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Abstract

In this paper, structural, microstructural, dielectric, magnetic, ferroelectric, and magnetoelectric properties of a multiferroic composite with
compositional formula (x) Ni0.8Co0.2Fe2O4+(1−x) Ba0.95Sr0.05TiO3 (where x¼0.0, 0.02, 0.04, 0.06, 0.08, 0.10, 1.00) has been studied.
Nanoparticles of Ni0.8Co0.2Fe2O4 ferrite have been prepared by the sol–gel method. Ba0.95Sr0.05TiO3 ceramic, synthesized by solid state reaction,
has particle size in the micrometer range. X-ray analysis along with Rietveld refinement confirmed the formation of cubic spinel and perovskite
structure for ferrite and ferroelectric phases, respectively. Transmission Electron Microscopy (TEM) analysis showed that Ni0.8Co0.2Fe2O4

particles have particle size in 25–60 nm range. Samples were characterized for the microstructural analysis by Scanning Electron Microscopy
(SEM). Quantitative elemental analysis of the composite samples was carried out by Energy Dispersive X-ray Spectroscopy (EDS). Dielectric
properties were studied as a function of frequency in the range 20 Hz–1 MHz for pure and composite samples. AC conductivity measurements
suggested that small polaron hopping is the dominant conduction mechanism in the composites. Polarization vs. Electric field (P–E) and
Magnetization vs. Magnetic field (M–H) hysteresis loop measurements respectively, confirmed good ferroelectric and ferromagnetic behavior of
the composites. Complex impedance spectroscopy measurements at different temperatures confirmed the semiconducting nature of the
composites. Magnetoelectric coupling between ferrite and ferroelectric phases was confirmed by measuring M–H hysteresis loops of electrically
poled and unpoled samples.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Multiferroics are the materials with ferroelectric and ferro-
magnetic orders coexisting and exhibiting coupling between
magnetic and electric fields [1]. These materials become
polarized when placed in magnetic field and get magnetized
when placed in electric field [2,3]. Multiferroic materials find
potential applications in filters, actuators, switches, transfor-
mers, multilayered capacitors, memory devices, transducers,
phase shifters, magnetic field sensors, microwave devices, etc.
[1,4–7]. Multiferroic materials can essentially be divided into
two types: single phase and the composite materials [5,8]. The
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use of single phase multiferroic materials is limited due to their
low magnetoelectric (ME) output [9]. In the composites, ME
effect appears as the product property. In the present study, the
composites consist of a suitable combination of piezoelectric
and piezomagnetic phases [4]. The basic mechanism involved
in these composites is that applied electric field produces strain
in lattice due to piezoelectricity, which passes to piezomag-
netic phase, and resulting in the generation of magnetic field
through magnetostriction. Hence for high ME output, ferro-
electric and ferromagnetic components should have high
piezoelectric and magnetostrictive coefficients, respectively.
In the present work, Ba0.95Sr0.05TiO3 (BST) has been

selected as ferroelectric component due to its high dielectric
constant, low dielectric loss, good thermal stability, high
tunability, high breakdown strength, low leakage current
density and high piezoelectric coefficient [10]. Ni0.8Co0.2-
Fe2O4 (NCF) has been chosen as ferromagnetic phase due to
ghts reserved.
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its high electrical resistivity, high Curie temperature, high
magnetostrictive coefficient, low eddy current losses, low
losses at high frequencies, high saturation magnetization,
environmental stability and low cost [11]. In this work, a
multiferroic composite has been prepared with BST rich phase
by keeping low content of NCF (only 2–10 wt%) since high
ferrite concentration results in
1)
 Open (leaky) P–E loops even at high electric field strength
due to high conductivity of ferrite phase, heterogeneous
conduction, and interfacial polarization between ferrite and
ferroelectric interfaces [12].
2)
Fig. 1. XRD pattern of Ni0.8Co0.2Fe2O4.
Less effective poling of the composite samples [13]
resulting into lowering of piezoelectric coefficient for
ferroelectric phase. This contributed to low magnetoelectric
coefficient [14].

2. Experimental procedure

Nanoparticles of Ni0.8Co0.2Fe2O4 (NCF) were prepared by
the sol–gel technique. Analytical grade ferric nitrate (Fe
(NO3)3 � 9H2O), cobalt nitrate (Co(NO3)2 � 6H2O) and nickel
nitrate (Ni(NO3)2 � 6H2O) were used as the starting materials.
Ethanol and distilled water were employed as solvents. Nickel
nitrate, cobalt nitrate and ferric nitrate were added in molar
ratios of 0.8:0.2:2 in a mixture of solvents. The resulting
solution was stirred vigorously for 8 h using a magnetic stirrer
to obtain the sol. This sol was kept in oven at 60 1C for 24 h
yielding a brown colored gel. This gel was dried at 120 1C for
12 h. The dried powder thus obtained was calcined in the
temperature range 800–1000 1C for 6 h. Single phase NCF was
formed at 950 1C. Ba0.95Sr0.05TiO3 (BST) was prepared by
solid state reaction using analytical grade barium carbonate
(BaCO3), strontium carbonate (SrCO3) and titanium dioxide
(TiO2) as the starting materials. These starting powders were
mixed in distilled water using zirconia balls for 24 h. The
slurry thus obtained, was dried in an oven at 120 1C for 24 h.
The dried mixture was ground using a mortar-pestle and
calcined at 1050 1C for 6 h. The magnetoelectric (ME)
composites were synthesized by mixing NCF and BST
powders as per compositional formula (x) Ni0.8Co0.2-
Fe2O4+(1−x) Ba0.95Sr0.05TiO3 (where x¼0.00, 0.02, 0.04,
0.06, 0.08, and 0.10) using a ball mill and acetone as liquid
medium for 12 h. BST and NCF powders may react together,
during high temperature sintering process, leading to low
magnetoelectric coupling [15]. In order to ensure whether
these two constituents react or not, dried powder was calcined
at 1050 1C for 6 h. XRD analysis of thus obtained calcined
samples (not shown here) confirmed the presence of ferrite and
ferroelectric phases only indicating that no chemical reaction
took place between the two phases. The composite samples
with x¼0.0, 0.02, 0.04, 0.06, 0.08, 0.10, and 1.00 will
hereafter be represented by S0, S2, S4, S6, S8, S10 and SN,
respectively. The composite powder was pressed into pellets of
diameter 13 mm and thickness 3–4 mm using polyvinyl
alcohol (PVA) as binder. These pellets were sintered at
1250 1C in a box furnace for 6 h. Sintering temperature of
pure NCF was optimized and found to be 1200 1C. Sintered
pellets were lapped to �1 mm thickness using silicon carbide
abrasive powder and then cleaned using an ultrasonicator.
Phase identification of samples was performed with X-ray
diffraction (XRD) technique using a Rigaku Miniflex II (Cu
Kα radiation having λ¼1.5406Ǻ). The morphology and
particle size of BST and NCF particles were examined using
Transmission Electron Microscopy (TEM) (FEI Technai
G2T30). Microstructure of the composite samples was
observed using Scanning Electron Microscopy (SEM) (Zeiss,
MA15) having Energy Dispersive X-ray Spectroscopy (EDS)
attachment. Silver paste was applied on both faces of pellets
for making electrical contacts followed by annealing at 150 1C.
Dielectric properties were measured as a function of frequency
(20 Hz–1 MHz) at 30 1C using impedance analyzer (Wayne
Kerr 6500B). Polarization versus electric field (P–E) hysteresis
loops were recorded using an automated P–E loop tracer based
on Sawyer-Tower circuit. Magnetic properties were studied
using a Vibrating Sample Magnetometer (VSM).
3. Results and discussion

3.1. X-ray analysis

Fig. 1 shows XRD pattern of NCF, which clearly indicates
the formation of single phase material with cubic spinel
structure. Fig. 2(a) presents XRD patterns of pure BST and
composite samples. The XRD analysis confirms the formation
of cubic spinel structure of ferrite phase and tetragonal
perovskite structure of ferroelectric phase in the composites.
Absence of any extra peak in the XRD pattern indicates that no
chemical reaction occurred between the two constituents of the
composites during high temperature heat treatment. It can be



Fig. 2. (a) XRD pattern of Ba0.95Sr0.05TiO3 and composite samples. (b) Rietveld refined XRD patterns of pure BST and composite samples where Obs and Calc
represent observed and calculated data respectively.
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noticed from the XRD pattern that intensity of ferrite peaks
increases with increase in ferrite content. Rietveld refinement
of the XRD data for pure BST and composite samples is
carried out in two phase model using software FULLPROF.
Fig. 2(b) shows the theoretical and experimental diffraction
patterns of pure BST S0 and composite samples S2, S4, S6, S8
and S10. The structure of composites was refined in space
group P4mm for ferroelectric phase and Fd-3m for ferrite
phase. In Rietveld analysis, XRD data is refined by minimizing
the difference between the observed and simulated powder
diffraction patterns. This minimization is carried out by using
mainly three reliability index parameters discrepancy factor
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(Rwp), expected value (Rexp) and goodness of fit index (χ2)
which can be defined as [16,17]

Rwp ¼ ½ð∑iwiðI0−IcÞ2Þ=ð∑iwiI0
2Þ�1=2

Rexp ¼ ½ðN−PÞ=ð∑iwiI0
2Þ�1=2

χ2 ¼ ½Rwp=Rexp�2

where I0 and Ic are the experimental and calculated intensities,
wi=(1/I0) and N are the weight and number of experimental
observations and P is the number of fitting parameters. The
values of these parameters along with structure refined lattice
parameters for ferrite and ferroelectric phases, experimental
density, X-ray density, relative density and porosity are listed
in Table 1. Although Rwp values are slightly higher, still there
is a good agreement between observed and simulated patterns.
This may be attributed to
i.
Tab
Cry

Par

Rp

Rwp

Rex

χ2

La

La
Ex
X-r
Rel
Por
Av
Out of the three reliability index parameters (Rwp, Rexp, χ2),
χ2 is the main factor deciding the goodness of fit. Values of
χ2 in the present case are reasonably small resulting in
better fitting. Similar results can be seen in other reports
[16,18,19].
ii.
 Rietveld refinement of the XRD data of the composite
samples was carried out in two phase model. Rietveld
refinement of XRD data in two phase model is a complex
analysis in which refinement is carried out keeping in view
space groups of both constituent phases, simultaneously
involving a large number of varied parameters. This may
result into a large value of Rwp.

The experimental density (ρe) of sintered pellets is determined
using the Archimedes principle. Factors such as sintering condi-
tions and sintering temperature affect ρe strongly.

X-ray density (ρx) is determined from the refined lattice
parameters using the relation [20]

ρx ¼ ZM=Naa
3 ð1Þ

where Z is the number of molecules in the unit cell, M is
molecular weight of the samples, Na is Avogradro's Number
and a is the lattice parameter.
le 1
stallographic, structure refinement parameters and density of the composite sam

ameter S0 S2

(%) 18.3 21.5
(%) 24.7 27.3

p (%) 14.6 15.78
2.86 3.00

ttice parameters (Ferroelectric phase) Å a¼3.995 a¼3.999
c¼4.019 c¼4.025
c/a¼1.006 c/a¼1.00

ttice constant (Ferrite phase) Å – 8.350
perimental density ρe (gm/cm3) 5.68 5.00
ay density ρx (gm/cm3) 5.96 5.95
ative density ρr (%) 95.00 83.95
osity P (%) 5.00 16.05
erage grain size (lm) 0.70 0.73
Relative density (ρr) of the samples was calculated using the
relation

ρr ¼ ρe=ρx ð2Þ
The porosity (P) of the samples was calculated using the

relation [20]

P¼ 1−ρr ð3Þ
Variation in the density of the composite samples from S0 to

S10 may be explained in terms of three different factors
1)
ple

6

There are two opposing processes affecting the porosity of
composite samples
a) Filling of pores between BST grains by NCF

nanoparticles
b) Optimized sintering temperature for pure BST and NCF

was 1250 1C and 1200 1C respectively. All the compo-
site samples were sintered at 1250 1C, leading to over
sintering of NCF due to its finer particle size and high
sintering temperature. Rapid grain growth may have
resulted in coarse and porous grain structure [21,22].
s.
Increase in density of the samples from S2 to S6 may be
attributed to process (a) due to their small ferrite content.
Process (b) dominates for samples S8 and S10, resulting
into their low density. Sample S6 possesses highest density
as compared to other composite compositions because it has
maximum number of pores between BST grains filled by
NCF nanoparticles. The role of this process in increasing
the density dominates the increase in porosity (because of
over sintering of NCF).
2)
 After filling the maximum number of pores NCF particles
have a tendency to segregate together (clearly seen in SEM
images of samples S8 and S10) and form cluster leading to
increase in porosity in samples S8 and S10.
3)
 Samples S8 and S10 due to their high ferrite content
possess lower density which may be attributed to low
density of pure NCF (4.78 g/cm3) as compared pure BST
(5.68 g/cm3).
S4 S6 S8 S10

19.4 20.9 25.7 22.5
25.9 28 33.1 29.1
16.17 15.48 14.50 16.47
2.56 3.28 5.21 3.12
a¼3.996 a¼4.000 a¼4.007 a¼3.992
c¼4.020 c¼4.026 c¼4.032 c¼4.015
c/a¼1.006 c/a¼1.006 c/a¼1.006 c/a¼1.006
8.343 8.350 8.360 8.336
5.26 5.68 5.04 4.43
5.94 5.93 5.91 5.90
88.56 95.84 85.00 75.00
11.44 4.16 15.00 25.00
0.74 0.75 0.63 0.62
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3.2. Microstructure analysis

Fig. 3(a, b) show TEM images of Ni0.8Co0.2Fe2O4 and
Ba0.95Sr0.05TiO3, respectively. TEM image of NCF shows the
particles with nearly spherical shape having sizes in the range
25–60 nm. Fig. 3(b) indicates that BST particles are of
irregular shape with size in the micrometer range. NCF
prepared by sol–gel method, possesses uniform grain structure
(as indicated by SEM image shown in Fig. 4(a)). SEM images
of the fractured surface of pure BST and composite samples
are shown in Fig. 4(b). Addition of NCF in BST results into
irregular grain shape. This may be attributed to the filling of
pores between ferroelectric grains by NCF nanoparticles and
their segregation at the grain boundaries. The average grain
size was calculated using line intercept method and is listed in
Table 1. The EDS results for samples S2, S4, S6, S8 and S10
yielded quantitative elemental analysis as shown in Fig. 4(c).
Energy spectrum indicates the presence of Ni, Co, Fe, Sr, Ba
and O elements. Concentration (wt%) of these elements, as
given by the EDS spectrum, matches with composition of the
composites. The EDS spectrum was measured at different
regions of the composite pellets and it was found that ferro-
electric phase is uniformly surrounded by ferromagnetic phase.
Fig. 3. (a) TEM image of nanoparticles of Ni0.8Co0.2Fe2O4 after calcination at
950 1C and (b) TEM image of particles of Ba0.95Sr0.05TiO3.

Fig. 4. (a) SEM images of NCF after sintering at 1200 1C. (b) SEM images of
pure BST and composite samples after sintering at 1250 1C and (c) EDS
spectrum of the composite samples.
3.3. Dielectric properties

Fig. 5(a, b) show the variation of real part of dielectric
constant (ε′) and dielectric loss (tan δ) with frequency for



Fig. 5. (a) Variation of real part of dielectric constant (ε′) and dielectric loss
with frequency for BST. (b) Variation of real part of dielectric constant (ε′) and
dielectric loss with frequency for NCF.

Fig. 6. (a) Variation of real part of dielectric constant (ε′) with frequency for
the composite samples. (b) Variation of dielectric loss with frequency for the
composite samples.

Fig. 7. Variation of log sac with log ω2.
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samples S0 and SN, respectively at 30 1C. Fig. 6(a, b) show
the variation of real part of dielectric constant (ε′) and
dielectric loss, respectively with frequency for samples S2,
S4, S6, S8, and S10 at 30 1C. Dielectric constant decreases
with increase in frequency. It is a usual dielectric dispersion
and can be explained in terms of Maxwell–Wagner relaxation
mechanism [23–25] which arises at the interface of material
with different conductivities due to charge accumulation. In
the composites, these types of interfaces arise at the area of
contact between ferrite and ferroelectric phases. On the higher
frequency side, dominant contribution towards polarization
comes from electrical polarization whereas other types of
polarizations such as dipolar and interfacial are effective at
the lower frequency side. As the frequency increases, charge
carriers cannot follow the alternation of electric field and hence
dielectric constant decreases. Dielectric constant decreases
with increase in ferrite content. This may be attributed to
low dielectric constant of NCF as compared to BST. Fig. 6(b)
clearly indicates that there is a net increase in dielectric loss of
the composite samples with increase in ferrite content. This
may be attributed to low resistivity of ferrite phase as
compared to ferroelectric phase. NCF particles offer leakage
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path to charge carriers and hence losses such as conduction
losses increase.

3.4. AC conductivity

AC conductivity (sac) is an important property of a material
which reveals the conduction process involved in the material.
AC conductivity was calculated using the relation

sac ¼ 2πf εoε′ tan δ ð4Þ
where f is the frequency, ε0 is permittivity of vacuum and ε′ is
real part of dielectric constant and tan δ is dielectric loss.

In case of conduction by small polaron following relation
holds good

sac−sdc ¼ ω2τ2=ð1þ ω2τ2Þ ð5Þ
Fig. 8. Equivalent RC circuit exhibiting bulk and grain boundary in composite
samples.

Fig. 9. (a) Cole–Cole plots of the composite samples at 250 1C. (b) Cole–Cole pl
samples at 350 1C.
where ω is angular frequency, τ is staying time (�10−10 s) for
frequencies ω2τ2 less than 1. Fig. 7 shows the variation of log
sac with log ω2. The plots are nearly straight line thereby
confirming that conduction in the composites is due to small
polaron [26,27].
3.5. Impedance spectroscopy

Impedance spectrum separates out the grain and grain
boundary contribution to electric response for better under-
standing of material characteristics. Cole–Cole plots consist of
real part of impedance (Z′) plotted against imaginary part of
impedance (Z″). Complex impedance of ME composites
ideally can be demonstrated as the sum of two parallel RC
circuits connected in series (as shown in Fig. 8), where RbCb

and RgbCgb networks correspond to the grain and grain
boundary contributions, respectively. Typically, Cole–Cole
plots for the ME composites are composed of two semicircles
[28,29], where each semicircle represents a distinct process
with time constant different from the other. The grain and grain
boundary contribution dominate at high and low frequencies,
respectively.
Fig. 9(a–c) show the Cole–Cole plots of the composite

samples S2, S4, S6, S8 and S10 at different temperatures. Plots
show two partially superimposed semicircles. Centers of two
ots of the composite samples at 300 1C. (c) Cole–Cole plots of the composite
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semicircles lie below the real axis and very close to each other.
Intercept at Z′ axis obtained on extrapolation of these
semicircles (in Fig. 9(a–c)) gives the approximate value of
grain and grain boundary resistance for all the samples at three
different temperatures. These values are listed in Table 2. It is
clear from Fig. 9 that with increase in temperature resistance of
both grain and grain boundary decreases. This is due to
generation of more space charge carriers with the rise in
temperature, thereby indicating towards semiconducting nature
of the composites. There is an overall (although irregular)
decrease in resistance of both grain (Rg) and grain boundary
(Rgb) with increase in ferrite content in the composite samples.
This may be attributed to lower resistance of NCF as compared
to BST. Such variation in resistance values is consistent with
other reports [30]. Large number of factors such as density,
oxygen vacancies (developed during high temperature sinter-
ing), interfaces between ferrite and ferroelectric phases,
resistance of ferrite and ferroelectric phases, etc. are respon-
sible for deciding grain and grain boundary resistance in the
composites. This resulted into irregular trend of resistance
values. The composite sample S6 abnormally possesses lower
value of resistances (Rg, Rgb) as compared to samples S8 and
S10, which may be attributed to its high density.

3.6. Ferroelectric properties

Ferroelectric properties of the multiferroic composites were
determined by measuring polarization vs. electric field (P–E)
characteristics. These characteristics yield useful information
regarding its electrical structure i.e. dipoles and their response in
the presence of alternating field. Fig. 10 shows the P–E loops of
the composites measured using Sawyer–Tower circuit at 50 Hz
and corresponding to a temperature of 30 1C. The values of
remanant polarization (Pr), saturation polarization (Ps) and coer-
cive field (Ec) are listed in Table 3. P–E loops of the composite
samples are unsaturated. There is a significant decrease in values
of saturation and remanant polarization in the composite samples
as compared to pure BST. These two factors clearly point towards
dilution of ferroelectric properties of BST ceramics on addition
nanoparticles of NCF. Decrease in Pr and Ps values in the
composite samples as compared to pure BST may be attributed to
1)
Tab
Gra

Co

S2
S4
S6
S8
S10

Fig. 10. Polarization vs. electric field (P–E) loop of the composites with inset
showing the P–E loop of pure Ba0.95Sr0.05TiO3.
Low resistance of NCF resulting in lower undertaking
electrical voltage, so that the composite samples may not
get fully polarized [31].
le 2
in resistance (Rg) and Grain boundary resistance (Rgb) for the composites S2, S

mposition At 250 1C At 3

Rg (kΩ) Rgb (kΩ) Rg (

282000 340800 2042
238500 333900 1281

370 480 65
4900 6660 1452
2119 3641 545
2)
4,

00

kΩ)
Increase in dielectric loss with the addition of ferrite
material.
3)
 Segregation of NCF nanoparticles along BST grain boundaries
which increases percolation path for charge carriers [32].
4)
 Interfacial polarization and heterogeneous conduction
between ferrite and ferroelectric interfaces [12].

Sample S10 possesses the highest value of coercive field.
There is significant rise in coercive field with increase in ferrite
content. This indicates that motion of the domain wall of the
ferroelectric regions becomes difficult as ferrite content
increases [33,34]. Further P–E loops of the composites are
unsymmetrical about origin. This may be due to internal bias
field caused by defects [35] and short distance, off center,
inherent movement of bound electrons [34].
3.7. Magnetic properties

The magnetic properties of the material were characterized
by its magnetization vs. magnetic field (M–H) measurements
which indicate the behavior of the material when excited in an
external magnetic field. Fig. 11 shows M–H loops of the
composite samples at 30 1C. The values of various magnetic
parameters are listed in Table 4. All samples show well
S6, S8, and S10 at 250 1C, 300 1C, and 350 1C.

1C At 350 1C

Rgb (kΩ) Rg (kΩ) Rgb (kΩ)

2281 283 296
1464 132 135
84 10 13

2093 150 153
679 11 15
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saturated hysteresis loops indicating the presence of ordered
magnetic structure in the composites [36]. It is clearly seen in
Table 4 that all the composite samples possess smaller values
of remanant and saturation magnetization as compared to pure
NCF because of their much lower ferrite content. The values of
remanant and saturation magnetization of the composite
increase with increase in ferrite content. Exchange interaction
between neighboring uncompensated spins is the basic require-
ment for a material to be ferromagnetic. Non-magnetic BST
particles act like pores between ferrite particles. They break the
exchange interaction resulting into dilution of ferromagnetic
properties of the composites. The composite samples possess
high values of coercive field as compared to pure NCF. The
Table 3
Variation of remanant polarization (Pr), Saturation polarization (Ps) and
Coercive field (Ec) of the composite samples.

Composition Pr (μC/cm2) Ps (μC/cm2) Ec (kV/cm)

S0 4.084 7.190 1.242
S2 0.207 2.574 1.075
S4 0.151 1.704 1.121
S6 0.278 1.302 2.869
S8 0.280 1.758 2.032
S10 0.219 1.998 4.446

Fig. 11. Magnetization vs. Magnetic Field (M–H) characteristics of the
composites with inset showing M–H loop of pure Ni0.8Co0.2Fe2O4.

Table 4
Magnetic Parameters of the composite samples.

Composition Remanant magnetization (Mr) (emu/gm) Saturation

SN 4.540 31.847
S2 0.1898 0.2787
S4 0.4639 0.7446
S6 0.8379 1.3216
S8 1.147 1.847
S10 1.378 2.237
magnetization in the composites is hard to realize. The
multiferroic composite possess high value of reduced magne-
tization (Mr/Ms) as compared with pure Ni0.8Co0.2Fe2O4.
Reduced magnetization is also called squareness of hysteresis
loop. It has values lying in range 0–1 and is a measure of
application of material in memory devices [37]. Hence these
composites can potentially be used in memory devices.
magnetization (Ms) (emu/gm) Mr/Ms Coercive field (Hc) (Oe)

0.143 41.136
0.681 146.53
0.623 139.27
0.634 150.49
0.621 153.01
0.616 147.43

Fig. 12. (a) Magnetic hysteresis loops of both electrically poled and unpoled
samples for the composite S8. (b) Magnetic hysteresis loops of both electrically
poled and unpoled samples for the composite S10.



Table 5
Magnetic Parameters of electrically poled and unpoled pellets for sample S8 and S10.

Composition State Remanant magnetization (Mr) (emu/gm) Saturation magnetization (Ms) (emu/gm) Coercive field (HC) (Oe)

S8 Electrically poled 1.28 3.96 152
S8 Electrically unpoled 1.07 3.08 152
% Change 19.62 28.57 –

S10 Electrically poled 1.72 5.26 147
S10 Electrically unpoled 1.35 4.10 147
% Change 27.40 28.29 –
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3.8. Magnetoelectric properties

Nanoparticles of Ni0.8Co0.2Fe2O4 have high specific surface
area which results in better M–E coupling [38]. To confirm
magnetoelectric coupling between ferroelectric and ferrite
phases, two pieces from a single pellet were taken, one of
them was electrically poled at 5 kV/mm and the other was
unpoled. M–H hysteresis loop of both poled and unpoled
samples were taken using VSM. Fig. 12(a, b) show hysteresis
loop of both poled and unpoled pieces for the samples S8 and
S10, respectively. Parameters obtained from magnetic mea-
surements are listed in Table 5. Similar results have been
recorded by many research groups [39,40]. Significant increase
in both saturation and remanant magnetization of electrically
poled samples indicates strong magnetoelectric coupling
between two constituents. This increase in magnetization
values of electrically poled samples may be attributed to
poling of sample which may result into aligning of individual
dipole-moments within different electric domains along the
electric field direction. As magnetoelectric coupling is related
to elastic interaction of ferroelectric and ferromagnetic
domains [41], movement of electrical domain walls alters
local strain which results in change in magnetic anisotropy and
hence corresponding increase in magnetization [7].
4. Conclusion

XRD patterns of NCF–BST composite system confirmed the
formation of cubic spinel and perovskite structure of NCF and
BST, respectively. The composite samples show dielectric
dispersion at low frequency due to Maxwell–Wagner relaxa-
tion mechanism. Dielectric constant of the composite samples
decreases with increase in ferrite content. Grain and grain
boundary resistance decreases with increase in ferrite content.
Addition of ferrite in ferroelectric material results in enhanced
coercive field of P–E loop in the composites. With increase in
ferrite content the remanant magnetization (Mr) and saturation
magnetization (Ms) of M–H loop increases. The significant
increase in Mr/Ms values of composite samples as compared to
NCF increases the possibility of use of these composites in
memory based applications. Enhancement in magnetization
values in M–H loop of electrically poled and unpoled samples
confirmed magnetoelectric coupling between ferrite and ferro-
electric phases.
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