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egy for the development of
multiferroic composite nanostructures with
enhanced magnetoelectric coupling performance:
a perovskite–spinel approach

Preethy Augustine, a Yerol Narayana*a and Nandakumar Kalarikkalb

An energy efficient move toward the regulation of magnetization vector solely with E-field by

developing multiferroic (MF) magnetoelectric (ME) nanostructures' have opened up vast avenues for

novel low power consumption memories and magnetoelectric devices. The present study delineates

the development of multiferroic nanocomposites (MF NCs) with perovskite BiFeO3 and spinel

NiFe2O4. A simple Pechini one-pot method is employed for the preparation of nanocomposites with

different molar concentrations and the modified structural, magnetic, dielectric, and magnetoelectric

performance of NCs is carried out at room temperature. The purity in the crystalline phase of BiFeO3

and NiFe2O4 in the NCs are corroborated by XRD and FTIR spectroscopy, which is further

substantiated, while EDAX analysis pointed out the elemental composition. The SEM images provide

an evidence for the closely compacted and agglomerated grains with some voids in the prepared

sample. A well saturated magnetic hysteresis (M–H) loop reveals long range ferromagnetic ordering

and the remanence value ascertains the multidomain structure. The dielectric performance and

impedance analysis imparts greater knowledge of the dependence of grain and grain boundaries on

the resistive and conductive behavior of the composites. The frequency dependence of electric

modulus and impedance exhibits a non-Debye type of relaxation process. The P–E hysteresis loops

clearly show the lossy behavior of the composites with an increase in the NiFe2O4 concentration.

The ME coupling coefficient of the composites evaluated using the dynamic magnetic field method

demonstrates the effective coupling interaction between ferroelectric (FE) perovskite BiFeO3 and

ferromagnetic (FM) spinel NiFe2O4. Thus, the findings disclose a greater potential for innovative

applications in spintronics and information technology.
Introduction

The co-existence and mutual coupling of magnetism and elec-
tric polarization in multiferroics enable far-reaching function-
alities. It explores the possibility of the design of
magnetoelectric devices and non-volatile memories.1,2 Multi-
ferroic nanocomposites has been a topic of an active eld of
research in recent years because of their multi-functionality at
room temperature, device miniaturization, and reduced energy
consumption.3 None of the existing single phase multiferroic
materials have robust electric and magnetic polarization at
room temperature, whereas the cross interaction between the
constituent phases in the composites can produce a remarkable
ME effect.4 The magneto-electric (ME) coupling property in the
material was rst envisioned by Curie in 1894.5 This intriguing
ersity, Mangalagangotri, India. E-mail:
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6–4877
property brings about an interesting cross coupling effect, i.e.,
the magnetic (electric) control of electric (magnetic) polariza-
tion. The interfacial phenomena of magneto-electric coupling6

provide an alternative route for controlling the ferromagnetism
with electric elds. From a technological perspective, it could
have tremendous impact on microelectronics, spintronics,
sensor technique, magnetic and electric switching, etc., to
produce multifunctional miniaturized devices with high effi-
ciency, low power consumption, and low heat dissipation.7–9

A perovskite–spinel multiferroic system with interfacial
straining effect between ferromagnetic and electric ordering
has sparked colossal research on composite nanostructures.
Several multiferroic nanocomposites such as BiFeO3/CoFe2O4,10

SrTiO3/NiFe2O4,11 (1� x)BaTiO3/xNi0.7Zn0.3Fe2O4,12 and BaTiO3/
CuFe2O4

13 have been reported via the perovskite–spinel
approach with enhanced values of the magneto-electric
coupling coefficient. The ME effect is a multiplicative property
of strain-mediated coupling between the ferromagnetic and
ferroelectric phases in the material. Pandey et al.14 reported the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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phase transformation, which introduces strain in the ferro-
electric phase, providing a better coupling between two phases
in (1 � x)Bi(Ni1/2Ti1/2)O3–PbTiO3/xNi0.6Zn0.4Fe2O4 composites.
The low temperature sintering of composites reduces the
formation of secondary impurity phases, which will provide
a large ME response also observed in the composites. Bangruwa
et al.15 discussed about the composites of perovskites and spinel
ferrites that give improved ferromagnetic hysteresis loops, good
ferroelectric properties, and reduced leakage current.

Herein, the development of multiferroic nanocomposite of
perovskite (ABO3) and spinel ferrite (AB2O4) structures have
been focused on to bring out effective ME coupling perfor-
mance. The perovskite BiFeO3 (BFO) having a rhombohedral
structure (R3c space group) stands out as a well-known single
phase ME material. It has room temperature spontaneous
ferroelectric and antiferromagnetic nature. It exhibits ferro-
electric polarization of 100 mC cm�2 and Curie temperature of
�1103 K due to paired electrons in the outermost 6s orbital of
the Bi3+ cation and the material show feeble antiferromagnetic
behavior below its Neel temperature (TN � 643 K) due to
unpaired d-orbital electronic distribution of the Fe3+ cation.16,17

Though the ME interactions are reported in BiFeO3,18,19 weak
ferromagnetic nature,20 poor ferroelectric reliability,21 and weak
ME coupling hinders its practical applications. Several studies
have been reported wherein the spinel ferrites act as good
magnetic materials for device applications because of their
greater electrical resistivity and magnetoelasticity than that of
the perovskites.22,23 It has a considerable effect on the leakage
current of BFO-ferrite composites.15 The inverse spinel structure
of so ferrimagnetic NiFe2O4 (NFO) has a high Neel tempera-
ture of 858 K,24 high magnetic permeability, low anisotropy,
high magnetostriction coefficient, moderate coercivity, reten-
tivity, and low electrical conductivity.25,26 One of the greatest
advantages of NFO is its tunable magnetic and electrical prop-
erties due to its low anisotropy.22 In recent decades, it has also
been noted that BiFeO3-based nanocomposites, combined with
perovskite oxides and spinel ferrites, have provided desirable
greater ME response compared to the single phase compound.

However, as per the literature survey, there are no reports on
the synthesis of the BiFeO3–NiFe2O4 nanocomposite using the
Pechini one-pot method. It is a facile and cost effective method
for producing highly pure and homogeneous oxides at reduced
temperatures and shorter calcination times than other chem-
ical methods.27,28 In addition to this, this is an introductory
work to determine the magnetoelectric coupling performance
of the prepared nanocomposites using a lock-in amplier set up
at room temperature. The molar concentration of materials
involved in the composites, their grain size, and the resistivity of
magnetic and ferroelectric counterparts particularly inuence
the ME output of the composites. The present study describes
the formation of 0–3 type perovskite/spinel ferrite nano-
composites with dielectric and magnetic properties. Further,
the detailed study of the magneto-electric coupling coefficient
of the BiFeO3–NiFe2O4 (hereaer abbreviated as BFO–NFO)
nanocomposite was emphasized to conrm the multiferrocity
in the composites.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Experimental details

A simple chemical method called the Pechini one-pot method is
used to synthesize the xBiFeO3-(1 � x)NiFe2O4 nanocomposite.
A stoichiometric amount of Bi(NO3)3$5H2O, Fe(NO3)3$9H2O,
Ni(NO3)2$4H2O, C6H8O7, and ethylene glycol were used for the
preparation of the composite in a typical procedure. The ratio of
molar concentration of nitrates, Bi : Ni:Fe were xed at
1 : 9 : 11, 3 : 7 : 13, 5 : 5 : 15, and 7 : 3 : 17, which were dis-
solved in the aqueous solution of citric acid and kept at 70–
80 �C with continuous stirring until a homogenous brown clear
solution was formed. Then, an appropriate amount of ethylene
glycol, CA : EG ¼ 60 : 40, was added to this homogeneous
mixture by maintaining the same temperature and stirring until
the viscous gel was achieved. Thereaer, the derived gel was
kept at 110 �C in a hot air oven for drying and further calcined
for 2 h in an air atmosphere at 600 �C. The resultant powder was
ground using a pestle mortar and pelletized to a size 8 mm
diameter and 1 mm thickness and kept for sintering for 2 h at
700 �C, making a dense sample for electrical and magneto-
electric coupling measurements.

The crystalline nature of the BFO–NFO nanocomposites were
examined using Rigaku Miniex 600 X-ray diffractometer. The
2q values in the range of 20�–80� were scanned at the rate of
3� min�1. The FT-IR absorption spectra of all the composites
were recorded using a ThermoFisher Scientic Fourier Trans-
form Infrared (FT-IR) spectrometer. The SEM images of the
samples were captured using a Carl Zeiss Sigma Field Emission
Scanning Electron Microscope (FE-SEM). The elemental anal-
ysis of the prepared composites was also done using the Energy
Dispersive Spectroscopic (EDS) technique. The magnetization
measurements were carried out using a Vibrating Sample
Magnetometer (VSM) in the eld range of 20 kOe $ H $ �20
kOe. The ferroelectric properties were evaluated by tracing the
P–E loop in the eld range of �6 kV cm�1 to +6 kV cm�1 at the
frequency of 50 Hz. The frequency-dependent dielectric
parameters in the range 100 Hz to 2 MHz were measured using
an Impedance Analyzer (Agilent E4980). The ME coupling
coefficient measurement of the composites were performed at
xed Hac ¼ 10 Oe of frequency 850 Hz collinearly with varying
Hdc in the range of 0–5 kOe and at a xedHdc of 1 kOe collinearly
with varying Hac in the range of 0–80 Oe. A lock-in amplier set
up was used to record the induced ME voltage. All the charac-
terization studies were executed at room temperature.
XRD analysis

The XRD pattern of the BFO–NFO nanocomposites in various
compositions at x ¼ 10%, 30%, 50% and 70% are depicted in
Fig. 1. The peaks appeared at 22.52�, 32.06�, 37.33�, 39.46�,
45.72�, 51.49�, 57.08�, and 67.12� are identied as the reection
planes of (0 1 2), (1 1 0), (1 1 3), (2 0 2), (0 2 4), (1 2 2), (3 0 0), and
(2 2 0), respectively, which corresponds to the rhombohedral
perovskite structure of BFO (JCPDS #71-2494), as indexed by (#).
The rest of the peaks at 30.25�, 35.69�, 43.42�, 47.91�, 54.12�,
57.08�, and 63.01� are identied as the planes of (2 2 0), (3 1 1),
(4 0 0), (3 3 1), (4 2 2), (5 1 1), and (4 4 0), respectively, which
Nanoscale Adv., 2021, 3, 4866–4877 | 4867
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Fig. 1 XRD pattern of the (1 � x)BFO–xNFO nanocomposites at x ¼ 0,
10%, 30%, 50%, and 70%.
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corresponds to the spinel cubic structure of NFO (JCPDS #89-
4927), indexed by (C). There are few minor impurity peaks that
correspond to the secondary phases of BFO and NFO, which is
indexed by (,) that could be observed at 2q angles of 24.36�,
27.95�, and 49.02�. It may be due to the evaporation of bismuth
during calcination.29 However, the XRD pattern conrmed the
presence of both BFO and NFO phases in the composites. The
intensity of the NFO peaks increased as the concentration of
BFO decreased in the composites.

The calculated values of the lattice constants and the cell
volume of the BFO and NFO phases in the composites are
tabulated in Table 1. It is evident that all the values of lattice
parameters match well with the reported values of the indi-
vidual BFO and NFO phases. However, a small change in the
lattice parameters and cell volume of the constituent phases
may be due to the compressive strain between them, which is
created by lattice distortion.30 Therefore, it is worthwhile to
estimate the strain (3) and dislocation density (d) using the
following relations.31

d ¼ 1

D2
Table 1 XRD parameters of (1 � x)BFO–xNFO nanocomposites at x ¼ 1

Sample
Density (Dx)
(g cm�3)

Crystallite
size (D) (nm)

Dislocation density
(d) (Å)2 Stra

BNFO-10 1.351 9.39 0.0113 0.31
BNFO-30 1.653 6.45 0.0240 0.37
BNFO-50 1.950 5.28 0.0359 0.42
BNFO-70 2.257 4.85 0.0425 0.46

4868 | Nanoscale Adv., 2021, 3, 4866–4877
3 ¼ b cos q

4

where b is FWHM and D is the average crystallite size, which is
calculated using Scherrer's equation.

D ¼ 0:9l

b cos q

Table 1 summarizes all the calculated values of the lattice
constants and cell volume, crystallite size (D), dislocation
density (d), strain (3), and surface area (S). It is clear that there is
a reduction in the crystallite size with increasing NFO content in
the composites. The crystallite size is reduced because of the
lattice distortion caused by the ionic radius difference32

between Bi3+ (1.17 Å) and Ni2+ (0.72 Å). This results in an
increase in the dislocation density, which enhances the strain
between the BFO and NFO phases, thereby improving the ME
effect in the composites.33
FTIR analysis

The FT-IR spectra of the BFO–NFO nanocomposites, recorded
in the wavelength range of 400–1600 cm�1, is displayed in Fig. 2.
The absorption peaks exhibited in the range of 400–600 cm�1

are attributed to the intrinsic stretching and bending vibrations
of Fe2+ions at tetrahedral (Fetetra 4 O) and octahedral sites
(Feocta 4 O) of NiFe2O4.25 The peaks observed in the range may
also be due to the vibrational mode of the Fe–O6 octahedral,
which implies the BFO phase. The peak at wavenumber of
813 cm�1 corresponds to metal–oxygen (Fe–O) stretching
frequency mode, which may have resulted from highly crystal-
line BFO in the composite.34 The peak corresponding to
1362 cm�1 is due to the stretching vibrations of NO3

� ions.35
FESEM and EDAX analysis

Fig. 3(a–d) represents the FESEM images of the BFO–NFO
nanocomposites, which gives information regarding the surface
morphology, grain shape, size, and distribution. The images
clearly show an inhomogeneous distribution of the grains in the
samples with irregular shapes and non-uniform size. An inho-
mogeneous development of grains may result from the
dissimilar growth of individual phases in the composite
samples. The grains are completely agglomerated and closely
0%, 30%, 50%, and 70%

in (3)
Surface area
(S) m2 g�1

Lattice constants and cell volume

BFO phase NFO phase

a (Å) c (Å) V (Å)3 a (Å) V (Å)3

34 472.899 5.58 13.86 431.52 8.3146 574.89
65 562.885 5.58 13.88 432.52 8.3083 573.51
46 582.731 5.58 13.89 432.79 8.3197 575.87
19 547.934 5.58 13.90 432.72 8.3067 573.19

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR spectra of (1 � x)BFO–xNFO nanocomposites at x ¼ 10%,
30%, 50%, and 70%.
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compacted with some voids throughout the samples. However,
the larger and smaller grains seen in Fig. 3(a) and (b) indicate
that the grain growth of one of the phases is higher than that of
the other phase in the composites.15 The reduction in the grain
size and its uniform distribution, as the concentration of NFO
increases, is due to the magnetic interactions between the
grains as well as higher surface to volume ratio of the nano-
composites.36 The grain size distribution histograms are
exhibited along with the FESEM images at its top-right corners.
The average grain size of the samples was found to be 45, 44, 41,
and 38 nm, respectively, for different compositions, using the
ImageJ soware. The EDX spectra of BFO–NFO nanocomposites
Fig. 3 (a–d) FESEM images of the (1 � x)BFO–xNFO nanocomposites a

© 2021 The Author(s). Published by the Royal Society of Chemistry
in different compositions is depicted in Fig. 4(a–d). The spectra
show the incorporation of all the elements, namely, Bi, Ni, Fe,
and O, with strong peaks and conrm the stoichiometry of the
studied perovskite–spinel ferrite composites.
Magnetic properties

To investigate the ferromagnetic behavior of the (1 � x)BiFeO3–

xNiFe2O4 nanocomposites at room temperature, M–H hyster-
esis loops were plotted within an applied eld of �20 kOe # H
# 20 kOe, as shown in Fig. 5. A typical ferromagnetic nature is
exhibited in the M–H loops for all the composites, which
conrms the presence of long-range magnetic ordering in the
NFO phase in the composites. The magnetic moment (m) and
magnetic crystalline anisotropy constant (K) were calculated
using the following relations.31,37

M ¼ (Ms � W)/5585

K ¼ (Hc � Ms)/0.96

where Ms ¼ saturation magnetization, Hc ¼ coercivity, andW ¼
molecular weight. The comparison of improved magnetic
properties of the nanocomposites with those reported for the
pure BFO15 and NFO38 samples are listed in Table 2.

The value of saturation magnetization (Ms) and magnetic
moment increases signicantly with an increase in the NFO
concentration. It is due to the fact that each ferrite grain acts as
a center of magnetization and the resultant magnetization is
the vector sum of each grain's magnetization.39 There is a strong
exchange interaction between the ferromagnetic (NFO) phase
and the ferroelectric (BFO) phase. It is because of the increase in
the number of magnetic linkages existing between the tetra-
hedral and octahedral cations of the composites. This also
t x ¼ 10%, 30%, 50%, and 70%.

Nanoscale Adv., 2021, 3, 4866–4877 | 4869
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Fig. 4 (a–d) EDX spectra of the (1 � x)BFO–xNFO nanocomposites at x ¼ 10%, 30%, 50%, and 70%.

Fig. 5 M–H hysteresis loop of the (1 � x)BFO–xNFO nanocomposites
at x ¼ 10%, 30%, 50%, and 70%.

Table 2 Magnetic parameters of (1 � x)BFO–xNFO nanocomposites
at x ¼ 10%, 30%, 50%, and 70%

x Ms (emu g�1) Mr (emu g�1) Hc (Oe) Mr/Ms K m (mB)

BFO 0.12 0.01 235.52 0.0833 29.44 0.0067
NFO 30.8 12.69 93.6 0.4120 3003 1.2926
10% 5.7245 0.7812 165.88 0.1365 989.15 0.0312
30% 14.494 1.2855 123.51 0.0887 1864.67 0.0749
50% 21.163 1.6169 109.44 0.0764 2412.58 0.1035
70% 35.996 2.1361 95.946 0.05 3597.58 0.1661
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raises the saturation magnetization and magnetic moment in
the composites. An increase in the remnant magnetization (Mr)
values is observed with an increase in the NFO concentration. It
conrms that most of the spins are directed away from the
preferred magnetic eld, which results in stress and hence the
remanent magnetization increases.33 The decrease in the coer-
civity (Hc) can be attributed to its particle size. Herein, the
decrease in the particle size with increasing NFO concentration
4870 | Nanoscale Adv., 2021, 3, 4866–4877
in the composites contributes to a decrease in the coercivity.
The squareness ratio (Mr/Ms) ascertains the domain structure of
the composites. The calculated values conrm the multi-
domain structure of the composites (Mr/Ms < 0.5). The
domain pinning by the ferroelectric phase causes a reduction in
the Mr/Ms ratio of the composites. The magnetic crystalline
anisotropy (K) increases with an increase in the NFO concen-
tration. This is because of the strong coupling interaction
between the ferromagnetic and ferroelectric phase in the
composites. The increase in the magnetic anisotropy constant
from x ¼ 10–70% shows an inverse relation with the particle
size, thereby supporting the FESEM studies.
Dielectric properties

Fig. 6(a) and (b) illustrate the variation in the dielectric constant
with respect to frequency, varying from 100 Hz to 2MHz at room
temperature for the BFO–NFO samples with different compo-
sitions. It is noted that all the composites have displayed the
same dielectric frequency dispersion behavior, wherein the
dielectric constant is high at a lower frequency region. The
dielectric constant decreases gradually with increasing
frequency and remains constant at a higher frequency region.
This is a typical characteristic of dielectric materials. The higher
values of dielectric constant in the low frequency region is
attributed to interfacial and space charge polarization and it
can be described on the basis of Maxwell–Wagner polarization
mechanism and Koop's theory.40 However, the dielectric
constant is high in the low frequency region due to orientation
polarization, which is produced from the multi-oxidation state
of iron (Fe3+ and Fe2+).41 The hopping of electrons between Fe3+

and Fe2+ can follow the frequency of the applied in the low
frequency region. But in the high frequency region, the charge
carriers do not respond to the variation in the applied eld,
which results in the discontinuation of dipolar polarization
with an increase in the frequency. Thus, only the ionic and
electronic polarization contributes toward the dielectric
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a–d) Frequency dependent dielectric parameters of (1 � x)BFO–xNFO nanocomposites at x ¼ 10%, 30%, 50%, and 70%.
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constant in the high frequency region. Hence, the dielectric
constant reduces and becomes independent of the frequency in
the high frequency region.33,42 The value of the dielectric
constant increases as the concentration of NFO increases in the
composites.

The frequency-dependent loss tangent of the composites,
which is displayed in Fig. 6(c), resembles the result of dielectric
constant. The occurrence of dielectric loss in the composites is
mainly due to the resistive loss and relaxation loss.39 A loss peak
can be found at a frequency of 1 kHz and this relaxation loss is
attributed to space charge polarization. In the lower frequency
region, the movement of space charges catches up with the
frequency of the applied eld, resulting in a high loss factor,
whereas in the high frequency region, negligible effect of space
charges leads to a low value of tan d. Apart from this, there is
a signicant increase in the loss factor with an increase in the
NFO concentration in the BFO–NFO nanocomposites. It can be
correlated with resistive losses owing to electron hopping
between Fe3+ and Fe2+.

Fig. 6(d) depicts the variation in the AC conductivity (sac) as
a function of frequency in the range of 100 Hz to 2 MHz at room
temperature for all the samples with different compositions.
There is no change in the conductivity up to a certain frequency
and it increases abruptly with an increase in frequency. The
frequency-independent conductivity in the low frequency
region refers to band conduction, which is equal to the DC
conductivity and the frequency-dependent conductivity in the
high frequency region owing to small polaron hopping mech-
anism.43 The conductivity of the composites increases with an
increase in the concentration of NFO in the sample and it is due
to the presence of charge carriers. This conductivity can be
explained on the basis of the hopping of charge carriers
between Fe3+/Fe2+ in the composites. The resistive grain
© 2021 The Author(s). Published by the Royal Society of Chemistry
boundaries present in the material becomes more active in the
low frequency region and reduces the hopping of charge
carriers into the grain portion of the material. It reduces the
participation of charge carriers in the hopping conduction
mechanism. As the frequency of the applied eld increases, the
charge carriers acquire a certain amount of energy to break the
grain boundaries and enter the grain segment.33 Thus, the
mobility of charge carriers increases inside the grains, which
results in an increase in the conductivity in the high frequency
region.
Impedance spectroscopic analysis

Complex impedance spectroscopy is an important metric
that is used to understand the relaxation and electrical
conductivity of the material. The frequency-dependent real
part of the complex impedance (Z0) over a wide range of
frequency (100 Hz to 2 MHz) of the BFO–NFO nanocomposite
with various compositions is displayed in Fig. 7(a). The plots
show that the value of Z0 decreases continuously with an
increase in the frequency to a certain limit and then even-
tually comes to a steady state at higher frequencies. As the
frequency increases, the decreasing tendency of Z0 implies
the increased conductivity of the samples. The large value of
impedance seen in the low frequency region suggests the
existence of all kinds of polarization in the region. The
plateau at higher frequencies species the liberation of space
charges at the grain and grain boundary interfaces in the
composites under an applied eld.44,45 Moreover, the decline
of Z0 appears as the concentration of NFO increases in the
composites. This is owing to the loss of resistivity and
enhanced conductivity of the samples. Fig. 7(b) demonstrates
the frequency-dependent imaginary part of impedance,
which resembles the behavior of Z0.
Nanoscale Adv., 2021, 3, 4866–4877 | 4871
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Fig. 7 (a–c) Frequency dependent impedance (Z0 & Z00) spectra and Nyquist plot of (1� x)BFO–xNFO nanocomposites at x¼ 10%, 30%, 50%, and
70%.
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Fig. 7(c) shows the Nyquist impedance plot of the BFO–NFO
nanocomposites evaluated over a wide range of frequencies
from 100 Hz to 2 MHz. As stated in Debye's model, dielectric
materials possess a single relaxation time, which always
produce a semicircle centered on the real (Z0) axis. But all the
materials do not generate a perfect semicircle because of the
relaxation from the ideal Debye characteristics. In this case, an
asymmetric and depressed semicircle appears, which indicates
non-Debye relaxation in the materials where there is an exis-
tence of dissemination of relaxation times.46 The impedance
plot in Fig. 7(c) comprised depressed type of semicircles anal-
ogous to the grains and grain boundaries, proposing non-Debye
relaxation behavior in the composites. As the concentration of
NFO increases in the composites, the radius of the semicircle
decreases, which shows decreased resistance and increasing
conductivity. It affirms the contribution of resistance from the
grain and grain boundaries to the conduction mechanism
within the composites.44,47
Electric modulus analysis

Complex modulus spectroscopy is an appropriate technique to
determine and comprehend the electrical transport
phenomena, i.e., electrode polarization, ion hopping rate, and
electrical and space charge relaxation processes of the samples
at various frequencies and temperatures.48,49 It is a powerful tool
than impedance spectroscopy regarding the distinction
between electrode polarization and grain boundary conduc-
tivity.50 Fig. 8(a) and (b) display the variation of M0 & M00 with
respect to the frequency for different (1 � x)BFO–xNFO nano-
composites at x ¼ 10%, 30%, 50%, and 70%. As observed from
Fig. 8(a), the value of M0 becomes closer to zero (except at x ¼
10%) and coincides with it in the low frequency region, which
4872 | Nanoscale Adv., 2021, 3, 4866–4877
indicates a small contribution of electrode polarization to M0.51

However, the value of M0 continuously disperses as the
frequency increases and reaches its maximum value on further
increasing the frequency. It is because of the presence of
relaxation processes that spread over the long range frequen-
cies.48 The frequency variation of M00 for different (1 � x)BFO–
xNFO nanocomposites at x ¼ 10%, 30%, 50%, and 70% is
shown in Fig. 8(b). The asymmetric peaks observed in the gure
indicate non-Debye type relaxation, i.e., the spread of relaxation
times with different time constants.51 However, there is
a change in the dielectric relaxation process as the M

00
max peaks

shi toward higher frequencies when the concentration of NFO
increases. The peak at low frequencies is ascribed to grain
contribution and at high frequencies is attributed to the grain
boundaries.2 The frequency at which M00 is the maximum is
known as the relaxation frequency. The charge carriers are
mobile at longer distances in the frequency region below M

00
max

while the movement of charge carriers is conned to potential
wells and allowed only for shorter distances in the region above
M

00
max.

52 Fig. 8(c) shows the complex modulus spectra ofM00 vs. M0

(1� x)BFO–xNFO nanocomposites with different compositions.
The asymmetric semicircular arc substantiates the existence of
the electrical relaxation phenomenon in the composites.51
Ferroelectric properties

The ferroelectric behavior of the prepared composites at room
temperature was examined by recording the P–E hysteresis
loops at a frequency of 50 Hz within the electric eld range �6
kV cm�1 and the results are shown in Fig. 9. The composites
studied, with the current percentage composition (Table 3), do
not show a perfect ferroelectric loop. This is due to the large
leakage current associated with it. It shows a banana-shaped
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a–c) Frequency dependence of the electric modulus (M0 & M00) spectra and complex modulus spectrum (M0 vs. M00) of the (1 � x)BFO–
xNFO nanocomposites at x ¼ 10%, 30%, 50%, and 70%.

Fig. 9 P–E hysteresis loop of the (1 � x)BFO–xNFO nanocomposites at x ¼ 10%, 30%, 50%, and 70%.

Table 3 Ferroelectric parameters of the (1 � x)BFO–xNFO nano-
composites at x ¼ 10%, 30%, 50%, and 70%

Sample

Ferroelectric parameters

Pmax (mC cm�2) Pr (mC cm�2)

BFO–NFO (x ¼ 10%) 6.5874 5.0118
BFO–NFO (x ¼ 30%) 3.4634 2.5253
BFO–NFO (x ¼ 50%) 1.6661 1.4544
BFO–NFO (x ¼ 70%) 0.7161 0.6949

© 2021 The Author(s). Published by the Royal Society of Chemistry
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leaky loop with polarization not well saturated. This may be due
to the oxygen vacancy defects generated during the sintering53

and mixed valence of the magnetic ions (Fe2+ and Fe3+),54 which
produces leakage current, prevents obtaining a well saturated
P–E loop, and also hinder the switching of the ferroelectric
domain.52 The spontaneous and remanent polarizations are
observed to be decreased as the concentration of NFO increases
and the ferroelectric fraction decreases in the composites. It is
indicated by the near circular loop with a large area. The dilu-
tion of the FE behavior is very sensitive to the size of the grains
and the lattice strain on the BFO–NFO interface. Since the
Nanoscale Adv., 2021, 3, 4866–4877 | 4873
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Fig. 10 Schematic of the lock-in amplifier set up for ME measurement.
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composites have a mixed connectivity, it is difficult to pole
larger grains at a lower electric eld. During the electric poling
of the composite samples, NFO does not respond to this eld
and hence leads to a decrease in spontaneous polarization.55

Hence, spontaneous polarization decreases with the NFO
content, which imparts a guideline for the selection of compo-
sitions of phases. The maximum observed saturation polariza-
tion (Pm) and remanent polarization (Pr) are 6.59 mC cm�2 and
5.01 mC cm�2, respectively, for the composite at x ¼ 10%. The
lowering of polarization values with the distribution of NFO in
the BFO matrix at different compositions is listed in Table 3.
The fall in the polarization is also attributed to the cubic
structure and paraelectric effect56 of spinel ferrite NFO, which is
unfavorable for ferroelectric stability.15,36
Table 4 MECC of the (1� x)BFO–xNFO nanocomposites withHac and
Hdc

Sample x ¼ 10% x ¼ 30% x ¼ 50% x ¼ 70%

a (mV/cmOe) with Hdc 11.85 10.95 6.95 2.98
a (mV/cmOe) with Hac 12.10 11.13 7.15 2.89
Magnetoelectric coupling analysis

The magnetoelectric effect is a product property, which occurs
due to the simultaneous existence of the electric and magnetic
phases in the material. It can be characterized by measuring the
coupling interaction of the electric and magnetic order
parameters concerning the ME voltage coefficient (aE). For the
occurrence of the magnetoelectric phenomenon, it is necessary
to have a proper electrical and magnetic poling of the samples.
It would enable the dipole reorientations so that the electric and
magnetic phases would effectively take part to yield a reason-
able polarization, which is measured as the ME output voltage.

A conventional measurement method called the dynamic
method57 has been employed for measuring the ME output
voltage. In this dynamic method, the measurement is carried
out at xed DC magnetic eld (Hdc) by varying the AC eld (Hac)
and by xing the AC magnetic eld (Hac) while varying the DC
magnetic eld (Hdc). The primary equations, which are required
4874 | Nanoscale Adv., 2021, 3, 4866–4877
for the estimation of the ME coefficient, are stated by Rivera58 as
follows.

If the DC magnetic eld H0 is in line with the AC magnetic
eld h0 at frequency ‘u’, the effective eld is

H ¼ H0 + h0 sin(ut) (1)

The ME output signal measured using the lock-in amplier,
tuned at the frequency is

Vout f (aH0 + 2bh0H0) (2)

The linear ME coupling coefficient (MECC) 'a' calculated
from the ME voltage (Vout), is

a ¼ dE

dH

1

V

dV

dH
¼ Vout

h0 � d
(3)

where Vout ¼ ME output voltage, d ¼ sample thickness, and H
and h0 are the DC and AC magnetic eld, respectively.

A home-built, lock-in amplier set up was used for the
measurement of Vout experimentally.59 The schematic repre-
sentation of the ME measurement set up is shown in Fig. 10.
The set up consists of an electromagnet to produce varying
magnetic elds using the DC power supply. A Hall probe was
connected for measuring the DC eld. In addition, an AC eld is
superimposed over the DC eld. A Helmholtz coil that is
mounted between the pole pieces of an electromagnet generates
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 ME coefficient of the (1 � x)BFO–xNFO nanocomposites at x ¼ 10%, 30%, 50%, and 70% (a) under AC bias field and (b) DC bias field.
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an AC eld with the help of a lock-in amplier and a function
generator. The sample placed at the center of the coil is excited
with an AC eld. It enables the dipole reorientations within the
sample to produce polarization that induces the ME voltage on
both the surfaces of the sample through ME coupling. The
induced ME voltage is measured in differential units using
a lock-in amplier. The measurement of the pure induced ME
signal with a complete reduction of noise is the advantage of
this method.

Using the measurement set-up above, the magnetoelectric
coupling coefficient (MECC) of the BFO–NFO samples with
different compositions at room temperature has been studied.
Fig. 11(a) shows the AC measurement of the ME voltage of the
composites by varying the AC magnetic eld (Hac) of frequency
850 Hz in the range of 0–80 Oe with a constant DC magnetic
eld of 1 kOe. TheME output voltage grows linearly with varying
applied Hac. The linear MECC ‘a’ was determined using eqn (3).
The obtained results are reported in Table 4. The maximum
observed value of MECC is 11.85 mV cm�1 Oe�1 for the (1 � x)
BFO-xNFO sample at x ¼ 10%, which is the ferroelectric rich
composition. The MECC decreases substantially for other
magnetic phase rich samples (x ¼ 30%, 50%, 70%), which are
attributed to the low resistivity of the ferrite phase (NFO) as
compared to the ferroelectric phase (BFO) that causes leakage
current in the composites. If the concentration of the ferrite
phase is high in the composite, it cannot be poled at a high
voltage due to its low resistance.60 It reduces the polarization in
the composites, which results in poor magnetoelectric
coupling. Thus, there is a restriction to the concentration of the
ferrite phase while incorporating with the ferroelectric phase to
produce a large ME coupling coefficient.

In the DC measurements, the ME voltage was developed
across the sample while the DCmagnetic eld (Hdc) varies in the
range of 0–5 kOe with a constant Hac ¼ 10 kOe of frequency
850 Hz, as shown in Fig. 11(b). Herein, the magnetostriction
coefficient gets to the saturation state at a certain value of the
magnetic eld in NFO during magnetic poling, which yields
a constant eld in the ferroelectric phase (BFO), forcing the ME
voltage that appears almost steady throughout the varying eld.
It is due to the saturated domain wall movement.61 The MECC
of all the samples is determined by dividing the ME output
© 2021 The Author(s). Published by the Royal Society of Chemistry
voltage by the strength of Hac. The DC measurement values are
congruent with the reported results in Table 4. The similar
trend of variations of the ME coefficient has been reported
earlier in the same type, 0–3 particulate ME composites such as
BaTiO3/CoFe2O4,62 BaTiO3/CaFe2O4, BaTiO3/CuFe2O4,13 and
Ni0.9Zn0.1Fe2O4/PZT.63 The promising applications of these ME
composites include magnetic eld sensors, transducers, oscil-
lators, phase shiers, and memory devices.64

In general, magnetoelectric coupling is determined by
strain-mediated mechanical coupling between the ferromag-
netic and ferroelectric phases in the composite. The phase
connectivity and the interface coupling of the constituent pha-
ses in the composite is responsible for the strong ME coupling
coefficient.65 The ME composites consists of ferromagnetic and
ferroelectric substances and the coupling interaction between
them will produce a large ME response. The basic principle of
this coupling is a product tensor property.66 Thus, the ME effect
is a result of the product of the piezoelectric effect of the
ferroelectric phase and magnetostriction effect of the ferro-
magnetic phase.64 The mechanism in detail can be found else-
where.67 The present BFO–NFO composites have good
ferroelectric response and high magnetization, which is essen-
tial for the large ME effect. The coupling between the ferro-
electric order of BFO and the ferromagnetic order of NFO is
attributed to the ME output voltage. Hence, a strongME effect is
reasonable.
Conclusion

The present work has reported a systematic study of the mul-
tiferroic properties of the perovskite (BFO)–spinel (NFO) nano-
composites prepared via the simple Pechini one-pot method.
The powder X-ray diffraction analysis revealed the presence of
individual phases in the composites. Moreover, the crystallite
size, lattice constants, cell volume, strain, dislocation density,
and surface area are greatly inuenced with the incorporation
NFO into BFO, thereby enhancing the dielectric, magnetic, and
magnetoelectric properties. The FESEM technique evidenced
the agglomerated conguration of the grains and its size varied
in the range of 38–45 nm. The room temperature magnetic
hysteresis curve established the ordered good ferromagnetic
Nanoscale Adv., 2021, 3, 4866–4877 | 4875
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nature and increased value of Mr, Ms, K, and m with an
increasing NFO concentration. The electrical conductivity and
dielectric performance of the composites are strongly affected
by the concentration of NFO. An observed asymmetric and
depressed semicircle that indicates non-Debye relaxation in the
material was revealed through impedance and electric modulus
analyses. The obtained unsaturated and lossy P–E loop dis-
closed the conducting nature of the nanocomposites. The
merging of the perovskite/spinel structured phases in the
composite manifests better magnetoelectric performance with
improved coupling coefficient. This indicates that these nano-
composites will nd applications for ME devices.
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