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Introduction

With the rapid development of artificial intelligence,
wearable devices have attracted much attention for
medical care, smart homes, communication, child-
care, and so on [1-5]. Flexible sensors are widely used
in wearable devices, including for sports and health
monitoring [6-8]. In addition, some scholars have
developed various wearable energy collectors to
collect and utilize the energy signals generated by the
human body [9-11]. At present, the development and
application of flexible magnetic sensors are becoming
increasingly extensive [12]. The application of the
magnetoelectric (ME) effect in magnetic field sensors
is becoming a research hot spot due to its advan-
tages of good flexibility, high sensitivity, simple
structure and low cost.

The ME effect is defined as an induced dielectric
polarization in a material under an applied magnetic
field or an induced magnetization under an external
electric field [13]. Since the ME effect of single-phase
materials was so weak and unsatisfactory for appli-
cations, researchers designed composites composed
of piezoelectric and magnetostrictive materials
through a strain-mediated method [14, 15]. Accord-
ing to the connectivity of the two components, ME
composites are generally divided into 0-3, 1-3 and
2-2 types [16]. In recent years, research on 2-2 type
composites has been very active due to their large ME
coefficient [17]. However, the stress transfer of the
epoxy between the two layers brings relaxation and
loss problems [18]. The 1-3 type composites are
produced by embedding magnetostrictive rods or
nanowires in a piezoelectric matrix, and the greatest
problem is that the rods or nanowires form electric
current channels and decrease the ME effect [19]. The
0-3 type composites can solve the above problems
very well because the magnetic particles can be
homogeneously dispersed in and be in direct contact
with the piezoelectric matrix. In particular, polymer-
based 0-3 type ME composites will excel in future
flexible sensors due to their excellent flexibility.

Among polymers, polyvinylidene fluoride (PVDF)
has the highest piezoelectric coefficient, a low
dielectric loss and a large electrical resistivity [20] and
is usually applied in the piezoelectric materials of
polymer-based ME composites [21]. The f-crystalline
phase of PVDF is one of the most common poly-
morphic forms, which represents the polar phase and
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determines the ferroelectric properties of ME com-
posites. Many methods can be used to increase the /-
phase content of PVDF-based ME composite films,
such as heat treatment, poling and stretching [22, 23].
Poly(vinylidene fluoride-chlorotrifluoroethylene)
(P(VDF-TrFE)) more easily forms an all-trans struc-
ture and has better ferroelectric properties [24].
Moreover, ferrite is a common nonmetallic magnetic
material and is widely used in GMR biosensors [25],
magnetic recording [26], drug delivery [27], ME
composites [28] and many other fields. It was found
that the type, dispersion and mass content of mag-
netic particles affect the ME properties of composites
[29]. Martins et al. chose three different ferrite
nanoparticles as fillers for 0-3 type ME composite
films and found that the composite film doped with
CoFe;O4(CFO) nanoparticles had a better ME effect
than those doped with Fe;O, and Zny,MnggFe,O,
nanoparticles [30]. Among them, the CFO nanopar-
ticles have large saturation and remanent magneti-
zation; in particular, the magnetostrictive coefficient
is much larger than that of the other ferrites. Behera
et al. incorporated CFO nanoparticles into PVDF and
obtained an ME coefficient of 7.5 mV-cm™"-Oe ™" [31].
The maximum value of the ME coefficient in the 0-3
type PVDF/CFO composite films reported in the lit-
erature is 41 mV-cm™'-Oe ™" [32]. With the optimiza-
tion of ME properties, 0-3 type ME composites have
gradually been put into application [33]. For appli-
cation in flexible magnetic sensors, a very complex
problem arises. To further improve the ME coeffi-
cient, composites usually need a bias magnetic field
provided by permanent magnets or electromagnets,
which not only makes the sensor bulky but also
brings large electromagnetic noise. The self-biased
ME effect is expected to solve this problem.

In this study, we synthesized CFO nanoparticles
and prepared 0-3 type P(VDF-TrFE)/CFO ME com-
posite films. A large ME coefficient and a self-biased
ME effect were found in the composite films. Then,
the response of the ME output voltage to an AC
magnetic field without a bias DC magnetic field was
measured to evaluate the composite films for appli-
cation in magnetic sensors.
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Experimental procedure
Synthesis of CoFe,O4 nanoparticles

CFO nanoparticles were synthesized by a
hydrothermal method [34]. CoCl,-6H,O (2.5 mmol)
and FeCl;-6H,O (5 mmol) were dissolved in 40 mL
ethylene glycol under magnetic stirring for 1 h at
room temperature. Then, with the addition of 3.6 g
sodium acetate and 1 g CTAB (hexadecyl trimethyl
ammonium bromide), the solution was stirred con-
tinuously for up to 4 h to mix it uniformly. The
obtained brown solution was transferred to a 50 mL
Teflon-lined stainless-steel autoclave, sealed and
heated to 200 °C. After the reaction for 8 h, the pro-
duct was collected by the use of a centrifuge and
washed with ethanol and distilled water several
times. Finally, CFO powder was obtained by drying
for further experiments.

Fabrication of P(VDF-TrFE)/CoFe,O,
composite films

P(VDF-TrFE)/CFO composite films were prepared
by the solution casting method. The CFO powder was
added into 8.5 mL N,N-dimethylformamide (DMF)
and sonicated for 2 h to completely disperse it. Then,
1 g P(VDF-TrFE) was dissolved in the solution and
ultrasonicated and mechanically stirred for 2 and 8 h
at room temperature, respectively. The aim of stirring
for a long time was to obtain a sufficiently mixed
colloid and avoid agglomeration of nanoparticles.
After that, the above colloid was cast evenly into a
mold, vacuumed for 1 h to remove air bubbles, and
then dried at 60 °C for 2 h. The average thickness of
the prepared P(VDF-TrFE)/CFO composite films was
50 um. Annealing treatment was carried out on the
composite films at 140 °C for 2 h, which can increase
the fi-phase content and crystallinity and improve the
density of the composite films [35]. Subsequently, the
composite films were cut into squares 1.5 cm on a
side, and the upper and lower surfaces were coated
by conductive silver paste. Finally, polarization
treatment of the samples was carried out in an oil
bath at 80 °C under an electric field of 40 MV/m for
1 h. Composite films with various mass percentages
of CFO nanoparticles (0, 5, 10, 15, 20, 25 and 30%)
were prepared, and the samples were named P(VDF-
TrFE), CF5, CF10, CF15, CF20, CF25 and CEF30,
respectively.
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Characterization

Crystalline structure and phase composition analysis
of CFO nanoparticles and P(VDF-TrFE)/CFO com-
posite films were carried out using an X-ray diffrac-
tometer (XRD, Rigaku D/Max, Japan). The
morphology of the samples was observed using a
scanning electron microscope (SEM, JSM-6390LV,
Japan). The surface morphology and roughness of
composite films were analyzed by an atomic force
microscope (AFM, Park Systems XE7, Korea). The
functional group and molecular structure character-
istics of the samples were analyzed using a Fourier
transform infrared spectrometer (FTIR, Thermo Sci-
entific Nicolet 1550, USA). The ferroelectric properties
and piezoelectric coefficients of the films were
detected by a ferroelectric material hysteresis loop
measuring instrument (ZT-4A, China) and a quasi-
static piezoelectric coefficient d3; measuring instru-
ment (Z]-3, China), respectively. The magnetic
properties of the samples were obtained using a
SQUID magnetometer (Quantum design, USA).

The ME output voltage of the samples was detec-
ted using the homemade measurement system of the
test system. Figure 1 shows a schematic diagram. The
electromagnet was driven by a DC constant current
source (YL 2420, China) to supply a DC magnetic
field. The sinusoidal output signal of the lock-in
amplifier (Model SR830, USA) was amplified by a
power amplifier (DAHA MD-150 W, China) and then
connected to a Helmholtz coil to supply an AC
magnetic field. The directions of the AC and DC
magnetic fields were parallel. The strength was
monitored in real-time by a gaussmeter (CH-1600,
China). The function of the lock-in amplifier was to
detect the ME voltage signal of the sample. The signal
was transmitted to the computer, which recorded the
data.

Results and discussion

Crystalline structure and phase composition
analysis

As shown in Fig. 2a, the XRD pattern of the CFO
nanoparticles has the typical reflections of the (111),
(220), (311), (222), (400), (422), (511), (440), (531), (620),
(533) and (622) planes, which are well consistent with
the corresponding diffraction data of CFO particles
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Figure 1 Schematic diagram
of the ME measurement
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(PDF#22-1086) and indicate the presence of spinel-
phase cobalt ferrite. The lack of additional diffraction
peaks proves that pure CFO particles were synthe-
sized successfully.

Figure 2b illustrates the X-ray diffraction patterns
of the P(VDF-TrFE)/CFO composite films with dif-
ferent particle contents. There is an obvious peak at
20.5°, which corresponds to the f-crystalline phase of
P(VDF-TrFE) and indicates the semicrystalline nature
of the polymer [36]. The diffraction peaks of CFO
nanoparticles were found in all composite samples.
The presence of both CFO nanoparticles and the
polymer ferroelectric ff-phase was confirmed. With
increasing CFO nanoparticle content, the intensity of
the CFO nanoparticle peak increases; however, that
of the P(VDE-TrFE) f-phase peak decreases signifi-
cantly. Hence, selecting a proper CFO nanoparticle
content may be important for improving the quality
and performance of composite films.

Morphological analysis

The morphology and microstructure of CFO
nanoparticles are shown in Fig. 3. SEM images
demonstrate that the nanoparticles have a spherical
structure with a smooth surface. The corresponding
histogram shows the size distribution of the particles,
with an average diameter of 250 nm.

Figure 4a—f shows surface images of the composite
films with different CFO nanoparticle contents. The
spherical CFO nanoparticles are uniformly dis-
tributed in the P(VDF-TrFE) matrix. Significantly,
interconnection and agglomeration of nanoparticles
are clearly observed in samples CF25 and CF30,
which will affect the ME property of the composite
films. A cross-sectional SEM image of sample CF20
was obtained, as shown in Fig. 4g. The spherical CFO
nanoparticles are directly and uniformly attached to
P(VDF-TrFE), and no interconnection or agglomera-
tion is found. The photograph of sample CF20 indi-
cates excellent flexibility, as shown in Fig. 4h.

Figure 2 XRD patterns of
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Figure 3 SEM image of CFO nanoparticles; the inset is a
histogram.

The topography of sample CF20 was analyzed with
the AFM in noncontact mode and is depicted in
Fig. 5. The 2D image shown in Fig. 5a confirms that
there are many large spherical structures and small
particles. The large spherical structures are the
unique spherulitic structures of P(VDF-TrFE). The
small particles are CFO nanoparticles that are dis-
tributed homogeneously in the matrix. The 3D image
(Fig. 5b) shows that the roughness of the composite
film is 51 nm.

J Mater Sci (2021) 56:9728-9740

FTIR analysis

FTIR spectra of the samples are shown in Fig. 6 to
research the polymorphic characteristics of P(VDF-
TrFE). The characteristic peaks at 1166 and 879 cm ™'
correspond to the nonpolar «-phase of P(VDF-TrFE).
The peaks at 461, 504, 840, 1120, 1291, 1400 and
1431 cm™' belong to the stretching vibration of the
P(VDF-TrFE) polar f-phase. The excellent ferroelec-
tric and piezoelectric properties of the films are pro-
vided by the polar -phase. The content percentage of
the p-phase in the P(VDF-TrFE) films can be calcu-
lated by the following equation [37]:

FB) = 4

Ky /Ki) Ay + Ag g

where A, and Ay are the absorbance intensities at
wavenumbers 760 and 838 cm ™', and K, and K; are
the absorption coefficients at the corresponding
wavenumbers, whose values are 6.1 x 10* and
7.7 x 10* cm®/mol, respectively. The f-phase con-
tents of the samples are 80.1%, 91.6%, 97.1%, 93.4%,
90.2%, 73.4% and 69.5% for pure P(VDE-TrFE), CF5,
CF10, CF15, CF20, CF25 and CF30, respectively.
Interestingly, with increasing CFO nanoparticle con-
tent, the f-phase content first increases and then
decreases. The maximum value reaches 97.1% in the
CF10 sample. Initially, the addition of a small amount
of nanoparticles helps induce the electroactive f-

Figure 4 Surface SEM images of P(VDF-TrFE)/CFO composite films with different CFO contents: a CF5, b CF10, ¢ CF15, d CF20,
e CF25 and f CF30; g cross-sectional SEM image of sample CF20; h photograph of sample CF20.

@ Springer



] Mater Sci (2021) 56:9728-9740

Figure 5 a 2D and b 3D
AFM images of sample CF20.
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Figure 6 FTIR spectra of the pure P(VDF-TrFE) film and
P(VDF-TrFE)/CFO composite films with different CFO contents.

phase in the polymer matrix because CFO nanopar-
ticles as nucleating agents and the strong electrostatic
interaction between the nanoparticles and polymer in
the interface area can improve the electrical proper-
ties of the composite films. However, with a further
increase in CFO content, more nucleating centers will
lead to more crystal defects, and the f-phase content
will begin to decrease [38—42]. Moreover, there is a
broad absorption peak near 580 cm ™', corresponding
to the characteristic peak of spinel ferrite [43]. It can
be found that with increasing CFO nanoparticle
content, there is a significant bulge.

Polarization treatment

To obtain a better ME performance, the prepared
composite films need to be polarized in an oil bath at
80 °C. A large leakage current is found for the CF25
and CF30 samples, as shown in Fig. 7, which will
cause breakdown of the sample with increasing
polarization voltage. This breakdown phenomenon is
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Figure 7 Dependence of the leakage current on the polarization
voltage for different samples.

mainly due to the interconnection of a large number
of nanoparticles in the P(VDF-TrFE) matrix. More-
over, with increasing polarization voltage, the
domain wall movement brings more interconnection
of nanoparticles, which reduces the resistance and
increases the leakage current of the composite films
[44]. For the samples with a lower content of CFO
nanoparticles, the leakage currents are small during
the polarization treatments, and the samples do not
break down. Therefore, samples CF5, CF10, CF15 and
CF20 are selected for further discussion.

Electrical properties

A good piezoelectric property can significantly
improve the ME effect of composite films. Figure 8
presents the dependence of the piezoelectric coeffi-
cient dz; on the CFO content. As the CFO content
increases, the value of ds; first increases and then
decreases, reaching a maximum value of 25 pC-N™"
when the CFO content is 10%. This changing trend of
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Figure 8 Dependence of the piezoelectric coefficient on the CFO
content.

ds; agrees well with the f-phase content of samples
previously calculated, which is mainly due to the
piezoelectric property of the composites being related
to the f-phase content.

The dependence of electric field E on electric
polarization P for the samples with different CFO
contents was measured under the conditions of a
maximum electric field of 30 MV/m and a frequency
of 1 Hz at room temperature and is shown in Fig. 9.
A good signature of ferroelectric polarization is
found in all samples. The maximum values of
polarization P,y are 5.5, 6.0, 11.3, 6.2 and 7.3 mC/ m?
for samples P(VDF-TrFE), CF5, CF10, CF15 and CF20,
respectively. It can also be found that P,,,x reaches
the highest value in sample CF10, which also coin-
cides with the f-phase content of the samples calcu-
lated from FIIR. A small amount of CFO
nanoparticles can introduce extra free charges into
P(VDF-TrFE)/CFO composite films, which can

15

—— P(VDEF-TIFE)
10 [——CF5
——CF10

5[—CFI5
——CF20 /

&
E
oy
-10
_15 1 1
-40 -20 0 20 40

E (MV/m)

Figure 9 Ferroelectric hysteresis loops of the pure P (VDF-TrFE)
film and P (VDF-TrFE)/CFO composite films with different CFO
contents.
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compensate and stabilize the polarization region [45].
Moreover, CFO particles act as heterogeneous
nucleation centers in the ferroelectric domain during
the polarization process [30]. These reasons lead to
the electric properties of the copolymer matrix being
improved by doping a small amount of magnetic
particles.

Magnetic properties

In addition to the piezoelectric phase P(VDF-TrFE),
the magnetic nanoparticles are another component of
the ME composite films. Figure 10 shows the hys-
teresis loops of CFO nanoparticles and P(VDE-TrFE)/
CFO composite films at room temperature. M,, M,
and H. represent the saturation magnetization,
residual magnetization and coercivity of the CFO
nanoparticles, respectively, and their values are
76.6 emu/g, 21.1 emu/g and 1019 Oe, respectively.
The M; of the CFO nanoparticles is near the bulk
magnetization value of 80.8 emu/g [46], which
proves that the nanoparticles have good ferromag-
netic properties. Moreover, the M, values of com-
posite films CF5, CF10, CF15 and CF20 are 3.8, 7.8,
11.6 and 15.0 emu/g, and the M, values are 1.3, 2.3,
3.6 and 4.6 emu/g, respectively. With increasing CFO
content, the M; and M, of the composite films
increase, which is consistent with the values calcu-
lated theoretically according to the mass content of
nanoparticles in the composite films.

Magnetoelectric effect

The magnetoelectric coupling coefficient is calculated
by the following equation [47]:
AV

~ t-Hac

(2)

OME

where AV is the measured magnetoelectric output
voltage, t is the thickness of the composite film, and
H 4c is the strength of the AC magnetic field. The ME
behavior of the P(VDF-TrFE)/CFO composite films
was analyzed at room temperature. When composite
films were operated at the resonance frequency, the
ME coupling was greatly improved. To obtain the
optimum resonance frequency, the response of the
ME coefficient to the frequency in the range from
0.001 to 20 kHz was measured under a bias magnetic
field of 2.3 kOe. From Fig. 11, one resonance peak is
found at a frequency of 1.3 kHz, which corresponds
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to the optimum resonance frequency. Under this
resonance frequency, the maximum values of o, for
samples CF5, CF10, CF15 and CF20 are 12.1, 24.1, 34.7
and 47.1 mV-cm™'.Oe™!, respectively. The sample
CF20 shows the largest ME effect. Obviously, the
result is different from the analysis of ds;. This is
because the ME effect is affected by both the piezo-
electric and magnetostrictive phases.

Usually, ME films need a bias magnetic field Hpc.
Figure 12a shows oy as a function of Hpc under the
conditions of constant frequency and Hac (Hac =2
Oe and fac = 1.3 kHz). The apg value increases with
increasing DC magnetic field to 2.3 kOe (the opti-
mum bias magnetic field), and after that, the oyg
value decreases. The maximum oy value of
471 mV cm™' Oe ' is obtained in sample CF20.
Table 1 summarizes the measured data of the fi-phase
content and electrical, magnetic and ME properties of
the samples. Notably, the highest electrical properties
are found in the CF10 sample, which corresponds to
the maximum content of the f-phase in the compos-
ites, as discussed above. However, the highest

50+ /1,3 kHz HDC =2.3 kOe
CF5

7 e
'E 30

bd
2 20

g \

Q
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Figure 11 Dependence of the ME coefficient on the frequency of
the AC magnetic field for the P(VDF-TrFE)/CFO composite films
with different CFO contents.

magnetic properties are found in the CF20 sample
because the content of magnetic particles in CF20 is
the highest. Since the ME effect is a comprehensive
result of electric and magnetic phases and there is a
more significant change for magnetic than electric
properties with increasing amount of particles in the
composites, the highest ME performance is obtained
in the CF20 sample.

In addition, it is interesting that the samples have a
large self-biased ME effect (oung0) when Hpc is zero.
The apgp and maximum oypg at 2.3 kOe of the P
(VDF-TrFE)/CFO composite films with different CFO
contents are shown in Fig. 12b. The value of g
increases with increasing CFO content and reaches a
maximum of 20.4 mV-cm™"-Oe ™" in sample CF20. As
discussed in the previous section, the CFO nanopar-
ticles prepared in this work have a high saturation
magnetization near the bulk value and a large rem-
nant magnetization. It is speculated that the high
remnant magnetization of CFO nanoparticles ensures
that the nanoparticles still have an obvious magne-
tostrictive effect under a zero DC magnetic field,
which induces the self-biased ME effect of the com-
posite films [48]. The PVDF-based ME composites
reported in other literature are summarized in
Table 2.

Because of the large self-biased ME effect, the
composite films are expected to have technological
applications. To evaluate the applicability, sample
CF20 was chosen to measure the response of the ME
voltage Vg to AC excitation magnetic field Hac. The
detection was performed under a self-biased DC
magnetic field and a constant frequency of the AC
magnetic field (Hpc =0 and fac =13 kHz). As
shown in Fig. 13a, Vg varies linearly with the
strength of Hac, and the linear correlation coefficient
and sensitivity are R* = 0.99669 and S = 0.11302 mV/
Oe at the resonance frequency, respectively. The
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Figure 12 a Dependence of 60
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Table 1 Summary of Py, d33, Ms, M,, f-phase, oyg of all samples
ﬁ—phase Pmax (mC/ d33 Ms (emu/ Mr (emu/ OME OME,0
(%) m?) (pCN7hH g) g) (mV-cm™'-0e™") (mV-em™"-0e™")
P(VDEF- 80.1 5.5 18 - - - -
TrFE)
CF5 91.6 6.0 20 3.8 1.3 12.1 4.8
CF10 97.1 11.3 25 7.8 2.3 24.1 11.4
CF15 93.4 6.2 22 11.6 3.6 34.7 16.2
CF20 90.2 7.3 21 15.0 4.6 47.1 22.0

excellent linearity ensures that the sample is suit-
able for the development of AC magnetic field sen-
sors. To explore the difference between the
experimental data and linear fit, the deviation (D)
was calculated with the following formula:

Vﬁt B Vout

D =
Vi

x 100% (3)
where V,,: and Vg, are the experimental and fitted
data, respectively. The maximum error is 0.039 mV,
which is in an acceptable range. The large deviation
under the low AC magnetic field of 1 Oe may be
caused by the strong signal interference under this

low magnetic field. Under other AC magnetic field
strengths, the deviation is stable within 6%. The
deviation is also within the acceptable range.

Then, we repeated the detection three times, and
the results are shown in Fig. 13b. The error between
all experimental and fitted data is within 0.047 mV,
which indicates that the composite films can be
reused and that the detection results maintain good
consistency. The relative standard deviations (RSDs)
were calculated by the following equation:

Table 2 Comparison of oig

with other literature Sample

p-phase content

Particle size (nm)  opp (mV-em™ -0e™")  Ref

PVDF/CFO 78.7%
P(VDF-HFP)/CFO  50%
P(VDF-TIFE)/CFO  —
PVDF/CFO -
P(VDF-TiFE)/CFO -
PVDF/La,NiMnOs  37%

PVDF/BTO/CFO -
PVDF/CFO 88%
PVDF/ZFO 92%

P(VDF-TfFE)/CFO  97.1%

20 - [22]
31-43 - [23]
80-100 32 [29]
10 7.5 [31]
35-55 41 [32]
200 ~ 300 9.6 [36]
- 26 [49]
- - [50]
58 - [51]
250 47.1 This work
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Figure 13 a ME voltage of 12
sample CF20 in response to @ & Exp. @1.3 kHz 100
the strength of the AC 1.2¢ Fitted S os
. 75
magnetic field at a resonance - g
> R =0.99669 3
frequency .of 1.3 kHz. E 0.8+ S 011302 0 E 5 04
b Comparison of three < N
detection results of the ME N
. 0.4 125 0.0
voltage of sample CF20 in Test 3
response to the strength of the p - .- Test 2
AC ic field 00— e s 10 "
magnetic field at a 0 2 4 8 10 Test 1
resonance frequency of HAC (Oe) i 2 3 4 5 6 7 8 5 10
1.3 kHz. ¢ Relative standard H e (O
deviation calculated from the 100 . q @13k
- z
data of the three detections. (© Hpc=00e @1.3 kHz 5 10 CY
d ME voltage of sample CF20 75+ 9
in response to changes in the —_ ==} 2310
H ), = e
AC magnetic field between é 50¢ 2 »
“on” and “off” under the zero Q <
. . ) >
DC magnetic field and optimal & 25} . g : H 00
bias field of 2.3 kOe. ol e N K o
. . . . 0 I
2 4 8 10 0 1 2 3 4 5 6 7
H,c(Oe) t (min)
Conclusions

n—1

>\ 2
S (Ve — V) _
RSD = \/ i1 (Vo = Viue) / Ve | x 100%

(4)

where Vyg;, Vue and n refer to the i-th measured
voltage value, average voltage value and number of
measurements, respectively. Figure 13c shows the
dependence of RSD on the strength of the AC mag-
netic field. When the AC magnetic field is 1 Oe, RSD
has a maximum value of 18%. With increasing AC
magnetic field, the value of RSD decreases rapidly
below 10% and then gradually levels off. The large
RSD for the small magnetic field is mainly due to the
stronger signal interference.

Figure 13d shows the Vyg of sample CF20 in
response to changes in the AC magnetic field. As the
signal of the AC magnetic field changes between
“on” and “off,” Vg can be responsive in time and
remain stable for both the zero DC magnetic field and
optimal bias field of 2.3 kOe at 1.3 kHz. The results
indicate that the 0-3 PVDF/CFO composite film is a
promising flexible magnetic sensor material.

Spherical CFO nanoparticles were synthesized and
used as fillers to prepare 0-3 type P(VDF-TrFE)/CFO
ME composite films with different CFO contents. The
structural, functional, piezoelectric, ferroelectric and
magnetic behaviors of the composite films were
studied. Through characterization, we found that the
CFO nanoparticles are well dispersed in the P(VDF-
TrFE) matrix. The composite films show both excel-
lent ferroelectric and ferromagnetic properties. In
addition, the ME effect is observed for the composite
films with CFO contents under 20% due to the
breakdown of samples CF25 and CF30. The largest
ME coefficient of 47.1 mV-cm "-Oe™! is found in
sample CF20 at the resonance frequency. Moreover,
sample CF20 has a large self-biased ME coupling
coefficient of 20.4 mV-cm™"-Oe™". Thus, the compos-
ite films are expected to have technological applica-
tions in magnetic field sensors. Finally, sample CF20
was chosen to measure the response of Vg to Hac.
VME can be responsive in time and remain stable with
changes in Hc for both a zero DC magnetic field and
the optimal bias field of 2.3 kOe. Good linear corre-
lation coefficient, sensitivity and RSD were found,
indicating that the 0-3 PVDF/CFO composite film is
a promising flexible magnetic sensor material.
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