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ABSTRACT: The dielectric properties of composites formed
by dispersions of two types of ceramic particles, BiFeO3
(multiferroic) and CoFe2O4 (magnetic), in poly(vinylidene
fluoride), PVDF, (which can present a ferroelectric phase)
were studied at room temperature as a function of particle
concentration. The characterization studies include determi-
nation of dielectric polarization curves in the presence of
external magnetic fields, H (that is, P−E plots in the presence
of H, where P is the dielectric polarization and E the external
applied electric field). Impedance spectroscopy analysis shows
the presence of several distributions of dipolar relaxation
processes, some of which are assigned to charge rearrange-
ments at the different interfaces of the system, for example at
the ceramic-polymer interfaces. Negative magneto-electric coupling was observed at low ceramic proportion (where leakage

currents are lower than 20 nA/cm2), that is, decrease of P when applying H, <∂
∂( ) 0

E

P
H

. The negative coupling is opposite to

previously observed for BiFeO3 dispersed in a nonferroelectric matrix (styrene−butadiene-rubber, SBR) where >∂
∂( ) 0

E

P
H

.

These results suggest a strong polymer−particle interaction, where the interfaces between the two components play a central
role. The observation of negative magneto-electric suggests a matrix-mediated coupling, possibly through a magneto-striction
mechanism at the ceramic-polymer interfaces. The description of magneto-electric coupling on the bases of magnetostriction
effects leads to the conclusion that the results in PVDF and SBR are in agreement with positive magnetostriction, that is positive
strains (elongation) when a magnetic field is applied.

1. INTRODUCTION

Composites formed by dispersions of inorganic particles with
different properties (conductive, dielectric and/or magnetic) in
elastic polymer matrices are of high interest for their
applications in flexible electronics.1 Examples of application
are mechanical stress sensors,2 magnetic field sensors3 and
capacitors.4 In such systems the major volume fraction is given
by the organic component hence preserving the elastic
properties, while the electric or magnetic properties are
provided by the filler particles. It is desired to have control,
even partial, of these properties by varying the proportion of
incorporated particles. In some applications the matrix is inert
and it simply provides an elastic medium in which to disperse
the particles. That is the case of styrene−butadiene rubber
(SBR) and polydimethylsiloxane (PDMS), previously used in
our group to implement different devices based on particle/
polymer composites.2,5−7 In these works, magnetite−silver
agglomerates (simultaneously magnetic and conductors) were
dispersed in PDMS and SBR to implement both magnetic field
sensors (based on magnetoresistivity) and mechanical stress

sensors (based on piezoresistivity). BiFeO3, a well-known
multiferroic material which presents magnetic and electric
orders at room temperature, was also incorporated into SBR to
obtain elastic dielectrics for capacitors.8 The features of
impedance spectra were well accounted by modeling the
composite by an R//C equivalent circuit, where the static
dielectric constant, εs, increases with BiFeO3 proportion.
Dielectric-magnetic coupling was observed in these systems,
that is, the possibility of modifying the dielectric polarization
per unit volume, P, by applying an external magnetic field, H.
In other cases, it seems interesting to use matrices that are

not inert but may present some ferrous order in the absence of
particles. The paradigmatic organic material is poly(vinylidene
fluoride), PVDF, a fluorocarbon-based polymer with multiple
carbon−fluorine bonds. PVDF is very well-known for
presenting a ferroelectric phase at room temperature, referred
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as the β-phase, while maintaining its elastomer characteristics.9

The proportion of β-phase can be enhanced by adding
salts,10,11 like Mg(NO3)2·6H2O, probably through hydrogen
bonding that includes F atoms. It has been reported also that
dispersing carbon nanotubes12 and clays13 in PVDF increases
the proportion of ferrolelectric phase.
Different metal and ceramic materials have been incorpo-

rated to PVDF matrixes in order to improve the dielectric
properties of PVDF.14−16 Reddy et al. reported on preparation
of a 50% w/w BiFeO3−PVDF films by hot-press technique.17

Moharana et al. reported on dielectric properties of a 10% w/w
BiFeO3−PVDF obtained by solution casting method.18 Martins
et al.19 have analyzed the influence of CoFe2O4 and NiFe2O4 in
the formation of β phase. In subsequent works of Martins et
al.,20,21 the magneto-electric effect was measured in similar
composites up to 20% w/w of particles. The increase of β-phase
when adding CoFe2O4 has been assigned by Martins et al.19−21

to the interaction between the negatively charged surface of the
particles and the positively CH2 groups of PVDF, which may
promote nucleation of ferroelectric domains.
The mentioned works indicate that strong interactions

between particles and PDVF may be present in the composites.
It is therefore of high interest for possible applications in
flexible devices, to explore the possibility of synergism between
properties of both components (polymer and filler), or matrix-
mediated coupling of properties. Hence, in the present work we
study the properties of PVDF composites formed by adding
two different ceramic particles, BiFeO3 and CoFe2O4. In the
text, the term ceramic refers here to BiFeO3 and/or CoFe2O4
particles. BiFeO3 was selected for its multiferroic behavior at
room temperature, displaying ferroelectricity and ferromagnet-
ism; thus, an electro-magneto coupling is expected in BiFeO3/
PVDF composites. On the other hand, the CoFe2O4 nano-
particles present ferromagnetism, but not ferroelectricity, at
room temperature, and results on CoFe2O4/PVDF composites
are presented for comparison.
In previous works synthesis of BiFeO3 and CoFe2O4

ceramics were reported, obtaining in both cases materials
with high crystallinity and purity, whose magnetic and dielectric
properties were well characterized.22,23

In spite of the potentiality of these composites as materials
for inducing changes of the dielectric properties by the action of
applied magnetic fields, there are no reports of dielectric
polarization curves in the presence of magnetic fields, as far as
we know. Some authors report magneto electric effect as
voltage induction due to the application of an AC magnetic
field. In this work and in our previous one,8 the magneto
electric effect is determined from the change in dielectric
polarization curves (P−E) under different static magnetic fields
(H). Therefore, the aims of the present work are to characterize
the dielectric response and to explore the electro-magnetic
coupling of ceramic/PVDF composite films at room temper-
ature.

2. MATERIALS AND METHODS
2.1. Preparation of Films. The synthesis and character-

ization of BiFeO3 and CoFe2O4 ceramics has been reported in
previous articles of the group.22,23 The average particle size
distributions of the synthesized ceramics used here are 40 and
30 nm for BiFeO3 and CoFe2O4 particles, respectively.
However, when the particles are dispersed into the polymer
matrix, agglomerated of particles are formed with average sizes
about 200 nm (for W = 10) to 500 nm (for W = 275) with

dispersions about 50 and 100 nm, respectively. The areal
density of the aggregated in the matrix when observed in
images recorded by AFM or SEM from the top of the films is in
the order of 10−2 μm−2.
Poly(vinylidene fluoride) (PVDF; (CH2CF2)n; CAS Num-

ber: 24937-79-9; average Mw ∼ 534 000 by GPC; n ∼ 8000),
powder was purchased from Sigma-Aldrich.
The nomenclature used in the present work for the different

composite films is the following. Composites of BiFeO3 in
PVDF are indicated as “B” films, while those of CoFe2O4 in
PVDF as “C” films. The mass proportion of particles in the
composite is given by W, where W ≡ 100 (mass of ceramic)/
(mass of PVDF). Along the text, composites are referred as
“B−W” or “C−W” films. For instance, “B-100” indicates a
composite film of BiFeO3/PVDF with W = 100 (prepared in
DMF and adding Mg(NO3)2·6H2, as described below).
When calculated as filler mass fractions, the considered range

for both fillers goes from 9 to 73% w/w. Below 9% w/w no filler
effects were noticed, while above 75% w/w the composites
presented large macroscopic inhomogeneities or sometimes
cracking. Beyond these technical aspects, the important
parameter for describing filler effects is the filler’s volume
fraction, φf iller, which is estimated from the filler mass fraction,

φmass f iller by φ φ=
δ

δfiller filler
mass composite

filler
, where δcomposite and δf iller are the

densities of composite and filler, respectively. The density of
the composites was evaluated from weighting and volume
determination at several filler proportions, rendering values
about 1.1−1.3 gcm−3. The density of filler is estimated similar
to the bulk density of the respective ceramic; 8 gcm−3for
BiFeO3 and 5 gcm−3 for CoFe2O4. These calculations give the
range for φf iller: 1 to 12% V/V for BiFeO3 and from 2 to 19% V/
V for CoFe2O4 To expand these ranges toward larger volume
fractions requires to prepare composites with filler mass
proportion about 75% w/w, finding the practical difficulties
mentioned above related to sample preparation. On the other
hand, to expanded it toward lower filler proportions requires to
study composites with mass proportion lower than 9%, where
the sensitivity to filler effects on the dielectric properties is low
in case of using polymer matrixes with large dielectric constant
(or even ferroelectric) as in the case reported here of β-phase
PVDF.
To prepare the films, 100 mg of PVDF (Sigma-Aldrich) were

dissolved in dimethylformamide (DMF) under sonication to
obtain a clear solution 5% w/w PVDF:DMF. Then, Mg(NO3)2·
6H2O was added until complete dissolution (20% w/w
salt:PVDF), since it has been shown that this concentration
maximizes the proportion of β phase.11 Once PVDF and
Mg(NO3)2·6H2O were dissolved, the ceramic particles were
added to form a suspension. These suspensions were kept
under permanent stirring while DMF was left to partially
evaporate until obtaining a viscous fluid which was deposited by
spin coating onto aluminum substrates (Al, Sigma-Aldrich).
Typical speeds for spin coating were 300−500 rpm during 10 s.
Afterward, the films were dried at 125 °C for 15 min. All
solvents and reagents were of analytical quality. The average
thicknesses of the films (⟨L⟩) were in the range of 30−300 μm,
dependent on speed of the spin coating process, ceramic
concentration, etc. The area of the samples was 1 cm2. These
areas are larger than the top electrode area, A (0.2 cm2), used
during all dielectric determinations.
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2.2. Instrumentation. Spin coating was performed with a
SPIN-1200D (MIDAS SYSTEM) spin coater at room temper-
ature.
The thicknesses of the dried films were measured using a

surface profilometer (Veeco, model Dektak 150) whose
instrumental details are described in a previous work.8 The
thickness of the film, L, was measured as a function of the
scanned distance and the average values of L, referred as ⟨L⟩,
were calculated within a defined scanning distance range (500−
1500 μm, depending on the sample) starting from at least 100
μm from the edge of the film.
Fourier transformed infrared (FTIR) spectra (4000−400

cm−1; resolution 4 cm−1) were acquired with a Nicolet 8700
equipment using a Smart Orbit ATR accessory (single
horizontal reflection with diamond crystal) and a DTGS
detector.
The structure of the dried composite films was investigated

by scanning electron microscopy (SEM) using a field emission
scanning electron microscope (FESEM; Zeiss Supra 40
Gemini).
The AC-dielectric behavior as a function of frequency, f, was

studied by impedance analysis spectroscopy (ISA) for f
between 0.1 Hz and 1 MHz. The ISA experiments were
carried on a TEQ-4 potentiostat (Argentina), applying
sinusoidal waves of frequencies f, keeping fixed the peak-to-
peak voltage at 0.5 V. The primary data obtained from
impedance spectroscopy are the real and imaginary compo-
nents (Z′ and Z″, respectively) of the complex impedance
Z(ω) = Z′(ω)+ jZ″(ω), as functions of f or ω (ω ≡ 2πf; j is the
imaginary number). From that, the modulus of Z,

| | = ́ + ́́Z Z Z2 2 and the phase ang le ϕ (wi th

ϕ ≡ | ″|
| |́

tg( ) Z
Z
) are obtained.24

The DC-dielectric characterization as a function of the
applied electric field E was performed using a Precision LC
Material Analyzer (Radiant Technologies). Polarization curves

(P−E curves) were taken at a sampling rate of 1562.5 Hz by
applying a bipolar triangular wave (0; + Vmax; −Vmax; 0).
Density current plots of DC-currents (J−E plots) were
recorded with the LC analyzer. In these cases the bottom
electrode (Al) was connected to ground.
The effect of an external magnetic field on the dielectric

properties (electro-magnetic coupling) was determined by
inserting the sample between the pole pieces (10 cm diameter)
of a Varian low impedance electromagnet (model V3703).
These kinds of electromagnets are known to provide highly
homogeneous steady magnetic fields, H (expressed in Oe), that
were measured with a Group3 DTM-133 Digital Teslameter. A
specially designed set up was implemented in order to place the
samples between the electromagnet and to provide the
electrical contacts for establishing communication with the
Precision LC Material Analyzer. In this way it was possible to
register P−E curves simultaneously with the application of a
given magnetic field H, whose value can be arbitrarily fixed.
The behavior of the composites as ac-circuit components in

the range 100 kHz-7 MHz was studied by analyzing the
response of the samples in series with a 1 kΩ commercial
resistance to a sinusoidal wave generated with a Siglent SDG
1050 generator. In these experiments the response of the circuit
was determined with a Hantek MS05062D dual-channel
oscilloscope (60 MHz broadband). The oscilloscope probes
used at the test points were previously calibrated against a
square waveform internal reference signal by adjusting the
probe’s capacitance until obtaining input signals that match
almost exactly the reference waveform, thus minimizing
probing effects.

3. RESULTS AND DISCUSSIONS

3.1. Ferroelectric Phase Formation. PVDF presents two
main phases, referred as α and β phases. The β-phase (F atoms
in all-trans conformation) is required to have a ferroelectric
behavior. The relative proportion of both phases can be

Figure 1. Real (Z′) vs imaginary (Z″) impedance components, for (a) B-10, (b) B-275, (c) C-10, and (d) C-100. Full lines represent the fitting by
circuit displayed in Figure 2.
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determined from the FTIR spectra,9 since both phases have
characteristic peaks at 763 and 840 cm−1 for α and β,
respectively. A relationship has been proposed12,25 to quantify

the proportion of β phase: β =
+

F( ) A
A A1.23

840

840 763
, where A840 is

the absorbance at 840 cm−1 and A763 is the absorbance at 763
cm−1.
The FTIR spectra indicate that in pristine PVDF (without

adding any other compound) only about 53% of the material is
in the β phase, calculated from F(β). The dissolution of the
polymer in DMF and the addition of Mg(NO3)2·6H2O
considerably increase the intensity and number of peaks
corresponding to the β phase (Figure S1a, Supporting
Information). In fact, we observed that the proportion of β
phase (calculated from F(β)) in all cases is larger than 90% in
the samples prepared in DMF with Mg(NO3)2·6H2O,
demonstrating that the preparation method described in the
previous section renders a large increase of the β phase.
Addition of ceramics further increases the amount of β phase
with percentages about 100% of β-phase for B-100 films (see
Figure S1b). Although the involved mechanisms are not well
understood yet, the presence of adsorbed water molecules and
filler particles seems to be responsible for β-phase formation
trough polar and hydrogen bond interactions with F atoms in
the polymer chains. For instance, it has been suggested that
Mg(NO3)2·6H2O acts as β phase nucleation sites due to the
formation of hydrogen bonds.13 Concerning the effect of
adding particles, our results are consistent with reports of β
phase increase after incorporating inorganic fillers such as
carbon nanotubes or clays.12,13,25 The results presented here
indicate that β-phase formation is favored by the addition of
BiFeO3 or CoFe2O4 to PVDF. This is in agreement with
previous report for the case of CoFe2O4/PVDF composites26

and is extended here to the case of BiFeO3/PVDF.
Summarizing, the composites studies in the present work are

mainly in the β-phase (the percentage of other phases is less
than 1%).
3.2. Impedance Spectroscopy. Figure 1 shows imaginary

(Z″) vs real (Z′) components of impedance and the
corresponding fits by the circuit showed in Figure 2 for
PVDF−Mg, B−W, and C−W films.

The impedance behavior is analogous for samples B and C,
Z′ and Z″ decreases with frequency, although the sensitivity to
ceramic concentration (given by W) is larger for B-samples
than C-samples, which is probably related to that B samples
contains a multiferroic filler (BiFeO3). Figures S2 and S3 shows
data and fits of |Z| and ϕ as a function of f, for B and C samples,
respectively.
Irrespective of the ceramic and W, distorted semicircles are

obtained, which suggests the presence of dipoles and charge

distributions as discussed in the following paragraphs. In fact, it
is not possible to adjust the observed impedance responses by
using simple circuit elements such as resistances (R) and
capacitances (C) only. If the frequency response were well
accounted by an R//C circuit, then only one kind of dipole
relaxation process should occur in the material and with only
one characteristic relaxation time = RC. That is, in the R//C
systems there is only one kind of relaxation process having a
delta distribution with relaxation time equal to RC. Since this is
not in agreement with the experimental evidence of the
ceramic/PVDF composite, then the so-called constant phase
elements (CPE) were incorporated as circuit elements in order
to fit the impedance spectra. The CPE elements use to account
for systems where a distribution of dipoles and charges are
present. The impedance of those elements, ZCPE, is given
by =

ω
ZCPE P j

1
( )n , using MKSI units. These elements are

associated with the presence of a distribution of relaxation
times. The parameters P and n are empirical positive
coefficients. The coefficient n varies between 0 (pure
resistance) and 1 (pure capacitance). Several parallel and series
combinations of R and ZCPE elements were tried in order to fit
the experimental data. The equivalent circuit that best fits the
impedance spectroscopy data for both ceramics (B and C), all
proportions (W from 0 to 275), in the whole frequency range
(from 0.1 Hz to 1 MHz), and at low electric fields (Epeak‑to‑peak <
0.1 kV/cm),is shown in Figure 2. As noted, more than one CPE
element was required for fitting the data, suggesting that more
than one relaxation distribution is present in the considered
frequency range.
The recovered values of the circuit elements, obtained from

fitting the experimental data, are shown in Table 1. Figures 1,
S2 and S3 show the excellent fits of experimental impedance
spectroscopy data recovered using the equivalent circuit of
Figure 2.

It can be observed an important concentration effect for
samples with the largest W, for instance W > 100 for B-films
and W ≥ 100 for C-films. On the other hand, at lower values of
W the relatively erratic variation with W of impedance data can
be assigned to inhomogeneities due to sample preparation, thus
these variations between samples are not considered statistically
representative. Therefore, samples are classified into two
groups, referred in Table 1 as low-W and high-W (for both,
B and C-films) on the basis of their impedance response. The
different impedance behavior of these groups is clearly observed
by simple visual inspection in Figures 1, S2, and S3: the plots at
the left side are typical for samples of the low-W group, while

Figure 2. Equivalent circuit used to fit impedance spectroscopy data as
a function of frequency, at low electric fields (Epeak‑to‑peak < 0.1 kV/cm).
CPE: constant phase element.

Table 1. Parameters Recovered from Fitting Impedance
Data, with Primary Data (Z′ and Z″) Expressed in Ohmsa

sample
low-W PVDF−Mg,

B-10, B-100 and C-10
high-W

B-275, C-100, and C-275

R1 + R2 (Ω) 109−1010 105−106

n3 0.8−0.9 0.4−0.6
n1 0.5−0.9 0.5−0.6
n2 0.5−0.9 0.2−0.8
P3 10−12−10−10 10−10−10−5

P1 10−11−10−7 10−6−10−7

P2 10−11−10−10 10−10−10−8
aThe indicated ranges correspond to variability from five replicates of
each concentration.
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those at the right side correspond to the high-W. Note also that
all features of low-W plots (left side) keep partially some
qualitative characteristics corresponding to an R//C circuit: (i)
the Cole plots (Z′ vs Z″) displays a semicircle shape; (ii) ϕ
increases with f up to reach a plateau close to 1.5 radians (π/2);
(iii) the Bode plots (log|Z| vs log f) goes from a plateau at low f
and then decreases linearly at high frequencies. This is
associated with the fact that n3 ≈ 0.8−0.9 is closer to 1
(which correspond to R//C circuit) for low-W samples, while
clearly far from 1 in high-W samples (n3 ≈ 0.4−0.6).
Nevertheless it is important to remark that in fact n3 < 1 was
always recovered (the slope of the Bode plots is systematically
lower than 1, the predicted value for an R//C circuit, in all
samples of the low-W group), that is, and R//C does not
provide an appropriate quantitative nor qualitative description
in the whole range of frequencies.
The deviations from an R//C behavior are even larger in the

high-W group (right sides of Figures 1,S2, and S3). The
difference in behavior between low and high W groups can be
analyzed also by looking at the recovered Pi and ni values. For
low-W samples, resistivities are quiet large (10−100 GΩ·cm), Pi
≤ 10−9 and ni ≥ 0.5. This is in agreement with the statement
that for low-W groups, although pure capacities elements can
never be used for fitting data, the response still remains some
similarities to an R//C (with high R and low C). On the other
hand, in the high-W group, resistivities are lower than 10−1 GΩ·
cm, Pi ≥ 10−9 (and P1 and P2 differs in orders of magnitude)
and ni ≤ 0.6. This indicates important distortions from R//C
behavior and relative large dielectric losses for the high-W
group. Consider for instance the B-samples, noting that (a)
R(B-275) ≪ R(low-W) suggesting larger DC-leakage currents
for B-275; (b) P3(B-275) ≫ P3(low-W), indicating larger ac-
currents for B-275.
Actually, the characteristics observed in the low-W groups are

already present in films without ceramics (samples PVDF−
Mg). That is, in the PVDF−Mg matrix where the β-phase
predominates, there are distributions of relaxation times which
can be assigned to the mentioned processes: rearrangements of
interfacial charge between domains (including interfaces β−β,
β−α, and α−α) and relaxations of dipole moments of polymer
chains. When ceramics are incorporated, new interfaces
between the ceramics and the polymer are formed, which
generates new distributions of relaxation processes super-
imposed to the existing ones in PVDF matrix, making difficult
to perform a quantitative analysis of the perturbations
introduced by adding ceramics at low proportions. Never-
theless, our results point out some changes due to the presence
of ceramics at low proportions. For example, we have
consistently observed that maxima of the Z″ function are
shifted toward lower frequencies for samples B and C with
respect to PVDF. The incorporation of ceramics at low
concentrations induces the slowing down of the relaxation
processes due to the heterogeneity present in the samples,
when observed by impedance spectroscopy.27 This is due,
probably, to processes at the ceramic/polymer interfaces.
Recently Dash et al.28 reported the dielectric behavior of

BiFeO3/PVDF composites as a function of filler concentration
(data on CoFe2O4/PVDF were not presented). The systems
studied by these authors have a more complex morphology
than those described here since their composites are not
present in one major phase (the β-phase) but in three
polymorphic phases (α, β, γ) whose relative proportions
changes with filler concentration. A continue change of the

dielectric function ε′(ω) with BiFeO3 concentration was
reported, while we observe (Figure S4) here that the change
of dielectric functions with filler concentration is abrupt above a
given concentration threshold (which depends on the filler),
associated with classification of samples in low-W and high-W
groups. Although no mathematical model for impedance
spectroscopy data was presented in the cited work, which
could be compared to the one presented here, it is not possible
to discard that the differences are due to the presence of
different phases in the considered composites.
For applications of these materials in electronics it is also

worth to analyze the loss dissipation factor, which is generally

given by ϕ ≡ | ″|
| ́|

tg( ) Z
Z

, with the requirement tg(ϕ) < 1 in the

largest possible frequency range, for appropriated real devices.
This condition is satisfied in the low-W group for frequencies
above 1 Hz (B-samples) and 10 Hz (C-samples) (values of ϕ
are shown in Figures S2 and S3). On the other hand, films in
the high-W group do not satisfy tg(ϕ) < 1 for any frequency.
This indicates that (for samples in the high-W group) the
energy introduced when applying an ac-cycle will not be stored
as polarized charges but mainly dissipated as heat (Joule
dissipation).
Summarizing, impedance spectroscopy shows the compli-

cated dielectric behavior of PVDF composites in comparison to
those formed in SBR or PDMS matrixes. The experimental
results are compatible with the presence of more than one
distribution of dipole moments and charges, which are already
present in PVDF in absence of fillers. The relaxation processes
at the lowest frequencies are associated with charge
distributions at interfaces while those at the largest frequencies
to dipole moments of the polymer matrix. Average relaxation
times become slightly slower when adding ceramics at low
proportions and a change from more “dielectric-like” to more
“conductive-like” regime appears at volume fractions larger than
0.1.

3.3. Incorporation of Films As Electronic Components
into a Simple AC Circuit. Films were included as impedance
in series with a loading resistance, RL (1 kΩ). An AC field Vin
(4 V peak-to peak) was applied and the AC voltage on the film,
Vout, was determined as a function of ω up to 6.5 × 107 rad s−1.
The ratio (Vout/Vin) as a function of ω is shown in Figure 3 for
samples B and C.
A large decrease of (Vout/Vin) for frequencies in the

megahertz range is observed as expected from the large
decrease of Z′ and Z″ with f in that range. At the lower
frequencies Z′ and Z″ are several orders of magnitude larger
than RL and (Vout/Vin) ≈ 1.
When frequency increases, Z′ and Z″ decrease, and in the

megahertz range they are of the same order of magnitude than
RL (or even slightly less for B-275 films) and (Vout/Vin) < 1.
Note also in Figure 3 that the influence of W on (Vout/Vin) is
larger for B-samples than C-films, as expected since Z′ and Z″
are more sensitive to W in B-samples.

3.4. DC Behavior: Leakage Currents. In previous
sections, the dielectric behavior as a function of the frequency
was studied, using AC-stimulus of low electric field, Epeak‑to‑peak
≤ 0.1 kVcm−1. In this and next sections the dielectric response
at cero-frequency (DC) in an extended range of electric fields,
E, are studied (E up to 10 kVcm−1). Figure 4 shows DC leakage
current plots. It can be seen that at E = 2 kVcm−1, the DC-
current density, J, is about 1.0 × 10−2 and 5.0 × 102 μA cm−2

for samples B-10 and B-275, respectively, that is there is an
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increase in J of 4 orders of magnitude when comparing samples
in the low-W and high-W groups. The DC-conductivities, σDC,
are lower than 10−10 and 10−4 Ω−1 cm−1 for B-10 and B-275,
respectively. Similar results hold for C-samples. Thus, leakage
currents are several orders of magnitude larger in the high-W
group than in the low-W group, which is in agreement with the
picture that large proportion of ceramics favors the formation
of conduction paths.
3.5. Ferroelectric Behavior and Electro-Magnetic

Coupling. Dielectric polarization curves in the absence of
external magnetic fields are shown in Figure 5 for different
ceramic/PVDF composites. Dielectric hysteresis in the P-E
plots of PVDF−Mg(NO3)2·6H2O samples, in the absence of
particles, is difficult to observe. This may be due to a lack of
instrumental sensitivity at the relatively low electric fields used
here. For instance, coercive fields of PVDF films have been
reported in ranges larger than 300 kV/cm,29−31 while the
maximum field applied in the present work is only 100 kV/cm
when applying 100 V (the maximum voltage allowed in the LC
device) in the thinnest prepared films. In other words, although
the main phase in PVDF−Mg(NO3)2·6H2O is the β-phase,
which is a needed requirement for getting a ferroelectric
behavior, it seems that the low sensitivity of the instrumental

conditions do not allow to observe a ferroelectric loop in the
P−E plots of that samples.
When particles are added at low proportions (low-W

groups), ferroelectric cycles appears, but a relatively low
hysteresis is observed, perhaps because of the mentioned lack
of sensitivity for using electric fields far from saturation (Figure
5). In the case of high-W group, the P−E plots may be highly
influenced by the leakage currents, therefore the respective
plots should be taken with care. Thus, the following discussion
is restricted to the low-W group, where leakage currents (in DC
and AC) are minimized.
In a few samples we reached electric fields closed to 100 kV/

cm, which are actually very thin samples. Note that for reported
data in Figures 4 and 5, the largest electric field obtained was
only 6 kV/cm, actually. These values are similar to that used in
the recent article by Mishra et al.32 To reach larger fields it is
necessary to use kilovolt sources or to reduce the thickness up
to orders of 100 nm. However, it must be noted that, in the
present system, it is not straightforward to obtain P−E curves
where coercitivity and saturation can be observed. For example,
the coercive electric field of PVDF has been reported about 300
kV/cm. Thus, fields close to 1000 kV/cm are needed to
observe the complete hysteresis loop up to reach saturation of
ferroelectric response. Therefore, to obtain those large fields
while keeping the same thickness, voltage sources about 15 kV
must be used, which are not available in commercial LC
devices. Even if those voltages were applied, then leakage
currents become very large, introducing distortions and artifacts
in the P−E curves. Another factor to consider when using very
larger fields is electrical breakdown.
The P−E responses of BiFeO3/PVDF composites at the low-

W group decreases in the presence of an external magnetic
field, H, a negative magneto-electric (ME) coupling. This effect
was observed systematically in all samples and is presented here
as plots of relative change in the remanence polarization (PR) as
a function of H, only for the low-W group (Figure 6).
The assignation of this effect to the possible influence of H

on the leakage currents is discarded for several reasons: leakage
currents are low in the low-W group, no dependence with
magnetic field of leakage currents was observed, the matrix
(PVDF−Mg) and filler (BiFeO3) do not present magneto-
resistivity, and Hall-effects are not expected since H and E are
parallels. Samples PVDF−Mg and C-10 present small and
erratic behaviors (and remanence has large errors in PVDF−
Mg). ME effects are clearly observed in C-10 and C-100
samples with similar values of PR(H)/PR(H = 0) (not shown
for C-100, for clarity).
The origin of ME effects in PVDF-filler particles is a matter

of debate. Anithakumari et al.,33 following Nan34 suggest that
ME in ferroelectric phases of PVDF loaded with magnetic fillers
may be assigned to magnetostriction effects resulting from a
complex process associated with the alignment of magnetic
domains of magnetic fillers upon application of an external
magnetic field. The application of H may produce therefore a
stress of the neighboring ferroelectric PVDF phase, with
consequent rearrangement of interfacial charges and hence
inducing changes of P. These magnetostriction effects can be
given, for instance, by modification of the distances between
ions of the ceramics (currently a decrease) or between ceramic
ions and F atoms of PVDF, under the presence of H. This
hypothesis must be tested in future works, although was
recently mentioned by Anithakumari et al.33 and is also
supported by few studies concerning magnetostriction effects.

Figure 3. AC-response, (Vout/Vin), of films in series with a resistance
RL (1 kΩ). (a) BiFeO3/PVDF; (b) CoFe2O4/PVDF.
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For instance, Lee et al.35 conclude on the bases of neutron
scattering experiments that the origin of the magnetoelectric
coupling in BiFeO3 are magnetostriction effects, since the
presence of magnetic field decreases the distances between Bi,
Fe, and O ions, producing a decreases of polarization at the unit
cell, thus the magnetostriction. These effects may induce
changes at ceramic-polymer interfaces which may generate
subsequent perturbation of the ferroelectric order.
The following analysis is based on the assumption that

magnetostriction is at the origin of magneto-electric coupling:

The EM-coupling coefficient, α, is defined by

α ≡ ∂
∂

⎜ ⎟⎛
⎝

⎞
⎠

P
H E (1)

α, is experimentally determined by recording P−E curves in
the presence of different magnetic fields H. Of course α is a
function of E and H, but is currently determined at E = 0
actually, by calculating the dependence of the remanence
polarization PR ≡ P(E = 0, H) as a function of H. Martins et
al.36 indicated that determinations of α can be used to estimate
the magnitude magnetostriction effects, that is strains (λ)
induced by H, in the direction parallel to H (note that Martins

et al. defined α in a slightly different manner as
∂

∂( )E
H E

induced where

Einduced is the electric field induced by the polarization P, while E
is the external field applied on the sample). Van den
Boomgaard et al.37 and Martins et al.36 proposed that in
composites where the matrix presents a ferroelectric character
and the filler particles magnetostriction effects, then the EM-
coupling is generated by geometrical distortions at a micro-
scopic level induced by H, perturbing the electrical dipoles.
Within that frame, Van den Boomgaard et al. suggested the

following model for α is expressed by eq 2:

Figure 4. DC leakage currents for different B and C samples.

Figure 5. Dielectric polarization curves. P: dielectric moment per unit
volume. E: electric field. (a) B−W W = 0, 10, 275. (b) C−W for W =
0, 10, 100.

Figure 6. PR(H)/PR(H = 0) vs H, where PR ≡ P(E = 0). H: external
magnetic field.
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α φ
λ

φ λ= ∂
∂

∂
∂

⎜ ⎟⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

P
Hmatrix filler

E E (2)

where φmatrix and φf iller are the volume fractions of matrix and
filler particles, respectively, φmatrix + φf iller = 1.

The term, φ λ∂
∂( )filler H E

, accounts for magnetostriction induced

by the filler. Here λ represents a strain at a microscopic level (λ
has no units; positive λ indicates elongation in the direction of
H, while negative λ values indicates shrinkage). That is, the
strain λ is induced by the action of the magnetic intensity, H,
hence λ = 0 when H = 0. The proposal of Martins et al.36 is that

the magnetostriction coefficient, λ∂
∂( )H E

, can be estimated from

eq 2.

The first term, φ
λ

∂
∂( )matrix

P

E
, represents the piezoelectric

contribution of the matrix, associated with the piezoelectric

response of PVDF. The factor λ
∂
∂( )P

E
, the change of dielectric

polarization when a strain appears, can be estimated from the
following consideration. First, it is assumed that the induction
of λ by H can be formally associated with a microscopic stress,
T, parallel to H. This is expressed by eq 3:

λ λ
∂
∂

= ∂
∂

∂
∂

⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

P P
T

T

E E E (3)

The next assumption is that λ and T are connected through
the same relationship that at a macroscopic levels, that is,
Young’s modulus:

λ
≡ ∂

∂
⎜ ⎟⎛
⎝

⎞
⎠E

T
Y

E (4)

where, EY, represents Young’s modulus of the composite in the
direction of H (EY ≈ 2 GPa for PVDF38,39). Additionally, P and
T are related by the piezoelectric coefficient, d33, according to

≡ ∂
∂

⎜ ⎟⎛
⎝

⎞
⎠d

P
T E

33
(5)

In a first approximation the parameters EY and d33 are
assumed to be equal to the values determined by macroscopic
determinations. For instance, in the case of EY, it is assumed
that EY in eq 3 can be estimated from determinations of stress−
strain curves of the composite. This kind of hypothesis is
usually referred as the af f ine assumption.40 Additionally, EY and
d33 are supposed to be constants, independent of λ. In the case
of EY, this assumption represents the definition of Young's
modulus. Finally, we assume that EY and d33 are determined
mainly by PVDF, with negligible influence of filler particles.
Therefore, the magnetostriction derivative is estimated

according to

λ α
φ φ

∂
∂

=
−

⎜ ⎟⎛
⎝

⎞
⎠ dH E(1 )filler filler YE 33 (6)

there is just a formal difference when comparing to the
expressions presented in Martins et al.36 since those author
expresses P in the CGS units, volts·.cm−1, while here in MKSI,
coulomb·m−2).
Although, as mentioned above, α is dependent on E and H,

some approximations can be made. First, from the experimental
point of view α can be estimated at remanence, that is at E = 0.

Second, at relative low magnetic fields, α can be assumed
independent of H. This was assumed by Martins et al. and
seems to be already the situation experimentally observed in
this work for H lower than a given value, above which there is
saturation of the magnetostictive response (plateau). This
implies that the slope of PR(H)/PR(H = 0) as a function of H is
assume approximately constant at low H (see Figure 6).
Therefore, if these hypotheses are incorporated, then the strain
λ(H, E = 0) as a function of H can be calculated, at low H, by
integrating eq 6 with λ(H = 0, E = 0) = 0:

λ α
φ φ

= = =
− d

H E
E H

E
H( , 0)

( 0)
(1 )

(for

below saturation)

filler filler Y33

(7)

It is important to remark that PVDF has negative
piezoelectric coefficient: d33 < 0 for PVDF (d33 ≈ −30 pm
V−1 41). Therefore, for PVDF an increase of λ renders to a

decrease of P; hence, the piezoelectric factor, λ
∂
∂( )P

E
is negative

for PVDF. Quantum calculations by Bystrov et al.42 suggests
that negative d33 on β-phase PVDF is related to redistribution
of the electron molecular wave functions, leading to the shifting
of atomic nuclei and reorganization of all total charges under an
external strain.
Additionally, in the composites studied in the present work is

α < 0 (negative EM coupling)), hence eqs 6 and 7 indicates
positive magnetostriction effects for composites with d33 < 0.
That is, the model predicts positive λ values which increase
with H in BiFeO3/PVDF and CoFe2O4/PVDF (positive
magnetostriction).
A draft estimation of the induced strain and magnetostrictive

effects, at low H, λ(H, E = 0), can be made from eq 7 by using
the data of Figure 6 to evaluate α(E = 0, H).
For instance, for samples B-10, the regime where α is

approximately constant correspond to H ≤ 100 Oe. From the
experimental data it is α ≈ 2 × 10−13 C cm−2 Oe−1 for H ≤ 100
Oe. With φf iller ≈ 10−2, φmatrix ≈ 1, d33 ≈ −30 pm V−1 and EY ≈
2 GPa, then λ∂

∂( )H E
≈ 3 × 10−6 Oe−1. Thus, λ(H = 100 Oe, E =

0) ≈ 300 × 10−6 for B-10 is estimated.
For C-10, the range for linear variation of α with H was

found also for H ≤ 100 Oe with α ≈ 5 × 10−13 C cm−2 Oe−1

and λ(H = 100 Oe, E = 0) ≈ 700 × 10−6. These crude
estimations (λ ∼ 102 ppm at low H) are in the order of
magnitude reported previously for related composites.36

It is also interesting to compare the ME coupling of BiFeO3
in styrene−butadiene−rubber (SBR) and PVDF. In BiFeO3/
SBR composites, the coupling is always positive, P increases
with H, although it was only clearly observed in samples that
were electrically or magnetically poled during preparation (and
for W ≥ 50).8 In those poled BiFeO3/SBR composites there is
an almost linear increase of PR with H, while for BiFeO3/PVDF
and CoFe2O4/PVDF a decrease in PR was observed which is
not monotonous with H but it reaches a plateau. The different
signs of the magnetoelectric coupling in SBR (positive) and
PVDF (negative) when using BiFeO3 as filler could be
interpreted in the following way. Note that in BiFeO3/SBR it
is α > 0 and d33 > 0, while it is α < 0 and d33 < 0 in BiFeO3/

PVDF, predicting λ∂
∂( )H E

> 0 in both cases from eq 6. This is

interesting since, as it has been mentioned above, there are
many reports of negative magnetostriction are predicted by
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quantum mechanical calculations of the crystalline structure for
CoFe2O4 and BiFeO3. However, the filler particles considered
in the present work are aggregates (∼200−500 nm size)
formed by hundred of nanoparticles (∼30 nm). This is in
agreement with the possibility of large size effects in these
composites, with a possible change of regime form negative
magnetostriction for monocrystals to positive magnetostriction
for aggregates. In fact, important effects on the P−E plots of
functionalized BiFeO3/PVDF have been recently reported by
Mishra et al.32 which may be associated with size and charge
distributions of the dispersed filler.

4. CONCLUSIONS
The main effects of dispersing BiFeO3 or CoFe2O4 particles in
PVDF are (i) to increase the β-phase proportion, (ii) to induce
dipoles and charge distributions, (iii) to increase the P−E
response at low ceramic proportions (low-W group), (iv) to
induce leakage currents above a concentration threshold (high-
W groups), and (v) negative EM coupling at relatively low
proportions of particles is observed.
The effects on the ferroelectric order when adding ferroic

compounds like BiFeO3 or CoFe2O4 is actually an open issue
and still controversial in the literature, since several factors must
be considered with possible opposite effects: perturbation of
the different phases of the polymer, increasing interfaces,
addition of dipoles and charges, etc (see for instance Martins et
al.20). However, our results are very conclusive: addition of
BiFeO3 or CoFe2O4 increases the β-phase proportion and the
dielectric polarization. Dielectric polarization increases up to
filler concentration values where leakage currents induce large
distortions of polarizations curves, avoiding further analysis of
P−E plots and ME effects in the large-W group. This
description is in full agreement with the presented results of
impedance spectroscopy analysis.
The ME constant, α, has opposite signs in BiFeO3/PVDF

and BiFeO3/SBR composites. This is consistent with positive

magnetostriction effects, >λ∂
∂( ) 0

H E
, in both cases.

The negative magneto-electric coupling indicates that the
system can change from a more ferroelectric-like behavior
toward a more paraelectric-like material. This suggests that
application of magnetic fields in systems with large negative
magneto-electric coupling could substantially reduce the
electric hysteresis, erasing the electric memory. That is, the
magnetic field could convert the composite from a ferroelectric
capacitor to a dielectric one. Concerning possible applications,
first it is important to note that the values of P reported here
are in the same order of magnitude than those reported by
other authors, in the range 10−2−10−1 μC cm−2, depending of
filler concentration. But for many practical applications is
necessary to increase P by increasing filler concentration
without increasing leakage currents. In other words, the
challenge for going beyond in applications is to design systems
with improved filler dispersion, increasing its proportion in the
composite while avoiding percolation. For instance, adding
surfactants with different surface charges may favor dispersion
in the matrix. Actually we have added SDS when preparing the
BiFeO3/PVDF composites, but without observing improve in
the dielectric response. Recently Misha et al.36 reported on a
very promising approach based on including a previous step by
hydroxylating the surfaces of BiFeO3 adding hydrogen peroxide
as modifying agent which induce polar functional groups, and
adding the surfactant only after hydroxylation. This kind of

approach must be considered in future works in these
composites.
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