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CoFe,0, nanoparticles embedded in polyvinylidene fluoride-trifluoroethylene (P(VDF-TrFE)) matrix show
suitable properties for practical applications as piezoelectric and magnetoelectric transducers. The knowledge about
the dielectric and electromechanical responses of the multiferroic films in a broad frequency and temperature range
is essential for applicability. The purpose of this work is to investigate the dielectric, ferroelectric and piezoelectric
properties of multiferroic composites based on P(VDF-TrFE) as a host matrix and Co,FeO, as a magnetic filler.
Free-standing films with a different concentration of the filler were investigated. The polarization switching was de-
monstrated for all the compositions. The polarization displacement hysteresis was achieved at different temperatures.
The piezoelectric coefficient d_, is not affected by different concentration of ferrite. On the other hand, the composi-
tion with the largest weight % of Co,FeO, shows higher coercive fields which is not favourable for applications. This
indicates that the optimal content of the filler must be determined and taken into account when optimizing both

ferroelectric and magnetoelectric properties.
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1. Introduction

Over the past decade, multiferroic materials and
their applications are one of the main research
topics in the field of ferroics. Such materials have
a huge potential for the next generation multifunc-
tional devices []. These systems show a simul-
taneous existence of two or more ferroic orders,
and a cross-coupling between them. The coupling
can appear between magnetic spins, polarization,
ferroelasticity and even ferrotoroidicity [Iﬂ].
Single-phase materials with strong cross-cou-
pling properties are desired although they are rare
in nature. Moreover, coupling appears only at low

temperatures, which reduces applicability of such
materials [E].

The composite approach offers a large poten-
tial for technological optimization due to many
degrees of freedom in the device design, such as
the choice of piezoelectric and magnetostrictive
materials, their simple production process, and
their three-dimensional arrangement [E]. This
magnetoelectric (ME) product property leads to
output signals at room temperature many orders
of magnitude higher than in a single-phase ma-
terials and therefore is very attractive for techno-
logical applications such as magnetic field sen-
sors, nonvolatile memory elements, ferroelectric
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photovoltaics, nanoelectronic and biomedical

fields ([l B, f-

Multilayer magnetostrictive/piezoelectric thin
films as well as bulk or laminate composite mate-
rials have attracted growing attention due to their
high ME coupling. However, these laminated and
ceramic composites have some limitations such
as low resistivity and high dielectric losses which
make them not so viable for device miniaturiza-
tion and fabrication [E, E, E]. Furthermore, to sim-
plify the preparation process as well as to avoid
the problem of inter-diffusion between the pi-
ezoelectric and magnetostrictive phases, it is also
important to select materials, which require sig-
nificantly lower processing temperatures [E]. In
this context, polymer based ME nanocomposites
which can overcome the flaws of the abovemen-
tioned structures are an interesting, challenging
and innovative research field and most probably
will bridge the gap between fundamental research
and applications in the near future [H, @]. In these
ME nanocomposites, where magnetostrictive
nanoparticles are introduced in a piezoelectric
polymer matrix, the mechanical deformation of
the magnetostrictive phase results in polarization
variations in the piezoelectric phase [[L1]].

Polyvinylidene fluoride (PVDF) and its copol-
ymers are the most suitable for the preparation of
ME composites since they possess the largest die-
lectric constant and piezoelectric response among
polymers [E, ]. Additionally, due to the chemi-
cal inertness, PVDF-based materials are suitable
for applications in relatively harsh conditions [].

Concerning the magnetostrictive phase of
polymer-based ME composites, CoFe,O, has been
preferably used due to its large magnetostrictive
coeflicients, high Curie temperature and chemical
stability @, ]. Resulting from these interesting
properties, the high ME coupling of ferrite-PVDF
composites has been already reported and often
discussed [, ].

It is crucial for applications to study dielectric
and ferroelectric properties of nanocomposites vs
external stimuli (i.e. frequency and temperature) be-
cause these properties determine the performance
of ME materials in telecommunications, electronics,
biomedicine and some other fields [, ]. No pre-
vious studies can be found in the literature regarding
the temperature dependences of those responses of
CoFe,O,/P(VDF-TrFE) nanocomposites.

In this work, the preparation of CoFeO,/
P(VDEF-TrFE) nanocomposites with a high dielec-
tric permittivity and an enhanced ferroelectricity/
piezoelectricity is reported. Additionally, the influ-
ence of ferrite content, frequency and temperature
on such properties is presented.

2. Experiment

P(VDF-TrFE) powder was obtained from Solvay
Solexis, CoFe,O, nanoparticles (35-50 nm) were
purchased from Nanoamor and N,N-dimethylfor-
mamide (DMF) pure grade solvent was purchased
from Fluka.

CoFe,0,/PVDF nanocomposites with CoFe,O,
content ranging from 5 to 11 weight percentage
(wt.%) were prepared with an addition of co-
balt ferrite nanoparticles into DMF and placing
the mixture in an ultrasonic bath for 8 hours.
Such ferrite contents have been chosen due to
their high piezoelectric and ME responses [@,
]. P(VDF-TrFE) powder was then added and
its solution was mixed using a Teflon mechani-
cal stirrer in the ultrasonic bath until the polymer
was completely dissolved. Films were obtained by
spreading the solution on a clean glass substrate.
The solvent evaporation was achieved by heating
the films (10 minutes) in an oven at 210 °C. Con-
sequent cooling to room temperature (=25 °C)
led to polymer crystallization. Thus, free-standing
flexible films (=50 ym) were obtained by detach-
ing from the glass substrate.

Dielectric characterization of P(VDF-TrFE)/
CoFe,O, nanocomposites was performed using
two different experimental techniques. The inves-
tigation in the 20 Hz - 1 MHz frequency range was
performed with a HP-4284A LCR meter. The ca-
pacitance and loss tangent (tan §) were measured.
The complex dielectric permittivity was calculated
according to the parallel plate capacitor model.

At frequencies above 1 MHz, the inductance of
the conventional measurement setup becomes im-
portant and cannot be neglected. Thus, the mea-
surements at 1 MHz - 1 GHz frequencies were
performed with an Agilent 8714ET vector net-
work analyser. The samples were placed at the end
of the coaxial line and the complex reflection coet-
ficient was measured. The complex dielectric per-
mittivity can be obtained according to the trans-
mission line theory.
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Dielectric data was measured in the 150-400 K
interval. Keithley Integra 2700 multimeter equipped
with either a T type thermocouple or a 100 Q plati-
num resistor was used to measure the temperature.

Polarization and displacement hysteresis loops
were measured with an aixACCT TF2000 system
with external voltage supply up to 4 kV. To obtain
polarization hysteresis, the current was measured,
and after integration, the polarization was ob-
tained. The displacement was measured by a sin-
gle beam interferometer. All the experiments were
carried out at temperatures from 200 to 400 K.

3. Results and discussion

In order to understand the underlying relaxa-
tion behaviour in the produced multiferroic na-
nocomposites, isothermal frequency dependent
measurements at different temperatures (Fig. )
were performed. Such experimental data reveals
whether the degradation of the electrical proper-
ties of a polymer matrix occurs. The degradation
might manifest in several cases in frequency de-
pendences. The most common and most frequent-
ly encountered sign is an increase of the electrical
conductivity. For particular applications, the in-
crease of conductivity is desirable, but in our case,
it could be considered as degradation because
the aim of this work is to produce the composites
for piezoelectric and magnetic applications. It is
known that in ceramic-ferrite composites (i.e.
BaTiO,-NiFe,O, []) the electrical conductivity

varies quite drastically with respect to the con-
centration of ferrite. The largest effect is usually
observed at lower frequencies. In our case the im-
aginary part of complex dielectric permittivity
(which is related to conductivity) at room tem-
perature does not show increase with the decrease
of frequency. The same tendency is observed for
all the investigated samples where the value of
dielectric losses (the imaginary part of complex
dielectric permittivity) remains the same. Fur-
thermore, the real part of complex dielectric per-
mittivity shows only a slight increase that might
be related to a particular relaxation of a polymer
matrix. The Maxwell-Wagner relaxation appears
only at elevated temperatures. Most likely, it is re-
lated to the electrode-composite interface and is
not an internal property of nanocomposites. Thus
we can strongly state that the conductivity of our
composites is not affected by different filler con-
centration.

An important issue is the dispersion of fill-
ers in the polymer matrix. The homogeneity of
the fillers can be reflected in dielectric spectra as
well. PVDF-TrFE has the well-known relaxation
which is related to the micro Brownian coopera-
tive motions of the main chain backbone and is
a dielectric manifestation of the glass transition
temperature of PVDF and PVDF-TrFE copoly-
mers []. In addition, earlier works showed
that the crystallinity content of PVDF-based com-
posites varies with the filler type and content [@].
One would expect that the dynamics of such
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Fig. 1. Frequency dependence of the complex dielectric permittivity of nano-
composites with CoFe O, content of (a) 5 wt.%, (b) 7 wt.% and (c) 11 wt.%.
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systems should alter as well. Again, that is not our
case because the characteristic frequency (i.e. fre-
quency at which the imaginary part of dielectric
permittivity has maximum) is nearly the same for
all investigated nanocomposites at different tem-
peratures.

The only difference which can be observed is
the value of static dielectric permittivity of nano-
composites. But it is only visible at higher temper-
atures. In order to clearly illustrate the difference,
the temperature dependences at different frequen-
cies are depicted in Fig. @ The temperature region
150-350 K has concentration independent dielec-
tric permittivity. The distinction between the in-
vestigated nanocomposites appears above 350 K.
This behaviour can merely be explained by the ef-
fective medium theory. It is known that the per-
mittivity of ferrites is of order 10. At lower temper-
atures PVDF-TrFE has the dielectric permittivity
comparable to that of cobalt ferrite, thus the effec-
tive permittivity of the composite is the same de-
spite the filler concentration. The drastic increase
of the permittivity of PVDF-TrFE vs temperature
leads to the change of the effective permittivity.
This is clearly seen above 350 K - the nanocom-
posite with the largest concentration of cobalt fer-
rite has the lowest permittivity. This effect is ob-
served in all frequencies.

Finally, all the P(VDF-TrFE)-CoFe O, com-
posites under investigation have the same char-

acteristic anomalies which are purely related to
the PVDF-TrFE matrix. These broad dielectric
loss peaks below 300 K (Fig. ) are known as
the fB-relaxation process [[19-21]] and usually re-
ferred to the glass transition of P(VDF-TrFE) co-
polymer. The behaviour of this anomaly is char-
acteristic of the ones observed in semicrystalline
polymers [@]. In contrast to that, in polymers like
polydimethylsiloxane (PDMS) this dynamic glass
behaviour is referred to as a primary « relaxation,
due to a relatively large-scale cooperative motion
of many backbone segments in the amorphous
phase [é, @]. It also exhibits the Vogel-Fulcher
freezing. The dielectric dispersion of the imagi-
nary part of complex dielectric permittivity has
been observed in the P(VDF-TrFE) based compo-
sites below (Fig. @(a, b)) and above (Fig. (c)) their
Curie temperature (350 K), the temperature of
the second anomaly. This is the ferroelectric phase
transition of the first order. It is clearly visible that
no significant temperature shifts of the anomalies
exist in the data of different composites. This data
hints that ferroelectric properties of PVDF-TrFE
are not hindered by ferrite inclusions.

Electric field dependent polarization (E-P)
and electric field dependent displacement-(E-
D) hysteresis loops were measured at 1 Hz on all
the samples (Fig. B). Distinct loops were observed
for different composite films due to the varia-
tions in the content of CoFe,O, nanoparticles on
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Fig. 2. Temperature dependence of the complex dielectric permittivity of nanocompos-
ites at (a) 100 kHz, (b) 1 MHz and (c) 250 MHz.
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Fig. 3. Temperature effect on the electric field-polarization (E-P) hysteresis loops and elec-
tric field-displacement (E-D) hysteresis loops for the composites with CoFe O, content of

(a) 5 wt.%, (b) 7 wt.% and (c) 11 wt.%.

the composite. The E-P loops indicate the change
of polarization with an applied electric field as
the chains in the crystal lamellae undergo rota-
tion and are, therefore, closely related to electro-
mechanical performance [@].

Figure H reveals that the saturation polarization
increases with increasing filler content in the ma-
trix. This enhancement in the maximum polariza-
tion value of polymer/ferrite nanocomposites can
be explained by two theories: on the one hand,
ferrite CoFe,O, nanofillers may introduce addi-
tional free charges required to compensate and
stabilize the polarization domain. If the free char-
ges are present in the composite, hysteresis loops
are modified. This is observed for the 11 wt.%
composite - the switching exists in the compos-
ite but it is not as ideal as loops with lower con-
centration of ferrites (i.e. the loops have a round
top and bottom which indicates the contribution
of conductivity or charge separation). The tilting
of the ferroelectric loops in 11 wt.% composites
can be related to an inhomogeneuos distribution
of fillers in the polymer matrix and resulting scat-
tering of the electric field. On the other hand, fer-
rites can act as heterogeneous nucleation centres
for ferroelectric domains during the polarization
process [@]. Furthermore, large interfacial areas
in the composites containing nanoscale fillers
stimulate the exchange coupling effect through

a dipolar interface layer and this results in higher
polarization states and dielectric responses [g@].
Additionally, Fig. H reveals that as temperature in-
creases, the hysteresis loops become narrower and
the polarization saturates at lower voltages, cor-
responding to a decrease in coercive field. Unfor-
tunately, the increase of coercive field is observed
when the concentration of inclusions is increased
(Fig. @(a)). Usually, the addition of inclusions to
the PVDF matrix is performed in order to lower
the coercive field of the material. This was succes-
stully performed with the inclusions of PZT based
nanoparticles to PVDF-TrFE [@].

An excellent switching behaviour was obtained
for the 5 and 7 wt.% samples. This can be observed
at higher temperatures. It is important to note that
at lower temperatures we did not have sufficient
voltage to get the full hysteresis (usually to ob-
serve the full hysteresis you need fields 1.5 times
larger than the coercive field), although the peak
in the current vs field graph is still observed. This
fact leads to a slightly false temperature depend-
ence of remanent polarization (Fig. @(c)).

In addition to the E-P field hysteresis loop,
the polarization switching by electric field in fer-
roelectric materials leads to the electric field-dis-
placement (E-D) hysteresis, as shown in Fig. E

Such E-D hysteresis loop, also known as a but-
terfly loop, is due to three types of effects. One is
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Fig. 4. Temperature effect on (a) coercive field; (b) piezoelectric response (d,,) and (c) re-

manent polarization.

the normal converse piezoelectric effect of the lat-
tice, and the other two are due to switching and
movement of walls between the zones with homo-
geneous polarization [@].

The coercive field exhibits a decrease with in-
creasing temperature as expected by the Landau-
Ginzburg (LG) phenomenology of the first-order
phase transitions [@]. Finally, the piezoelectric
response of the multiferroic composites increases
with temperature due to the increased mobility of
the molecular dipoles in the polymer [@, @]. It is
worth noting that the piezoelectric behaviour is sim-
ilar in all the composites. Temperature dependence
of a large signal d,, coeficient ascertains this fact.

4. Conclusions

CoFe,0,/PVDF magnetoelectric nanocomposites
have been prepared, with CoFe,O, contents rang-
ing from 5 to 11 wt.%, by solvent casting. Aiming
to meet practical application needs, the influence
of temperature, frequency and ferrite content on
the dielectric, ferroelectric and piezoelectric re-
sponses of magnetoelectric CoFe,O, nanocom-
posites has been studied.

No substantial differences were observed
on the ¢ and &" values for frequencies low-
er than 100 kHz. For higher frequencies
(100 kHz - 250 MHz) and at temperatures rang-
ing from 150 to 400 K a different trend was ob-
served, the €' and ¢" values are higher on the com-
posite with 5 wt.% of ferrite content and lower in
the composites with 11 wt.%, indicating that for
those high frequencies the CoFe O, nanoparticles
decrease the dielectric response of the composites.

For all compositions increasing temperature
leads to lower coercive fields and higher piezo-

electric and polarization values reaching excel-
lent values for applications at temperatures up to
370 K.
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Santrauka

Polivinilideno fluorido-trifluoroetileno (PVDEF-TrFE)
kopolimerai, palyginti su kitais polimerais, pasizymi
geriausiomis pjezoelektrinémis savybémis. Darbe tyri-
néjamas kompozity, pagaminty PVDEF-TrFE ir kobalto
ferito pagrindu, dielektrinis ir pjezoelektrinis atsakas.
Dviejy faziy multiferoikai — perspektyvios medziagos,
taciau feroelektrinés ir magnetinés faziy funkciona-
lumg tokiose medziagose realizuoti labai sunku. Visy
pirma jtakos turi $iy kompozity homogeniskumas,
sandury tarp skirtingy faziy savybés. Dél $ios priezas-
ties butina tyrinéti elektrinj ir elektromechaninj tokiy

inovatyviy kompozity atsakg. Tyrimai leidzia nustatyti
uzpildo jtaka polimero matricai.

Dielektriniai tyrimai atskleidé, kad dalelés pasi-
skirs¢iusios polimerinéje matricoje homogeniskai,
nepastebéta parazitiniy relaksacijy dél nekokybisky
sandary tarp ferito ir polimero. Pjezoatsakas ir fe-
roelektrinés histerezés yra palyginamos su grynuoju
PVDF-TrFE polimeru. Tai reiskia, kad dél papildomy
atsiradusiy sandiry polimero savybés nedegraduoja,
elektrinés ir pjezoelektrinés savybés islieka nepakitu-
sios. Sis rezultatas labai svarbus tolimesnei dvifaziy
multiferoiky raidai.
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