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a b s t r a c t

In the present research work, the magnetoelectric (ME) composites of ferrite and ferroelectric phases
with (x) NiFe1.9Mn0.1O4 and (1 − x) BaZr0.08Ti0.92O3 (where x = 0.10, 0.20 and 0.30) respectively were syn-
thesized by the conventional ceramic method. The X-ray diffraction pattern of the composite reveals a
spinel phase formation for the ferrite and perovskite phase formation for the ferroelectric phase without
any other phase. The SEM micrographs of composites were taken to determine the average grain size
and also to study the surface morphology. The effect of constituent phase variation on the B–H hysteresis
eywords:
E composites
-ray diffraction
ielectric properties
erroelectricity
agnetic properties

behavior and the dielectric properties was examined. The dielectric constant shows usual dielectric dis-
persion behavior with increasing frequency which is due to the Maxwell–Wagner type surface interfacial
polarization. From the ac conductivity study, it is confirmed that the conduction in the present compos-
ites is of small polaron type. The static magnetoelectric (ME) voltage coefficient developed on the surface
of magnetoelectric material was measured as a function of applied dc magnetic field. The maximum ME

mV/c
field
conversion factor of 1.18
to fabricate the magnetic

. Introduction

In recent years, the multiferroic materials [1–3] with coexis-
ence of at least two ferroic orders (ferroelectric, ferromagnetic, or
erroelastic) have been drawn an increasing interest due to their
otential applications as multifunctional devices. In multiferroic
aterials, the coupling interaction between the different order

arameters could produce new effects, such as magnetoelectric
ME) effect [3–6]. The magnetoelectric response is the appearance
f an electric polarization on the surface of the material upon apply-
ng a magnetic field and/or the appearance of a magnetization upon
pplying an electric field. Following figure shows the schematic
epresentation of the ME effect [7] in the composites utilizing the
roduct property [8].
∗ Corresponding author.
E-mail addresses: rckambale@gmail.com (R.C. Kambale),

dkolekar@gmail.com (Y.D. Kolekar).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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m Oe was observed for x = 0.10 composite. Such composites may be useful
sensors and applicable in many linear ME devices.

© 2009 Elsevier B.V. All rights reserved.

According to this principle, a suitable combination of two phases
such as a combination of magnetostrictive (ferrite) and piezoelec-
tric (ferroelectric) phases can yield a desirable ME property. The
search for such systems was promoted by practical needs, due to
the low ME voltage coefficient of the single-phase materials making
them inadequate for practical applications and by the low temper-
ature range for the ME effect, mostly at cryogenic temperatures [9].
The challenge in making such materials is to find equilibrium ferro-
electric and magnetic structures preserving both properties close
to the room temperature. The main advantages to prepare sintered
ME composites are related to the easy and cheap fabrication and to
the possibility to control the molar ratio of phases, grain size of each
phase and densification [10]. In this paper we report the magnetic,
dielectric and magnetoelectric sensing behavior of magnetoelec-
tric (ME) composites in which the BaZr0.08Ti0.92O3 (BZT8) is to be
selected as a ferroelectric phase and NiFe1.9Mn0.1O4 (NFM) as a fer-
rite phase. Recently, it has observed that the BaZr0.08Ti0.92O3 has
high dielectric permittivity and high piezoelectric coefficient [11].
While the NiFe1.9Mn0.1O4 ferrite is selected because, the several
reports states that the doping of Ni ferrite by other magnetic ions
such as Mn, Co, Cu, etc. improves the resistivity, permeability, mag-

netization and coercive field of the nickel ferrite [12–14]. Van Uitert
[15], reports that by incorporating small amounts of Mn(10%) to Fe
in the nickel ferrite the resistivity of the nickel ferrite increases up
to 1010 or 1011 �-cm. Therefore, by considering the Boomgaard’s
outline [16] to obtain good magnetoelectric response in ME com-

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:rckambale@gmail.com
mailto:ydkolekar@gmail.com
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osite the ferrite phase should have high resistivity. If, the ferrite
hase has low resistivity then it leads to low ME output because

ow resistivity of the ferrite which limits the electric field used for
oling the composite and consequently poor piezoelectric coupling
nd produces a leakage current in the loss of induced voltage.

. Experimental procedure

.1. Synthesis

Magnetoelectric composites (ME) of NiFe1.9Mn0.1O4 and BaZr0.08Ti0.92O3, i.e.
NFM-BZT) were prepared by the conventional ceramic method. The polycrystalline
errite phase NiFe1.9Mn0.1O4 (NFM) was prepared by using NiO, Fe2O3 and Mn2O3 as
tarting materials while the BaZr0.08Ti0.92O3 (BZT8) ferroelectric phase was prepared
rom BaCO3, ZrO2 and TiO2 as starting materials in appropriate molar proportions.
he ferrite and ferroelectric phases were pre-sintered at 1000 ◦C and 1200 ◦C for 10 h
nd 2 h, respectively. The composites were prepared by mixing 10 mol%, 20 mol%
nd 30 mol% of the ferrite phase with 90 mol%, 80 mol% and 70 mol% of the ferro-
lectric phase, respectively. The mixed powders were uniaxially pressed into pellets
diameter = 15 mm and thickness ∼1.2 mm) using a hydraulic press. The pelletized
amples were then finally sintered at 1250 ◦C for 10 h and then used for various
haracterizations.

.2. Characterization

X-ray diffraction (XRD; CuK� radiation, model Bruker D8 Advance) was used
or confirming the phase formation and structural study. The surface morpholog-
cal features were observed by using scanning electron microscopy (SEM, model
SM-6360A). The ferromagnetic B–H hysteresis loop parameters such as saturation

agnetization (Ms), retentivity (Mr) and coercive field (Hc) were measured from
he observed B–H loop, recorded by using high field hysteresis loop tracer (Mag-
eta, Mumbai) working on a 50 Hz mains frequency [17]. The magnetic moment nB

n Bohr magneton (�B) was calculated using the relation [18]:

B = M × Ms

5585
(1)

here M is the molecular weight and Ms is the saturation magnetization per gram
f the sample.

The dc resistivity was measured by the two probe method as a function of tem-
erature (i.e., from room temperature to 550 ◦C.) The room temperature dielectric
onstant was measured by using a precision LCR meter bridge (model HP 4284 A)
ith frequency range from 20 Hz to 1 MHz, at room temperature. The ac conductivity
as calculated from the dielectric data and using the following relation [19]:

ac = 2�ε0εr f tan ı (2)

here �ac is ac conductivity of the sample, ε0 is the permittivity of air, εr is the
eal part of dielectric constant of the sample, f is the frequency of the applied field,
an ı is the loss factor. To improve the better ME signal, the samples have been
oled electrically and magnetically. For electrical poling, the samples were heated
o approximately 50 ◦C above the ferroelectric Curie temperature and then allowed
o cool slowly in the presence of an electric field of about 2 kV cm−1. A magnetic
eld of 4 kOe was applied across the sample in the direction of the electric field.
he voltage developed on the surface of the samples, i.e. ME output was measured
t room temperature by varying the applied dc magnetic field with the help of a
eithley electrometer (Model-6514).

. Results and discussion

.1. Phase identification

Fig. 1 shows X-ray diffraction (XRD) patterns of composite con-
aining 10%, 20% and 30% ferrite phase, respectively. The results
btained from X-ray diffraction (XRD) study are in good agreement
ith the JCPDS card Nos. 74-2082, 83-1880 and 74-1299. All the
iffraction peaks are characteristics of the constituent phases. It is
ell known that in the spinel cubic structure, i.e. ferrite, a (3 1 1)

eflection is more intense, and in the tetragonal perovskite struc-
ures, i.e. ferroelectric, a (1 0 1) reflection is more intense. These
wo sets of well defined reflections are observed in the composite
amples. No unidentified peaks are observed, suggesting that no

hemical reactions have been occurred between the ferrite and fer-
oelectric phases during the final sintering. The observed structural
arameters are listed in Table 1. The ferrite and ferroelectric phases,
espectively, results into cubic spinel and tetragonal perovskite
tructures having the lattice parameters a = 8.34 Å and a = 3.99 Å,
Fig. 1. X-ray diffraction patterns of (x) NiFe1.9Mn0.1O4 + (1 − x) BaZr0.08Ti0.92O3 ME
composites.

c = 4.03 Å (c/a = 1.01), respectively. The lattice parameters of the
composites (Table 1) are almost equal to those of the constituent
phases, indicating that no structural changes have been observed
with the variation in mole percentages of the constituent phases
and also during sintering process. The intensity and number of fer-
rite peaks should increase with the increase of ferrite content in
the composites and the same trend is observed which is shown in
Fig. 1.

Fig. 2 shows the series of scanning electron microscope (SEM)
pictures of ferrite (NFM), ferroelectric (BZT8) and their ME com-
posites with x = 0.10, 0.20 and 0.30, respectively. The average grain
size was calculated by line intercept method and is listed in Table 1.
The grain size is found to decrease with increase in ferrite content.
In the present work average grain size for ferrite and ferroelectric
phases was observed to be 0.50 �m and 0.83 �m, respectively. The
grain size of the ferroelectric phase is larger than that of the ferrite
phase. In the present investigation all the composites were pre-
pared in a ferroelectric rich region, hence average grain size varies
with the ferrite content. The average grain size for ME compos-
ites with x = 0.10, 0.20 and 0.30 are 0.33 �m, 0.25 �m and 0.20 �m,
respectively. The decreased grain size results in a decrease of mean
free path of the electrons and hence causes the change in resistivity
[20].

3.2. Magnetic hysteresis

Figs. 3 and 4 show the B–H hysteresis loop of spinel ferrite
phase and of composites with varying ferrite content respectively.
At room temperature, all the samples exhibited B–H hysteresis
loop typical of magnetic behavior, and this indicates that the pres-
ence of an ordered magnetic structure can exist in the mixed
spinel–perovskite system. The B–H hysteresis loops of the com-
posites shift towards the field axis with low ferrite content. All

composites saturate at magnetic field strength of above ∼1 kOe.
The saturation magnetization (Ms) 46 emu/g was observed for the
ferrite phase. Fig. 5 presents the variation of the theoretical and
observed values of saturation magnetization as well as magnetic
moment of the composites with varying ferrite content. From
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Table 1
Structural, magnetic, resistivity and magnetoelectric data of (x) NiFe1.9Mn0.1O4 + (1 − x) BaZr0.08Ti0.92O3 ME composites.

Composition(x) Lattice parameters (Å) Average grain
size (�m)

Ms (emu/g) �B Mr (emu/g) Resistivity at
R.T. (�-cm)

Activation
energy (eV)

(dE/dH)H (mV/cm Oe)

Ferrite Ferroelectric c/a

0.0 – a = 3.99 1.01 0.83 – – – ∼1012 0.38 –
c = 4.03

0.1 8.34 a = 3.99 1.01 0.33 3.38 0.14 1.0 ∼1011 0.33 1.18
c = 4.03

0.2 8.34 a = 3.99 1.01 0.25 6.66 0.28 2.80 ∼1010 0.26 0.88
c = 4.03

0

1

T
t
m
T
n
m

0.3 8.34 a = 3.99 1.01 0.20 13.38
c = 4.03

1.0 8.34 – 0.50 46.00

able 1, it is observed that in composites the magnetic parame-
ers like saturation magnetization Ms, magnetic moment nB Bohr
agneton and retentivity Mr increases as ferrite content increases.
his is due to the individual grains of ferrite contributing to mag-
etization. The presence of pores among the grains breaks the
agnetic circuits and results in a reduction of magnetic properties

Fig. 2. SEM micrographs for (x) NiFe1.9Mn0.1O4
.56 4.50 ∼109 0.22 0.68

.92 9.65 ∼108 0.20 –

with increasing pore concentration [21]. Therefore, in composites,
ferroelectric material in the presence of magnetic field acts as a

pore causing the reduction of magnetic parameters. After satura-
tion of a ferrite phase in a strong magnetic field, the magnetization
vector rotates towards the nearest preferred field direction and
results in high anisotropy when the field is reduced to zero. The

+ (1 − x) BaZr0.08Ti0.92O3 ME composites.
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Fig. 3. B–H hysteresis loop of NiFe1.9Mn0.1O4 ferrite phase.
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ig. 4. B–H hysteresis loops for (x) NiFe1.9Mn0.1O4 + (1 − x) BaZr0.08Ti0.92O3 ME com-
osites.
tress and shape anisotropy are the most important parameters
or getting the maximum magnetoelectric output in such com-
osites. The increased values of retentivity suggests that most
f the magnetization vectors are turned out of the magnetically
referred direction by making a small angle with the direction

ig. 5. Variation of saturation magnetization and magnetic moment in composites
ith ferrite content.
Fig. 6. Variation of DC resistivity with temperature for (x) NiFe1.9Mn0.1O4 + (1 − x)
BaZr0.08Ti0.92O3 ME composites.

of the applied field and suffer stresses [22], which result in high
magnetization.

3.3. Electrical properties

The temperature dependence of dc resistivity is shown in Fig. 6.
Linear decrease in resistivity with temperature reflects the semi-
conductor behavior of the samples. The decrease in resistivity with
increase in temperature is due to increase in the thermally acti-
vated drift mobility of charge carriers according to the hopping
conduction mechanism [20]. Also the resistivity of ME compos-
ites is fond to decrease with increase in ferrite content, this is
because when the ferrite particles make chains, the electric resis-
tivity of the composites is reduced significantly because of the
low resistivity of the ferrite phase [23] as well as to the paral-
lel connectivity between the ferrite and ferroelectric grains in all
composites [24].

The activation energy was calculated by using the relation;

� = �0 exp
(

�E

kT

)
(3)

where �E is the activation energy, � is resistivity at room temper-
ature, k is Boltzmann constant and �0 is temperature independent
constant. The resistivity and activation energy for ME composites
are given in Table 1.It is well known that the electron and hole hop-
ping between Fe2+/Fe3+, Ni2+/Ni3+, Mn2+/Mn3+, Ba2+/Ba3+, Ti3+/Ti4+

and Zr3+/Zr4+ ions, with activation energy <0.2 eV is responsible for
electrical conduction in the composites. The calculated activation
energies are 0.38 eV, 0.33 eV, 0.26 eV, 0.22 eV and 0.20 eV (in higher
temperature region) for the composite with x = 0, 0.1, 0.2, 0.3 and
1, respectively, suggesting the temperature dependence of charge
mobility.

Fig. 7 shows the frequency dependence of the dielectric con-
stant of constituent phases as well as their composites. The
BaZr0.08Ti0.92O3 is a good dielectric material having dielectric con-
stant larger than that of NiFe1.9Mn0.1O4 ferrite. It was observed that
the dielectric constant decreases steeply at lower frequencies and
remains constant at higher frequencies indicating the usual dielec-
tric dispersion. This may be attributed to the dipoles resulting from
changes in valence states of cations and space charge polarization.

At higher frequencies, the dielectric constant remains indepen-
dent of frequency due to inability of electric dipoles to follow the
alternating applied electric field [25]. These frequency indepen-
dent values are known as static values of the dielectric constant.
The higher dielectric constant at lower frequencies is associated



314 R.C. Kambale et al. / Journal of Alloys and Compounds 489 (2010) 310–315

F
B

w
t
c
t
m
c
a
c
t
f
d
a
t
h
t
d
p
r
c
H
t
T
m
t
d
r
s

3

o
m
f
t
h
s
u
f
i
c
o
i
h
v

effect on the piezoelectric, ferroelectric, and dielectric properties of
the composite and hence influences the ME property. Fig. 10 shows
the variation of ME voltage coefficient and dc resistivity with mol%
of ferrite content. The magnetoelectric voltage coefficient (dE/dH)H

decreases with an increase of ferrite content in the composites.
ig. 7. Variation of dielectric constant with frequency for (x) NiFe1.9Mn0.1O4 + (1 − x)
aZr0.08Ti0.92O3 ME composites.

ith heterogeneous conduction in composites [26], but sometimes
he polaron hopping mechanism results in electronic polarization
ontributing to low frequency dispersion. This is also attributed
o Maxwell–Wagner [27,28] type interfacial polarization in agree-

ent with the Koop’s theory [29]. The dielectric behavior in the
omposites can also be explained on the basis of polarization mech-
nism in ferrite, which is similar to the conduction process because
onduction in composites beyond phase percolation limits is due to
he ferrite phase [30]. The existence of Fe3+/Fe2+ ions has rendered
errite materials dipolar. Since in ferrite, the rotation of Fe2+ ↔ Fe3+

ipoles results in orientational polarization that may be visualized
s an exchange of electrons between the ions, the dipoles align
hemselves with the alternating field. The constant values of εr at
igher frequencies may be attributed to the fact that beyond a cer-
ain fixed frequency, the electron exchange between Fe2+ ↔ Fe3+

oes not follow the alternating field. In the present ferrite, the
resence of Ni2+/Ni3+ and Mn2+/Mn3+ ions give rise to p-type car-
iers and their displacement in an external electric field direction
ontributes to the net polarization in additional n-type carriers.
owever, the p-type carrier contribution is smaller than that from

he electronic exchange between ions and opposite in sign [31].
he electrical conductivity and dielectric dispersion of ferrites are
ainly due to the exchange mechanism of charge carriers among

he ions situated at crystallographically equivalent sites [32]. The
ielectric constant is roughly inversely proportional to the square
oot of resistivity and same behavior is observed in the present
tudy.

.4. Ac conductivity

In order to understand the conduction mechanism and the type
f polarons responsible for conduction ac conductivity measure-
ents were carried out at room temperature in the frequency range

rom 20 Hz to 1 MHz. It is well known that in large polaron hopping
he ac conductivity decreases with frequency and in small polaron
opping conductivity increases with frequency [17,24,33]. Fig. 8
hows the frequency-dependent ac conductivity plot. From this fig-
re, the conductivity is observed to increase with an increase in
requency for all the composites. Linear variation of ac conductiv-
ty indicates that the conduction occurs by the hopping of charge

arriers between localized states .The results are similar to the
ne observed by other workers [34,35]. For the present compos-
tes plots are linear confirming small polaron type of conduction. It
as been shown that for ionic solids the concept of small polaron is
alid [36]. The frequency-dependent conduction may be attributed
Fig. 8. Plots for ac conductivity of (x) NiFe1.9Mn0.1O4 + (1 − x) BaZr0.08Ti0.92O3 ME
composites.

to small polarons, as reported by Alder and Fienleib [37]. Hence
the present results indicate that the conduction is due to small
polarons in the composite which is responsible for the good ME
response.

3.5. Magnetoelectric effect

The variation of ME output, (dE/dH)H, as a function of magnetic
field, H, is shown in Fig. 9. From this figure, it is observed that
(dE/dH)H initially increases up to a certain magnetic field and finally
attains a maximum value and then decreases with an increase in
applied dc magnetic field. This is because in the spinel ferrite the
magnetostrictive coefficient reaches to saturation at a certain value
of magnetic field. Beyond saturation the magnetostriction and the
strain thus produced would also produce a constant electric field
in the piezoelectric phase making the (dE/dH)H decrease with the
increasing magnetic field [38].

Also, the effect of grain size on piezoelectric, dielectric, and fer-
roelectric properties has been widely studied for ME composites in
the literature [39–41] and it was found that grain size has significant
Fig. 9. Variation of ME response of (x) NiFe1.9Mn0.1O4 + (1 − x) BaZr0.08Ti0.92O3 ME
composites.
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ig. 10. Variation of ME voltage coefficient and dc resistivity with mol% of ferrite
ontent.

n the present case maximum value of the ME voltage coefficient
1.18 mV/cm Oe) and dc resistivity (∼1011 �cm) are observed for
he composite with x = 0.10 than x = 0.20 and 0.30. This is because
he grain size of the composites decreases with the addition of fer-
ite content which affect on the resistivity of ME composites as
E effect is a resistivity-dependent property. Also, this decrease in
agnetoelectric voltage coefficient is attributed to the low resis-

ivity of the ferrite phase compared to that of ferroelectric phase,
esulting in the leakage of charges developed in the piezoelectric
rains through the low-resistance path of the surrounding ferrite
rains [42,43].

. Conclusion

ME composites containing BaZr0.08Ti0.92O3 and NiFe1.9Mn0.1O4
ere successfully prepared by standard ceramic method. Cubic

pinel ferrite and tetragonal perovskite ferroelectric phase forma-
ion was confirmed by X-ray diffraction. The grain size is found
o be decreasing with increase of ferrite content. The magnetic
arameters like saturation magnetization Ms, magnetic moment
B Bohr magneton and retentivity Mr increases as ferrite con-
ent increases. The temperature-dependent resistivity reflects the
emiconducting behavior of the ME composites. The dielectric dis-
ersion with frequency has been explained on the basis of an
lectron–hole hopping mechanism which is responsible for con-
uction and polarization. The measurements of dielectric constant
nd ac conductivity with frequency suggest that the conduction in

omposites is similar to the conduction in ferrites and occurs due
o polaron hopping. The ME output is found to be decreasing with
ncrease of ferrite content. This phenomenon concludes the effect
f grain size on the resistivity of composites which affects the ME
ffect. The ME output of such composites are useful to fabricate the

[
[
[
[

[
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magnetic field sensors and may also be applicable in many linear
ME devices.
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