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Abstract

The existence of magnetostriction in bulk BiFeQOziis still a matter of investigation and it is also
an issue to investigate the magnetostriction effect in nano BiFeOs. Present work demonstrates
the existence of magnetostrictive strain in superparamagnetic BiFeOs nanoparticles at room
temperature and the magnetoelectric coupling properties in composite form with P(VDF-
TrFE). Despite few reports on the magnetostriction effect in bulk BiFeOs evidenced by the
indirect method, the direct method (strain gauge) was employed in this work to examine the
magnetostriction of superparamagnetic BiFeOs. In addition, a high magnetoelectric coupling
coefficient was observed by the lock-in technique for optimized BiFeOs P(VDF-TrFE)
nanocomposite film. These nanocomposite films also exhibit room-temperature multiferroic
properties. These results provide aspects of material with immense potential for practical
applications in spintronics and magneto-electronics applications. We report a magnetoelectric
sensor using superparamagnetic BiFeOs_P(VDF-TrFE) nanocomposite film for detection of ac

magnetic field.
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1. Introduction

Magnetoelectric multiferroic materials are remarkable for strong coupling of electric,
magnetic, and structural degrees of freedom, which provides ferroelectricity, ferromagnetism,
and ferroelasticity simultaneously [1]. The magnetoelectric (ME) effect contributes to intensive
scientific explorations in the field of sensors, actuators, memories, spintronics and transducers,
which have potentially huge commercial values [2-5]. However, the magnitude and operating
temperatures of observed ME coupling have been too low for practical applications. Most
single-phase materials show ME coupling at extreme conditions (high magnetic field and low
temperature). Therefore, the fabrication of single-phase magnetoelectric materials at room
temperature is a challenge for current active research. Among several multiferroics, the only
known room-temperature multiferroic material for potential practical interest is bismuth ferrite
(BiFeOs) which is ferroelectric (Tc~1100 K) and antiferromagnetic (Tn~ 640 K) [6]. It exhibits
a weak net magnetization due to G- type magnetic ordering via Dzyaloshinskii-Moriya (D-M)
interaction among nearest neighbor Fe** spins with an incommensurate cycloid spin structure
having a periodicity of 62 nm [7]. Bismuth ferrite shows quadratic and higher-order ME
coupling at room temperature, while linear ME coupling is observed at high electric and
magnetic fields [8,9]. The presence of the spin cycloid nullifies linear ME coupling between
electric polarization and magnetization. However, it is important to note that bulk BiFeOs
(BFO) shows negative magnetostrictive magnetoelectric coupling which was reported by Park
et al [10]. According to the report, the magnetostrictive origin suppresses the electric
polarization at the Fe site below Twn outweighing the inverse D-M interaction. In 2010
Tokunaga et al observed field-induced polarization change with magnitudes of approximately
200 puC/m? along with one of the principal axes in single-domain crystals of BFO [11]. The
suitability of the BFO becomes constrained in many fields because of its spiral-modulated spin

structure.



Despite intense study on BFO over the past decades a fundamental understanding of structure-
property correlations in BFO is still lacking, specifically the nature of the magnetic response
on the size. Moreover, low dimension (< 62 nm) is expected to lead to linear ME coupling due
to modification in long-range spiral modulated spin structure [12,13]. To overcome this
hindrance, we have considered low dimensional confinement. Moreover, BFO displays novel
physical properties with a decrease in size due to an increased surface-to-volume ratio [14].
Recently, it has been shown that BFO nanoparticles exhibit strong size-dependent magnetic
properties: (1) suppression of the spiral spin structure increases with decreasing nanoparticle
size, (2) uncompensated spins with spin pinning and strain anisotropies at the surface and (3)
presence of oxygen vacancies and impurities [15]. BFO below a critical size affords single-
domain magnetic nanoparticles exhibiting superparamagnetic (SPM) behavior. In the current
work, we studied the magnetic properties of BFO nanopowders with a single domain, obtained
by the auto combustion technique. The existence of magnetostrictive properties in
superparamagnetic BFO is a matter of investigation. Therefore, a study on magnetostrictive
properties of super paramagnet BFO has been highlighted here. Further, the use of
magnetostrictive properties of superparamagnetic BFO has been explored in ferroelectric

polymer composite films.

To utilize the superparamagnetic BFO nanoparticles for high performance ME coupling effect,
a perfect flexible ferroelectric matrix is required. In these circumstances, P(VDF-TrFE)
(poly(vinylidene fluoride-trifluoroethylene)) copolymer is an ultimate candidate for
ferroelectric matrix because of its high energy density, high insulating property and good
piezoelectric properties [16,17]. Moreover, among the five crystalline phases of PVDF, the j-
phase is the best ferroelectric phase to implement [18]. Among the ME composites, polymer-
based composites have advantages over ceramic-based composites because of non-

deterioration during operation and are compatible with industrial requirements without large



leakage current [19]. Nevertheless, the ME coupling effect of superparamagnetic BFO
embedded in the P(VDF-TrFE) matrix has not yet been reported. In the current work, the
structural, magnetic and magnetostrictive properties of superparamagnetic BFO and
magnetoelectric coupling properties in BFO_P(VDF-TrFE) nanocomposite films are

investigated.

In general, the ME coupling in composite systems appears due to elastic interaction between
the ferroelectric and magnetic phases [20,21]. The direct ME coupling in magnetoelectric
composite has been noticed to happen mainly through strain [22]. The strain induced in the
magnetic phase by an external magnetic field due to magnetostriction. Magnetostriction is
defined as a change in dimensions of the material in regards to an external applied magnetic
field [23,24]. It is computed as L = Al/l [25,26]. The magnetostriction of a material can be
examined by direct and indirect methods. In the direct method, magnetostrictive strain is

measured as a function of the externally applied DC magnetic field, which is employed here.

Due to the superparamagnetic behavior of BFO nanoparticles, the magnetic moment of
nanoparticles can be more easily flipped in the polymer under an applied magnetic field at
room temperature, which might create strain in the polymer matrix. Moreover, the interface
effect between nanoparticles and the polymer matrix is a prominent factor for ME coupling
properties, which was easily achieved through small-size BFO nanoparticles due to the
increasing ratio of the interface area to volume. According to surface elasticity theory, it was
found that the interfacial stress due to the inclusion of nanoparticles in polymer shows a short-
range effect, which introduces internal stresses in the matrix resulting in output voltage [27,28].
Different volume % of superparamagnetic BFO nanoparticles in polymer matrix influence the
dielectric, ferroelectric and magnetic properties of the nanocomposite films. Therefore,
BFO_P(VDF-TrFE) nanocomposite films with different volume % (0.2, 0.5, 1, 1.5, 3 and 5%)

of BFO nanoparticles were prepared to examine the room temperature multiferroic properties



as well as the magnetostrictive properties of nanocomposite films and generation of

magnetoelectric voltage in response to external DC magnetic field.

2. Experimental details

2.1 Sample preparation
Commercially available bismuth nitrate pentahydrate (Bi (NO3)3-5H20) (Alfa Aesar, 99.99 %)
and iron nitrate nonahydrate (Fe (NO3)3-9H20) (Alfa Aesar, 99.99%) were used as starting
materials for BiFeOz nanoparticles synthesis. They were dissolved in distilled water and stirred
at room temperature. After half an hour, these two solutions were mixed and stirred at 80°C
followed by the addition of glycine. Finally, the mixture was combusted at an optimized
temperature of 200°C. After the self-propagating combustion, the dried gel was burnt out
completely to obtain the BiFeO3z nanopowders. For nanocomposite film preparation, P(VDF-
TrFE) (70:30, PolyK Technologies) powder was first dissolved in N, N-dimethyl formamide
(DMF) (Fluka, 99.9%) up to getting the transparent solution. Previously synthesized BiFeO3
nanoparticles were added to this solution and stirred for 2 hrs to obtain a homogeneous mixture.
In this method, the DMF+P(VDF-TrFE)+BFO solution was sonicated for 48 hours using the
ultrasonic probe to avoid the agglomeration of nanoparticles. Nanocomposite films were
prepared by using the doctor blade method [29]. Average thicknesses of 50 um films were
prepared by keeping constant velocity and gap size between the blade and glass substrate. The
stretched film on the glass substrate was kept inside an oven at 100°C for polymer
crystallization and solvent evaporation. Finally, the samples were cooled at room temperature
overnight and peeled off from glass substrate with the help of water. The content of the

nanoparticles in the polymer matrix varied as volume % of 0.2, 0.5, 1, 1.5, 3 and 5 (Inset of

Fig.1 (b)).



2.2 Phase analysis
The compositional and structural characterizations of BiFeO3 nanoparticles and composite
films were obtained using X-ray diffraction (XRD) measurements performed with an X-ray
diffractometer (Rigaku Geigerflex) with CuKql (wavelength A = 1.54 A) as the radiation
source. The XRD scans were performed with a 20 step interval of 0.01°. Figl(a) shows the
Rietveld refinement of the XRD patterns for BiFeOz nanoparticles using Fullprof software. The
well-fitted refinement (x?=1.87) confirms a rhombohedral perovskite structure with space
group symmetry R3c where the lattice constants value a and ¢ are found to be 5.58A and 13.86A
respectively (table 1). It is seen that all the nanoparticles show a single- phase and no other
secondary phase is found in the refinement. The average crystallite size of BiFeOs

nanoparticles is estimated to be approximately 18 nm with the help of the Scherer formula
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Where P is the crystallite size, B is the full-width at half maxima of XRD peak in radians, A is
the X-ray wavelength and 0 is the Bragg angle. The XRD patterns of all BiFeOs_P(VDF-TrFE)
nanocomposite films (Figl (b)) show that the two phases retain their identities without affecting
each other.

2.3 Size and morphological analysis

Fig.1 (c) and (d) show Transmission electron microscopy (TEM) images of BiFeOs
nanoparticles. For TEM, samples were prepared by dispersing the BFO nanoparticles in
methanol using sonicator and put on carbon coated copper grid. Uniform spherical shaped
nanoparticles is observed in the TEM micrograph. Field emission scanning electron
microscopy (FESEM) micrograph of pure P(VDF-TrFE) and 1.5 vol % nanocomposite film
are shown in Fig.1 (e) and (f) respectively. Pure P(VDF-TrFE) film shows fibrillar like

crystallite -phase of polymer. In the case of 1.5 vol % nanocomposite film, the spherulite



Structural parameters of BiFeOs | Values obtained from Rietveld
nanoparticles Refinement
Space group R 3¢ (161)
Lattice type R
Structure Rhombohedral
a=b (A) 5.5823
c(A) 13.8688
V(A3) 374.279375
o = P (degrees) 90.00
v (degrees) 120.00
Bi (x,y,2) (0.000, 0.000, 0.400)
Fe (X,y,2) (0.000, 0.000, 0.100)
O (x,y,2) (-13.8730, -47.6720, 3.7000)
d<gi-0> (A) 2.6000
d<re-0> (A) 2.0000
Rp (%) 16.9
Rwp (%) 15.9
Rexp (%6) 11.65
i 1.87

Table 1. Crystal structure of BiFeOs generated from the Rietveld refinement of XRD data using
VESTA software.

chain like structure of the polymer is also visible with small disruption due to loading of
nanoparticles. Moreover, BiFeOz nanoparticles completely embedded inside the polymer were
also observed.
2.4 Dielectric studies

The dielectric behaviors of ME composite films have a great impact on their particular
applications for sensors, actuators, and communications [30,31]. The room temperature
dielectric studies of nanocomposite films in variation with frequency over the range of 100 Hz
to 1 MHz are presented in Fig.2 (a). The real part of the dielectric constant is observed to be
almost the same for 0.2, 0.5, 1 and 1.5 volume % of BiFeOs_P(VDF-TrFE) nanocomposite
films which are higher the value than the pure P(VDF-TrFE) film which arose from the
relatively higher dielectric constant of BiFeOs nanoparticles. This suggests that composites
with optimum content of nanoparticles can be used for capacitive energy devices.

In the low frequency (<1kHz) region, there is an increase in dielectric constant which is

considered to be due to the existence of interfacial polarization suggested by Maxwell-



Wagnor-Sillar (MWS) and space charge polarization. The space charge polarization works in
low frequencies because relaxation time is found to be larger. The interfacial polarization arises
due to the misorientation of molecular chains between the amorphous region and the crystalline
regions of the P(VDF-TrFE) [32]. As the frequency increases, the dielectric constant falls and
remains constant which is because interfacial polarization can’t follow the rapid changes of the

applied field at the high frequency.

The inset of fig. 2(a) shows a tangent loss (tand) for nanocomposite films. In the lower
frequency region, the tand loss for all composite samples increases concerning BFO
nanoparticle content in the polymer which is related to an increase in DC conductivity and
interfacial polarization. However, the tand values of composite films are lower than the pure
P(VDF-TrFE) film except for 5 volume % nanocomposite film due to a decrease in polymer
chain movement on the addition of a small percentage of BFO. On other hand, in the higher
frequency region, tand values for all the nanocomposite films are higher than the pure P(VDF-
TrFE) films for dipolar relaxation of polar C-F bonds in the polymer nanocomposite film.
The dielectric studies also allow for the determination of frequency-dependent conductivity of
nanocomposite films. The electrical conductivity spectrum is shown in fig. 2b consists of two
regions: low-frequency plateau (conductivity independent of frequency) and high-frequency
dispersion regions (conductivity increases with frequency) [33]. The higher frequency region
generally follows Johnscher’s universal power law
oac = Ao’ 2

Where A is a constant parameter, o is the angular frequency at which the conductivity was
measured and S is a dimensionless fractional parameter [34]. The conductivity value increases

at a higher frequency region (although the overall increase is very low) from 6.72x107 S cm™
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Fig.1 (a) Rietveld refinement of BiFeO3 nanoparticles; (b) XRD pattern of BiFeOs _ P(VDF-
TrFE) nanocomposite films (inset: photographic image of 1.5 vol % nanocomposite film); (c)
and (d) TEM images of BiFeOs nanoparticles; FESEM images of (e) pure P(VDF-TrFE) and
(f) 1.5 vol % BiFeOs _ P(VDF-TrFE) nanocomposite film

to 3.44x10® S cm™ with an increase of BFO nanoparticles from 0.2 to 5-volume % in polymer.
This is because of dipolar relaxation of the permanent dipole in a short time. The value of the
exponent S which is frequency-dependent was determined to be 0.997 + 0.0002 which is given

in the inset of Fig 2(b).



2.5 Ferroelectric properties
To observe the ferroelectric properties of BiFeOs_P(VDF-TrFE) nanocomposite films, the
room temperature polarization versus electric field (P-E) measurements have been performed
at 50 Hz using the P—E loop tracer (Marine India). All nanocomposite films (except 3 and 5
vol %) show well-saturated hysteresis loops where for higher vol % of BFO nanoparticles in
polymer the loops become lossy [supplementary file, Fig. S1]. Pure P(VDF-TrFE) film shows
remnant polarization of about 2.04 uC/cm? at coercive field 480 kV/cm (Fig. 2(c)). Increasing
BFO nanoparticle content (up to 1.5 vol %) in the P(VDF-TrFE) will enhance the polarization
due to the introduction of additional free charges for the stabilization of the polarization domain
[35]. However, up to certain content of BFO nanoparticles in the polymer causes a maximum
polarization, which may be attributed due to an increase in interfacial areas [36]. In our case,
the maximum remnant polarization was observed to be 2.74 uCl/cm? for 1.5 vol %
BiFeOs_P(VDF-TrFE) nanocomposite film corresponding to coercive field 410 kV/cm Fig
2(d).
2.6 Magnetic characterizations

The magnetic characterizations of BFO nanoparticles and BFO_P(VDF-TrFE) nanocomposite
films were carried out using S700X SQUID magnetometer (Cryogenics Ltd, UK). Fig 3 (a)
shows the isothermal magnetization hysteresis loops (M vs. H) for the BFO nanoparticles
measured at room temperature. We inferred an S-shape M-H loop with null coercive field (Hc)
indicating superparamagnetic-like behavior. In fact, at higher fields, the magnetization does
not reach saturation. This might be due to disordered magnetic moments located at the
nanoparticle surface. To explore the superparamagnetic behavior in BFO nanoparticles the
temperature-dependent zero-field cooling (ZFC) and field cooling (FC) magnetization were
performed at 300 Oe. The FC magnetization monotonically decreases, while the ZFC curve

identified at three different ranges of temperatures (Fig. 3(b)), indicated in blue, green, and
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Fig.2. Frequency dependent (a) dielectric permittivity and (inset: loss tangent versus
frequency) and (b) conductivity versus frequency for pure P(VDF-TrFE) film and
BiFeOs_P(VDF-TrFE) nanocomposite films; Ferroelectric polarisation versus electric field
curve for (c) pure P(VDF-TrFE) film and (d) 1.5 vol % BiFeOs;_P(VDF-TrFE)

cyan). The ZFC curve exhibits a narrow peak around 50K which can be ascribed to a blocking
temperature (Tg), i.e., this temperature is closer to the system which undergoes a blocking-to-
unblocking transition. Above the blocking temperature (at high T) the thermal energy is much
larger than the anisotropy energy. So, the magnetic moments of the particles fluctuate freely
with temperature and a paramagnetic-like behavior is observed and the particles are in the
superparamagnetic (SPM) state. On the other hand, at very low temperatures the thermal energy

is not enough to switch the magnetic moment, which results in the particle moment to confine



along the anisotropy direction. In this situation, the particles are said to be in a blocked state,
which is confirmed by the sharp fall in the ZFC curve in the low-temperature region. It has
been observed that the ZFC and FC curves merge at a temperature above the maximum reached
by the ZFC curve. This temperature is known as the irreversibility temperature (T;). In fact, for
mono-size non-interacting magnetic nanoparticles, the blocking temperature can be considered
the inflection point of the ZFC curve. In our case, there is a size distribution, which is confirmed
by SEM analysis and from a wide blocking region in the ZFC curve. When magnetic
nanoparticles of different sizes are considered, the maximum of the ZFC magnetization curve
is influenced by both the size dispersion and the mean particle size. This indicates the
distribution of blocking temperature f(Tg) associated with a nanoparticles size distribution
because different particles are associated with different energy barriers leading to different Tg

for each size fraction [2,37]. The blocking temperature distribution f(Tg) is estimated using the
reduced-magnetization derivative M [38]. Fig. 3 (c) shows well fitted lognormal-

type function of f(Tg) distributions results to <Tg>=16.4 K (¢ = 0.60) for BFO nanoparticles.
Fig. 3(d) shows a well saturated M-H curve of all BFO_P(VDF-TrFE) nanocomposite films
carried out at room temperature. The magnetization of nanocomposite films was observed to
be gradually increasing with an increase in vol % of BFO in a polymer. All the nanocomposite
films have zero retentivity and coercivity with Ms value 0.28, 0.35, 0.41, 0.46, 0.85 and 1.26
emu/cc for 0.2, 0.5, 1, 1.5, 3 and 5 vol % respectively. Moreover, there is a distinction observed
in the ZFC-FC magnetization curve of low (0.2 %) and high vol % (1.5 %) of BFO in
BFO_P(VDF-TrFE) nanocomposite film which is shown in Fig. 3(e) and (f). In 0.2 vol % of
the nanocomposite, the ZFC curve exhibits a broad maximum in the lower temperature region
whereas a relatively narrow peak was obtained in the case of 1.5 vol % of the nanocomposite.
The variation in the ZFC curve for different vol % was studied experimentally and theoretically

which was attributed to interparticle interaction in magnetic granular systems [39]. Actually,



for a highly dense system, the determination of blocking temperature is very difficult due to
the interaction of particles with neighbors. Nevertheless, it should be noticed that when
nanoparticles are dispersed in a polymer the interaction among the particles becomes negligible

[40]. Because of the non-interacting superparamagnetic model, we fitted the derivative

d(Mzpc—MFpc)

- of experimental data with log normal distribution function to get blocking

temperature distribution of nanoparticles in polymer matrix. The experimental and fitted curve
well agreed with each other satisfying non-interacting super paramagnetic model (inset of fig
3(e) and (f)). We obtained mean blocking temperature <Tg>= 17.4 K (¢ =0.46) for 0.2 vol %
and <Tg>=10.9 K (6 =0.66) for 1.5 vol % nanocomposite films. Hence, when the nanoparticles
are dispersed on polymer matrix, blocking temperature decreases with the nanoparticle’s
concentration.

2.7 Strain-mediated ME coupling

P(VDF-TrFE ) and BFO nanoparticles are expected to the couple via elastic interactions at the
interfaces due to their piezoelectric and magnetostrictive characteristics, respectively. It is
important to note that bulk BFO does not have a net magnetization due to its antiferromagnetic
nature while at the nanoscale the BFO shows weak ferromagnetism owing to suppression of
spin spiral periodicity. In the attempt to investigate the coupling between the electric and
magnetic order parameters in P(VDF-TrFE ) and BFO nanoparticles, the ME coupling of
BFO P(VDF-TrFE) nanocomposite film was carried out at room temperature using the lock-in
amplifier method (supplied by Marine India). In polymer composite systems, the ME coupling
arises due to elastic interactions among ferroelectric and magnetic domains via
magnetostriction [22,41]. In our case, due to modification in long-range spiral modulated spin
structure of BFO nanoparticles lattice strain is developed. In addition to that, surface properties
increase because of the nano-size effect of BFO nanoparticles. It is important to note that

interface has become a prominent factor for ME coupling in polymer composite systems.



Therefore, the nano-size effect and developed lattice strain due to suppression of spin cycloid
structure have become a source to anticipate ME coupling in BFO P(VDF-TrFE)
nanocomposite film. Depending on the elastic interactions and type of externally applied field
(electric or magnetic), there are generally two types of ME coupling: (i) direct ME coupling
and (i) converse ME coupling. In this work, we examined direct ME coupling according to the

equation [20]

dP; JE;
O(i}jl = O_HIJ = &o&ij (a—H:) = go&ay 3)
Where oll = %(Z_Z) (4)

The ME voltage coefficient ai! was evaluated using the formula (4) where, dV is the output
voltage, t is the thickness of the nanocomposite film and dH is the applied AC magnetic field.
Before the ME measurement, the sample was electrically poled by applying an electric field of
400 kV/cm along a perpendicular direction to the thickness of the sample. An ac magnetic field
dH of 25 Oe at a frequency of 10 kHz superimposed on an applied direct current bias field to
measure the change in voltage dV across the nanocomposite film. The ME voltage coefficient
versus applied DC magnetic field plot for 1.5 vol % BFO P(VDF-TrFE) nanocomposite film
was shown in Fig. 4(a). A significant transverse magnetic field induced electric voltage (ome>2)
of ~ 104 mV/Oe-cm was found across the thickness of 1.5 vol % BFO P(VDF-TrFE)
nanocomposite film using the above equation (4). It was observed that the ME coupling
coefficient increases with an increase in DC magnetic field and reaches a maximum at 1.7 kOe
followed by a decrease in value at a higher DC magnetic field. The initial enhancement of the
ME coupling coefficient might be due to an increase in magnetization of BFO nanoparticles in

the polymer matrix.
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Fig.3.(a) M-H hysteresis curve at 300 K and (b) ZFC-FC magnetisation curve at 300 Oe
magnetic field for BiFeO3 nanoparticles; (c) lognormal fitting curve for derivative of Mzrc-
Mrc with respect to temperature for BiFeOs nanoparticles; (d)M-H hysteresis curve for
BiFeOs_P(VDF-TrFE) nanocomposite film at room temperature; (e) and (f) ZFC-FC
magnetisation curve at 300 Oe magnetic fieldfor 0.2 vol % and 1.5 vol % BiFeO3z_P(VDF-

TrFE) nanocomposite film, respectively
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for 1.5 vol % BiFeOs; P(VDF-TrFE) nanocomposite film; (b) variation of ME voltage
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polymer; (c) and (d) magnetostriction strain measurement with DC magnetic field for BiFeO3

nanoparticles and 1.5 vol % BiFeOs; P(VDF-TrFE) nanocomposite film respectively (inset:

piezomagnetic coefficient (2—2) versus DC magnetic field curve)

After reaching a certain DC magnetic field (in this case 1.7 kOe) the ME voltage coefficient

decreases for further increase of DC magnetic field due to a decrease in elastic interaction

between the nanoparticles and polymer matrix. The variation of the ME voltage coefficient

with a volume percentage of nanoparticles in the polymer is shown in Fig 4(b). The initial

increase in the ME coupling coefficient (from 0.2 to 1.5 vol %) may be described by an increase



in magnetostriction in the ferroelectric phase as well as the increase of crystallization of the
electroactive S-phase due to the inclusion of ferrite nanoparticles in PVDF copolymer [42,43].
Further increase of nanoparticles in the polymer phase leads to disruption of the polymer chain
structure. Because of the loading of more nanoparticles in the ferroelectric phase, the fillers
cannot disperse in the polymer phase properly, which results in a fall in ME response from
1.5% to 5%. Although a few reports are available in the literature on magnetoelectric effects in
superparamagnetic polymer composites. It is found that the obtained value of magnetoelectric
voltage coefficient (ame) of ~ 104 mV/Oe-cm of the present work for BFO_P(VDF-TrFE)

nanocomposite is highest as compared to reported values so far (table 2).

Superparamagnetic ME coefficient Reference
nanoparticles in P(VDF-TrFE) (mV/Oge-cm)

BiFeOs/P(VDF-TrFE) 104 In our work
BiFeOs/PVDF 2.7 [44]
Fe304/P(VDF-TrFE) 0.8 [19]
Zno2MnogFe204/ P(VDF-TrFE) 0.16 [19]
CoFe204/P(VDF-TrFE) 34 [45]
Nio.5ZnosFe204/P(VDF-TrFE) 1.35 [46]

Table 2. Data on Magnetoelectric voltage coefficient for superparamagnetic-polymer based
multiferroic system.

When the magnetic field is applied to the composite film, mechanical strain develops in the
magnetic phase via the magnetostrictive effect. The developed strain in the magnetic phase
transfers to the ferroelectric phase and generates electrical voltage via the piezoelectric effect.

In the present work, we are applying external magnetic field along parallel direction to the



sample (i.e 1 in o31) and measuring the output voltage across the thickness of the sample or

perpendicular direction of the sample (i.e 3 in a31) according to the equation

dP3 = az1 dHs. (5)

The observed ME coefficient is governed by the equation

a = my (dS/dH)zsro (1-mv) (933C33)polymer (6)

Here my is the volume percentage of BFO nanoparticles, dS/dH is the change in strain with
magnetic field, g3 is the piezoelectric voltage constant and Cas is the stiffness constant. Hence
this relation indicates that ME coefficient is highly dependent on the piezoelectric coefficient,
volume percentage of BFO nanoparticles and magnetostriction. Due to application of an
external DC magnetic field, strain is generated in BFO nanoparticles along the applied
magnetic field direction (axial strain). To keep the volume of nanoparticles to be conserved, a
compressive strain (transverse strain) will be developed in nanoparticles (as BFO has negative
magnetostriction coefficient), which will be in perpendicular direction to the applied magnetic
field. The stress corresponding to this compressive strain will transfer to the P(VDF-TrFE)
polymer via its interface which will act as an external stress to the piezoelectric phase (which
is in “z” direction). This external stress causes polarization in the P(VDF-TrFE) polymer due

to piezoelectric effect according to the equation

Di = ejj Ej + dim om (7

Where, D is electric displacement, e is dielectric constant, E is electric field, d is piezoelectric
coefficient and o is stress. Since we are considering the ds3 piezoelectric coefficient of P(VDF-

TrFE) (because sample is poled along direction 3), equation (7) becomes

D3 =e3 Ej + dsz 03 (8)



According to the above equation (8), maximum output voltage will be obtained along the
direction 3 i.e perpendicular to the sample. Moreover, we are measuring the output voltage
along direction 3 (according to the equation (5)) for which we are getting maximum ME
coupling coefficient along perpendicular direction to the sample. In addition, the ME effect is
also directly proportional to the magnetostriction according to the equation

afl o q.d (9)
Where d is the piezoelectric coefficient and q = Z—i (A 1s magnetostriction) is the piezomagnetic

coefficient. Therefore, we investigated the magnetostrictive strain behavior of BFO
nanoparticles and nanocomposite film in response to the DC magnetic field. The M(H) curves
obtained in a parallel configuration with an applied magnetic field are plotted in Fig. 4(c) and
(d) together with the dA/dH vs. H dependences for the BFO nanoparticles and 1.5 vol %
nanocomposite sample (inset of Fig. 4(c) and (d)). The magnetostrictive strain was examined
using the four-wire method and the data were recorded on a hand-held data logger TC-32K
(TYPE S-2770) instrument. Magnetostriction was measured along the parallel direction to the
applied magnetic field by using a 350-ohm resistive strain gauge. A small negative
magnetostrictive strain (-4 ppm at 5 kOe) was observed in both nanoparticles and
nanocomposite samples. It is important to note that the strain has linear behavior with applied
DC magnetic field over the range 0 to 6 kOe. It should be noted here that the maximum applied
magnetic field was not enough for saturation of magnetostrictive strain of superparamagnetic
BFO nanoparticles. A similar trend was also observed in the ME voltage coefficient where the
voltage coefficient decreases without attaining saturation up to 5 kOe magnetic field. To our
knowledge, this is the first magnetostriction measurement result by the direct method reported

for the superparamagnetic BFO sample.



2.8 Magnetoelectric sensor in BFO_P(VDF-TrFE) nanocomposite films

The magnetic field sensing properties of the composite film was further investigated by
recording the output voltage generated from the sample without any amplification in an ac
magnetic field in a digital storage oscilloscope (DSO). As per the result discussed in the
previous section, the maximum ME coupling voltage coefficient was obtained for 1.5 vol %
BFO_P(VDF-TrFE) nanocomposite film. Hence this composite film with an effective area of

1.5x1.5 cm? was taken for sensor application.

4
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Fig.5. (a) Schematic diagram of BFO_P(VDF-TrFE) ME sensor; (b) and (c) Voltage response
of 1.5 vol % BFO_P(VDF-TrFE) nanocomposite film at 25 and 12 Oe AC magnetic field for
10 kHz and 5 kHz, respectively.

First of all, the bottom and top surface of the film were coated with gold to make it conductive
and after that ferroelectrically poled in a perpendicular direction across the thickness of the
film. Then it was kept inside a Helmholtz coil along its axis. Two BNC cables taken from the

top and bottom surface of the sample are connected to a DSO for measuring the output voltage



difference between the top and bottom electrodes. Fig 5(a) shows the schematic of the above
arrangement. The output voltage was recorded by applying AC magnetic fields 25 Oe and 12
Oe at two different frequencies i.e., 5 kHz and 10 kHz (Fig. 5(b) and (c)). The maximum output
voltage of nearly about 2.3 mV was harvested for an AC magnetic field of 25 Oe at a frequency
of 10 kHz. The ME effect is observed only due to stress-strain transfer via elastic coupling.
Here, we have piezoelectric and magnetic systems having ability to get strains after application
of electric and magnetic field and vice-versa. The cumulative effect is to check effective stress-
strain is important in this composite and since here the magnetic phase is in nanometric range
will exhibit collective behaviour during strained situation. Before the measurement, the
composite film was first of all electrically poled by applying an electric field of 400 kV/cm
along a perpendicular direction to its thickness. Since here the ferroelectric phase is P(VDF-
TrFE), strain is induced during the application of electric field due to the converse piezoelectric
effect. This piezoelectric strain is transferred to the BFO nanoparticles through the interface in
BFO_P(VDF-TrFE) nanocomposite film. Hence, there is possibility that the transferred strain
freezes the magnetic moment direction of the BFO nanoparticles which are in direct contact
with P(VDF-TrFE) [47-49]. When AC magnetic field was applied to this nanocomposite film
using a Helmholtz coil, the magnetic moment aligned along a direction produced output voltage
by direct ME effect due to the magnetostrictive property of the BFO nanoparticles.

3. Conclusions

In summary, the self-biased ME sensor was fabricated in a two-step process. In the first step,
magnetoelectric BFO superparamagnetic nanoparticles were synthesized using the auto
combustion method. In the second, 0-3 BFO P(VDF-TrFE) nanocomposite films were
prepared by incorporating different vol % of BFO nanoparticles in P(VDF-TrFE) using the
solution casting method. These BFO _P(VDF-TrFE) nanocomposite films exhibit well saturated

ferroelectric loop and low dielectric loss (tand < 0.005 for 1.5 vol %) which make these



nanocomposite films a strong candidate for practical device applications. Unlike bulk BFO, a
negative magnetostrictive strain (~4 ppm at 5 kOe) was generated in both nanoparticles and
nanocomposite samples. Therefore, a room temperature ME coupling effect (ame>! ~ 104
mV/Oe-cm) was observed in BFO P(VDF-TrFE) nanocomposite films for which those
nanocomposite films can be employed for practical applications like magnetic field sensors,
data storage and switching devices. The direct output voltage of 2.3 mV was observed by
applying an AC magnetic field of ~ 25 Oe at a frequency of 10 kHz to 1.5 vol % nanocomposite
film in magnetic sensor geometry.
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