View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Universidade do Minho: RepositoriUM

Tailored magnetic and magnetoelectric response of

polymer-based composites

P. Martins"", Yu. V. Kolen’ko’, J. Rivas®3, and S. Lanceros-Mendez""

! Centro/Departamento de Fisica, Universidade do Minho, 4710-057 Braga, Portugal.

2 International Iberian Nanotechnology Laboratory, Av. Mestre José Veiga, 4715-330 Braga,
Portugal

3 Centro/Departamento de Quimica Universidade do Minho, 4710-057 Braga, Portugal.
Nanomag Laboratory, Department of Applied Physics, Technological Research Institute

University of Santiago de Compostela. 15782 Santiago de Compostela, Spain

KEYWORDS: magnetoelectrics, nanoparticles, polymer-based, magnetostriction, multiferroic


https://core.ac.uk/display/55639093?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

ABSTRACT

The manipulation of electric ordering with applied magnetic fields has been realized on
magnetoelectric (ME) materials, however, their ME switching is often accompanied by significant
hysteresis and coercivity that represents, for some applications, a severe weakness. To overcome
this obstacle, this work focus on the development of a new type of ME polymer nanocomposites
that exhibits tailored ME response at room temperature. The multiferroic nanocomposites are
based on three different ferrite nanoparticles, Zno>MnosFe;O4 (ZMFO), CoFe>O4 (CFO) and
Fe304 (FO), dispersed in a piezoelectric co-polymer poly(vinylindene fluoride-trifluoroethylene),
P(VDF-TrFE), matrix. No substantial differences were detected on the time-stable piezoelectric
response of the composites (= -28 pC.N!) with distinct ferrite fillers and for the same ferrite
content of 10wt.%. Magnetic hysteresis loops from pure ferrite nanopowders showed different
magnetic responses. ME results of the nanocomposite films with 10wt.% ferrite content revealed
that the ME induced voltage increases with increasing DC magnetic field until a maximum of 6.5

!, at an optimum magnetic field of 0.26 T, and 0.8 mV-cm -Oe™!, at an optimum

mV-cm -Oe”
magnetic field of 0.15T, for the CFO/P(VDF-TrFE) and FO/P(VDF-TrFE) composites,
respectively. On the contrary, the ME response of the ZMFO/P(VDF-TrFE) exposed no hysteresis
and high dependence on the ZMFO filler content. Possible innovative applications such as

memories and information storage, signal processing, ME sensors and oscillators have been

addressed for such ferrite/PVDF nanocomposites.



Introduction
Magnetoelectric (ME) materials, characterized by the coupling between the magnetic and the
electronic orders of matter, have drawn high interest due to the scientific and technological
importance in performing a change of the electric polarization upon applying a magnetic
field (direct ME effect) or to obtain a change of magnetization under an electric field
(indirect ME effect)!2. Two ways have been explored for this coupling: single-phase ME
materials and the development of ME composites, in which magnetostrictive and
piezoelectric materials are mechanically coupled*®. Single-phase ME materials, also
known as intrinsically ME materials, typically show a low temperature and small ME
coupling, hindering in this way their incorporation into technological applications’®. On
the other hand, in the case of multiferroic composite materials with an extrinsically ME
effect, the magnetic field induces a dimensional change in the magnetostrictive material
that is transferred to the adjacent piezoelectric material, which in turn undergoes a
mechanically induced change in its polarization*. This ME-product property leads to output
signals at room temperature that are many orders of magnitude higher than in single-phase
materials, making the products attractive for device application*. Such composite materials
can be ceramic or polymer-based* 1°. Although ceramic-based ME materials reveal ME
coefficients three orders of magnitude higher than the ones present in polymer-based ME
materials*'*2, piezoelectric ceramics are limited by reactions at the interface regions,
feature low electrical resistance and high dielectric losses, not allowing workable device
applications®*. Alternatively, polymer-based ME materials®® have attracted large interest
since strain coupling typically does not deteriorate with operation, have a facile, cheap,

low-temperature and scalable production methods compatible with industrial requirements



are flexible structures without large leakage currents, can be fabricated into a variety of

forms, such as thin sheets or molded shapes, can exhibit optimized tailored mechanical

properties and in some cases biocompatibility® 4,
Two main types of polymer-based ME composites can be found in the literature: laminated
composites and nanocomposites®. Despite the highest ME response of P(VDF-TrFE)/CoFe;04
nanocomposite®® (42 mV-cm '-Oe™!) being four orders of magnitude lower than the ME response
(383 V-cm '-Oe™!) reported for P(VDF-TrFE)/Metglas 2605SA1 laminates, its flexibility, simple
fabrication, easy shaping, the possibilities of miniaturization and/or to produce large uniform areas
and the absence of degradation at the piezoelectric/magnetostrictive interface are obvious
advantages of nanocomposites® 1617,
Recent results have demonstrated the potential applications of polymer-based ME nanocomposites
in prototype devices®. In particular, strong efforts are being made to develop devices such as energy
harvesters, transducers, actuators, memories, low temperature spintronics or magnetic sensors 3 &
19 ME magnetic sensors have enormous potential as by-products related to magnetic sensors:
electric current sensors, speed sensors, angular sensors, electronic steering, throttle control, battery
management, vehicle transmission, digital compasses, and GPS devices are just some examples
and many of them are already being studied?.
Nevertheless, non-negligible rate-independent memory effects (hysteresis) observed in most of the
already developed polymer-based ME materials impact the performance of the final devices and
could represent a severe drawback in their development?®-22, Additionally the development of ME
materials with no magnetic coercivity and hysteresis allow the development of sensors with low
noise and high sensitivity, two fundamental requirements for their incorporation into technological

devices?>24. Thus, in order to enhance the application potential of polymer-based ME materials



as magnetic sensors, there is a need to develop polymer-based ME materials with tailored magnetic
hysteresis or coercivity?%-2,

Herein, magnetostrictive Zno2Mng gFe>04 (ZMFO), CoFe204 (CFO) and FesO4 (FO) nanoparticles
have been synthesized and introduced into a piezoelectric poly(vinylidenefluoride-co-
trifluoroethylene) (PVDF-TrFE) matrix, aiming at obtaining polymer-based ME composite
materials with tailored ME response. ZMFO and FO have been selected due to their
magnetostriction values (A=1 and 25 ppm, respectively?®?%) and absence of magnetic hysteresis
and coercivity? 2% CFO (=220 ppm?®) was used in order to evaluate the influence of the
magnetic hysteresis and coercivity in the ME response of the polymer-based composite. PVDF-
TrFE was used as the piezoelectric phase since it shows one of the highest piezoelectric responses
among the small class of polymers that exhibit piezoelectricity® 22. Additionally, when crystallized
from the melt this PVDF copolymer crystallizes in the piezoelectric phase, which is an essential
factor for the preparation of ME composites®®.

Experimental

Starting materials

FeCls-6H20 (99%), ZnCl, (98%), MnCl2-4H20 (99%), NiCl2 (98%), CoCl2.6H.0 (98%),
FeCl2-4H20 (99%), sodium oleate (82%), aqueous NH4OH solution (28-30%), and cyclohexane
(99.8%) were purchased from Sigma-Aldrich; ethanol (96%) was purchased from Carlo Erba
Reagents. N,N-Dimethylformamide (DMF, pure grade) was supplied by Fluka and P(VDF-TrFE)
was supplied by Solvay Solexis. All chemicals were used as received without further purification.

Ultrapure water was produced using a Milli-Q Advantage A10 system (Millipore).



Synthesis of ferrite nanoparticles

The ZMFO, CFO and FO ferrite nanoparticles were synthesized using a hydrothermal method?>!.
Briefly, 14 mmol of Fe3* precursor and 8 mmol of M?* precursor (M = Zn/Mn, Co, Fe) were
dissolved in 10 mL of Milli-Q water. A solution containing 0.5 g of sodium oleate dissolved in 10
mL of water was slowly added, following by a fast addition of 15 mL of concentrated ammonia
solution. The hydrothermal treatment was performed at 200 °C for 1 day. The product of the
treatment was collected by decantation, thoroughly washed with water and dried overnight at RT
under reduced pressure (=0.08 MPa). The resulting dry powder was re-dispersed in cyclohexane
and centrifuged at 3 000 rpm for 10 min. Two products were obtained: a colloidal solution of small
ferrite nanoparticles and precipitated large ferrite nanoparticles. The research described below is
performed only using the latter. The centrifuged precipitate was dried at RT under reduced pressure

and, finally, was homogenized in an agate mortar using a pestle.

Composite preparation

The desired amount of the magnetostrictive phase (ZMFO, CFO and FO) was added into DMF
and placed in an ultrasound bath for 8 h in order to ensure a good dispersion of the nanoparticles.
P(VDF-TrFE) polymer was then added and mixed during 2 hours with the help of a mechanical
Teflon stirrer in an ultrasound bath to avoid magnetic agglomeration during the mixing process.
After that, the solution was spread on a clean glass substrate and solvent evaporation/samples
crystallization was performed inside an oven at 210 °C for 10 min. Polymer crystallization was
stopped by cooling down films to room temperature. At the end of the process, the =50 pm thick
films were peeled from the glass substrate. Flexible ME composite films were thus prepared with

10% weigh content (wt.%) of nanoparticles since obtaining films with good ME coupling and



flexibility is expected with such a ferrite content 2> 32, Additionally ZMFO/P(VDF-TIFE)
composite films with 20 and 50 wt.% ferrite content were also prepared in order to evaluate the
effect of the nanoparticle content in the piezoelectric, magnetic and ME response of the these

composites.

Materials Characterization

Transmission electron microscopy (TEM) studies were performed using probe aberration-
corrected Titan ChemiSTEM (FEI) electron microscope, operated at 200 kV. The average size of
nanoparticles was estimated using the Image J software by counting more than 350 nanoparticles.
Powder X-ray diffraction (XRD) data were collected on a X’Pert PRO diffractometer
(PANalytical) set at 45 kV and 40 mA, and equipped with Cu Ke radiation (A=1.541874 A) and a
PIXcel detector. Poling of the membranes was achieved, after an optimization procedure, by
corona poling at 10 kV during 120 min at 120 °C in a home-made chamber and cooling down to
room temperature under applied electric field. The piezoelectric response (ds3) of the samples was
analyzed with a wide range dss-meter (model 8000, APC Int Ltd).

Magnetic hysteresis loops were measured at room temperature using an ADE 3473-70
Technologies vibrating sample magnetometer (VSM).

In order to obtain the out-of-plane ME coefficient azs (the first index indicating the collinear
ferroelectric poling and electrical measurement directions and the second indicating the applied
magnetic field direction), a DC and AC magnetic field were applied along the direction of the

electric polarization of the composites, i.e., perpendicular to the surface.



The AC driving magnetic field of 1 Oe amplitude at ~6 kHz (resonance of the composite) was
provided by a pair of Helmholtz coils and the DC field with a maximum value of 0.5 T was applied
by an electromagnet.

The resonance frequency (fr) of the composites was determined by equation 1:

t =2 JETp (1)

T
where n, Ey and p are the harmonic mode order, in-plane Young's modulus and density of the
composites, respectively.
The induced ME voltage was measured with a Standford Research Lock-in amplifier (SR530).
Circular 1.4 mm-diameter gold electrodes were sputtered on opposite sides of the samples prior to

the ME characterization.

I1l. RESULTS AND DISCUSSION
In order to study the morphology and size of nanoparticles, TEM images and XRD patterns of the
ferrite nanoparticles are shown in Figure 1. The average diameter of the nanoparticles was

obtained from TEM images.
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Figure 1. a) TEM image of CFO nanoparticles; b) size distribution of CFO nanoparticles; c)
TEM image of FO nanoparticles; d) size distribution of FO nanoparticles; ¢) TEM image of
ZMFO nanoparticles; and f) size distribution of ZMFO nanoparticles. Insets: corresponding X-

ray diffractions patters for each nanoparticle.

TEM images show a spherical shape of all the synthesized nanoparticles with average diameters
of 9, 15 and 20 nm for the ZMFO, CFO and FO and ferrites, respectively.

Since the size of both ZMFO and FO nanoparticles is below the superparamagnetic limit (25 nm*?)
and that of CFO is above the superparamagnetic limit (10 nm33), superparamagnetic behavior
should be just observed in the ZMFO/P(VDF-TrFE) and FO/P(VDF-TrFE) nanocomposites.
Additionally, the size range found on the nanoparticles have no influence on the mechanical and
ME response of the nanocomposites®® 3.

Inthe XRD patterns of all ferrite nanoparticles no peaks corresponding to impurities were detected.
Additionally, the narrow sharp peaks reveal the high purity of the synthesized ferrites*. All the

ferrites have inverse cubic spinel structure with space group Fd-3m ¢,
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In the ferrite/P(VDF-TrFE) composites, the ME effect is generated as a product property between
magnetostrictive and piezoelectric phases and, therefore, a high piezoelectric coefficient of the
polymer matrix will favor a large ME coupling®’. The variations of the modulus (the das is negative
for PVDF and copolymers) of the piezoelectric |das| coefficient with the ferrite type and content as

well as it stability over time is represented in Figure 2.
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Figure 2. a) Variation of the ferrite/P(VDF-TrFE) |dss| value with ferrite type and ZMFO

content; b) Evolution of the ferrite/P(VDF-TrFE) |dss| coefficient over time.

Figure 2a shows the correlation between the piezoelectric response of the composites and the
ferrite type and content. No substantial differences are detected in the piezoelectric properties of
composites with distinct ferrite fillers for a given ferrite content (10wt.%). This is expected as the

piezoelectricity is fully ascribed to the polymer. As ZMFO ferrite concentration increases, the
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piezoelectric response increases until a maximum value =28 pC N! at a concentration of 10 wt%
ferrite content. For higher concentrations, the piezoelectricity decrease to values =18 pC N!
(similar behavior was found for the other ferrite composites). The presence of the ferrite
nanoparticles (until 10 wt.%) improves the piezoelectric properties of the composites due to strong
electrostatic interactions between nanoparticles and polymer at the interface regions with strong
coupling and improved transduction properties®®3°. Higher contents of ferrite nanoparticles
decrease the piezoelectricity of the composite due to a slight disruption of the connectivity of the
polymer matrix related also with the existence of particle agglomerates?> 32, Figure 2b reveals that
the piezoelectric response of all composites is stable over time until at least two months.

With respect to the magnetic properties, Figure 3 shows the magnetization loops of the different

ferrite nanoparticles and for all composites with 10wt.% ferrite content.
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Figure 3. a) Room temperature hysteresis loops for the pure ferrite nanoparticle powders; b)
Room temperature hysteresis loops for the ferrite/P(VDF-TrFE) composites with 10 wt.%

ferrite content.

Hysteresis loops of the pure ferrite nanopowders reveal the expected distinct magnetic behaviors

(Figure 3a) of the different nanoparticles: while CFO develops a hysteresis loop with coercivity
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of =0.25 T, 30 emu-g ! remanence and reaches a maximum magnetization of 61 emu-g ' ata 1T
applied magnetic field, ZMFO and FO show almost a complete absence of hysteresis, remanence
and coercivity. For these two ferrites, room temperature is above the blocking temperature and the
magnetic moment of the particle is free to rotate in response to the applied magnetic field*> 4,
resulting in the magnetization at 1T 77 emu-g~' and 38 emu-g~' for the ZMFO and FO powders,
respectively. The shape and maximum magnetization values of the measured hysteresis loops for
the multiferroic composite samples (Figure 3b) demonstrate that magnetic particles are randomly
oriented within the polymer matrix *°. Additionally, the maximum magnetization of 3.8, 6.1and
7.7 emug! found for FO/P(VDF-TrFE), CFO/P(VDF-TrFE) and ZMFO/P(VDF-TrFE)
composites, respectively, with 10 wt.% ferrite content reveal that nanoparticles are well distributed
and dispersed and that maximum magnetization value is directly proportional to the amount of
nanoparticles inside the polymer-based composite® 32 3%, The inset in Figure 3b shows thus a
linear increase in the magnetic response with increasing ZMFO content.

Figure 4a shows the variation of the ME voltage coefficient with the DC magnetic field for the
different ferrite/P(VDF-TrFE) composites with 10 wt.% ferrite content, measured under an AC

field of 1 Oe at 6 kHz frequency.
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Figure 4. a) ME coefficients as a function of the bias field for the ferrite/P(VDF-TrFE)
composites with 10 wt.% ferrite content. Insets are magnifications of the ZMFO and FO

composite responses; b) ME coefficient as a function of the ZMFO ferrite content.

It can be observed that the induced voltage increases with increasing DC magnetic field until a
maximum of 6.5 mV-cm '-Oe™! (at an optimum magnetic field of 0.26 T) and 0.8 mV-cm '-Oe !
(at an optimum magnetic field of 0.15 T) for the CFO/P(VDF-TrFE) and FO/P(VDF-TrFE)
composites, respectively. Such behavior is explained by the increase of the effective
piezomagnetic coefficient until the optimum DC magnetic field is reached. With further increase
in the DC magnetic field, a decrease in the induced voltage is observed for both composites
resulting from the saturation of the magnetostriction coefficient***3. Additionally, the ME
response found for the CFO/P(VDF-TrFE) composites show an hysteretic behavior related to the
magnetic hysteresis observed in Figure 3.

On the other hand, the ME response of the ZMFO/P(VDF-TrFE) composite shows a linear
behavior as a consequence of the increasing piezomagnetic behavior with increasing DC magnetic
field and due to the unsaturated magnetostriction until 0.5 T 2°.

Figure 4b shows the ME response of the ZMFO/P(VDF-TrFE) nanocomposites at a bias field of
0.5 T with increasing ferrite loading. The linear increase in the ME voltage is explained by the
increase in the magnetostriction related to the increase of the magnetostrictive phase®2.

Whereas in memory applications and information storage ME hysteresis found on CFO/P(VDF-
TrFE) composites allows for non-volatility, in devices such as ME sensors and oscillators
hysteresis is responsible for losses and gives rise to detrimental side effects such as low precision,
drift and asymmetric oscillation?!. In this way, the linear, non-hysteretic ME response and the

4uV/Oe magnetic field sensitivity found for ZMFO/P(VDF-TrFE) composites allows to obtain
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sensors and oscillators with low noise and high sensibility, two fundamental requirements in order
to allow their incorporation into devices?2* 44,

Recently, there has been interest in using the non-linear ME effect, such as the one found on
FO/P(VDF-TrFE) composites, on signal processing. For example, non-linear ME interactions
allow the realization of active mode ME sensors which can modulate weak low-frequency signals
to a higher frequency bandwidth?.

Since the ME effect in polymer composites can be suitably described by *6-7;

~a-°F (d31p aH, d”p% = gH,, @
where Le and ddHHm are given by:
e oy K
dH B 3§p
dH (1—¢)[z:m +‘;'\H/':j+(2+¢)§p ?

(p and m indicating the piezoelectric and magnetostrictive phase respectively; dsn the piezoelectric
coefficients; ¢ the dielectric constant, ¢ the volume fraction of the magnetostrictive component;
T and H the stress and applied magnetic field, respectively; & the magnetic permeability and M the
magnetization) the ME voltage coefficient, as3, in these composites can be further increased by
increasing filler content, ¢, dielectric constant of the composite, &, or by suitably modifying the

elastic modulus 480,
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Conclusions

Magnetostrictive ZMFO (9 nm), CFO (15 nm) and FO (20 nm) nanoparticles have been
synthesized using a hydrothermal method and introduced into a piezoelectric P(VDF-TrFE)
matrix, obtaining multiferroic polymer nanocomposites produced by a simple solvent casting
method.

Time-stable piezoelectric response of composites (= —28 pC N ') was observed with distinct ferrite
fillers and with the same ferrite content (10wt.%).

While CFO presents hysteresis loop with coercivity of 0.25 T, 30 emu-g~' remanence and reaches
a maximum magnetic moment of 61 emu-g~' at a 1T applied magnetic field, the ZMFO and FO
revealed no hysteresis, no remanence and no coercivity. The shape and magnetization maximum
values of the measured hysteresis loops for the multiferroic composite are fully determined by the
ferrite content and type. Composite films with 10wt.% of ferrite content showed that the ME
coefficient increases with increasing DC magnetic field until a maximum of 6.5 mV-cm -Oe™!
and 0.8 mV-cm -Oe! for the CFO/P(VDF-TrFE) and FO/P(VDF-TrFE) composites,
respectively. In contrast, the ME response of the ZMFO/P(VDF-TrFE) revealed a linear response,
without hysteresis and proportional to the content of the ZMFO nanoparticles. Thus, the different
properties of the developed ferrite/P(VDF-TrFE) composites fulfill a wide range of ME responses

leading to potential incorporation into innovative technological devices.
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