposition, magnetization and strain derivative (slope of mag-
etostriction) shows high values whereas dielectric constant and
lectrical conductivity shows low trend in the Ni1−xZnxFe2O4.

In this work, impedance spectroscopy has been employed in
rder to understand the effect of the zinc substitution on the
ielectric permittivity, dielectric loss and electrical conductivity
f the nickel ferrite. Data was collected in a wide range of fre-
uency from 0.05 Hz to 10 MHz at room temperature. Complex
ielectric permittivity ε* and loss tangent tan ı were calculated as:
* = ε| − jε‖ and tan ı = ε‖/ε|. Complex ac conductivity was derived
s �*ac = � |

ac + j�‖
ac = 1/ωε0ε* tan ı where ω = 2�f is the angular fre-

uency, ε0 is the free permittivity and superscripts | and ‖ are used
or real and imaginary part of the complex electrical quantities.

. Experimental

Ni1−xZnxFe2O4 (x = 0, 0.25, 0.4, 0.5 and 0.6) were synthesized by a sol–gel
ethod. The chemical reagents used in the preparation were Fe(NO3)3·9H2O,

n(NO3)2·6H2O, Ni(NO3)2·6H2O, citric acid and distilled water. The nitrates were
sed in stoichiometric amounts and the total metal concentration was 1 mol/l. The
olar ratio between total metal ions and citric acid was 1. First, the starting mix-

ure containing nitrates and citric acid were dissolved in 150 ml distilled water. The
olutions were heated to a temperature of 80 ◦C on a hot plate with vigorous stir-
ing until the gel was formed. Afterwards, the hot plate was heated up to 200 ◦C and
llowed the gel to burn in a self-propagating combustion manner until the gel was
urnt out completely to form a loose powder. The loose powder was pre-sintered
t 500 ◦C for 3 h then pressed under a pressure of 5 tons/cm2. Finally, the pressed
ellets were sintered at 1200 ◦C for 12 h followed by furnace cooling.

Structural characterization was performed by X-ray diffractometer (XRD) hav-
ng CuK� radiation (1.5418 Å). The intensities were recorded from 10◦ < 2�<100◦

ith a scan step size of 0.02◦ . The field dependence of magnetization was measured
y using a Physical Property Measurement System (PPMS-9T, Quantum Design)
pplying a magnetic field of 5 T. Linear magnetostriction measurements at room
emperature were performed by a strain gauge method using an ac-bridge (50 kHz
ridge; HBM Type KWS 85A1) in a pulsed field magnetometer, which exhibits a
aximum magnetic field, �0Hmax, of 5 T and pulse duration of 50 ms. Impedance

pectroscopy on sintered pellet of Ni1−xZnxFe2O4 was performed in the frequency
ange of 0.05 Hz–10 MHz at room temperature, using Alpha-N analyzer (Novocon-
rol, Germany). The surfaces on both sides of the pellet were cleaned properly and
ontacts were made by silver paint on opposite sides of the pellet, which were cured
t 150 ◦C for 3 h. In order to check any possible surface effect of Ag-paste we also
heck with conducting emulsion and found the same result. Ag-paste requires some
hermal/optical thrust to go inside the sample [19]. The leads were carefully checked
or the dispersive behavior in the considered frequency range. It ensured the absence
f any irrelevant inductive or capacitative coupling in the experimental frequency
ange. WINDETA software was used for data acquisition, which was fully automated
y interfacing the analyzer with a computer.

. Results and discussion

Fig. 1 illustrates the XRD pattern of the prepared Ni1−xZnxFe2O4

0 ≤ x ≤ 0.6) samples. All the peaks in Fig. 1 can be indexed well with
he standard pattern for NiFe2O4 and ZnFe2O4 reported in PCPDF
ards (# 74-2081 for NiFe2O4 and # 73-1963 for ZnFe2O4), and no
n-indexed peak was observed. The lattice constant was found to

ncrease with increasing zinc contents from 8.3416 Å to 8.4035 Å

able 1
omposition dependence of lattice constant (a), magnetization (Ms), linear magnetostric
ielectric loss (tan ı) and frequency dependent parameter (s) for Ni1−xZnxFe2O4 samples

Composition (x) a (Å) Ms (emu/g) � (ppm) d�/dH (ppm/T)

0 8.3416 52 −28 −251
0.25 8.3702 64 −20 −190
0.4 8.3776 76 −11 −212
0.5 8.3929 73 −8 −164
0.6 8.4035 69 −5 −122
Fig. 1. X-ray diffraction patterns of Ni1−xZnxFe2O4 (0 ≤ x ≤ 0.6) samples.

as ‘x’ varies from 0 to 0.6 in Ni1−xZnxFe2O4. The increasing trend of
lattice constant is attributed to the bigger ionic radius of Zn2+ ions in
comparison to that of Ni2+ ions. Since, both Zn2+ ionic radius (0.82 Å)
and Ni2+ ionic radius (0.78 Å) are larger than the interstices of A-site
(0.58 Å) and B-site (0.73 Å) in spinel cubic structure. This leads to
an expansion of lattice with doping Zn2+ ions or Ni2+ ions into the
interstices [20]. However, the lattice expansion is more if Ni2+ ions
are replaced by Zn2+ with a bigger radius than Ni2+ ions. Therefore,
the replacement of nickel by zinc ions leads to an increase of the
lattice parameter with ‘x’ as shown in Table 1.

The field dependent magnetization of Ni Zn Fe O samples
Fig. 2. Magnetization versus field behavior of Ni1−xZnxFe2O4 at 300 K.

tion (�), slope derivative (d�/dH), dielectric permittivity (ε′), ac conductivity (�AC),
at room temperature.

ε′ at 10 kHz �AC (×10−8 S/cm) at 10 kHz tan ı at 10 kHz s

12.2 11.6 2.14 0.29
3.08 1.68 0.95 0.43
2.77 0.84 0.45 0.57
2.96 1.87 1.11 0.45
3.94 2.58 1.32 0.4
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ples. Since increase in frequency enhances the hopping frequency of
the charge carriers, thereby increasing the conductivity. According
to Maxwell and Wagner’s two-layer model, at lower frequencies
the conductivity is due to the resistive grain boundaries while at
ig. 3. Linear magnetostriction of Ni1−xZnxFe2O4 measured at room temperature.

ecrease with the further increase in the zinc contents (i.e., x > 0.4).
his behavior is understood in terms of the exchange interactions
uch as A–B, A–A and B–B, which depend upon the distribution
f magnetic and non-magnetic ions in the spinelic network at A-
nd B-sites [4,21]. In the spinelic network of the Ni ferrite where
he Fe3+ ions are equally distributed in tetrahedral (A) and octahe-
ral [B] sites, while the Ni2+ ions preferred to be at octahedral [B]
ites. Since the Fe3+ ions in the A- and B-sites have equal and oppo-
ite magnetic moments, they compensate each other and the total
agnetic moment is exclusively determined by the Ni2+ ions. When

on-magnetic Zn2+ ions are substituted in place of Ni2+ ions, due to
heir strong preference Zn2+ ions are disposed only in the A-sites,
hich result in the dislocation of Fe3+ ions from A- to B-sites. At this

tage, the compensation mechanism of the magnetic moments of
e3+ ions at A- and B-sites vanishes (saturated or minimum) due to
ransfer of some Fe3+ ions with large magnetic moments to B-sites,
hich results in an increase in the magnetization. The magneti-

ation increases with the Zn substitution up to x = 0.4 and after
eaching the x = 0.4 concentration, there takes place a weakening
f the A–B exchange interaction, and the parallel orientation of the
agnetic moments in the B-sites is altered that compensate each

ther only partially which leads to a progressive decrease of the
aturation magnetization [22].

Longitudinal magnetostriction ‘�’ of Ni1−xZnxFe2O4 samples
easured at room temperature is shown in Fig. 3. It has been

bserved that the maximum value of magnetostriction decreases
ith increasing zinc contents. This behavior of magnetostriction is
ue to the fact that Ni2+ ions has a large orbital moment as com-
are to Zn2+ which has no magnetic moment, so when we substitute
i2+ ions by Zn2+ it causes not only a reduction of anisotropy field
ut also the magnetostriction value [15]. The strain derivative or
he slope of the magnetostriction curve d�/dH is also found to be
ecrease with increasing Zn content, except for x = 0.4 where it is
ound to be larger than that for x = 0.25 as shown in Table 1. The
lope of magnetostriction d�/dH is related to the stress sensitiv-
ty of the magnetization and is important for a high sensitivity of

agnetic induction to stress, which makes this material attractive
or the use in advanced magnetomechanical stress torque sensors
23].

Fig. 4 shows the frequency dependence of the real part of
ielectric permittivity (ε′) for all the samples measured at room

emperature. It has been seen that for all the samples the dielec-
ric constant decreases with increasing frequency. The dispersion
n dielectric constant is rapid at lower frequencies (100 Hz) which
s due to interfacial polarization. At higher frequencies due to
otational displacements of the dipoles which results in the ori-
Fig. 4. Variation of dielectric permittivity with frequency for Ni1−xZnxFe2O4 mea-
sured at room temperature.

entational polarization, dispersion in dielectric constant becomes
small approaches a nearly frequency independent response. With
the addition of zinc a visible change in the dispersion frequency
can be seen from Fig. 4. The dispersion frequency for x = 0 sample
is about 106 Hz which changed to 104 Hz for all Zn doped samples.
The observed behavior of the dielectric dispersion can be explained
on the basis of Koops theory [24] and Maxwell–Wagner interfacial
type of polarization [25]. In this model, a ferrite material is assumed
to consist of well-conducting grains separated by less conducting
grain boundaries. The electrons reach the grain boundary through
hopping and if the resistance of the grain boundary is high enough,
electrons pile up at the grain boundaries and produce polarization.
However, as the frequency of the applied field is increased, the elec-
trons reverse their direction of motion more often. This decreases
the probability of electrons reaching the grain boundary and as a
result the polarization decreases. Therefore, the dielectric constant
decreases with increasing frequency of the applied field.

In order to understand the conduction mechanism, the fre-
quency dependence of ac conductivity is shown in Fig. 5, in which
conductivity shows an increasing trend with frequency for all sam-
Fig. 5. Variation of AC conductivity with frequency for Ni1−xZnxFe2O4 measured at
room temperature. Inset shows variation of exponent s with zinc contents.
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igher frequencies conductive grains are more active [25]. It has
een observed from Fig. 5 that at low frequency the ac conductiv-

ty is found to be weakly frequency dependent for x = 0 sample.
ith increasing zinc contents, there is a visible change in the

onductivity behavior from weakly frequency dependence to a
trong one. It can be seen that for x = 0.4 sample the conductiv-
ty becomes a strong function of frequency and the flat curve is
nobservable in the low frequency region, whereas above x = 0.4
he frequency dependent curve tends to flatten again with increas-
ng zinc contents. The above mentioned observation in conductivity
pectra can be explained on the basis of conduction through the
rain boundaries. The frequency dependent conductivity curve at
ow frequency for x = 0.4 sample is attributed to the decrease in
he hopping frequency due to reduction in the mobility of the
harge carriers resulting in an increase in the grain boundary resis-
ance. This decreases the probability of charged carriers crossing
ver the grain boundary. As a result, the conductivity decreases
ith increasing zinc content up to x = 0.4, where it gets saturated.
ith the further addition of Zn contents the grain boundary starts

o become conducting, which enhances the conduction of charge
arriers through the grain boundary thereby increasing the con-
uctivity.

Since AC measurements are an important tool to study the
ynamic properties of the semi conducting and dielectric mate-
ials. A change in the dispersion frequency has been discussed in
he previous paragraph and now in order to find any possible corre-
ation between conductivity and dielectric studies, we employ the
ower law relation � = Aωs, where ω is the angular frequency, A is
constant and the exponent s is frequency-dependent parameter

nd has values less than unity [26]. Using log–log plot of conduc-
ivity versus frequency curve shown in Fig. 5, the exponent value
has been calculated at two frequency regions i.e., region-I and

egion-II, due to different slopes in the conductivity behavior. In
he low frequency region-I (<102 Hz), the exponent s shows a small
ariation (0.04–0.08) in the frequency dependence due to nonequi-
ibrium occupancy of the trap charges [27]. Only for x = 0.4, the
requency dependence of the conductivity can be understood by
onsidering that trapped carriers become part of conduction at low
requencies and the value of slope s is about 0.36. At high frequency
egion-II (>104 Hz), where occupancy of the traps centers is reduced
nd then these trapped carriers will be available for conduction;
he values of the exponent s varies in the range of 0.29–0.57. It is
herefore viable to compare the trend of slope in a region where
hese trapped carriers are available for conduction. Inset of Fig. 5
hows the variation of s with zinc contents in the frequency range
f 104–106 Hz. According to Pollak and Geballe developed theory,
hen charge carriers hop between localized states which are ran-
omly distributed, the ac conductivity is directly proportional to
s where 0 < s < 1 [28]. Since, we are measuring value of slope in

he same frequency region for all samples, we observe that for
= 0.4 its value shows maxima which is close to universal dielectric
esponse reported in different materials [29]. It has been reported
hat at room temperature the frequency exponent s either increases
r decreases with increasing substitution in ferrites [7,30,31] but
e observe a significant variation in the frequency dependence of
as Zn ion substitution increases which might be due to differ-
nt type of conduction mechanism in the different compositions.
o address the conduction mechanism issue (which is beyond the
cope of present study) and the nature of localized and delocal-
zed charge carrier further temperature dependent studies will be
arried out later on.
The compositional variation of the dielectric permittivity and
c conductivity for Ni1−xZnxFe2O4 at room temperature at 100 Hz,
kHz and 10 kHz are shown in Fig. 6. It has been observed that

he dielectric permittivity ε′ and conductivity �AC decreases with
ncreasing Zn content up to x = 0.4, after which they start to increase
Fig. 6. Compositional variation of (a) dielectric permittivity and (b) ac conductivity
at different frequencies for Ni1−xZnxFe2O4.

with further increasing Zn ion substitution. The electric conduc-
tion in Ni–Zn ferrites can be explained by the Verwey and de Boer
mechanism in which electron exchange between ions of the same
element present in more than one valence state takes place [32]. In
Ni–Zn ferrite, zinc volatilization at high temperature results in the
formation of Fe2+ ions and in the same time Ni2+ can be oxidized to
Ni3+ during the sintering process [33,34]. Since Fe2+ and Ni3+ ions
have strong preference to occupy octahedral (B) sites, therefore it
is expected that the conduction mechanism occurs as a result of
electron exchange between Fe2+ and Fe3+ ions and hole transfer
between Ni3+ and Ni2+ ions at the octahedral sites [35]. From Fig. 6,
it can be seen that the ε′ and �AC becomes largest for the sample
with x = 0, which means maximum number of Ni2+ and Ni3+ ions are
available for hopping. Hence the main contribution of conductivity
may be due to the hole hopping [36]. In Ni–Zn ferrite, the hole con-
duction depends on the concentration of Zn ions on the A-site to
the Ni ion concentration on the B-sites. With increasing Zn2+ con-
tents, the number of Ni2+ and Ni3+ ions on the B-sites decreases. As
a result there is a significant decrease in the ε′ and �AC values and
we observed a minimum value at x = 0.4 which may be attributed to
the electron–hole compensation in the B-sites. Further increase of
Zn contents diminishes the hole hopping by decreasing the number
of ions on the B-site. Thus electron hopping became predominant
and it increases the ε′ and �AC values. Therefore the conduction
mechanism in samples with low Zn content is predominantly due
to hole transfer from Ni3+ to Ni2+ ions whereas for higher values of
Zn the conduction mechanism is due to the hopping of electrons
from Fe2+ to Fe3+ ions at B-sites [6,37].

Fig. 7 shows the variation of the dielectric loss tangent with
frequency at room temperature for Ni–Zn ferrite samples. It has
been observed that for all samples the loss tangent decreases ini-
tially with increasing frequency followed by the appearance of
small peaks. These peaks are appearing due to resonance behavior,
when the jumping frequency of electrons becomes approximately
equal to the frequency of the externally applied alternating electric
field. It has been seen that the peak shifts towards lower frequency
with increasing zinc content up to x = 0.4. However, with a further
increase in Zn content (i.e., x > 0.4) the peak shifts towards higher
frequency. The peak height also decreases with increasing zinc con-
tents. The shift of these relaxation peaks with zinc contents is often

attributed to the rate of hopping of charge carriers [38]. Since the
number of holes decreases with increasing Zn contents up to x = 0.4,
which results in a decrease of the mobility of charge carriers there-
fore the peak shifts towards lower frequency. Whereas for x > 0.4,
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ormation of Fe2+ ions increases the hopping frequency of electrons
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. Conclusions

Zinc doped nickel ferrites have been synthesized through a
ol–gel method. X-ray diffraction of the prepared samples shows
ingle phase cubic spinel structure. The saturation magnetization
ncreases with increasing Zn contents up to x = 0.4, due to an
ncrease in Fe3+ ions concentration at the B-sites of the spinelic net-

ork. However, with a further increase in the Zn content (x > 0.4)
agnetization begins to decrease due to the weakening of AB-

xchange interaction. The value of magnetostriction decreases due
o the substitution of non-magnetic zinc in the nickel ferrite. As the
inc content is increased the dielectric permittivity (ε′), dielectric
oss tangent (tan ı) and AC conductivity (�AC) decreases, whereas

ith the further addition of zinc it begins to increase. This varia-
ion in the dielectric parameters has been explained on the basis of
lectron–hole hopping mechanism. From a comparison of the mag-
etic, magnetostrictive and dielectric properties of the zinc doped
ickel ferrite, it has been found that x = 0.4 is an optimum compo-
ition showing a comparatively high magnetization, low dielectric
onstant and conductivity, high slope of magnetostriction, which

eems to be the suitable constituent phase for magnetoelectric (ME)
omposites. In future the maximum magnetoelectric output can be
btained by mixing the x = 0.4 composition of Ni–Zn ferrite with the
uitable ferroelectric phase i.e., PZT which has high piezoelectric
oefficient.
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