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Nonlinear magnetoelectric (ME) effects in a flexible composite planar structure, containing mechanically
coupled layers of amorphous FeBSiC ferromagnet and PVDF piezoelectric polymer have been experimen-
tally investigated. Under the action of a weak harmonic magnetic field h with frequency f=50-1000 Hz
and tangential bias magnetic field H = 1-80 Oe, the structure generated a voltage of the same frequency.
The efficiency of linear ME conversion reached 3.4 V/(cm-Oe) for the optimum bias field Hy, ~ 15 Oe. On
increasing the excitation field up to h ~7 Oe, the structure generated second and third harmonics with
efficiencies of ~25 mV/(cm-Oe?) and ~2.5 mV/(cm-Oe®), respectively. The amplitudes of the harmonics
were not monotonous functions on the bias field H and grew with the increase in the alternating field
h. Under the action of two alternating fields with different frequencies f; and f,, the structure generated
ac voltages with frequencies equal to the sum and difference frequencies f; * f,. The efficiency of mag-
netic fields mixing reached a maximum of ~30 mV/(cm-0Oe?) in the absence of the bias field. The effects
of harmonics generation and magnetic fields mixing arise due to the nonlinear dependence of the ferro-
magnet’s magnetostriction X on the bias field H. The efficiency of the nonlinear processes is proportional
to the derivatives of the magnetostriction over magnetic field. The nonlinear ME effects in the
ferromagnet-piezopolymer flexible structures can be used to design high-sensitivity dual ac/dc magnetic
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field sensors and energy harvesting devices.
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1. Introduction

Magnetoelectric (ME) effect in composite materials exhibits
itself as an electrical polarization of a sample in an external mag-
netic field (direct effect) or a change of magnetization of the sam-
ple in an external electric field (converse effect) [1]. The effect is
observed in single-phase materials and in composite materials
which simultaneously posses magnetic and electric ordering [2].
The largest direct ME effect was observed in planar structures con-
taining alternating ferromagnetic (FM) and piezoelectric (PE) lay-
ers. The ME effect in such structures arises due to a combination
of magnetostriction of the FM layer and piezoelectricity of the PE
layer through mechanical coupling between the layers [3]. The
magnitude of the direct effect is characterized by the ME voltage
coefficient o = 8E/8H, where SE is the amplitude of the electric
field generated by the magnetic field 3H.

It was shown [2,4], that in structures containing FM layers
with high magnetostriction A (metals Ni, Co, alloys FeCo, FeGa,
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Terfenol-D, amorphous alloys, ferrites) and PE layers with large
piezomodulus d (ceramic lead zirconate titanate (PZT), lead
magnesium niobate - lead titanate crystals, AIN, langatate, quartz)
the ME coefficient can reach values of o ~ 1-10 V/(cm.Oe). The
effect can be enhanced by up to two orders of magnitude when
the excitation field frequency coincides with the frequency of
acoustic resonance of the structure [5], which is defined by the size
and stiffness of the material used. These resonance frequencies for
bulk samples are typically in the range from a few kHz to hundreds
of kHz. Promising applications of the ME effect in composite
structures are: highly sensitive magnetic field sensors, wireless
energy harvesting devices, new data recording and storage
elements, and electrically tuned radio-frequency signal processing
devices [4,6-8].

In recent years, the interest in the study of ME effects in com-
posite structures comprising piezopolymers, especially polyvinili-
dene fluoride (PVDF), has increased significantly [9-11] because
of a number of advantages that PVDF has over ceramic and single
crystal piezoelectric materials [11,12]. In particular, the PVDF fab-
rication technology is well developed and, unlike the ceramic
piezoelectrics, it does not require high temperature processing.
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Although the PVDF piezomodulus is not very large, d3; ~ 6-20 pC/
N, this is compensated by its low permittivity € ~ 12, resulting in a
ratio ds;/e ~ 1, which is several times higher than that of most
crystals and piezoceramics. The polymer has a high resistivity
(p> 10 Om-cm) and small dielectric losses (tg& ~ 0.02). The com-
bination of all these properties imply the expectation of high val-
ues of the ME coefficient for the structures consisting of PVDF
layers. In addition, the Young’s modulus of the PVDF, Y ~ 3 GPa,
is an order of magnitude smaller than that of the single crystals
and piezoelectric ceramics, i.e. it is usually referred to as “soft”
material. This makes PVDF ideal for the use in the low frequency
range ~1-10° Hz applications, which coincide with the frequencies
of natural and industrial vibrations as well as magnetic field fre-
quencies. Moreover, the PVDF can be used to fabricate flexible
structures that can be deposited onto surfaces of complex forms,
it has a significantly lower cost in comparison with crystalline
and ceramic piezoelectrics and is biocompatible in some cases,
which is important for medical applications.

The ME effect was first observed in the planar structure of
Terfenol-D-PVDF [9], in structures with PVDF layers of the follow-
ing compositions: PZT/Terfenol-D/PVDF [13], Ni-Mn-Ga-PVDF [14],
PVDF-Vitrovac [15-17], and in structures with nanometer-thick
layers of Fe-PVDF-Fe [18]. Flexible structures exhibiting ME effects
were first made by bonding PVDF and amorphous Metglas layers
[19], resulting in non resonance ME coefficients of og=7.2V/
(cm-Oe) and o~ 238 V/(cm-Oe) at the resonance frequency of
50 kHz. In subsequent works [20-23] it was shown that Metglas
is the most suitable material for fabrication of flexible ME struc-
tures with PVDF layers, because it has high magnetostriction coef-
ficient A ~20-30ppm, it saturates in low magnetic fields
Hs ~ 50 Oe, and PVDF layers can be deposited directly on the ferro-
magnetic layer [24] without using glue. This allowed to achieve,
under resonance conditions, the maximum ME coefficient of
o =850 V/(cm-Oe) in structures containing PVDF layers. Based
on such structures, magnetic field sensors with limit of detection
as small as ~1 pT [25], current sensors [26], and the energy har-
vesters [27] have been demonstrated.

It should be noted that till now the ME effects in structures with
piezopolymer layers were investigated only for small amplitudes
of excitation magnetic fields and the signal generated by the struc-
ture was registered at the frequency of excitation magnetic field.
From physical point of view and for various applications the study
of nonlinear ME effects in the polymer-based structures is of great
interest. Such effects may be observed at relatively large ampli-
tudes of the fields due to nonlinear dependence of the magne-
tostriction of a ferromagnetic layer on the magnetic field [28-32].

In the present paper we report, for the first time, experimental
studies of the nonlinear ME effects in composite layered FM-PE
structures, consisting of piezoelectric polymer PVDF and amor-
phous alloy Metglas. We show that, for two ac magnetic field exci-
tations applied simultaneously, the PVDF layer effectively
generates a voltage of multiple frequencies with values equal to
the difference and sum of the excitation frequencies, especially
when the amplitudes of alternating magnetic fields acting on the
structure are comparable or larger than the dc bias field. The first
part of the paper describes the structure under investigation and
the experimental setup, followed by the results of experimental
investigation of linear and nonlinear ME effects in the Metglas-
PVDF structure, discussion of the results, and conclusions.

2. Samples and experimental setup
Fig. 1a shows a schematic view of the structure under investiga-

tion, while Fig. 1b shows its appearance. The ferromagnetic layer
was made of amorphous iron-based ribbon FeBSiC (Metglas Inc.).

It has lateral dimensions of 10 mm x 14 mm and thickness of
27 um. The choice of Metglas is due to its high saturation
magnetostriction s~ 20-10°, sufficiently small saturation field
Hs ~ 50 Oe, and good mechanical properties, including high flexi-
bility. The piezoelectric layer was made of commercially available
PVDF film (TE Connectivity Ltd.). It had lateral dimensions of
10 mm x 14 mm and the thickness of b =28 um. The PVDF layer
surfaces were covered with 3 um thick Ag electrodes. The PVDF
layer had capacitance C=0.55nF measured at 1 kHz frequency,
which corresponds to the dielectric permittivity ¢=11.6. The
piezoelectric modulus of the PVDF was ds; ~ 10 pC/N. The Metglas
and PVDF layers were mechanically coupled under the press using
the fast dry “Loctite” adhesive.

The block-diagram of the experimental setup is shown in Fig. 2.
The structure was placed in a uniform bias dc magnetic field H = 0-
100 Oe created by a pair of Helmholtz coils, which were fed by dc
current from the “DC power supply” AKIP 1125. Alternating mag-
netic fields hjcos(2mfit) and hpcos(2mfot) with amplitudes hq, hy
up to 7 Oe and frequencies in the range fi, f, = 10-5 kHz were cre-
ated by two coaxial electromagnetic coils K; and K;, which were
powered by two independent generators “AC Genl1” and “AC
Gen2”, both Agilent 33210A. Magnetic fields were measured using
“Gaussmeter” LakeShore 421 with accuracy of 0.1 Oe. The ME sig-
nal was amplified using an “Amp” SR 560 amplifier and registered
using an “Oscilloscope” TDS 3032A. The amplitude of generated ac
voltage was measured using the “Voltmeter” AKIP-2401. The fre-
quency spectra of the output signal were registered by the “Net-
work Analyzer” SR770. The entire experiment and data
processing were fully automated and controlled using a special
LabView program.

3. Experimental results

At the first stage, we have measured the frequency and field
characteristics of the direct ME effect in the described structure
under its excitation in linear regime with a small amplitude ac
magnetic field. Fig. 3a shows frequency dependence of the voltage
u(f) generated by the PVDF layer under excitation with magnetic
field amplitude h=1 Oe and bias field H= 15 Oe. The structure
generates voltage in the frequency range from ~50Hz up to
~5 kHz. At low frequencies f< 100 Hz the voltage decreases due
to finite conductivity of the PE layer [33], and at higher frequencies
f> 2 kHz the voltage decreases due to lowering in the amplitude of
excitation magnetic field caused by the inductance of the coils. The
low-Q peak near the frequency ~1.2 kHz with the quality factor
Q~ 5 occurs, as it was shown by the formulas assessment [34],
due to the resonance excitation of bending oscillations of the
structure. The maximum value of the ME coefficient at resonance
frequency reached of~3.4V/(cm-Oe). At low frequencies
~200 Hz-1 kHz below the resonance the ME coefficient was
o ~ 0.3-1.2 V/(cm-Oe).

Fig. 3b shows the magnetic field dependence of the generated
voltage u(H) when the structure was excited by ac field h=1 Oe
with a frequency f = 500 Hz. The response is typically characteristic
for planar structures [2]: the voltage first grows almost linearly
with increasing of H, reaches a maximum at H, ~ 15 Oe, which
corresponds to the maximum of piezomagnetic coefficient
A(H)=0r/oH of the ferromagnetic layer, and then gradually
decreases with increasing H during the saturation of the magne-
tostriction. From data presented in Fig. 3, the ME coefficient was
estimated as o =u/(bh)~ 0.47 V/(cm-Oe) at optimum bias field
Hp.
At the second stage the characteristics of ME effect in the
Metglas-PVDF structure have been measured in the spectral region
under single-frequency excitation for various values of ac and dc
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Fig. 1. Schematic view (a) and appearance (b) of the Metglas-PVDF structure.
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Fig. 2. Block-diagram of the experimental setup.
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Fig. 3. (a) Amplitude-frequency characteristic of the ME effect at h=1 Oe and H = 15 Oe, (b) Dependence of the ME voltage vs. bias field H at h=1 Oe and f= 500 Hz.

magnetic fields. Typical results of the measurements are shown in
Fig. 4.

Fig. 4a shows the normalized voltage waveform generated by
the PVDF layer of the structure when it is excited by ac magnetic
field of low amplitude h =1 Oe with frequency f=200 Hz at bias
field H = 15 Oe. Fig. 4b shows the corresponding voltage spectrum.
The spectrum contains only one component at a frequency equal to
the frequency of the excitation field f=200 Hz. Using data pre-
sented in Fig. 4, the value of linear ME coupling coefficient was
estimated as o = u; /(bh) ~ 0.46 V/(cm - Oe).

Fig. 4c and d show the normalized waveform and corresponding
voltage frequency spectrum, generated by the PVDF layer under
excitation in the nonlinear regime with ac magnetic field of large

amplitude h = 6 Oe at the same frequency f=200 Hz and for bias
field H=4Oe. It is seen that the waveform is greatly distorted,
while the second and the third voltage harmonics with frequencies
of 400 Hz and 600 Hz appeared in the spectrum.

Amplitude of the second harmonic is larger by a factor of ~1.35
than the amplitude of the first harmonic, and by a factor of ~ 5
than the amplitude of the third harmonic. The coefficients of ME
conversion for these harmonics for the given frequency and fields
were of') = uy/(bh) ~140V/(cm-Oe), o =u,/(bh*) ~30V/
(cm - 0e?), and of) = us/(bh®) ~ 1V/(cm - 0e®)), respectively.

Fig. 5 shows measured dependencies of the harmonic ampli-

tudes vs. bias field H at the excitation field h = 4 Oe and frequency
f=200Hz. It is seen that the amplitude of the first harmonic



LY. Fetisov et al./Journal of Magnetism and Magnetic Materials 441 (2017) 628-634 631

1t (a)
£l
L0
S
1 H
0 20 40 60 80 100
t (ms)
1 (c)
E)
30
=
AL
20 40 60 80 100
t (ms)

15¢
(b)

0 200 400 600 800 1000
f (H2)

3r u, (d)

u3
L

0O 260 400 600 800 1000
f (Hz)

Fig. 4. a) The waveform (a) and frequency spectrum (b) of the voltage, generated by the Metglas-PVDF structure in the linear regime at h = 1 Oe and H = 15 Oe; the waveform
(c) and frequency spectrum (d) of the voltage, generated by the ME structure in the nonlinear regime at h = 6 Oe and H = 4 Oe.

reaches maximum u; ~ 5.5 mV at ~16 Oe field, which is slightly
larger than the field corresponding to the maximum of the ME
voltage in the linear regime. The amplitude of the second harmonic
in zero field is u; ~ 0.8 mV, with a maximum ~1.2 mV at the ~7 Oe
field and a second maximum at ~22 Oe field. The third harmonic
also has two maxima with amplitudes less than 0.3 mV in fields
of ~2 Oe and ~20 Oe.

Fig. 6 shows measured dependences of the harmonic ampli-
tudes vs. excitation field h at constant fields H, corresponding to
the maximum for each harmonics in Fig. 5. The dashed lines show
approximations for each dependence by power functions. It can be
seen that the results are well described by the theory in the exci-
tation field range h < 4 Oe, which will be discussed shortly.

At the third stage we investigated nonlinear mixing of ac mag-
netic fields in the Metglas- PVDF structure. In order to do this,
the structure was excited with two ac magnetic fields of frequen-
cies 200 Hz and 300 Hz and amplitudes h; = h, = 4 Oe. The voltage
response frequency spectrum of the PVDF was registered.

u (mV)

0 10 20 30 40 50
H (OCe)

Fig. 5. DC magnetic field dependences of the first u;, second u, and the third us
harmonics of the ME voltage for h =4 Oe and f=200 Hz.
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Fig. 6. AC magnetic field dependences of the first u; at H=16 Oe, second u, at

H =7 Oe and the third us; at H =2 Oe harmonics. Dashed lines are the approxima-
tions of experimental data by power functions.

Fig. 7a shows frequency spectrum of ME voltage when the
structure is excited by ac field with frequency 200Hz and
h=60e at H=0. Fig. 7b shows frequency spectrum when the
structure is excited by ac magnetic field with frequency 300 Hz
and h=6 Oe, also at H=0. In both figures the additional second
harmonics are seen at frequencies 400 Hz and 600 Hz, respectively.
Fig. 7c shows the ME voltage frequency spectrum when the struc-
ture is excited by two ac magnetic fields. In addition to the peaks of
the first and second harmonics with frequencies 200, 300, 400, and
600 Hz, one can notice peaks at frequencies 100 Hz and 500 Hz.
These peaks correspond to magnetic fields mixing and are
described by the formula:

fo=fi £, (M

Amplitudes of the peaks were approximately equal to each
other and reached a value of ~3.3 mV. They reached maximum
at H ~ 0 and changed qualitatively in the same way at the increase
in H, similar to the amplitude of the second voltage harmonic u,(H)
in Fig. 5.
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Fig. 7. Demonstration of the ac magnetic field mixing in the Metglas-PVDF
structure: a) frequency spectrum of ME voltage for the structure excitation with
ac field f; =200Hz; b) frequency spectrum of ME voltage for the structure
excitation with ac field f, = 300 Hz; c) frequency spectrum of ME voltage for the
structure excitation with two ac fields of frequencies f; and f5.

Fig. 8 shows measured amplitude of the peak with sum fre-
quency u(f.), generated by the Metglas-PVDF structure as a func-
tion of the pumping field amplitudes. The data were acquired by
fixing the amplitude of the field h,, while amplitude of the field
h; was varied in the range 0-7 Oe. It is seen that the peak signal
grows with an increase of the excitation field h;. Similar dependen-
cies at nonlinear field mixing conditions were obtained for the
peak with difference frequency u(f_). In both cases the maximum
efficiency of nonlinear mixing was of* =u(f,)/(bhihy) ~

30 mV/(cm - Oe?). Similar measurements were carried out for
other frequencies f; and f, of excitation magnetic fields in the range

h,=5 Oe &
7/
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X
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E a’ e *
S x &
i poss e 1 Oe
- ¥ _m
X e .,l—-"
PR e

Fig. 8. Dependences of the voltage with sum frequency u.(f; + f,) on the amplitude
of the excitation field h; under magnetic field mixing conditions in the Metglas-
PVDF structure for h, =1 Oe, 3 Oe, and 5 Oe.

of 50-1000 Hz. It was found that for frequency difference |f2—f;|
<500 Hz the efficiency of ac fields mixing o* was almost constant
and changed only because of irregularity of the voltage frequency
characteristic (see Fig. 2)

4. Discussion of results

In order to explain the experimental results we use the
approach developed in [35]. The composite structure comprising
of mechanically coupled FM and PE layers placed in dc bias mag-
netic field H, due to the combination of magnetostriction and
piezoeffect generates a voltage u = AdsA(H), where A is the con-
stant coefficient depending only on the size of the layers and their
electrical and magnetic parameters. When exposed to the har-
monic excitation field H(t)=H + hcos(2mft) (where h < Hs) the
structure generates an alternating voltage: u(t)= u;cos(2mft)
+uycos(4mft)+uscos(6mft)+ .... Expanding the magnetostriction A
(H) in a Taylor series and retaining only the highest terms of the
expansion, we get the following expressions for the harmonic
amplitudes:

ur = Ad/Vh + L Ad2®h® ~ Ad)Vh, the first harmonic.
u; ~ 1AdA®h*, the second harmonic. 2)
us ~ ; AdZ®'h’, the third harmonic.

Coefficients 2V = 91/0H, A? = *,/0H*, and 2® = & 1/0H? in (2)
are the derivatives of magnetostriction A in respect with the field H.

Thus, the nonlinear dependence of the magnetostriction of the
ferromagnetic phase on the dc bias field should lead to the gener-
ation of the voltage harmonics, that was observed during the
experiment. The dependence of the harmonic amplitude u, on H,
according to the theory, is determined by the shape of the field
dependence of the corresponding derivatives A", Fig. 9a shows
the dependence of the Metglas layer deformation vs. dc magnetic
field, measured via the strain gauge method. Figs. 9b-d show the
dependencies of the first three derivatives of magnetostriction vs.
magnetic field, numerically calculated using the data of Fig. 9a. It
is seen, that maximum values of the second and the third deriva-
tives are approximately one and two orders of magnitude, respec-
tively, lower than the first derivative.

The efficiency of the generation of the second and the third volt-
age harmonics should be smaller by the same orders as for deriva-
tives. Comparison of the curves in Fig. 5 and Fig. 9 shows good
qualitatively agreement between experimental data and theoreti-
cal predictions. It can be seen, that amplitude of the first harmonic
u; and the derivative A" increase linearly with H near zero value
and have one maximum at the optimum bias field H,, ~ 15 Oe.
The amplitude of the second harmonic u, and the value of the
derivative A‘®) reach maximum in the fields H = 0-6 Oe, after that
they fall to zero in the field region ~15 Oe and have one more max-
imum at higher fields. The amplitude of the third harmonic us; and
the third derivative 23 grow linearly with increasing H in weak
fields range and have an additional maximum at higher fields. It
also follows from (2) that amplitudes of the harmonics are power
functions of the excitation field u, ~ h". Calculated approximating
curves uq = 1.25h, u, = 0.17h? and us = 0.007h> are represented in
Fig. 6 as proof. One can see a good qualitative match between data
and theoretical predictions in the range of the excitation fields
h <4 Oe. If follows from data shown in Fig. 6 that the harmonics

generation efficiencies are: oc(E” = uy/(bh) ~ 0.45V(cm - Oe), (x(Ez) =
Up3/(bh®) ~ 25 mV/(cm-0e?), and o =us/(bh®) ~2.5mV/
(cm - 0e?)), respectively. The approach used (i.e. expansion of A
(H) into a Taylor series at h < Hs) becomes inapplicable with an
increase of the excitation field h, which explains the discrepancy
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Fig. 9. Magnetostriction curve A(H) for the Metglas layer (a) and derivatives of the
magnetostriction over the field H: A" (b), A® (c), and 2 (d).

between experimental data and calculated curves for excitation
fields with high amplitudes h > 4 Oe.

It should be noted, that described dependence of the harmonics
amplitudes on the dc bias field H and ac excitation field h can lead
to the fact that amplitudes of the second and the third harmonic
can exceed the amplitude of the main harmonic for a certain values
of H and h, as it was observed experimentally (see Fig. 4d).

When the structure exposed to the two-frequency excitation
field H(t)=H + hycos(2mfit) + hocos(2mfot), similarly we get that
structure should generate spectral components of the voltage with
the sum and difference frequencies:

u(t) = u_cos2n(fy — f,)t] + u. cos2n(fy +f,)t] (3)

The amplitudes of the components are equal to each other and
given by the formula:

u_.=u, = %Adg,]/l(z)h] hz (4)

It follows from (4), that amplitudes of these components are
proportional to the second derivative of the magnetostriction A(?),
i.e. should have maximum at H = 0 and decrease to zero by increas-
ing the bias field up to Hy, ~ 15 Oe. This exactly dependence of the
amplitudes of the components was observed in the experiment.
Furthermore, the amplitudes of the components should increase
linearly with increasing excitation fields h; and h,. As can be seen
from Fig. 8, the amplitude of the component with sum frequency is
indeed proportional to the excitation fields. The amplitude of the
component increases nearly linearly with h; for a fixed h,. It fol-
lows from data of Fig. 8 that efficiency of the fields mixing was
equal o* = u(f,)/(bhihy) ~ 30 mV/(cm - Oe?). Thus, the efficiency
of the fields mixing is approximately equal to the efficiency of the
second harmonic generation, which is in agreement with relations
(2) and (4).

It is necessary to compare the efficiency of non-resonant pro-
cesses in the structure with PVDF layers with efficiency of similar
processes in structures with other piezoelectric materials. For

example, in the Metglas-PZT structure [35], the efficiency of the
frequency doubling was ~0.7 V/(cm-Oe?) at the bending oscillation
frequency f=500Hz, and the efficiency of the field mixing was
~0.25 V/(cm-Oe?). Taking into account the coustic quality factor
of bending oscillations Q ~ 42, for non-resonant mode we obtain
values o ~ 17 mV/(cm - Oe?) and o"* ~ 6 mV/(cm - Oe?), respec-
tively. It follows, that efficiency of the frequency doubling and
magnetic field mixing in the PVDF layer structure turned out to
be several times higher than that for a similar structure with piezo-
ceramic layers.

5. Conclusions

The direct ME effect of ac magnetic field conversion in ac elec-
trical voltage in the low frequency range 50-1000 Hz was fully
investigated in a flexible planar structure of amorphous ferromag-
netic Metglas - piezopolymer PVDF. In linear regime at small
amplitudes of the excitation fields the efficiency of non-resonant
ME conversion was og ~ 1 V/(cm.Oe). The nonlinear ME effects of
the voltage harmonics generation and magnetic fields mixing coin-
cide with the increase of amplitudes of the excitation fields. The
amplitudes of the harmonics depend non-monotonically on dc bias
magnetic field and have a power dependence on the excitation
field. Efficiency of the 2nd and the 3rd harmonics generation
reached of” ~25mV/(cm-0e?) and oY ~2.5mV/(cm-0e®),
respectively. The efficiency of the fields mixing reached
omx30 mV/(cm - Oe®). A simple model that takes into account the
non-linear dependence of the magnetostriction of the ferromag-
netic layer on the dc magnetic field allows a quantitative explana-
tion of the observed nonlinear phenomena. The efficiency of
nonlinear processes is proportional to the derivatives of the mag-
netostriction over magnetic field. The research conducted here
shows that the use of nonlinear ME effects in flexible structures
based on PVDF polymer is promising for application in various
devices including magnetic field sensors and energy harvesters.
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