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bstract

The standard double sintering ceramic method was used to prepare the magnetoelectric (ME) composites with ferrite and ferroelectric phases.
he crystalline phases of the sintered samples were studied by the X-ray diffraction technique. The dielectric parameter such as dielectric constant

as determined as a function of frequency (in the range 100 Hz–1 MHz) and temperature (room temperature to 650 ◦C) at different test frequencies.
he DC resistivity as a function of temperature and AC conductivity as a function of frequency were studied for different compositions. Effect of

esistivity on ME voltage coefficient is explained.
2006 Published by Elsevier B.V.
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. Introduction

Much interest has been recently created in magnetoelec-
ric materials that generate electrical response (ME output) by
pplication of external magnetic field (called MEH effect) or
agnetization by external electric field (called MEE effect) [1].

n 1894, Curie pointed out the possibility of the polarization
f the asymmetric molecular body under an external magnetic
eld. Subsequently in 1957, Landau and Lifshitz argued that the
E effect could principally exist in some magnetically ordered

rystals [3]. The ME effect was observed for the first time in
ntiferromagnetic Cr2O3 in 1961 and later some single phase
rystal families were discovered to have ME effect. However,
hese single phase materials show so weak a ME effect that
hey have not yet found any technological applications. Alterna-
ively, piezoelectric/ferrite (e.g. BaTiO3/CoFe2O4) composite
eramics have been found to exhibit a larger ME effect than
hat single phase materials which results from the coupling of

agnetic–mechanical–electrical interactions [2].

The ME effect occurs as a product property between piezo-

lectric and piezomagnetic phases and is not observed in the
ndividual component phases [4]. In order to obtain good ME
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esponse first, no chemical reaction should occur between
iezoelectric and piezomagnetic materials during the sintering
rocess. Second, the resistivity of the magnetostrictive phase
hould be as high as possible to prevent the leakage of charges
hrough low resistance path. Third, mechanical defects such as
ores at the interface between the two phases should not exist
n the composites for good mechanical coupling [5]. Important
pplications of these materials include magnetic electric sensors
n radioelectronics, optoelectronics, microwave electronics and
ransducers in instrumentation [1].

Literature survey indicates that not much work on the phys-
cal properties of magnetoelectric composites has been done.
he work available in literature is confined to the measurement
f ME effect only. As the ME coefficient of composites largely
epends on equilibrium between these two phases, it is nec-
ssary to study in detail the electrical behaviour and dielectric
roperties of these composites. The present paper reports studies
n electrical properties such as DC resistivity, AC conductivity
nd dielectric constant of the present composites in order to
nderstand the conduction mechanism and dielectric behaviour.
he resistivity plays a vital role in getting good ME output as
entioned above.
Nickel ferrite is a well-known spinel magnetic material suited
or high frequency applications in the telecommunication field
ue to its high resistivity and low eddy current losses. In addi-
ion, Ba0.7Sr0.3TiO3 (BST) has large figure of merit and superior
ielectric and piezoelectric properties.
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. Experimental

.1. Preparation

The composites containing two individual phases viz. ferrite (NiFe2O4)
nd ferroelectric (Ba0.7Sr0.3TiO3) were prepared by standard double sintering
eramic method. The ferrite phase was prepared through solid-state reaction
etween AR grade NiO and Fe2O3 in appropriate molar proportions as starting
aterials. These basic oxides were mixed and ground in agate mortar for couple

f hours and presintered at 900 ◦C for 9 h. The ferroelectric phase was prepared
ollowing the same route by mixing AR grade BaCO3, SrCO3 and TiO2 in their
ppropriate molar proportions and presintering them at 1000 ◦C for 10 h. The
E composites were prepared by mixing 15, 30 and 45 mol% of NiFe2O4 phase
ith 85, 70 and 55 mol% of Ba0.7Sr0.3TiO3 phase, respectively. The composite
ixtures were presintered at 1100 ◦C for 11 h. The pellets having 3–4 mm thick-

ess and 10 mm diameter were prepared using the hydraulic press. The pellets
ere sintered finally at 1200 ◦C for 12 h to yield the final product.

.2. Characterization

The samples were characterized by using X-ray diffractometer (Philips
odel PW 1710) using Cu K� radiation (λ = 1.5418 Å). Silver paste was applied

n the surfaces of pellets for good ohmic contact. The DC resistivity was mea-
ured in the temperature range 300–800 K by two-probe method.

The dielectric constant was studied as a function of frequency
100 Hz–1 MHz) and as a function of temperature at test frequencies using LCR
eter bridge (Model HP 4284 A). The AC conductivity of the samples was

etermined from the dielectric parameters using the relation

AC = ωέε0 tan δ (1)

here ε0 is the permittivity of the free space, ω the angular frequency and tan δ

s the loss tangent.

. Results and discussion

.1. XRD analysis

The XRD patterns for the composites with x = 0.15, 0.30
nd 0.45 are shown in Fig. 1. The peaks in the XRD patterns
ere identified to be characteristics of both Ba0.7Sr0.3TiO3 and
iFe2O4 phases. The NiFe2O4 ferrite phase exhibits a cubic
pinel structure with lattice parameter a = 8.33 Å. The ferroelec-
ric phase Ba0.7Sr0.3TiO3 shows a tetragonal perovskite structure
ith lattice parameters a = 3.98 Å and c = 3.99 Å. The lattice
arameters match fairly well with the lattice parameters of the

d
l
D
r

able 1
ata on electric and dielectric properties of xNiFe2O4 + (1 − x)Ba0.7Sr0.3TiO3 ME co

omposition x Lattice parameters ρRT (×109

Ferrite phase Ferroelectric phase c/a

– a = 3.97 1.00 4.4
c = 3.97

.15 a = 8.33 a = 3.96 1.00 1
c = 3.98

.30 a = 8.32 a = 3.96 1.00 0.78
c = 3.98

.45 a = 8.33 a = 3.96 1.00 0.56
c = 3.97

a = 8.33 – – 0.03
Fig. 1. XRD patterns of xNiFe2O4 + (1 − x)Ba0.7Sr0.3TiO3 composites.

omponents when present as single phase materials. A com-
arison between the XRD patterns of composites revels that
he intensity of ferrite peaks increases with increasing percent-
ge of ferrite in the composites. The number of peaks of ferrite
hase also increase with increasing ferrite content. The lattice
arameters for all the compositions are given in Table 1.

.2. Electrical resistivity

Electrical resistivity is an important property as far as the ME
omposites are concerned. The study of electrical resistivity pro-

uces valuable information regarding the behaviour of free and
ocalized electric charge carriers in the samples. The variation of
C resistivity with temperature is shown in Fig. 2. There are two

egions of conductivity. The presence of first region observed at

mposites

� cm) Dielectric constant at Tc Tc (◦C) (dE/dH)H (�V/cm Oe)

– – –

7358 605 380

4870 595 343

3796 590 293

– – –
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composites with temperature at four different frequencies (viz.
1 kHz, 10 kHz, 100 kHz and 1 MHz). For all the composites,
dielectric constant is found to increase with increase in tempera-
ture, reaches a maximum value at Curie temperature and follows
ig. 2. Variation of DC resistivity with temperature for xNiFe2O4 +
1 − x)Ba0.7Sr0.3TiO3 composite.

ower temperatures is due to impurities and is attributed to the
rdered ferroelectric phase and the second region that occurs at
igher temperatures which is due to polaron hopping may be
ttributed to disordered paraelectric state [6]. With increase in
emperature resistivity goes on decreasing. The rate of decrease
s slow up to the transition temperature and thereafter it decreases
apidly later on showing the semiconducting nature of the sam-
les. The decrease in resistivity with increase in temperature is
ue to the increase in the thermally activated drift mobility of
harge carriers according to the hopping conduction mechanism.
n such a hopping process, the carrier mobility is temperature
ependant and is characterized by activation energy [7]. The
ctivation energy values are given in Table 1. The resistivity
f the composites is found to decrease with increase in ferrite
ontent mainly because when the ferrite particles disperse in the
omposite to make the chain with ferroelectric grains the electri-
al resistivity of the composites is reduced significantly because
f the low resistivity of the ferrites [5].

.3. Dielectric properties

.3.1. Frequency dependence
The variation of dielectric constant as a function of frequency

or the composites is shown in Fig. 3. The dielectric constant
ecreases with increase in frequency and remains constant at
igher frequencies. The decrease is rapid at lower frequencies
howing dispersion in the lower frequency region. The dielec-
ric dispersion observed at lower frequencies is attributed to the
nterfacial polarization due to the two mediums that have dif-
erent permittivities and conductivities. When an electric field
s applied to the composites, space charge provided by the fer-
ite phase is accumulated at the interface of the two phases.

he high dielectric constant observed at lower frequencies is
ot usually intrinsic but is rather associated with a heteroge-
eous conduction in the multiphase structure of the composites
8]. It is attributed to different types of polarizations (electronic,

F
B

ig. 3. Variation of dielectric constant with frequency for xNiFe2O4 +
1 − x)Ba0.7Sr0.3TiO3 composite.

tomic, interfacial, ionic, etc.). At higher frequencies it arises
ue to the electronic polarization [9]. In case of composites,
he high value of dielectric constant is ascribed to the fact that
erroelectric regions are surrounded by non-ferroelectric (fer-
ite) regions similar to the case relaxor ferroelectrics [10], this
ives rise to interfacial polarization. From the figure it is also
bserved that the dielectric constant decreases with increase in
errite content, which is due to lower dielectric constant of ferrite
s compared to the ferroelectric phase.

.3.2. Temperature dependence
Figs. 4–6 show the variation of dielectric constant of the
ig. 4. Variation of dielectric constant with temperature for 15% NiFe2O4 + 85%
a0.7Sr0.3TiO3 composite.
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ig. 5. Variation of dielectric constant with temperature for 30% NiFe2O4 + 70%
a0.7Sr0.3TiO3 composite.

decreasing trend indicating the phase transition. As the tem-
erature increases AC electrical conductivity increases due to
ncrease in drift mobility of thermally activated electrons. As
result dielectric polarization increases causing an increase in
ielectric constant and loss tangent with temperature. The huge
ncrease in dielectric constant near transition temperature (Tc)
an be explained by the temperature dependant characteristics
f domain wall motion. At lower temperature it is difficult for
he domains to move so that the extrinsic contribution of domain
alls to the dielectric response is small. At temperatures above
c the ferroelectric phase has been translated to the paraelec-

ric phase wherein all the domains disappear causing decrease
n dielectric constant [11]. The Curie temperature is found to

ecrease with increase in ferrite content. This is because the
lectric field induced magnetic phase transition depends on the
trength of interaction between electric and magnetic ordering,
hich in turn depends on the molar ratio of the phases [12]. The

ig. 6. Variation of dielectric constant with temperature for 45% NiFe2O4 + 55%
a0.7Sr0.3TiO3 composite.
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ig. 7. Variation of AC conductivity with frequency for xNiFe2O4 +
1 − x)Ba0.7Sr0.3TiO3 composite.

ecrease in dielectric constant is also attributed to the doping
ffect of ferrite addition in these composites. It is reported that
ifference in behaviour of permittivity as a function composi-
ion is a result of superposition of two effects, modification of
he piezoelectric material with ferrite components and change in
rain size of piezoelectric materials. Also the increase of ferrite
ontent has a result of decrease in polarization efficiency leading
o increased conductivity [13].

.4. AC conductivity

To understand the conduction mechanism, AC conductivity
as calculated. Fig. 7 shows the variation of log(σAC − σDC)
ith log ω2. The plots are almost linear indicating that the con-
uctivity increases with increase in frequency. It is well known
hat there are two types of polarons viz. small polarons and
arge polarons. In the small polaron model the conductivity
ncreases linearly with increase in frequency while in case of
arge polarons the conductivity decreases with increase in fre-
uency [14]. For the present composites the plots indicate small
olaron type of conduction. It has been also shown that for ionic
olids the concept of small polaron is valid. This is in agreement
ith results reported earlier [15].

.5. Effect of resistivity on ME effect

The ME effect of the ferrite–ferroelectric composite is known
s product property of the composites. It is achieved from the
nteraction between different properties of the two phases in the
omposites [16]. Hence, the magnitude of ME effect is depen-
ant on the compositions of the composite materials. The values
f ME voltage coefficients are given in Table 1. Fig. 8 shows the
ariation of electrical resistivity and ME coefficient with the fer-

oelectric content. As the ferroelectric content increases both the
esistivity and ME coefficient of the composites increase. This
s due to the high resistivity of ferroelectric phase. The compos-
te containing 85% of Ba0.8Sr0.2TiO3 shows higher ME voltage
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ig. 8. Variation of DC resistivity and ME voltage coefficient with ferroelectric
ontent for xNiFe2O4 + (1 − x)Ba0.7Sr0.3TiO3 composite.

oefficient than others. The magnetostriction of the composites
s small at these levels of BST that leads to decrease in dE/dH
s predicted theoretically [16].

. Conclusions

The ME composites containing ferrite and ferroelectric
hases were prepared by standard conventional ceramic method.
he X-ray characterization of materials reveals the presence

f ferrite and ferroelectric phases. The samples show negative
emperature coefficient of resistivity showing semiconducting
ature. The decrease in dielectric constant with frequency shows
he dielectric dispersion at low frequency regions. The dielec-

[

[

Compounds 452 (2008) 414–418

ric constant increases with increasing temperature and starts
ecreasing after passing through the transition temperature indi-
ating phase transition from ferroelectric state to paraelectric
tate. The conductivity of the samples increases with increasing
requency that shows conduction due to small polaron hopping.
oth the electrical resistivity and ME voltage coefficient are

ound to increase with increase in ferroelectric content.
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