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a b s t r a c t

Nanoparticles of ZnFe2O4 with grain size of 30 nm have been synthesized via sol–gel auto combus-
tion method and characterized using DSC (differential scanning calorimetry), XRD (X-ray diffraction),
SEM (scanning electron microscopy), EDAX (energy dispersive X-ray analysis), FTIR (Fourier transform
infrared spectroscopy), VSM (vibrating sample magnetometer) and Ac-electrical conductivity measure-
ment setup. Structural analysis using XRD and FTIR show the formation of spinel structure in nano
ZnFe2O4 particles. The cation distribution in the sample has been estimated theoretically and the results
show that as-prepared nanoparticles of ZnFe2O4 have partially inverted ionic distribution in comparison
with that of bulk zinc ferrite. Results from EDAX indicate the ratio of Fe:Zn as close to 2:1. The presence of
a weak ferrimagnetic phase for nano ZnFe2O4 at room temperature has been established from its hystere-
tructural property
agnetic property

lectrical property

sis behavior. Redistribution of cations occurring at nano-regime and surface spin canting of nanoparticles
of ZnFe2O4 are expected to be responsible for the presence of magnetic ordering in nano ZnFe2O4. The
Curie temperature of nano ZnFe2O4 determined from magnetization versus temperature measurement
is equal to 375 ◦C. The electrical conductivity of the present ZnFe2O4 at a frequency of 100 kHz at room
temperature is observed to be 2.11 × 10−8 �−1 cm−1 which is four orders lesser in magnitude than the
value of bulk ZnFe2O4. Overall conductivity response with respect to temperature and frequency confirm

ome
that ZnFe2O4 tends to bec

. Introduction

Ferrites in nano scale dimension show fascinating and unusual
roperties compared to their bulk counterparts. The applications
f ferrites are growing in leaps and bounds with the advancement
n nanotechnology. The study of nano structured zinc ferrite has
een receiving increased attention amongst material scientists in
ecent years. Zinc ferrite has been used as an adsorbent material
or hot-gas desulfurization [1,2] and for the elimination of other
oxic gases like H2S, CO2 and NO from coal gas [3]. ZnFe2O4 is
eported to be a potential candidate for application as photocat-
lyst [4]. Bulk ZnFe2O4 is a normal spinel with all the Zn ions
ccupying tetrahedral sites and Fe3+ ions occupying octahedral
ites [5]. Magnetic studies on bulk ZnFe2O4 showed the presence
f strong paramagnetic phase at room temperature and a weak
ntiferromagnetic ordering below its Neel’s temperature which is

round 10 K [6,7]. But recent investigations [8–10] on nanoparti-
les of zinc ferrite report the presence of ferrimagnetic ordering
t room temperature. This change in magnetic ordering is due to
he redistribution or inversion of cations between the tetrahedral

∗ Corresponding author. Tel.: +91 9787057007.
E-mail address: arumugampradeep@yahoo.com (A. Pradeep).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.12.168
more dielectric in the nano-regime.
© 2011 Elsevier B.V. All rights reserved.

and octahedral sites. The migration of Fe3+ ions to the tetrahedral
sites results in net magnetization due to the A–O–B superexchange
mechanism. Thus the properties exhibited by ZnFe2O4 are likely
to change with the particle size and inversion of cations in the
sites. The inversion parameter in turn is dependent on the route
of synthesis. Nanoscale ZnFe2O4 exhibiting ferrimagnetic behav-
ior has been synthesized using various methods including ball
milling [8], combustion synthesis [9], co-precipitation [10] and
thin film technology [11]. This work is an attempt to synthe-
size ZnFe2O4 using sol–gel citrate–nitrate route and to study its
structure, magnetic properties and electrical conductivity in the
limit of nano-regime. Sol–gel method is a simple, cost-effective
and reliable low temperature technique for the preparation of
nano ferrites. Moreover, it offers good control over the stoi-
chiometric composition and the microstructure of the desired
product.

2. Experimental

Nanoparticles of ZnFe2O4 have been prepared by sol–gel auto combustion

method. Analytical grade Zn(NO3)2·6H2O and Fe(NO3)3·9H2O are mixed with cit-
ric acid. The ratio of the nitrates to citric acid is 1:1. The slurry mixture is then
dissolved in 200 ml of deionized water. Citric acid helps for the homogenous distri-
bution and segregation of the metal ions. Small amount of ammonium hydroxide
is added carefully to the solution to change the pH value to 7. The solution is
then continuously stirred using a magnetic stirrer. Condensation reaction occurs

dx.doi.org/10.1016/j.jallcom.2010.12.168
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:arumugampradeep@yahoo.com
dx.doi.org/10.1016/j.jallcom.2010.12.168
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Fig. 1. Thermal behavior of dried-gel precursor of ZnFe2O4.

etween adjacent metal nitrates and molecules of citric acid and forms a polymer
ike network which then grows into colloidal dimensions known as sol. The resul-
ant sol is poured in a silica crucible and heated at 135 ◦C under constant stirring
o transform into xerogel or dried gel. Continuous heating leads to the formation
f nano powder of Zn-ferrite through a self-propagating combustion process. Ther-
al behavior of dried gel precursor has been studied using DSC (METTLER TOLEDO

TARe System (Model: DSC 821e)). Phase identification of the as-prepared powder of
nFe2O4 has been done using XRD (PANalytical (Model: X’Pert PRO)). The structural
orphology and elemental composition have been investigated using SEM–EDAX

HITACHI (Model: S-3400N)). Infrared study of the as-prepared powder of zinc fer-
ite has been done using FTIR instrument (SHIMADZU (Model: 8700)). Magnetic
tudies at room temperature have been carried out using VSM (LAKESHORE (Model:
404)). Ac-conductivity measurements have been made using ZENTECH (3305 auto-
atic component analyzer) meter. The as-prepared ZnFe2O4 powder is made into

GREEN’ pellets (thickness = 3 mm and diameter = 13 mm) using a hydraulic press
SPECTRALAB) under a pressure of 80 kg/cm2. The surfaces of pellets are polished
arefully to be parallel and smooth. Connection leads are made using very short cop-
er wires with silver paste as a contact material. Conductance Gp and capacitance
p are measured as a function of frequency range from 100 Hz to 1 MHz for a fixed
emperature. The above procedure is repeated for different temperatures (from RT

o 500 ◦C in steps of 50 ◦C). Conductivity values are obtained from the observed
onductance, thickness and area of the pellet.

. Results and discussion

.1. Formation of ferrite and phase analysis

DSC study of dried gel precursor has been carried out in order
o understand the change of phases occurring during the synthesis
f zinc ferrite. Generally the precipitation of phases, recovery and
e-crystallization reactions are exothermic, while second-phase
issolution reactions are endothermic [12]. The DSC curve of the
ried-gel precursor of ZnFe2O4 is shown in Fig. 1.

The DSC curve shows two notable endothermic peaks at 133 ◦C
nd 168 ◦C. They are due to the vaporization of planar and locked-in
ater molecules, respectively, present in the dried gel [13]. A sharp

nd intense peak at 214 ◦C represents the auto-combustion process
iberating enormous heat to form well crystallized ZnFe2O4. The
rystallization of ferrite material is thus achieved in a single step

a = {(ra/
√

3 + rb + 2.0951ro) + [(ra/
√

3 + r
hich sanctifies the preference of this method compared to other
ow temperature methods.

The XRD pattern of the as-prepared ZnFe2O4 powder synthe-
ized using sol–gel method is shown in Fig. 2. It shows the presence
f diffraction peaks corresponding to spinel ferrite structure. A close
Fig. 2. XRD pattern of as-prepared ZnFe2O4 powder synthesized using sol–gel route.

scrutiny of the pattern reveals the presence of well defined, sharp
and intense peaks which confirms that the ZnFe2O4 sample has
crystallized well. Reitveld analysis of the XRD data has been car-
ried out by fitting pseudo-voigt profile in size-strain mode using
PANalytical X-pert Highscore Plus software. The refined values of
lattice constant (a), grain size (t) and microstrain (ε) are as follows:
a = 8.429 Å (Rexp = 27.3, Rp = 24.2, Rwp = 34.7, �2 = 1.6), t = 28 nm and
ε = 0.012%. The grain size of nano Zn ferrite is also estimated using
Scherrer’s equation and is found to be around 30 nm [14]. The
FWHM value of the peak corresponding to (3 1 1) plane was consid-
ered for this purpose after correction for instrumental broadening.
Thus the sol–gel citrate nitrate route has been successful in yielding
single phase nanoparticles of ZnFe2O4.

Using the ionic size data of the respective ions [15], the cation
distribution has been estimated theoretically with reference to the
refined lattice constant value using the following formula proposed
by Bhongale et al. [16].

.0951ro)
2 − 1.866(1.333r2

a + 0.0675r2
o − 0.6raro)]

1/2
}

1.106
(1)

where ra and rb are the radii of the ions present in A-site and
B-site, respectively, whereas ro is the ionic radius of oxygen. An
indigenous computer program in FORTRAN-77 has been devel-
oped to determine the cation distribution in ferrites. Amongst
the various possible distributions, the one which fits well with
the experimental lattice constant value and also compatible
for explaining its magnetic property is chosen. The proposed
cation distribution for the present nano Zn-ferrite is as follows:
(Zn2+

0.65Fe3+
0.35)A[Zn2+

0.35Fe3+
1.43Fe2+

0.22]B. The cation distribu-
tion shows that Zn2+ ions which otherwise have high tetrahedral
site preference energy have occupied the octahedral site to a signif-
icant amount. It is also seen that a considerable amount of Fe3+ ions
have migrated in lieu of Zn2+ ions to A-site. The relative inversion of
cations and the decrease in lattice constant value compared to bulk
Zn ferrite is attributable as an outcome of the intermediary pro-
cesses involved in the route of synthesis. Latest reports claim that
redistribution of cations takes place in nanoparticles of ZnFe2O4
and the amount of inversion depends on the grain size and route of
synthesis. Akhtar et al. [17] have prepared nano ZnFe2O4 by sol–gel
method using citric acid as the fuel. They have reported cation dis-

2+ 3+ 2+ 3+
tribution equal to (Zn 0.75Fe 0.25)A[Zn 0.25Fe 1.75]B for a grain
size of 18nm. This distribution closely matches with the present
work let alone the presence of Fe2+ ions in our distribution.The FTIR
spectrum of as-prepared powder of ZnFe2O4 is shown in Fig. 3. The
FTIR spectrum shows two persistent absorption bands character-
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Fig. 3. FTIR spectrum of as-prepared powder of nano ZnFe2O4.

stic of spinel structure at frequencies �1 = 545 and �2 = 392 cm−1

orresponding to the vibration of the oxygen–metal cation com-
lexes present in the tetrahedral and octahedral sites, respectively.
he spectrum also reveals the presence of a broad shoulder for
etrahedral site and subsidiary bands at the octahedral site. The
resence of broad shoulder along with the subsidiary bands are
ttributed to the presence of cations with different ionic states in
oth the sites. This is mainly due to the encroachment of Zn2+ ions
o B-site and subsequent shifting of Fe3+ ions to the A-site. The
bsorption bands of the present nano Zn-ferrite system have shifted
o lower frequencies when compared to bulk ZnFe2O4 [18]. It is
well-known fact that the bondlength and vibrational frequency

re inversely proportional. The redistribution of the cations results
n change in the bond length of cation–oxygen complexes in the
nterstitial sites which eventually explains the change in vibrational
requency of the absorption bands. The observation from FTIR study
upports the explanation given using XRD study for the inversion
f Zn and Fe leading to mixed cation distribution.

.2. Structural morphology and chemical composition

The structural morphology of the as-synthesized powder is
nvestigated using SEM. The SEM micrographs of the as-synthesized
nFe2O4 for a resolution of 10 �m and 3 �m are shown in Fig. 4(a
nd b).The micrographs show rounded clusters of particles of uni-
orm sizes. It is seen from Fig. 4b that the size of one of the
gglomerated cluster of particles is around 243 nm which is greater
han the grain size estimated from XRD data. This is indicative of
he fact that every particle is formed by a number of crystallites or
rains.

Energy dispersive X-ray analysis is carried out in order to verify
he elemental composition and to test the presence of impurities if
ny present in the sample. The EDAX spectrum of the nano ZnFe2O4
s shown in Fig. 5. The percentage of atoms reported using the
pectrum shows Fe:Zn ratio close to 2:1. The spectrum shows the
ifferent orbital states of only Zn, Fe and O which certifies that
he sample is devoid of any magnetic impurity state other than
e.

.3. Magnetic study
Magnetization measurements are finger print proofs for inves-
igating the magnetic ordering present in a magnetic material.
he as-prepared ZnFe2O4 powder shows distinct hysteresis loop
t room temperature for a maximum applied field of 10 kG. It is
een that hysteresis loop of nano ZnFe2O4 shown in Fig. 6 does not
Fig. 4. (a and b) SEM micrographs of the as-prepared powder of ZnFe2O4.

saturate even at the maximum applied field. Saturation magneti-
zation (Ms) for the sample is obtained by fitting the high field curve
to the function Ms = M(1 − ˛/H), where ˛ is a fitting constant, and
H is the applied magnetic field. Nanoparticles of ZnFe2O4 are thus
found to exhibit hysteresis behavior quite contradictory to its bulk
counterpart. This is clearly a magnetic effect of nano regime and not
because of any magnetic moment bearing impurity phase which is
confirmed through EDAX analysis of the sample.

The hysteresis behavior in nano ZnFe2O4 compared to bulk
ZnFe2O4 is explained to be primarily arising from the following
two mechanisms:

(1) Redistribution of cations between tetrahedral and octahedral
sites.

(2) Spin canting component from large fraction of particles present
in the surface of nano ZnFe2O4.

The redistribution of cations in nano ZnFe2O4 can be explained
in the light of cation distribution proposed using XRD data. Bulk
ZnFe2O4 is a normal spinel where Zn ions occupy A-site and Fe ions
strictly occupy B sites. Since non magnetic Zn ions occupy A-site

the resultant magnetic moment is largely due to weak antiferro-
magnetic exchange interactions between magnetic Fe–Fe ions in
the B-site. Therefore, bulk ZnFe2O4 possesses near zero moment
at room temperature. According to the cation distribution of the
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Fig. 5. EDAX spectrum of

resent ZnFe2O4 sample, the Fe3+ ions are found to occupy both
- and B-sites. Therefore, Fe–Fe interaction between A–B sublat-

ices dominates and is much stronger than Fe–Fe ions interaction
n the B site. A ferrimagnetic or uncompensated moment arises
rom this A–B exchange interaction due to the unequal number of
e3+ ions on the two types of sites and this largely enhances satu-
ation magnetization in nano ZnFe2O4 [19,20]. Thus the exchange
ffect between Fe3+ ions in both the sites is accountable for the
bservation of hysteresis loop at room temperature.

The present ZnFe2O4 sample with grain size 30 nm is found to
xhibit a saturation magnetization value equal to 7.8 emu/g, a high
alue of coercive force equal to 128 G and a remanent magnetiza-
ion equal to 0.83 emu/g. The order of the value of magnetization,
oercive field and ratio of remanence to magnetization at high field
re all indicative of formation of domains and setting in of ferri-

agnetic phase in the sample. The ferrimagnetic behavior of nano

n-ferrite has been observed by Chinnasamy et al. [8,21,22], Jun
ang et al. [23] and Oliver et al. [24]. Further evidences for the

resence of Zn2+ in B-site and Fe3+ in A-site has been reported
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Fig. 6. Hysteresis loop of as-prepared ZnFe2O4 at 300 K.
epared ZnFe2O4 powder.

earlier by Jeyadevan et al. [25] through EXAFS studies and Lot-
gering [19] through neutron diffraction studies. Misra et al. [26]
have reported a magnetization value of 6 emu/g for 8 nm particles
of ZnFe2O4. Shenoy et al. [10] prepared nano ZnFe2O4 using a less
common co-precipitation technique followed by ball-milling and
found saturation magnetization around 7.5 emu/g for a particle size
of 9 nm. Chinnasamy et al. [21] have synthesized ZnFe2O4 particles
of different sizes using high-energy ball-milling and has reported
magnetization value around 4.5 emu/g for a particle size of 22 nm.
Animesh Kundu et al. [27] have reported magnetization value equal
to 21 emu/g for a particle size of 13 nm. The difference in the values
of saturation magnetization suggests that Ms values are strongly
dependent on the inversion parameter which is in turn dependent
on the method of synthesis.

The resultant magnetic moment observed is also due to spin
canting of ZnFe2O4 nanoparticles where fraction of the total spins at
the surface will have a non-collinear configuration with respect to
the core ones, due to broken exchange bonds and symmetry. More-
over, the non-saturation of hysteresis loop at 10 kG is suggestive of
the presence of spin disorder in the surface of ZnFe2O4. The spin dis-
order at the surface may be related to spin canting and is explained
by means of core–shell model which is basically two-component
nanoparticles system consisting of a spin-glass like surface layer
and ferrimagnetically aligned core spins coupled by exchange inter-
actions [28]. With the increase in magnetic field, the core magnetic
moments start to align along the applied field. After all the core
moments are completely aligned the contribution from core mag-
netic moments get exhausted and the magnetization response is
saturated in a usual Langevin-like way. Any increase in the mag-
netic field thereafter affects only surface layer of the particles and
thus the increase in the magnetization of the particles slow down.
This leads to a virtual absence of magnetic saturation that keeps
the hysteresis loops unsaturated even in very strong fields.

The value of experimental magnetic moment (�B) is determined
using Ms value and is found to be equal to 0.327 �B [29]. According

to Neel’s double lattice model it can be explained that the pres-
ence of Fe3+ ions on both A and B-sites in different proportions is
responsible for a finite value of the observed magnetic moment.
The theoretically calculated value of magnetic moment by Neel’s
theory is 0.8 �B. The deviation is attributed as the effect of canted
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Fig. 7. Temperature dependent magnetization behavior of nanoZnFe2O4.

r triangular lattice arrangement of magnetic moments. Using the
riangular lattice of moments the value of canting angle or Y–K
ngle is calculated for scientific interest and is equal to 54◦62′. The
eported value of spin canting angle for bulk Zn ferrite is equal to
0◦ [30]. The lowering of the canting angle is an effective contri-
ution of nanoregime. Thus it is evident that spin canting is also
he cause for the deviation between and observed and theoreti-
al values of magnetic moment in the nano Zn-ferrite. We predict
hat spin canting is predominantly found in B site although more
pecific investigation like Mossbauer study is needed to confirm
hat.

Fig. 7 shows the change in magnetization of nano ZnFe2O4 par-
icles as a function of temperature in an applied magnetic field of
0 kG. It is seen from Fig. 7 that there is a gradual decrease in mag-
etization with temperature up to 325 ◦C after which there is quite
sharp fall in the magnetization until it becomes zero at 375 ◦C.

t is explained that the thermal energy helps the metal ions to
vercome the energy barriers preventing an ordered cation dis-
ribution. Hence the inversion parameter decreases which results
n the weakening of A–B exchange interaction. Therefore, there is

fall in the magnetization value. It can be understood that the
endency to become normal spinel is more after 325 ◦C. The Curie
emperature of the material is around 375 ◦C (648 K) after which
he material behaves like a paramagnet. There are widely scattered
alues of the Curie temperature of zinc ferrite in the literature. Deka
nd Joy [31] have reported a Tc value equal to 800 K whereas Chen
t al. [32] reported a Tc value close to 600 K for thin film of zinc
errite. It appears that the transition temperature of ZnFe2O4 may
ary depending on sample processing conditions and the synthesis
ethods.

.4. Analysis of Ac-conductivity data of nano ZnFe2O4

.4.1. Dielectric behavior
The dielectric properties of ferrites depend on several factors,

ncluding the method of synthesis, grain size and chemical compo-
ition. The dependence of complex permittivity of nano ZnFe2O4
ith respect to frequency at different temperatures is studied.

he frequency dependence of real and imaginary parts (ε′ and

′′) of dielectric permittivity at different temperatures are shown
n Fig. 7(a and b). It is seen from Fig. 8(a and b) that there is a

onotonous decrease in the values of ε′ and ε′′ with increasing
requency. The observed trends can be explained using the idea of
Fig. 8. (a and b) Plots of real (ε′) imaginary (ε′′) parts of dielectric constant versus
frequency at different temperatures.

interfacial polarization suggested by Koops [33]. Ferrites are dipolar
materials due to the presence of majority Fe3+ ions and minor-
ity Fe2+ ions in them. Fe2+ ions are usually formed due to partial
reduction of Fe3+ ions during the process of synthesis. The elec-
tron exchange between Fe3+ and Fe2+ ions gives local displacement
of electrons in the direction of applied electric field thus inducing
polarization in ferrites. The decrease in the complex permittivity
with increasing frequency is explained to be due to the decrease
of polarization of the dipoles when electric field propagates with
high frequency. In other words beyond a certain frequency or elec-
tric field the electron exchange does not follow the alternating field.
It is also noticed from Fig. 8(a and b) that the polarization increases
with the increase in temperature. It is explained to be due to ther-
mal activation which enhances the number of dipoles available for
polarization when the sample is at a high temperature. At high
temperatures an exponential decrease of (ε′ and ε′′) with respect
to frequency is observed whereas complex permittivity is almost
frequency independent at low temperatures.

A plot of dielectric loss tangent (tan ı) versus temperature at
different frequencies is shown in Fig. 9. It is observed that tan ı
shows an increasing trend with rise in temperature. It is seen that
at temperatures less than 200 ◦C, the dielectric loss is very low and
found to be frequency independent. The value of tan ı measures the
loss of electrical energy incurred by the electric field at different
frequencies. The loss of electrical field is more at high frequency

because of increase in interruption to the passage of electric field
through the sample due to the interaction of it with the oscillating
majority charges carriers of the dipoles.
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ifferent temperatures.

.4.2. Frequency dependence of Ac-conductivity
The values of electrical conductivity of the nano zinc ferrite are

lotted against the change in frequency for different temperatures
nd shown in Fig. 10. It is seen that the conductivity of Zn-ferrite
hows a gradual rise at low frequencies whereas at higher frequen-
ies the conductivity rises steeply. The trend can be explained as
ollows: at low frequencies the conductivity is low due to grain
oundary effect which acts as hindrance for mobility of the charge
arriers. At high frequency regions the conductivity is mainly due
o the ionic part which masks the effect due to grain boundaries.
he trend is similar to that of variation of tan ı with respect to fre-
uency. At high temperatures the conductivity rises very gradually
ith the frequency, i.e. the frequency has very little effect on the

hermally activated charge carriers and the conductivity is mainly
ue to the band conduction mechanism. The conduction mecha-
ism suggested for ZnFe2O4 is the electron hopping between the
ands, i.e. Fe3+ ⇔ Fe3+ + e−.

The reciprocal behavior of conductivity with respect to per-
ittivity goes hand in hand for the semiconductor behavior

f the ferrite under study. Moreover, conductivity and tan ı
Figs. 9 and 10) show similar trend with reference to frequency. It is
ikely that the mechanism would be the interruption or interaction
f electric field with the free electrons of the localized bands. When
he electric field is passing at high frequency it has high probability
f interacting with the electrons.
.4.3. Temperature dependence of Ac-conductivity
The reports on the Ac-conductivity of nano sized ZnFe2O4 are

canty in the literature. Ponpandian and Narayanasamy [34] have
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Fig. 11. Temperature dependent Ac-conductivity behavior of nano ZnFe2O4 at dif-
ferent frequencies.

studied the influence of grain size on the electrical properties of
nanocrystalline ZnFe2O4. In the present work the variation of Ac-
electrical conductivity of ZnFe2O4 with temperature at selected
frequencies is shown in Fig. 11. It is seen from Fig. 11 that the
conductivity increases with the increase in temperature which is a
typical behavior of semiconductors. A close scrutiny of the curves
shows that there is a change of slope at all frequencies after a par-
ticular temperature, i.e. 350◦. It is worthy to note that the value of
conductivity makes a sudden spurt to higher values at high tem-
peratures. This calls for the possibility of two different types of
conduction mechanism in this ferrite. Accordingly, the conductiv-
ity behavior can be split into two temperature zones as follows:
(1) RT–350 ◦C and (2) 350–550 ◦C. It has been established in the
magnetic study that ZnFe2O4 of the present study possesses fer-
rimagnetic phase with Curie temperature equal to 375 ◦C. In the
light of that information it is explained that the first temperature
zone corresponds to the ferrimagnetic ordering region whereas the
second zone corresponds to the paramagnetic region of the nano
Zn-ferrite. Figueroa and Stewart [35] have investigated the ther-
mal evolution of the non-equilibrium state in nano-sized ZnFe2O4.
They have reported that cationic inversion does not change until
the activation barrier is overcome at Ta = 585 K. Above Ta, the Zn
ions continuously change their environment to their normal equi-
librium state and the room-temperature magnetic state changes
from ferrimagnetic to paramagnetic. Mozaffari et al. [36] have also
reported a decrease in the degree of inversion with increasing tem-
perature in nano ZnFe2O4. In that case we may very well say that
the temperature to overcome activation barrier is very close to
the Curie temperature of our sample. The trend in which conduc-
tivity changes with temperature explains that the ferrimagnetic
exchange interaction hinders conduction mechanism whereas the
paramagnetic phase due to the absence of exchange interaction
supports conduction mechanism. The magnetic coupling of con-
duction electrons of localized bands is the main cause for reducing
the conductivity. The increase in electrical conductivity as the tem-
perature rises would be attributed to the absence of magnetic
coupling which enhances the drift mobility of the thermally acti-
vated charge carriers (hopping mechanism). The conductivity of the
ferrite varies with temperature according to the Arrhenius equation

( )

� = �o exp

�E

kT
(2)

where k is the Boltzmann’s constant, �E is the activation energy
(eV) and T is the temperature (K). The slope of the ln � ′ versus
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000/T straight line is a measure of activation energy (�E) of the
errite.

The values of activation energy at a frequency of 100 kHz for
he present nano ZnFe2O4 is equal to 0.41 eV in the ferrimag-
etic region and 0.65 eV in the paramagnetic region. The electrical
onductivity of the present ZnFe2O4 at a frequency of 100 kHz at
oom temperature is observed to be 2.11 × 10−8 �−1 cm−1. Satya-
arayana et al. [37] has reported the value of conductivity equal to
.88 × 10−4 �−1 cm−1 for bulk ZnFe2O4 under similar conditions. It

s seen that the value of Ac-conductivity has reduced by an order of
our in magnitude for the Zn-ferrite under study. It is attributable to
he impact of nanosize of the particles causing band gap widening
s well as the magnetic coupling caused by the exchange interac-
ion of ferrimagnetism on the hopping electrons of localized bands.
t is attributed as a result of nanograins of Zn ferrite becoming

ore dielectric and also due to the hindrance offered by mag-
etically polarized electrons in the bands. A suitable explanation
an be provided considering the distribution of ions in tetrahedral
nd octahedral sites. The main cause for the conductivity mecha-
ism in ferrite can be due to e− hopping between Fe2+ and Fe3+

ons present in the octahedral sites, i.e. Fe2+ ⇔ Fe3+ + e− [38]. It is
xplained on the basis of the order of the activation energy of the
resent ferrite that the higher value of activation energy corre-
ponds to exciton/polaron activated hopping and the lower value
f it is due to electron hopping between localized bands of the
aramagnetic and ferrimagnetic phase, respectively. The change
f slope at a particular temperature and activation energy at low
nd high temperatures as well as conductivity clearly establish the
act that the drift of conduction electrons of electrical conducting

echanism is hindered by the presence ferrimagnetic phase in the
aterial.

. Conclusion

Nanoparticles of ZnFe2O4 showing ferrimagnetic behavior at
oom temperature have been successfully synthesized by sol–gel
uto combustion route. The enormous heat liberated during the
ombustion process has played a significant role in the inversion
f distribution of cations. The DSC, XRD and FTIR data support the
bove argument. The prepared sample is found to possess good sto-
chiometric composition which is an added advantage compared to
ther preparation techniques. The magnetic study shows the ferri-
agnetic behavior of nano Zn-ferrite characterized with relatively

igh saturation magnetization and coercivity values which can be
f immense use in memory device applications. The Curie tempera-
ure estimated using magnetic and study confirm the ferrimagnetic
hase of nano Zn ferrite. Furthermore, conductivity studies show
hat the ferrimagnetic exchange interaction hinders conduction

echanism whereas the paramagnetic phase of ZnFe2O4 supports
onduction mechanism due to the absence of exchange interaction.
he electrical study shows a decrease in conductivity when com-

ared to bulk Zn ferrite which explains the dielectric nature of the
nFe2O4 when prepared as nanoparticles. It is concluded that Zn
errite in nanograins is further interesting as it is influenced by mag-
etic coupling between hopping electrons which needs scrupulous

nvestigation.
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