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Abstract

BiFeO;—CoFe,0, composites were successfully prepared via conventional solid state method. Powder X-ray diffraction
confirmed the presence of both perovskite BiFeO; (BFO) and spinel CoFe,0, (CFO) phases and rhombohedral structure due
to splitting in major peaks in the composites. Further insight into the microstructural and morphological properties of the
composites was provided by Raman spectra, Fourier Transform Infrared Spectroscopy and Field Emission Scanning Electron
Microscopy along with EDX analysis. Magnetic and electrical response of the composites has been studied exhaustively to
comprehend their multiferroic properties. Magnetization study (magnetization vs. magnetic field) confirmed the high satura-
tion magnetization in composites with a low value of coercivity at room temperature. The maximum saturation magnetization
(0.3902 emu/g) was achieved in BFO-30%CFO. Ferroelectric polarization (polarization vs. electric field) loop measurements
confirmed the low electrical leakage current in the composites. The temperature dependent dielectric response of the com-
posites suggested existence of magnetoelectric coupling between the ferroelectric and ferromagnetic orders in the vicinity
of antiferromagnetic—paramagnetic transition temperature of BFO. The decrease in dielectric loss with an increase in CFO
content in the composites also validated the similar results as observed in polarization versus electric field measurements.
The Impedance Spectroscopy at room temperature revealed the non-Debye behavior and high resistivity of the composites.

1 Introduction

Lead free multiferroics such as Bismuth Ferrite due to
their overarching potential have revitalized the attention of
researchers in the fabrication of novel device applications
employing the concept of ME coupling such as MEMS,
spintronics, piezo-electric sensors, field-controlled ferro-
magnetic resonance, transducers, non-volatile memory ele-
ments, etc. Apart from the multiferroism, numerous intrigu-
ing physical phenomena occur due to the well-built coupling
between ferroelectric and magnetic order parameters, i.e.,
magnetoelectric coupling [1]. Ferroelectricity and ferromag-
netism are generally mutually exclusive, ferromagnetism
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requires partially and ferroelectricity require empty or com-
pletely filled transition metal orbital (‘d” orbital). So, only
few multiferroic materials exist in the nature.
Magnetoelectric (ME) properties of BiFeO; (BFO) with a
rhombohedrally distorted perovskite structure of type ABO;
and single-phased multiferroic, are attributed to its ferroelec-
tric and weak antiferromagnetic orders. Ferroelectricity in
BFO is ascribed to the lone pair mechanism; stereochemi-
cally active pairs of valence electrons at A-site cations in 6 s
orbital of Bi** which instead of undergoing sp hybridization,
create a local dipole. This results in spontaneous polariza-
tion of ~ 100 uCem™2 along [111] axis in rhombohedral unit
cell, consistent with space group R3c, below Curie tempera-
ture (T, =873 °C) [2]. The unpaired d° electron configura-
tion of Fe** ions in BFO gives rise to a weak G-type antifer-
romagnetic ordering which exists below Neel temperature
(Ty=370 °C) [3-5]. Dzyaloshinskii—-Moriya interaction or
asymmetric exchange arises due to the tilting of Oxygen
octahedron which surrounds Fe>* ion to form a close pack-
ing thereby producing a small canting (Fe—-O-Fe angle). This
induces a weak local magnetization which is averaged out
to zero due to the existence of spin cycloid structure (period
~620 A). But the macroscopic canting of antiferromagnetic
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moments still exists at localized unit cell level which can be
recovered in presence of high magnetic fields i.e., magnetic
field greater than critical field (spin cycloid gets destroyed)
[6, 7]. A quadratic ME coupling is observed [8, 9] at a field
below the critical magnetic field. There exist few process-
ing issues such as loss of Bi at the time of reaction which
effectuates BFO to show semiconducting nature near room
temperature and high dielectric loss [10]. Low resistivity,
high dielectric loss, high leakage current, weak ME cou-
pling of BFO pose a hindrance for its practical applications.
Various attempts have been made by researchers worldwide
to overcome these inherent limitations by fabricating BFO
based nanocomposites heterostructures, BFO-based solid
solutions, etc.

Potential applications of BFO as a microwave attenua-
tion material have been successfully studied by researchers.
Enhancement of magnetic loss and henceforth a matching
between the dielectric loss and magnetic loss for improve-
ment in its electromagnetic properties can be achieved by
doping BFO with suitable materials or by BFO based com-
posites [11, 12]. In comparison with bulk, enhanced mag-
netization of BFO nanoparticles is observed which indicates
a dependence of particle size on magnetic properties. This
dependence is attributed to anisotropic stresses and decom-
pensates spins on nanoparticles surface in addition to frus-
tration of antiferromagnetism [13]. Recently, it is found that
with decrease in particle size, the ME coupling exhibits a
non monotonic variation due to the enhanced lattice strain
and compressive pressure in the nanoparticles of BFO [14].
ME coupling is observed in BFO based epitaxial thin films
[15]. This suggests that the spiral spin structure which is
responsible for inhibition of linear ME effect and also for
cancellation of macroscopic magnetization can be sup-
pressed. However, problems of reduction in leakage current
density and coercivity still persist in the BFO-based thin
films. Enhanced multiferroic properties have been explored
by researchers successfully [16, 17] by substitution of transi-
tion metal ions, alkaline rare earth metal ions, lanthanides
at Bi-site and transition metal ions at Fe-site. Highest spon-
taneous magnetization is observed in case of substitution of
rare earth metal ions. Enhanced strain-mediated ME effect
is observed in the form of increased piezo response with
application of magnetic field in BFO—CFO nanocomposite
heterostructures overcoming clamping effect and reducing
leakage current as reported by Li et al. [18]. Desirable ME
effect can be obtained via suitable combination of piezo-
electric and piezomagnetic or magnetostrictive phases.
Such composites have applications in many multifunctional
devices such as—memory devices based on ME effect.

The magnetic spinel ferrites like CoFe,O, (CFO), belong-
ing to space group Fd—-3m, have attracted significant inter-
est due to their outstanding electrical, dielectric, optical,
mechanical, thermal and magnetic properties [19, 20].
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Spinel ferrites structure is of type AB,0O, where A is a diva-
lent metal ion occupying tetrahedral interstitial sites and B is
a trivalent metal ion occupying octahedral interstitial sites.
The distribution of the cations amongst the two interstitial
sites of spinel lattice of CFO makes it very sensitive for
the magnetic properties. Magnetic CFO is very useful under
the cation distribution in the recent technology mainly on
magnetic and magneto-optical recording media. Such appli-
cations of CFO are due to its important properties such as
strong anisotropy, high saturation magnetization and coer-
civity along with good mechanical hardness and chemical
stability [21].

Magnetic properties of multiferroic BFO (also ME cou-
pling) are weak as a consequence of cycloidal spin structure
and consequently can be enhanced by incorporating CFO.
CFO, a widely used ferromagnetic material is known for its
high coercivity (~ 5400 Oe) and saturation magnetization
(~80 emu/g), good chemical stability, large magnetostrictive
coefficient [22]. Also, in order to observe hysteresis loop
and enhanced resistivity of the bulk BFO, there is a need
of modification and preparation of the BFO with other suit-
able materials. As per the literature, BFO is antiferromag-
netic as well as ferroelectric; there is a need to enhance its
magnetic properties. In this respect, CFO is a useful mate-
rial for composite formation with BFO so as to get better
multiferroic results for the numerous device applications in
spintronics and sensor technologies. The multiferroic prop-
erties of BFO—CFO composites have been investigated in the
literature [23—-26], but more attention towards multiferroic
properties is needed. So, in this paper, we have focused on
the microstructural and multiferroic properties of perovskite-
spinel (BFO-CFO) composites synthesized via solid state
reaction technique.

2 Experimental

Pure BFO and CFO with other three composite samples
(BFO-10%CFO, BFO-20%CFO and BFO-30%CFO) were
synthesized via solid state reaction route using analytical rea-
gents viz—Bi, 0, Fe,05, CoO and Fe,O; (purity >99.99%).
Requisite stoichiometric amounts were weighed, ground
thoroughly in an acetone medium till the acetone dried off
completely. Mixture was then transferred into a crucible
and calcined at 700 °C for 6 h. Polyvinyl acetate was added
to the reaction mixture which acts as a binder for granu-
lation. The ceramic mixture was then pressed into 1.0 cm
diameter pellets in an automatic hydraulic press. Similarly
spinel ferrite CFO was separately prepared by thoroughly
mixing CoO and Fe,0; calcined at 700 °C for 6 h. Finally,
with requisite molar ratio of BFO-CFO (BFO-10%CFO,
BFO-20%CFO and BFO-30%CFO), the ferrite composites
were subsequently sintered at 820 °C for 9 h. Pure BFO,
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CFO and composites of BFO—CFO pellets were sintered at
800 °C for 8 h.

Powder X-ray diffraction (XRD) patterns were recorded
using Bruker D-8 advance X-ray diffractometer employ-
ing Cu-K, radiations. Raman spectra were analysed using
Renishaw Invia Reflux Micro Raman spectrometer. Fourier
Transform Infrared Spectroscopy (FTIR) was performed
using Perkin Elmer Fourier transform infrared spectrometer.
FESEM micrographs with EDX analysis were reported using
ZEISS Gemini SEM 500 field emission scanning scanning
electron microscope. Room temperature study of magnetic
hysteresis loop was done using a Vibrating Sample Mag-
netometer (Model: Micro Sense EV9) under a magnetic field
of 10,000 Oe. Study of polarization vs electric field loop was
performed employing ‘Marine India’ instrument operated
at field of 5 kV/cm and at frequency 50 Hz. Temperature
dependent dielectric study and impedance spectroscopy have
been performed using Wayne Kerr 6500B Precision Imped-
ance Analyzer in the frequency range of 1 Hz—1 MHz.

3 Results and discussion

Figure la shows the powder X-ray diffraction patterns of
BFO, CFO and BFO-CFO composites. All peaks have been
indexed using the standard JCPDS files for pure BFO, CFO
and BFO-10%CFO, BFO-20%CFO and BFO-30%CFO
composites. The pure phase of CFO has been confirmed
from presence of peaks denoted by ‘#’ at the correspond-
ing diffraction angles. The CFO peaks become prominent
with increasing content of CFO in the BFO—CFO compos-
ites. This shows presence of both phases i.e., CFO and BFO
separately in the final composite. The diffraction peaks have
been indexed on basis of hexagonal unit cell. The XRD pat-
terns have shown the presence of CFO phase with BFO and
have confirmed the composite formation for BFO-10%CFO,
BFO-20%CFO and BFO-30%CFO samples. XRD patterns
of all BFO—CFO composites exhibit splitting in the major 20
(near 31.765°) peak and indicates a rhombohedral structure
as depicted in Fig. 1b [27]. There is an impurity peak of
Bi,Fe,O, in the composites that occur near 27.68° indicated
by “*.

Lattice dynamics of BFO—CFO composite were measured
via Raman scattering. Changes in Raman mode have been
attributed to the magnetostrictive stress of CFO layer that
gets mechanically transferred to the BFO layer [28]. The
optic phonons corresponding to the R3c structure are [29]

Tpse = 44, (2,57 452, 2%) + 54,(=) + 9E(x, , X* = %, xy,32,)2).

Here, 4A, and 9E modes are Raman active while 5A,
modes are silent. Phonons vanish from the Raman spectra
above T. The lattice properties and structural phase transi-
tions are demonstrated via Raman spectroscopy. The group
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Fig.1 a Room temperature powder XRD patterns of CFO, BFO,
BFO-CFO composites prepared via solid state reaction technique.
b Enlarged view of BFO and BFO—CFO composites showing peak
splitting thereby conforming rhombohedral structure of BFO and its
composites

theory predicts 13 optical modes for rhombohedrally dis-
torted structure (space group R3c¢)-BFO: rg,..=4A,+9E
[30] where A, (transverse optical) and E (longitudinal opti-
cal components) modes are Raman active. To confirm the
coexistence of both BFO and CFO phase in the BFO—CFO
composite, the Raman spectra were measured as shown in
Fig. 2. The well defined five Raman peaks for CFO—197,
294, 464, 600 and 684 cm™'—have been identified as optical
active Raman modes namely, Ag, Eg, 3F2g. The modes—
600 and 684 cm™' correspond to the stretching vibration
of FeO, tetrahedral sub lattice whereas the modes—197,
294 and 464 cm™! depict the oxygen bending towards metal
in O-site octahedral sub lattice. For BFO phase 4A, and
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Fig.2 Raman spectra of CFO, BFO, BFO—CFO composites

4E modes are observed at—140, 172, 216, 260, 272, 467,
538 and 617 cm™!. The peaks at smaller wave number side
(less than 300 cm™!) correspond to Bi—O vibration while
those at higher wavenumber side are associated with Fe-O
vibrations. Since the BFO—CFO composite consists of two
phases i.e., BFO and CFO, the observed Raman spectra for
composites contain the Raman modes corresponding to pure
BFO and CFO phases separately or it may also be due to the
grain boundary region between the two respective phases.
This explains the existence of some strange Raman peaks in
the composite besides the BFO and CFO phases, 324 cm™
in BFO-20%CFO and 313 cm™" in BFO-30%CFO.

Figure 3 shows the transmittance spectra of BFO—CFO
composites in wave number range of 400-4000 cm™'.
Chemical and molecular structural changes in composite
can be understood with help of FTIR spectra. The vibration
band appearing in BFO—CFO composites at 594 cm™! cor-
responds to the metal-oxygen stretching mode vibrations
associated with Fe—O or Co-O in CoFe,0,. The absorp-
tion bands for BFO have been observed at—3402, 1635,
1381, 1080, 571, 447 cm™". The absorption bands present
between 400 and 700 cm™~! correspond to Fe—O vibrations.
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Fig. 3 Fourier Transform Infrared Spectroscopy (FTIR) of BFO and
BFO-CFO composites

Absorption bands around 571 and 471 cm™! are ascribed
to stretching and bending mode vibrations respectively.
The broadening of absorption band around 571 cm™! has
indicated overlapping of wave numbers associated with
Fe—O and Bi-O vibrations [31]. The absorption band at
3402 cm~! and 1635 cm™' are ascribed to O—H stretching
and H-O-H bending vibration modes respectively whose
presence indicates that the composite gained moisture.
The field emission scanning electron microscopy
(FESEM) micrographs recorded in the 1-2 um range in
the composite have been shown in Fig. 4. The agglom-
eration of BFO in the composites as observed was due to
the different processing temperatures of Fe and Bi as a
result of which Bi may be melted. The composites exhib-
ited compact and heterogeneous microstructures crystal-
lized into separate phases due to the significant difference
in the sintering temperature and the thermal expansion
coefficient of the two phases in the composites i.e., BFO
and CFO. Some of the grains, due to their higher growth
probability, grow at expense of others inhibiting the lat-
ter’s growth. Larger grain sizes are attributed to the oxy-
gen vacancies and result in decrease in stress at the grain
boundaries. As a result, we observed the ferroelectric hys-
teresis loops. Also, the larger grain sizes are associated
with dominant effects of incommensurate cycloidal spin
structure in pure BFO which is responsible for a very low
magnetization. Magnetization improves only with incor-
poration of magnetic phase i.e., CFO to form BFO-CFO
composites. The EDX analysis, depicted in Fig. 4 confirms
the exact amount of BFO and CFO in the composites. All
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Fig.4 FESEM micrographs with EDX analysis for a BFO-10%CFO, b BFO-20%CFO and ¢ BFO-30%CFO composites in the range 1-2 um

depicting heterogeneous microstructures

the EDX images show the presence of Bi, Co and Fe in
the composites.

Room temperature magnetization of the BFO—CFO com-
posites samples has been measured using the vibrating sam-
ple magnetometer at an applied magnetic field of 10,000

Oe. Figure 5a shows the M versus H hysteresis loops of
BFO-10%CFO, BFO-20%CFO and BFO-30%CFO com-
posites and insets of Fig. 5a shows the hysteresis loops of
pure BFO and CFO samples. The magnetization of the com-
posite samples increases rapidly at low fields and tends to
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Fig.5 a Room temperature M—H curve for BFO-CFO composites.
Inset shows M—H curve of pure BFO and CFO. b Enlarged view of
room temperature M—H curve shows the stable, consistent and low
coercivity values of BFO—CFO composites

saturate at higher fields. Pure BFO shows the almost antifer-
romagnetic hysteresis loop but when we increase the mag-
netic constituent of the composite saturation magnetization
achieved with low value of coercivity which is useful in the
memory devices as well as spintronics applications. In the
same way, the saturation magnetization as well as remnant
magnetization also increases with the increase of CFO con-
tent in to BFO as also shown in Table 1. The reason of the
enhancement in magnetization properties of BFO after the
addition of CFO is due to the canted antiferromagnetic order
of Fe—O-Fe chain spins resulting in a weak spontaneous
magnetic moment and also due to the statistical distribution
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Table 1 Variation of coercivity, saturation magnetization and rema-
nent magnetization at field of 10,000 Oe near room temperature

Sample H. (O,) M (emu/g) M, (emu/g)
BFO-10%CFO 740 0.1012 0.0352
BFO-20%CFO 540 0.2474 0.0720
BFO-30%CFO 560 0.3902 0.1088

of Fe3* ions at octahedral sites [32, 33]. Figure 5b shows
the enlarged view of the hysteresis loops and also confirm
the coercivity values in the composites in comparison with
BFO.

Figure 6 depicts the room temperature electric hyster-
esis loops (P vs. E) of pure BFO and BFO—-CFO composites
were measured at frequency of 50 kHz with an applied elec-
tric field of 5 kV/cm. The maximum ferroelectric polari-
zation of pure BFO, BFO-10%CFO, BFO-20%CFO and
BFO-30%CFO composite samples was found to be 9.6, 8.2,
5.1 and 3.1 uCem™2 respectively measured along the diago-
nals of the perovskite unit cell (111),seudocubic’(00Dhexagonal
[34]. However saturation polarization could not be achieved
in any of the composites due to the rounded corners of the
hysteresis loops. The P versus E loops depict that the area
under the loop, representative of the loss in the material
samples, decreases significantly on increasing the magnetic
CFO content in to BFO in the composites. Low lossy ceram-
ics because of their reduced leakage current and improved
electrical properties can be used in the memory devices and
spintronics technology applications.
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Fig.6 Room temperature ferroelectric loop (P-E curve) for BFO and
BFO-CFO composites
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Fig.7 Room temperature variation of dielectric constant with fre-
quency for BFO and BFO-CFO composites

Room temperature plot dielectric constant as a func-
tion of frequency in the frequency range 1 Hz—1 MHz is
depicted in Fig. 7. All composites exhibit a decreasing
nature of dielectric constant with increased frequency dis-
playing low-frequency region dispersion. This decrease is
attributed to space charge polarization arising because of
multiple vacancies of Fe ions in ferrite phase, vacancies at
A-site and oxygen vacancies [35]. The decrease in dielectric
constant with frequency is the usual Maxwell-Wagner type
interfacial polarization for dipolar relaxation in agreement
with Koop’s phenomenological theory. Unlike in high fre-
quency region, at low frequencies the dipoles are able to
follow the applied field and therefore have high value of the
dielectric constant [36]. Upon increasing the content of CFO
in BFO composite, there is a tremendous decrease observed
in dielectric constant. This could possibly be due to the
suppression of ferroelectric order in BFO due to the super-
paramagnetic phase of CFO. In composites, the multiphase
interface effects of interfacial polarization and heterogene-
ous conduction is inevitable and becomes significant in case
of high ferrite content. In the composites, high dielectric
constant value observed at low frequencies is attributed to
the heterogeneous conduction [37] and polaron hopping
mechanism leading to electronic polarization thereby con-
tributing to low frequency dispersion of dielectric constant
[38]. Dielectric behaviour can also be explained by polariza-
tion mechanism because CFO, a piezomagnetic material, is
responsible for conduction beyond phase percolation limits.
Net polarization is observed due to the local displacement of
p-type carriers viz—Bi**/Bi** and Co**/Co’* in the pres-
ence of external electric field in addition to that of n-type
carriers. However, the n-type carrier contribution due to
electronic exchange between Fe** and Fe?* ions is more than

the p-type contribution and also both are of opposite signs as
the mobility of n-type carriers is more than p-type carriers.
This causes the net polarization to decrease more rapidly
and then gradually decrease with an increase in frequency.
Temperature dependence of dielectric parameters as a
function of temperature at varying frequencies has been
studied for BFO—-CFO composites. Figure 8 depicts the
position of the sharp dielectric peaks of composites at
varying frequency 10 kHz and 100 kHz. Peak anomalies
have been observed as evident from which gradually shift
towards the lower temperature side with an increase in
CFO content in the composite. The obtained dielectric
behaviour can be explained on basis of dipolar and interfa-
cial polarization at lower frequencies and electronic polar-
ization at higher frequencies. The transition temperature
of composites remains constant with varying frequencies.
Reduction in dielectric constant with an increase in ferrite
content is due to the incorporation of ferromagnetic phase
in the dominant ferroelectric phase of BFO which hence-
forth dilutes the ferroelectric properties of the composites.
The observed peak anomalies in the vicinity of the antifer-
romagnetic Neel temperature of BFO (643 K) indicate a
magnetic transition and orientation of magnetic dipoles of
BFO in presence of an external electric field [39, 40]. This
suggested the existence of a ME coupling in the vicinity
of antiferromagnetic to paramagnetic transition tempera-
ture in the composites [41]. The peak anomaly reduces
with an increase in the CFO content in the composite.
This has been attributed to the presence of a ferromagnetic
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Fig.8 Temperature dependence of dielectric constant i.e., real part
(¢") of permittivity for BFO—CFO composites at frequencies of 10
kHz and 100 kHz
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phase of CFO which suppresses the antiferromagnetic
phase of BFO. Also, dielectric constant decreases with an
increase in applied frequency as evident from Fig. 9. This
is because the various polarization contributions to the
dielectric constant are unable to follow the rapidly oscil-
lating applied electric field. As shown in Fig. 10, decrease
in dielectric loss (tand) on increasing the CFO content
in the composite is observed. Also, dielectric loss (tand)
decreases with an increase in frequency as evident from
Fig. 11. Nevertheless, the high dielectric loss in the com-
posites is indicative of increase in charge carrier hopping
of Fe**/Fe** ions.

Room temperature impedance spectroscopy analysis, a
pivotal tool employed to study Z" versus Z' plot, is shown
in Fig. 12. The Cole—Cole plot for pure BFO depicted a
semicircle starting from origin and intercept on real axis
with large radius thereby indicating the contribution due
to grain effect only. However with the addition of CFO, the
BFO-CFO composites display two arcs: first and second
semicircle corresponding to grains and grain boundary
contributions respectively. The non-Debye type behavior
is observed in the Cole—Cole plots due to their centres of
semicircles lie below the real axis. On addition of CFO,
the radius of first semicircle is found to increase suggest-
ing an increase in the grain resistance. However, the radius
of second semicircle more or less remains the same. Nev-
ertheless, we can conclude that the BFO—CFO composites
are highly resistive.
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Fig. 10 Temperature dependence of dielectric loss i.e., imaginary
part (¢"”) of permittivity for BFO—-CFO composites at 10 kHz and
100 kHz

4 Conclusions

Pure BFO, CFO and BFO-CFO composites have been
prepared via solid state reaction route. The splitting of
XRD peaks have confirmed the rhombohedral structure
and composite formation with small amount of impurity
(Bi,Fe,O,). Ferroelectric polarization analysis confirmed
the low loss in the composite samples which has also
been validated by the decrease in dielectric loss with an
incorporation of magnetic phase (CFO) in the composites.
The low loss in the composites is useful for spintronics
and memory device applications. The dielectric disper-
sion with frequency has been interpreted on basis of het-
erogeneous conduction and polaron hopping mechanism.
Temperature dependent dielectric behaviour has been
explained on basis of dipolar and interfacial polarization
at lower frequencies and electronic polarization at higher
frequencies. Peak anomaly in the vicinity of antiferromag-
netic—paramagnetic transition indicates magnetoelectric
coupling in composites. Impedance analysis confirmed the
non-Debye type behavior and highly resistive samples. In
conclusion, our results stipulate the microstructural prop-
erties, low dielectric loss, energy storage device applica-
tions and ME coupling in BFO-CFO ceramics.
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Fig. 11 Temperature dependence of dielectric loss i.e., imaginary
part (¢") of permittivity at frequencies 10 kHz and 100 kHz for BFO—
10%CFO, BFO-20%CFO and BFO-30%CFO
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Fig. 12 Nyquist (Cole—Cole) plots for BFO and BFO-CFO compos-
ites at room temperature
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