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Abstract

Different compositions of the composite lead-free multiferroic magnetoelectric systems are fabricated by employing piezo-
electric Ba 3sCa ;521 1 Tij O3 (BCZT) and magnetostrictive CoFe,0, (CFO) by varying the CFO weight fraction. The
magnetic, dielectric, ferroelectric and magnetoelectric (ME) properties of the system are analyzed and found to be varying
with the ferrite concentration. Even though the composite systems exhibit high magnetocapacitance (MC) properties (~35%),
the possible stray contributions from magnetoresistance and magnetostriction make it unreliable for the quantitative determi-
nation of ME coupling coefficient (MECC). Therefore, a dynamic method is chosen for the measurement of magnetoelectric
coupling. All the compositions have shown fairly good ME coupling. It is found that the ME coupling increases with ferrite
fraction and the highest ME coupling of 14.8 mV/(cm Oe) is observed for 0.6BCZT-0.4CFO composite. It is also observed
that the ME voltage increases linearly with the ac modulating field with a voltage generation of 1.25 V/cm (for x=0.4) for
a small ac modulating field of 100 Oe. This high sensitivity and linear response of ME coupling to the ac magnetic fields
offer the possibility of employing these particulate composites for a wide range of applications from magnetic field sensors
to energy harvesters.

1 Introduction

Research on novel functional materials like magnetoelec-
tric multiferroics attracts significant interest, due to its pro-
found physics behind them as well as the large application
potentials specifically in the field of energy harvesters [1-3],
magnetoelectric sensors [4, 5] and storage devices [6, 7].
This special class of material exhibits both ferroelectric and
magnetic properties in a single material or in an artificially
engineered composite [8]. Beyond the concurrent existence
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of several order parameters in a single component, the
switching of magnetic or electric polarization by the other’s
conjugate field can involve in the development of low-power
consuming multifunctional memory devices, which can have
the best properties of FERAMs and MRAMSs [9]. In sin-
gle phase multiferroics, such as bismuth ferrite (BFO) [10,
11], the ME coupling is often due to the local interaction
between the ordered ferroelectric and magnetic sublattices.
They, however, exhibit weak coupling properties at room
temperature [12], making them unusable for any practical
applications. To obtain better ME coupling, an alternative
strategy is to fabricate artificial heterostructures consisting
of ferroelectric and magnetic phases [8, 13, 14]. In this kind
of heterostructures, individual phases can be separately opti-
mized for achieving high ME coupling at room temperature.

Magnetoelectric particulate composites belong to the
class of engineered artificial systems, where the coupling is
achieved via strain-mediated mechanical interaction at the
piezoelectric/magnetostrictive interfaces. Since ME cou-
pling is a product property, the piezoelectric constant and
magnetostrictive properties of the individual ferroelectric
and magnetic phases should be very high in order to obtain
high coupling. Along with the high ferroic properties, the
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connectivity schemes and weight ratios also play crucial
roles in determining the strength of coupling between the
two phases. High ME coupling values have been reported
for the composites comprising of most promising piezoelec-
tric candidates such as PZT, PMN-PT, and ferrites such as
NiFe,0, (NFO)and CoFe,0,(CFO) [15-17]. These systems,
however, contain lead, which is known for its highly poison-
ous nature. Hence the development of lead-free electronics
is become the need of the hour. As a lead-free perovskite,
BaTiO; (BTO) is actively involved in many ME systems and
is found to have very high coupling coefficient as high as140
mV/(cm QOe) for the bulk particulate composites [18-20].

Recently, a new derivative of BTO called BCZT
(Bag gsCa 1571 ; Tiy gO5) is recognized to have high piezo-
electric constant (d;; ~600 pC/N) at room temperature [21].
The superior piezoelectric property of BCZT is due to the
low crystalline anisotropy and high elastic compliances in
the rhombohedral—tetragonal (R-T) phase transition region.
Also, this particular composition of BCZT offers an excel-
lent electromechanical coupling property which is desirable
to act as an active component in multiferroic magnetoelec-
tric composites.

Hence, a multiferroic composite employing BCZT as
the piezoelectric phase is expected to have better ME cou-
pling properties. However, there are not many ME systems
were reported with BCZT as the piezoelectric component.
Therefore, it is essential to explore the potential of BCZT in
providing adequate ME coupling in composite multiferroic
systems.

CFO is a highly magnetostrictive material along with
high piezomagnetic and coupling coefficient [22]. These
properties are desirable for obtaining high ME coupling.
Therefore, CFO is a widely used magnetostrictive candi-
date for heterostructured ME composites [17, 23, 24]. Here,
authors fabricated magnetoelectric particulate composites
of lead-free piezoelectric, Ba, gsCa ;521 ; Tij yO5 and mag-
netostrictive ferrite, CoFe,0,. The composite systems have
the general formula, (1 —x)BCZT — xCFO. The weight frac-
tion of CFO is varied from x=0.1 to 0.5 so that the ME
coupling properties can be tailored by varying the composi-
tion. In addition to the magnetoelectric coupling properties,
the magnetic properties, ferroelectric properties, dielectric
properties as well as the magneto-dielectric properties are
also systematically studied.

2 Experimental

Stoichiometric amounts of Barium carbonate, Calcium car-
bonate, Zirconium oxide, and Titanium dioxide were added
in a tungsten carbide vial and ball milled for 30 min using
tungsten carbide balls in acetone medium. The obtained
slurry was heated in an oven at 70 °C and grounded well
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using an agate mortar and pestle. The as-prepared powder
was sintered at 1200 °C to get BCZT powders. Nitrate based
sol-gel method was selected for the synthesis of CFO. A
stoichiometric amount of Cobalt nitrate and Ferric nitrate
were dissolved in Ethylene glycol. The sol was heated at
60 °C using a hot plate to get a gel, followed by firing at
200 °C. Black powder was obtained as a result of this self-
combustion process. The as-synthesized powder was ground
well and annealed at 900 °C. For the fabrication of the com-
posite systems, the annealed powders of BCZT and CFO
were taken in different weight proportions and ball milled
for 30 min in acetone medium. The obtained particulate
composites were made into a pellet using a uniaxial pellet
press and sintered at 1200 °C for densification. For electrical
measurements, the silver paste was applied on both sides of
pellets for making good electrical contacts.

The X-Ray diffractograms of samples were recorded using
Rigaku Miniflex 600, with Cu-Ka radiation (A= 1.5406 A)
in theta-2theta mode. The Scanning Electron Micrographs
were obtained by employing field emission scanning elec-
tron microscopy (FESEM, Zeiss Sigma). The magnetization
studies were carried out using the VSM module of PPMS
(VersaLab, Quantum Design). The ferroelectric polarization
of the samples was measured using a PE loop tracer (Preci-
sion LC, Radiant). The magnetocapacitance properties were
analyzed using an Impedance analyzer (Wayne-Kerr 6500B)
together with an electromagnet. The dynamic magnetoelec-
tric effect was studied in an ME coupling measurement setup
(Marine India) consisting of Helmholtz coil, signal genera-
tor, and a DC electromagnet.

3 Results and discussion
3.1 Structural properties

Figure 1a shows the X-Ray diffraction (XRD) patterns of
composite powders. The XRD patterns confirm the coexist-
ence of both inverse spinel CFO and perovskite BCZT. No
visible impurity peaks were observed in XRD, which hints
towards the mutual insolubility between the two phases in
the composites even after the intermixing and the sinter-
ing process. However, in addition to the most intense peak
at 31.5° (cubic 110), we have observed the emergence of
another peak, which can be identified as the tetragonal (101)
peak of the BCZT (Fig. 1b). The splitting is found to be
increased with the increase in the CFO weight fraction. This
induced tetragonality can be attributed to the formation of
strain due to the intermixing of different phases.

The SEM images of the (1 — x) BCZT — x CFO com-
posite systems are shown in Fig. 2a—e. Almost all the sam-
ples show a uniform distribution of constituent grains. It is
also clear that the samples are not so dense, as some pores/



Journal of Materials Science: Materials in Electronics (2019) 30:8239-8248

8241

(a) S ¢ BCZT
:., % CFO
~ 8 = & S
g gl zZ2sE g 382 =8
P = ] 2% 3% = J¢ 8
: . ‘ r® < * T =0.1
= * L “A @ ) x ® x=0.
«
g x=0.2
% J-_J..LA..M vt s SRS
wn
= x=0.3
) N IJ I Araie Mesrcaeasth ,
~—
=
Ll x=0.4
Aok .h.JL‘M‘ M“ e
A l x=0.5
v T v T v T v T r T -
20 30 40 50 60 70 80
20 (degree)

Intensity (a.u.)

20 (degree)

Fig. 1 a X-ray diffraction patterns of (1 — x) BCZT — x CFO composite powders. b Zoomed version of XRD showing the splitting of cubic

phase to tetragonal phase

voids are visible in the SEM images. In order to verify the
compositional consistency; we have performed the EDX
(Energy dispersive X-ray spectroscopy) analysis (Fig. 2f) of
the samples and compared with the theoretical values. The
theoretical atomic percentage was calculated using the com-
positional formula (1 — x) BCZT — x CFO and the results
are given in Table 1.

3.2 Multiferroic properties

Figure 3a, b shows the M-H hysteresis loop of (1 — x)
BCZT — x CFO composites at room temperature (300 K)
and at low temperature (60 K). All the samples showed
well-defined hysteresis loops, confirming the ferromagnetic
behavior of the composites. The variation of the magnetiza-
tion with the weight fraction of CFO is given in the inset of
Fig. 3a. It can be easily observed that the saturation mag-
netization increases with the increasing ferrite concentra-
tion which is assigned to the low concentration effect of the
nonmagnetic contributor. All compositions have obeyed the
rule of mixtures. However, the saturation magnetization of
pure CFO predicted by the rule of mixtures is ~72.7 emu/g,
which is greater than the obtained value of 67.3 emu/g. The
coercivity also decreases with ferrite concentration. This
variation from the rule of mixtures and the reduction in
coercivity may be due to either (i) the mechanical coupling
between the piezoelectric and the magnetic phases or (ii)
the strain introduced to the system during the milling and
sintering processes or both.

At low temperatures, the saturation magnetization and
coercivity for all the samples are found to be increased com-
pared to their room temperature values. This is due to the
reduced thermal fluctuations with the reduction in thermal

energy as expected. The reduction in thermal energy causes
the magnetic domains to reorient along the applied field.
Thus, the low temperature characterization plays an essential
role to understand the underlying magnetic phenomena of
the composites in detail.

The ferroelectric hysteresis behavior of the composites
for different ferrite weight fractions is shown in Fig. 3c.
It is observed that the polarization values decrease with
the increase in ferrite weight fraction. A plot of remnant
polarization as a function of ferrite concentration is shown
in Fig. 3d. The remanence slightly changes as we go from
x=0.1to x=0.2 followed by a large drop at x=0.3. This can
be explained in view of the lossy nature of the composites
which increases with the incorporation of more conducting
ferrite particles. Ferroelectric behavior is characterized by
the ordered arrangement of electric dipoles in the system.
The presence of ferrites, however, disrupts the long range
ordering of electric dipoles and thus can reduce the electric
polarization. When a ferroelectric matrix is embedded with
more and more ferrite particles, the ferroelectric polarization
decreases [17].

3.3 Dielectric and magnetocapacitance properties

The dielectric response (Fig. 4a) of all the compositions
with respect to frequency shows a rapid decrease in the
dielectric constant (g,) in the low-frequency region and
exhibits almost independent behavior at higher frequen-
cies. This behavior can be explained with the help of the
Maxwell-Wagner model for dielectrics [25]. This model
demonstrates the dielectric material as an assembly of
well-conducting grains in a matrix of non-conducting
grain boundaries. On the application of an electric field,
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Fig.2 a—e SEM images of the composites for x=0.1 to x=0.5. f EDX spectrum of 0.5 BCZT — 0.5 CFO composite

the charges will be accumulated in the grain—grain bound-
ary interfaces due to the poor conductivity of grain bound-
aries, resulting in an interfacial polarization. The accu-
mulated charges can easily follow the electric field with
low frequencies. As the frequency increases, charges are
unable to follow the fast switching of the electric field,
resulting in a reduced dielectric constant. Thus, at higher
frequencies, interfacial polarization cannot contribute to
the dielectric properties and the entire contribution is from
the intrinsic electronic polarizability of the material.

@ Springer

It is also evident from the figure that the & monotonically
decreases with ferrite concentration. One might expect an
increase in the dielectric permittivity with CFO concentra-
tion, due to an enhanced Maxwell-Wagner type interfacial
polarization as the number of interfaces increases with the
incorporation of comparatively smaller particle size of CFO.
However, in the current investigation, the porosity of the com-
posites (which is evident from the SEM images) and the rela-
tively higher conductivity of ferrite phase cause a decrease in
dielectric constant (g,) as observed. The reduction in €, is more
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Table 1 The composition of the (1 — x)BCZT — xCFO composite
systems: showing the comparison between the theoretical and experi-
mental atomic percentage. It can be observed that within the limit of

experimental error, the atomic percentage, which was used during the
synthesis, is in good agreement with the experimental results

Element x=0.1 x=0.2 x=0.3 x=04 x=0.5

Experiment  Theory = Experiment  Theory  Experiment  Theory  Experiment  Theory  Experiment  Theory
(0] 65.40 59.71 64.57 59.43 65.52 59.14 66.80 58.86 66.04 58.57
Ca 2.31 2.70 1.92 2.40 1.63 2.10 1.29 1.80 1.02 1.50
Ti 12.82 16.20 11.01 14.40 8.87 12.60 7.54 10.80 6.15 9.00
Fe 3.16 2.86 6.42 5.71 8.87 8.57 10.99 11.43 13.54 14.29
Co 1.84 1.43 3.31 2.86 4.47 4.29 543 5.71 6.53 7.14
Zr 1.09 1.80 0.85 1.60 0.76 1.4 0.51 1.2 0.39 1
Ba 13.38 15.30 11.93 13.60 9.88 11.9 7.44 10.2 6.33 8.5
Total 100 100 100 100 100 100 100 100 100 100
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evident at low frequencies, while at higher frequencies the e,
shows only a slight decrease due to the reduced contribution
of interfacial polarization. Dipolar and interfacial polarization
lag behind the applied frequencies above 100 kHz~1 MHz
range. At this higher frequency range, the electronic polariza-
tion dominates, which is almost independent of the variation in
ferrite weight fraction. This is also evident from the frequency
response of the loss-tangent for various ferrite concentrations
(Fig. 4b). As the ferrite concentration increases, the peak of
dielectric loss is shifted towards the low-frequency region.
This again confirms that the low-frequency dielectric response
is mostly influenced by the ferrite weight percentage than the

number of interfaces due to the difference in conductivity of
the constituent phases.

Figure 4c shows the magnetocapacitance (MC) properties
of the 0.7 BCZT-0.3CFO composite. The magnetocapacitance
effect is defined as,

C(H) — C(H = 0)

MCO) = —cm =0

x 100 (1)

where, C(H) is the capacitance at an applied magnetic
field H and C(H = 0) is the dielectric permittivity at zero
magnetic fields.
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At a low frequency of 10 kHz, the magnetocapacitance
reaches as high as ~35% for x=0.1 and x=0.2 (Fig. 4e).
However, the magnetocapacitance varies non-monotonically
with ferrite concentration. This is interesting, as the varia-
tion of MC with ferrite concentration actually keeps a one to
one correspondence with the magnetic coercivity vs. ferrite
concentration (Fig. 4f). Since CFO is an intrinsically magne-
tostrictive material; it can induce dimensional changes to the
samples in the presence of an applied magnetic field and can
result in a pseudo-magnetocapacitance effect [26]. Thus, we
can assume that the observed low-frequency MC response
is mostly due to the presence of the ferrite phase, which has
nothing to do with magnetoelectric (ME) coupling. The MC
at a higher frequency of 100 kHz (Fig. 4d), gives an appre-
ciable response of ~4.5% for x=0.3. The high frequency
MC response initially increases with ferrite concentration
and then decreases. This behavior is analogous to the ME
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coupling behavior of the composites, which will be dis-
cussed following section. Even though the MC effect can be
due to ME coupling, it can also be due to magnetoresistance
as well as the dimensional changes in the samples. Thus, one
can use MC studies only as a probe to qualitatively identify
the magnetoelectric properties in multiferroic ME systems,
as the method is not false-proof.

3.4 Magnetoelectric coupling properties

Static methods like magnetocapacitance measurements
are not free from errors because of the overlap of the
Hall signals, magnetoresistance, and stray dc signals and
hence cannot be used for exclusive quantification of mag-
netoelectric effect [8], as we have already seen in the pre-
vious discussion (Sect. 3.3). In order to avoid the contri-
butions from these erroneous sources, we have adopted
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a dynamic measurement, where an alternating magnetic
field is employed for modulating the magnetic phase dur-
ing the measurement. The voltage developed in the sample
here is measured by a lock-in amplifier, whose frequency
is locked to the ac modulating frequency of the Helmholtz
coil. Hence, all other contributions to the voltage will be dis-
carded and the measured signal will be consisting only of an
alternating voltage, purely due to the magnetoelectric effect.

The magnetoelectric coupling coefficient (MECC) is
defined as the ratio of ME voltage (dV) to the product of the
thickness (t) and the modulating ac magnetic field (H,,). It
is given by,

mEecc = -4
TH

““Tac

@

The ME coupling in magnetostrictive-piezoelectric
composites can be explained on the basis of interfacial
mechanical coupling between the constituent phases in the
system. The strain induced in the magnetostrictive phase, by
an applied magnetic field, will be transferred to the piezo-
electric phase via mechanical coupling between them. This
strain will generate a voltage in the piezoelectric phase due
to the piezoelectric effect (Eq. (3)) [8]. In effect, the applied
magnetic field has generated a voltage in the composite sys-
tem via magnetoelectric effect. Thus, the area of contact
between the phases plays an important role in this kind of
strain mediated ME coupling. In particulate composites, like
the present system, we would not expect a very high ME
coupling due to the small area of contact, arising from the
shape of the constituent phases, the random orientation of
phases and due to the porosity of the composite pellets.

Magnetic field
Strain

Strain
Piezoelectric Voltage

MECC = 3

Since the ME coupling is strain mediated, the nature of
the change in the magnetostriction of the ferrite phase will
be directly reflected in it. The change in magnetostriction
with the applied magnetic field can be deduced from the
virgin curve of the M-H plot as given by the Eq. (4) [27,
28]. The M? and dM?/dH as a function of the magnetic field
are shown in Fig. 5. It is evident from the figures (Figs. 5, 6)
that the ME coupling maintains a one to one correspondence
with magnetostriction behavior.

2

2 4 o)

where A is the magnetostriction, M is the magnetization
and H is the applied magnetic field.

The dc bias field dependence of the MECC for all compo-
sitions is shown in Fig. 6a—e. The MECC initially increases
with the bias field and then decreases after passing through a
maximum. As we apply the dc magnetic field, the magnetic
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Fig.5 Plot of M?Vs. H and dM?/dH vs. H. The magnetostriction (1) is
proportional to the square of the magnetization, Mas given in Eq. (2)

moments start to align along the bias field, resulting in a
dimensional change (magnetostriction) in the magnetic
phase due to the spin—orbit coupling. Due to magnetocrys-
talline anisotropy, the magnetostriction has different magni-
tudes and has opposite directions along easy and hard axes.
The total magnetostriction is the sum of the easy axis and
hard axis magnetostriction [29, 30]. As a result, the easy
axis magnetostriction, which dominates in the low field
region, causes an increase in MECC. As the field increases,
the influence of hard axis magnetostriction increase, which
causes a decrease in MECC. Beyond the saturation, the
change in magnetically induced polarization is negligible
while the applied field is changing rapidly. This results in a
reduced MECC at higher magnetic fields.

Figure 6f shows the variation of MECC with respect
to the weight fraction of CFO. MECC increases ini-
tially with x, reaches a maximum (= 14.8 mV/(cm Oe)
for x=0.4) and then decreases. This is anticipated, as the
area of contact between magnetostrictive and piezoelectric
phases increases with ferrite weight fraction resulting in
better strain-mediated ME coupling. The maximum cou-
pling should correspond to the maximum area of contact
between the phases which was expected for x=0.5 as the
constituents have comparable densities. However, slight
variation can happen, since the particles of the ferrite and
piezoelectric phases differ in size. Lekha et al. reported a
similar trend in the variation of MECC with respect to the
ferrite fraction [31]. The obtained MECC has an adequate
value and comparable to other particulate composite sys-
tems such as a laminated structure reported by Praveen
et al. (16 mV/cm Oe at 1 kHz) and a core—shell system
by our own group (12 mV/cm Oe at 50 Hz) with the same
piezoelectric and ferrite materials as the constituent phases
[32, 33]. However, it is less than the value reported by
Wang et. al. (159 mV/cm Oe at 1 kHz) for a trilayer lami-
nated structure of BCZT-CFO-BCZT [34]. This is due
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to the better connectivity in laminated structures than in
particulate composites. These systems can perform even
better if operated at resonance frequencies.

The ME voltage has shown a linear dependence on the
ac magnetic field, which is shown in Fig. 7. The slope of
the straight line gives the ME coupling coefficient. This
behavior can be predicted from the Eq. (2). These sys-
tems have developed an adequate voltage of ~59 mV/cm
(for x=0.4) even at a feeble ac modulating field of 5 Oe.
The voltage generation reaches as high as ~ 1.25 V/cm for
100 Oe. This high voltage generation along with the linear
nature of ac field dependence of ME coupling offers a wide
range of application potential for these systems ranging
from magnetic field sensors to energy harvesters in MEMS
and NEMS devices.
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4 Conclusion

The lead-free magnetoelectric particulate composites of
piezoelectric BCZT and magnetostrictive CFO were fab-
ricated and analyzed for their room temperature multi-
ferroic and magnetoelectric properties. The systems were
multiferroic at room temperature. The 0.6BCZT-0.4CFO
system showed the highest ME coupling with a coupling
coefficient of 14.8 mV/(cm Oe) and could generate upto
1.25 V/cm for a magnetic field of 100 Oe. It was observed
that the ME voltage varies linearly with the ac modulat-
ing field. The systems were sensitive to even very feeble
magnetic fields as low as 5 Oe, with a voltage generation
of 59 mV/cm which point towards its direct application
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Fig.7 ME voltage generation as a function of ac modulating field.
The composite systems are sensitive to feeble magnetic fields as low
as 5 Oe

in passive magnetic field and current sensing because of
the linear response of the generated voltage against the
ac modulating field. The investigation can also open up
the possibility of developing devices based on the con-
verse ME effects, such as magnetically and electrically
tunable microwave devices and miniature antennas. By
tailoring material parameters and connectivity schemes of
such composite thick/thin films, further enhancement of
ME coupling is expected which can enhance their applica-
tion potential in different fields ranging from spintronics
to medical devices.
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