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Abstract

Transition metal ferrites such as CoFe,Q,, possessing a large magnetostriction coefficient and high Curie temperature

(T. > 600 K), are excellent candidates for creating magnetic order at the nanoscale and provide a pathway to the
fabrication of uniform particle-matrix films with optimized potential for magnetoelectric coupling. Here, a series of 0-3
type nanocomposite thin films composed of ferrimagnetic cobalt ferrite nanocrystals (8 to 18 nm) and a ferroelectric/
piezoelectric polymer poly(vinylidene fluoride-co-hexafluoropropene), P(VDF-HFP), were prepared by multiple spin coating
and cast coating over a thickness range of 200 nm to 1.6 um. We describe the synthesis and structural characterization of
the nanocrystals and composite films by XRD, TEM, HRTEM, STEM, and SEM, as well as dielectric and magnetic properties,
in order to identify evidence of cooperative interactions between the two phases. The CoFe,O, polymer nanocomposite
thin films exhibit composition-dependent effective permittivity, loss tangent, and specific saturation magnetization (Mj).
An enhancement of the effective permittivity and saturation magnetization of the CoFe,O4-P(VDF-HFP) films was
observed and directly compared with CoFe,O4-polyvinylpyrrolidone, a non-ferroelectric polymer-based nanocomposite
prepared by the same method. The comparison provided evidence for the observation of a magnetoelectric effect in the

case of CoFe,O4-P(VDF-HFP), attributed to a magnetostrictive/piezoelectric interaction. An enhancement of M up
to +20.7% was observed at room temperature in the case of the 10 wt% CoFe,0,-P(VDF-HFP) sample.
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Background

Magnetoelectric materials, possessing spontaneous electric
and magnetic ordering, show applications in multiple-state
memory elements, magnetic field sensors, phase shifters,
and microwave frequency transducers. Single-phase mul-
tiferroics, such as BiFeOs; [1], YMnOs; [2], and CdCr,S,
[3], exhibit intrinsic magnetoelectric (ME) effect with in-
herent cross-coupling between magnetic and electric or-
ders. However, such materials are empirically rare [4] and
magnetoelectrically weak due to the contraindication be-
tween ferroelectricity and magnetism [5]. In addition, the
observed ME effect is far below room temperature [6],
which severely limits practical use in device fabrication.
An alternative approach is two-phase composite films, in
which the ferri/ferromagnetic and ferro/piezoelectric phases
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are combined. With various connectivity schemes (e.g., 0—3
particulate type, 2—2 laminate type, and 1-3 fiber/rod type),
these heterostructures have offered the opportunity to tune
ferroelectric and magnetic properties independently, and
the ME coefficient is 3 orders of magnitude higher than
their single-phase counterparts [7].

The magnetoelectric effect in most multiferroic com-
posites is known as strain-mediated, in which the ME
coupling is a concerted result of the piezoelectric effect
from the piezoelectric phase and magnetostrictive effect
from the magnetic phase. An electric field induces a dis-
tortion of the piezoelectric phase, which in turn distorts
the magnetostrictive phase, generating a magnetic field
and vice versa. Substantial ME coupling requires the ferro-
electric phase to be in possession of a high piezoelectric
coefficient, while the magnetic phase possess both high
magnetostriction and resistivity, with an intimate mechan-
ical contact between the two [8]. Ceramic composites have
a combination of ferroelectric and magnetic oxides; poly-
mer composites have the magnetic oxides embedded in
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ferroelectric polymer matrix. The former is limited by
high dielectric loss resulting from the interface; the latter
offers mechanical flexibility with facile processing. For in-
stance, with high strength and good stability [9], poly-
vinylidene difluoride (PVDEF) and its copolymers such as
poly(vinylidenefluoride-co-trifluoroethylene) (P(VDEF-TrFE))
[10] and poly(vinylidene fluoride-hexafluoropropylene) (P
(VDE-HFP)) [11-13] are well known for their ferroelectri-
city and piezoelectricity, which make them ideal candidates
for multiferroic film fabrication and ME effect exploration.
Transition metal ferrites such as CoFe,O,4 possessing a
large magnetostriction coefficient (1 ~ 10™*) [14] and high
Curie temperature (T, > 600 K) [15], serve as excellent can-
didates for the magnetic phase.

Although the mechanism of the magnetoelectric coup-
ling is straightforward, complications arise when quanti-
fying the details of polymer-based nanocomposites. The
presence of polymorphism (e.g., &, 5, y;  phases in PVDEF),
domain walls, grain boundaries, residual stain/magnetiza-
tion, surface charge, and voids can significantly hinder the
ME effect. Andrew and Clarke [16] found that the inclu-
sion of well-dispersed Nij5Zng5Fe,O, nanoparticles in a
PVDF matrix can enhance the ferroelectric phase con-
tent. Liu et al. [17]. reported epitaxial BaTiO3-CoFe,O,
nanocomposite thin films (thickness, 100 nm) with phase
transition mediated by tensile strain. Recently, a magneto-
electric coupling coefficient of 12 V/cm - Oe was obtained
for P(VDE-HFP)/Metglas laminates [18]. Martins et al.
[19] fabricated ferrites/PVDF nanocomposites films with
thickness of 40 to 50 um by solvent casting and melt pro-
cessing. Guo and co-workers prepared particulate Nig s
Zng5Fe;04/P(VDE-TTEE) films (thickness, 50 to 60 pm)
by wet chemistry routes, with observable magnetodielec-
tric coefficients represented as a percentage change of di-
electric constant with and without an external magnetic
field [20].

In this work, we report a novel approach to fabricate
0-3 type particulate nanocomposite thin films composed
of dispersed CoFe,O, (CFO) nanoparticles embedded in
P(VDE-HFP) matrix. Prepared through spin/cast-coating
techniques, such films exhibit homogenous thickness
ranging from 200 nm to 1.6 pum. With a focus on the po-
tential for magnetoelectric coupling, the morphology,
microstructure, dielectric, magnetic, and magnetoelectric
properties are investigated systematically.

Methods

The CoFe,O,4 nanocrystals were synthesized by a hydro-
thermal route [21]. In a typical reaction, 2 mmol Co
(NO3), - 6H,O (Aldrich, 98+%) and 4 mmol Fe(NO3); -
9H,0O (Aldrich, 98+%) were first dissolved in deionized
water. Ethanolamine was dropwise added in the solution
until precipitation completed. The obtained precipitate
was collected by centrifugation and washed with deionized
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water. Ammonium hydroxide was then added to re-
dissolve the solids. The reaction mixture was transferred
into a stainless steel autoclave, with 80% volume filled with
the ammonium hydroxide solution. The autoclave was
then heated at 200°C for 10 to 30 h. The resultant CoFe,O,
nanopowders were washed, collected, and dried in air at
60°C overnight.

The CoFe,O4/polymer nanostructured films were pre-
pared via multiple spin coating and cast coating followed
by thermal treatment. N,N-dimethylformamide was first
used to dissolve CoFe,O, nanoparticles and P(VDF-HFP)
pallets or polyvinylpyrrolidone (PVP) powder separately,
with concentration of 20 mg/ml. Then, the two suspen-
sions were mixed under ultrasonification, according to the
weight ratio of CFO versus polymer, and spin-coated or
cast-coated on Si or glass substrates and dried at 90°C
under vacuum. The thickness of the obtained thin films
(200 nm to 1.6 pm) was controlled by the times and/or ro-
tation speed (300 to 1000 rpm) of the spin coating. To
measure film thickness, scanning electron microscopy
(SEM) cross-sectional analysis was applied. The Si sub-
strate was scored and cut/fractured in order to observe
film cross sections, which were then easily analyzed by
SEM. Correct instrumental calibration and review of the
film over several regions confirmed thin film uniformity,
expected for spin/cast coating, and thicknesses could be
determined to within +7%. For dielectric measurements,
the glass substrates were pre-deposited with rectangular
(1 mm x 5 mm) Ag bottom electrodes by a thermal evap-
orator. Top electrodes were deposited (5 mm x 1 mm)
after the films were coated and dried, leaving the composite
sandwiched between two electrodes with square crossed
area of 1 mm x 1 mm.

The phase purity and crystal structure of the CoFe,O,
particles was analyzed by X-ray diffraction (XRD) with a
PANalytical powder X-ray diffractometer (Almelo, The
Netherlands) with Ni-filtered Cu Ka radiation (1 = 1.54056
A). The data were collected in step scanning mode from
20° to 80°. Microstructural characterization of the CFO
powders was performed by transmission electron micros-
copy (TEM) with a JEOL 3000 F (Akishima-shi, Japan) with
an accelerating voltage of 300 kV. We used a JEOL ARM
200CF equipped with cold field emission gun and spherical
aberration correctors for both scanning transmission elec-
tron microscopy (STEM) and high-resolution transmission
electron microscopy (HRTEM). Surface morphology, nano-
particle distribution, and film thickness of the CFO/poly-
mer composite were evaluated by a Zeiss Supra 55VP SEM
(Oberkochen, Germany). Dielectric measurements includ-
ing frequency dependence of ¢, dielectric constant and
tan J, and dielectric loss were measured by an Agilent
4294A precision impedance analyzer. Magnetic mea-
surements including zero field-cooled and field-cooled
(ZEC/EC) low field magnetization versus temperature
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and room temperature hysteresis loops were carried out
using a Quantum Design MPMS XL-5 SQUID magnet-
ometer (San Diego, CA, USA), with applied fields up to
5 T and temperatures from 1.84 to 400 K.

Results and discussion

Highly crystalline nanocrystals with a relatively narrow
size distribution and reduced tendency toward aggregation
were prepared for the purpose of generating a homoge-
neous 0—3 nanocomposite structure. Emphasis was on re-
ducing the amount of surface passivation in the form of
ligands, in order to optimize surface contact and therefore
interaction with the ferroelectric polymer, following
formation of the nanocomposite. The balance is in
maintaining a highly disperse solvent suspension of the
nanocrystals during combination with the polymer (which
is aided by surface ligands) and obtaining a physical inter-
action between nanoparticle and polymer (hindered by long
chain alkyl ligands and other typical reagents). Representa-
tive transmission electron micrograph (TEM, Figure 1a) il-
lustrates that the samples consist of discrete, nanosized
CoFe,Oy crystals with diameter of 8 to 18 nm. The particles
are mostly spherical in shape and exhibit low size distri-
bution. Following solvent evaporation, loose and localized
aggregation occurs, possibly due to weak intermolecular in-
teractions common and/or magnetic attraction amongst
the nanoparticles. The chemical composition was obtained
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using energy-dispersive X-ray spectroscopy (EDX or EDS,
Figure 1b): the ratio of the peaks is in good agreement with
expected elemental composition. The average size deter-
mined by statistical analysis of the TEM images is consis-
tent with that calculated by the Scherrer equation [18]
from the XRD patterns (Figure 1c), indicating single crystal-
linity of the CFO nanoparticles. The position and relative
intensity of all reflection peaks match well the cubic inverse
spinel CoFe,Q, structure (PCPDS no. 04-006-4148), with-
out indication of crystalline byproducts. The average diam-
eter of the nanocrystals, calculated by the Scherrer formula
[22] was determined to be 9 and 11 nm for 10- and 20-h
treatments, respectively, indicating a slight increase in the
average diameter with longer thermal treatment. The in-
crease in particle dimension is ascribed to the longer reac-
tion time, which allows and promotes the crystal growth
after nucleation in the hydrothermal process. Images of
isolated nanocrystals at higher magnification (HRTEM,
Figure 1d) further confirm the crystallinity and phase pur-
ity of the as-synthesized cobalt ferrites. The well-defined
two-dimensional lattice fringes of 10-nm nanocrystal indi-
cate good crystallinity and lack of structural defects. The
plane distance is measured as 2.99 A, in good agreement
with the (220) interplane spacing of the reported CoFe,O,
lattice.

Considering that the magnetic properties of the nano-
crystal were to be compared that of the known bulk

(311)

g
|

(511)

8

22)

=z

— (220)
(620)

i I =+
g \ ﬁwl'w‘du
z e _ 10 hr
- 'wk..w“w"mr;
20 hr

2 Theta (degree)

0 400

Figure 1 TEM image, EDX spectra, XRD pattern, and HRTEM of CoFe,0,4 nanocrystals. Low magnification TEM image (a) of CoFe,O,4
nanocrystals synthesized via a solvothermal process and its corresponding EDX spectra (b). (c) XRD pattemns of the CoFe,O,4 nanocrystals reacted for
10 and 20 h. (d) High-resolution TEM image. Inset, corresponding its fast Fourier transform indicating the particle is oriented along the zone axis [100].
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behavior of CoFe,O,, unequivocal identification of the
crystal phase, symmetry, and composition of an individ-
ual nanocrystal was highly desirable. To further verify
the crystal structure, the samples were studied by high
angle annular dark field (HAADF) STEM and compared
with a calculated model. Figure 2a illustrates the projection
of the atomic structure model of CoFe,O, along the <110 >
zone axis, with oxygen atoms removed. Figure 2b shows
the HAADF-STEM image of the as-synthesized nano-
crystals, where the bright dots are Co and Fe atoms. The
calculated positions of the transition metal atoms are super-
posed on the HAADF-STEM image, indicating that the ele-
ments and positions suggested in the model precisely fit
those observed by STEM. As the intensity of the STEM
pattern is proportional to Z* [23], where Z is the atomic
number, O atoms are not visible, while Co and Fe atoms
are present. Since the atomic numbers of Co (Z = 27) and
Fe (Z = 26) are similar, it would be difficult to distinguish
one from the other in the HAADF-STEM image. However,
some Co columns exhibit stronger contrast than other Co/
Fe columns in Figure 2b. This is because the former Co col-
umns have twice the number of Co atoms as the dimmer
ones. In addition, the measured interplane distance of (111)
planes (4.80 A) is consistent with the reported CoFe,O,
crystal information.

Continuous, uniform, and crack/void-free CoFe,O,/
polymer films with thicknesses in the range 200 nm to
1.6 pm were systematically prepared by multiple spin/
cast coating followed by thermal treatment to dry the
film. Figure 3 shows SEM images with a CFO weight
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fraction of 25% where the white dots are the CFO
nanoparticles and the dark background is the P(VDE-
HEP) copolymer. The top surface view of the micro-
structure of the nanocomposite film demonstrates that
monodisperse, ultrafine cobalt ferrite nanoparticles are
well embedded in the polymer matrix, forming typical
0-3, particulate type nanocomposites. Loose agglomer-
ation occurs locally due to the magnetic interaction among
the nanopowders. Defects, pores, or phase separation un-
favorable for device fabrication was not observed. The
cross-sectional image (Figure 3b) confirms the thickness of
the free standing film of approximately 1.5 um. The obser-
vation of intimate physical contact between the CFO and
P(VDE-HFP) phase components is a good starting point
for attempting to generate mechanical, magnetic, or elec-
trical coupling between them.

The effective permittivity (e.¢) and loss tangent (tan J)
of the ferrites/polymer thin films (thickness of approxi-
mately 1 pm) were measured over the frequency range
from 100 Hz to 1 MHz (Figure 4). Both the effective per-
mittivity and loss tangent of the nanostructured films show
a systemic increase as a function of the loading of CFO
nanocrystals. The dielectric constant of the pure P(VDE-
HEP) film is measured to be 8 at 100 Hz (Figure 4a), con-
sistent with the reported data [24,25], and increases to 44
in the case of the 30 wt.% CFO samples due to the inclu-
sion of the higher dielectric constant magnetic component
(k(CoFeyO4) ~ 400) [26]. The polarization in ferrites origi-
nates from the electronic exchange Fe** < Fe®* and hole
transfer between Co>* < Co®" in the spinel phase, which

Figure 2 Projection of the inverse spinel structure and the HAADF-STEM image of CoFe,0,4 nanoparticles. (a) Projection of the inverse
spinel structure of CoFe,04 along the <110> zone axis. Red balls represent iron atoms; green balls represent cobalt atoms; oxygen atoms have
been removed for clarity. (b) Atomic resolution HAADF-STEM image of CoFe,O, nanoparticles. Bright balls correspond to cobalt and ferrite atoms.
Superimposed points are Co and Fe positions calculated from the crystal model.
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Figure 3 SEM images of CoFe,0,/P(VDF-HFP) thin-films
deposited on Si substrate. With cobalt ferrite fraction of 25 wt% and
film thickness of 1.5 um. (a) Top surface view; (b) cross-sectional view.

\

cannot follow the alternating external field beyond a certain
frequency [27]. When the space charge carriers fail to keep
up with the field and lag behind the alternation of its direc-
tion, the composites’ permittivity and loss tangent decrease
monotonically with frequency. Once the frequency is over
10 kHz, the relaxation mechanism associated with the
P(VDEF-HFP) phase dominates the overall dielectric behav-
ior [20]. The decrease in loss (Figure 4b) with frequency
at low frequencies (<1 kHz) is attributed to the ionic DC
conduction contribution from the P(VDF-HFP) copolymer
phase, which yields interfacial or spatial charge polarization
[28]. The increase in loss at high frequencies (>10 kHz)
results from the S relaxation associated with the glass
transition of the copolymer. Figure 4c further demon-
strates the variation of dielectric constant as a function of
CFO content in P(VDF-HFP). The nanocomposites show
a low composition dependency at higher frequencies, since
the dielectric behavior is dominated by the copolymer
phase. The PVP films exhibit lower dielectric permittivity
(Figure 4d) because the PVP polymer possesses a lower in-
trinsic dielectric constant of 5.1 (at 100 Hz) [29].

For 0-3 type nanocomposites with high permittivity
nanocrystal fillers discretely distributed in a ferroelectric
polymer matrix, the effective permittivity of the films is
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calculated by the modified Kerner model (or Kerner
equation) [30,31] as shown in Equation 1:

. enfy + gffAB

e 1
eff f, + ftAB ( )
where

A= S (2)

e + 2gp
and
3ff(£f—€h)
B=1+——- 3
+ € + 2ep (3)

The effective permittivity of the films, &g, is predicted
using an average of the host and the filler particle per-
mittivities (e, and &), wherein the contributions are
weighted by the fraction of each component (f; for filler
and f; for host, Equation 1). The measured effective per-
mittivities and those calculated from the modified
Kerner model for both PVDF-HFP and PVP films are
summarized in Table 1.

The effective permittivity of the CFO/P(VDF-HFP)
films shows a distinctive and continuous increase rela-
tive to the theoretical value estimated by the Kerner
model, contrary to the expectations based solely on a
composited effective dielectric constant. This can be
contrasted with CFO/PVP, which shows significantly less
deviation between experiment and theory, and follows
expected behavior for a simple combination of two com-
ponents for e, This observation, of deviating behavior in
the case of CFO/P(VDE-HEP), is interesting and strongly
suggests additional interactions between the polymer and
nanoparticle. The phenomenon is ascribed to interfacial
interactions between the magnetic filler and the piezoelec-
tric matrix. P(VDF-HFP) undergoes lattice distortion
under an applied electric field due to the piezoelectric
effect, which introduces local stresses and strain at the
ferrite-copolymer interface. Since the thermal shrinkage
nature of the P(VDF-HFP) makes complete mechanical
coverage of the copolymer over the CFO nanocrystals, and
both CFO and P(VDF-HFP) are mechanically hard phases,
with Young’s modulus of 141.6 [32] and 237 GPa [33], re-
spectively, the interfacial stress will be inversely applied to
the copolymer phase via strong elastic interactions. As a
result of the piezoelectric effect, the spatial charges and
electric dipoles within the copolymer matrix are redis-
tributed, manifested as variation of effective permittivities
from the Kerner model. With higher ferrite contents, the
interfacial elastic effect is stronger and leads to a more
pronounced departure from the theoretical value.

Magnetic measurements of the CoFe,O, nanocrystals
were conducted in both ZFC/FC, and hysteresis modes
were analyzed. Figure 5a shows the low field (100 Oe)
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magnetization dependence with temperature (1.84 to 400
K) in ZFC/FC modes. After a ZFC process, the magne-
tization of the ferrite nanoparticles increases with rising
temperature. Unlike other transition metal ferrite nano-
particles (e.g., Fe3O4 [34], NiFe,O4 [19], and MnFe,O,
[35]), no maximum magnetization is detected in the ZFC
process, indicating that the blocking temperature (7},) of
CoFe,O,4 nanoparticles is above 400 K, which is consistent
with reported data of Ti,(CoFe,O4) = 525 K [19]. Addition-
ally, an irreversible magnetic behavior is indicated by the

Table 1 Comparison of effective permittivity of the CFO/
polymer films at 100 kHz from experimental and
modified Kerner model

Sample Eoff (measured) £of¢ (calculated from AV
Kerner equation)
P(VDF-HFP) films
10 wt% CFO 9.1 73 +1.8
20 wt.% CFO 19.08 13.44 +5.64
30 wt.% CFO 28.56 19.71 +8.385
PVP films
10 wt.% CFO 9.17 8.82 +0.35
20 wt% CFO 14.59 13.62 +0.97
30 wt.% CFO 18.05 19.90 -1.85

splitting between the ZFC and FC curves. The irreversibil-
ity arises from the competition between the energy re-
quired for magnetic moment reorientation against the
energy barrier associated with magnetoelectricity and the
crystalline anisotropy. The field-dependent magnetization
at ambient temperature (Figure 5b) shows a hysteresis with
coercivity of 400 Oe, suggesting typical ferrimagnetic be-
havior. The coercivity represents the strength of the field
that is needed to surpass the anisotropy barrier. The sat-
uration magnetization (M;) and remnant magnetization
(M,) is 66 and 10 emu/g, respectively, comparable with
CoFe,;O4 nanocrystals obtained by other approaches
with similar sizes [15]. The M, value of 66 emu/g is
equivalent to magnetic moment dipole of 21.6 up per
cubic cobalt ferrite unit cell, which is 2.7 pg from each
Co** ion. Generally Co®* ions can offer three net spin
magnetic moments. The lower value of magnetic moment
and subsequent saturation magnetization of these CFO
nanoparticles typically originates in the high surface area
and concurrent surface disorder. At room temperature,
the magnetic anisotropy prevents the magnetization direc-
tion of the nanocrystals to completely follow the direction
of the external magnetic field.

M(H) hysteresis loops of the CoFe,O4/P(VDE-HEP)
and CFO/PVP nanocomposite thin films were recorded
under an applied magnetic field up to 50 kOe. Figure 6a
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expanded scale.

shows hysteresis loops of the 30 wt.% CoFe,O4/PVDE-
HFP thin films at various temperatures, indicating typ-
ical ferri/ferromagnetic behavior. At 1.9 K, the 30 wt.%
CFO/PVDE-HFP sample is not completely saturated at
an applied magnetic field up to 50 kOe, while at higher
temperatures (100 to 300 K), it gives a saturation mag-
netization (M) of approximately 20 emu/g. The coerciv-
ity of the assembly is 400 Oe at 300 K and reaches 13
kOe at 1.9 K. Figure 6b shows the influence of the nano-
particle loading in the copolymer matrix to the satur-
ation magnetization and remnant magnetization (M,).
The increase in CFO phase content (as volume fraction)
gives rise to a systematic increase in the overall M value;
the non-magnetic P(VDE-HEFP) polymer does not appear
to inhibit the interactions of the magnetic polarization in
individual nanocrystals. The composite films show the
same coercivity, irrespective of the CFO content.

In order to verify the concerted interaction between
the magnetic and ferroelectric phases, hysteresis loops of
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the CFO/PVP nanocomposites were recorded (Figure 7)
and compared with those of the CFO/P(VDEF-HFP),
presented in Table 2. The saturation magnetization of
PVP films are lower compared to PVDF-HFP films with
the same composition over the entire magnetic field range.
The differences are +1.36 and +2.97 emu/g for 10 and 50
wt.% CFO loading, respectively. The change of the M
values of the nanocomposite films was normalized for
weight fraction and analyzed by the following equation:

M.

Ms My

MG =L —=
s70 My

(4)
where M is the saturation magnetization of a film with
certain CFO weight fraction, fis the corresponding weight
percentage, My, is the saturation magnetization of pure
CFO, and AM% is the normalized percentage change of
the M, value of each polymer-based film relative to the
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Figure 6 Field-dependent magnetization hysteresis of CoFe,0,/
P(VDF-HFP) nanocomposites. (a) With 30 wt.% CFO loading at
various temperatures and (b) at 300 K with various CFO weight
fraction. Inset, central region on an expanded scale.
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Figure 7 The hysteresis loops of 10 wt.% CFO/P(VDF-HFP)
thin-films (a) and 50 wt.% CFO/PVP thin films (b).

comparative weighted, pure cobalt ferrite films. The AM
% values for both P(VDF-HFP) and PVP films are summa-
rized in Table 2. The AM% for the CFO/PVP films is
close to zero for all three samples, indicating that the net
magnetic moments of the thin films is equivalent to the

Table 2 Saturation magnetization (M) and normalized
percentage change of saturation magnetization (AM%)
values for CFO/P(VDF-HFP) and CFO/PVP films with
various CFO contents

Sample M (emu/g) AM;%
P(VDF-HFP) films
10 wt% CFO 80 +20.7%
30 wt.% CFO 21.8 +9.61%
50 wt.% CFO 36.0 +8.60%
PVP films
10 wt.% CFO 6.6 +0.09%
30 wt.% CFO 20.2 +0.96%
50 wt.% CFO 330 —-0.36%
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sum of the contributions from each individual CFO grain
inside the PVP matrix (volume fraction contribution only).
In contrast, all CFO/P(VDF-HFP) films exhibit positive
values of AM%, with a gradual increase as the copolymer
fraction increases. This observation was carefully cali-
brated against possible errors in the calculation of the vol-
ume fraction, most notably through measurement of the
film thickness by SEM (see ‘Methods’ section). This obser-
vation strongly suggests a contribution to the AM; due to
the presence of P(VDF-HFP) in the form of an enhance-
ment of the saturation magnetization of the composite,
with the enhancement stronger for samples with a lower
CFO:P(VDF-HEFP) ratio.

CoFe,O4 nanocrystal powders show less than 1% vari-
ation in hysteresis loops, whereas CFO/P(VDE-HEFP)
films show enhancements up to 20.7% in AM;. The en-
hancement of the M, value from the P(VDF-HFP) phase,
we believe, is a concerted effect and is evident of a ME
effect, specifically, through inverse magnetorestrictive coup-
ling. First, the magnetostrictive effect induces a distortion
of the crystal lattices of CoFe,O,4 under an applied mag-
netic field, which in turn leads to local strains or stresses of
between the piezoelectric and magnetic phases via intimate
mechanical contact. The hypothesis of the influence of
intimate mechanical contact between nanocrystals and
P(VDE-HEP) is already supported by the observation of
permittivity changes unexplained by volume fraction alone,
described above. We postulate that the interfacial stress is
inversely applied on the CFO phase, which further leads to
the change of domain magnetization as a result of an in-
verse magnetostrictive effect. The effect is quantified by
Equation 5:

3
E= i)LS o sin® (5)

where E is the magnetic strain energy density, As is the
magnetostrictive expansion at saturation, 8 is the angle be-
tween the saturation magnetization, and ¢ is the stress
applied on a single magnetic domain [36]. With limited ex-
pansion allowed by intimate contact of two hard phases,
when compression is applied to CFO phase, the energy is
minimized when magnetization is parallel to ¢ (6 = 0). Con-
sequently, Mj is increased by tension. Moreover, in a sam-
ple of pure CFO nanoparticles (M = 66 emu/g) each Co**
ion exhibits a magnetic moment of 2.7 pg, while in the 10
wt.% CFO/P(VDE-HFP)) films (M = 8.0 emu/g), the Co**
ion shows a net magnetic moment of 3 pp, which equals
the maximum magnetic moment a Co”* ion can offer in
the inverse spinel structure. This observation indicates that
by intimate mechanical coverage of the CFO particles,
P(VDE-HFP) reduces the nanocrystals’ degree of surface
disorder and surface anisotropy via redistributing charges
and dipoles within the copolymer matrix, which allows the
magnetization of the cobalt ions to completely follow the
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external magnetic field. Additionally, as the content of co-
balt ferrite nanoparticles increases, the particles’ tendency
towards agglomeration increases. The interfacial area is re-
duced due to the formation of small clusters of nanopar-
ticles, and therefore, the interfacial interaction is weakened.
This explains why the M, enhancement is strongest in the
10 wt.% sample (+20.7%), in which the nanoparticles are
more completely dispersed, compared to 30 and 50 wt.%
samples (+9.6% and +8.6%, respectively).

The magnetoelectric effect associated with the mag-
netostrictive/piezoelectric coupling typically can only be
observed under high magnetic fields at a very low tem-
perature. In this work, the nanocomposite thin films show
substantial magnetoelectric coupling at room temperature.
The piezoelectric properties of P(VDF-HFP) and ferrimag-
netic properties of CoFe,O4 nanocrystals are ideal and
complimentary in this respect, resulting an observable
magnetoelectric coupling.

Conclusions

Crystalline ultrafine CFO with a relatively narrow size
distribution from 8 to 18 nm were dispersed in a P(VDF-
HEP) copolymer host, forming 0-3 particulate type mag-
netoelectric nanocomposite thin films. The resulting films
exhibit composition-dependent effective permittivity and
loss. Following full structural characterization, the mag-
netic properties of the pure CoFe,O,4 nanoparticles were
studied and it was confirmed that the saturation magne-
tization and ZFC/FC curves demonstrate typical ferrimag-
netic behavior. By comparing the P(VDF-HFP) and PVP
samples, a clear difference in the behavior of the nano-
composite films with respect to effective permittivity and
saturation magnetization is observed, highlighting the dif-
ference between the use of the ferroelectric polymer and
the non-ferroelectric polymer. A magnetoelectric coupling
is believed to be observed in the case of CFO/P(VDEF-
HEP). The origin of the magnetoelectric coupling is attrib-
uted to strong elastic interactions between the electric and
magnetic phases. The nanocomposite, given its room tem-
perature properties, is an interesting candidate magneto-
electric material with applications in smart devices such
as sensors.
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