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Abstract

The direct and converse magnetoelectric (ME) effects in a flexible structure containing a mechanically coupled lay-
ers of amorphous ferromagnet FeBSiC and a piezo-polymer layer of polyviniledene-fluoride (PVDF) are investigat-
ed. The mutual transformation of magnetic and electric fields in the structure arises due to a combination of magne-
tostriction and piezoelectric effects in the ferromagnetic and piezoelectric layer, respectively. The ME effects were
induced by exciting the structure with alternating magnetic fields of 0-100 kHz frequency and 1 — 5 Oe amplitude,
or alternating electric fields of amplitudes up to 500 V/cm in the presence of a constant H field. For the direct ME
effect the conversion coefficient reached 7.2 V/(cm-Oe) at a bending resonance frequency of 412 Hz and 44
V/(Oe-cm) at a planar resonance frequency of 25.15 kHz. Increasing the excitation magnetic field at the bending
resonance frequency, the nonlinear second harmonic generation with an efficiency of 0.24 V/(Oe?cm) was observed.
For the converse ME effect, the conversion coefficient at the planar resonance frequency was 0.09 G-cm/V. The
dependences of the efficiencies for the direct and converse ME transformations on the constant field and the ampli-
tudes of the excitation fields are well explained by theory. These results could be used to develop magnetic and elec-
tric field sensors, as well as autonomous energy harvesting sources.

1. Introduction

The magnetoelectric (ME) effect exists in materials that simultaneously possess both the
ferromagnetic and ferroelectric ordering and is manifested as an induced electric polarization of
the sample in an external magnetic field (direct effect) or a change in the magnetization of the
sample in an external electric field (converse effect) [1]. In composite structures containing al-
ternating ferromagnetic (FM) and piezoelectric (PE) layers, the ME effects result from a combi-
nation of magnetostriction of the FM layer and piezoelectricity in the PE layer due to the me-
chanical coupling between the layers [2].

The magnitude of the direct effect is characterized by the ME coefficient o =E/H ,
where OE is the amplitude of the generated electric field caused by a change in the magnetic field
oH. The magnitude of the converse ME effect is characterized by the coefficienta, = 0B/ ,

where 6B is the change in induction of the FM layer under the action of the electric field 6E. In
structures containing FM layers of materials with high magnetostriction A (metals Ni, Co, alloys
FeCo, FeGa, Terfenol-D, amorphous alloys, ferrites) and PE layers of materials with large piezo
- modulus d (ceramics of lead zirconate titanate, lead magnesium niobate-lead titanate single
crystals, AIN, langatate, quartz) the direct ME conversion coefficient can reach values og ~ 1-10
V/(em-Oe), and converse ME coefficient ag ~ 1 Gs-cm/V [3,4]. Both the effects are increased by
~2-3 orders of magnitude if the frequency of the excitation field coincides with the frequency of
the acoustic resonance of the structure and the deformation in the structure increases resonantly
[5].

Recently, much attention has been paid to the study of ME effects in structures with layers of
amorphous ferromagnetic alloys FeBSIiC and piezo-polymers (vinilidene fluoride-
trifluoroethylene) (PVDF) [6-14]. The ferromagnetic alloys FeBSiC in the form of ribbons with
a thickness of 20-30 um are made by ultrafast cooling, they possess magnetostriction As ~ (20-
30)-107°, are saturated in weak magnetic fields Hs ~50 Oe, and are characterized by small mag-
netic and electrical losses [15]. The techniques for manufacturing 10-100 um thick PVDF films,
are also well developed. A piezo-polymer is characterized by a large ratio of piezo-modulus ds; =
6-20 pC/N to the dielectric constant € = 12, dsi/e ~1, and low dielectric losses. These specific
properties facilitate high efficiency of the ME transformation in the FeBSiC-PVDF structures. In

1



addition, such structures are flexible allowing their application on complex shape surfaces, and
they are compatible with biological tissue, which is important for applications in medicine.

In the Metglas-PVDF structure, fabricated by gluing the layers, the ME coefficient of a.=
7.2 V/(cm-Oe) over a wide frequency band and a.~310 V/(cm-Oe) at a resonance frequency of
50 kHz was obtained [7]. In the monolithic structure made by deposition of the PVDF directly on
the FeBSIC tape, the ME conversion coefficient =850 V/(cm-Oe) in the resonant mode was

achieved [12]. Based on the Metglas-PVDF structures, the magnetic fields sensors with sensitivi-
ty of 1.5 V/Oe [16], electric current sensors [17], magnetic memory elements [18], and autono-
mous energy sources [19] were proposed and fabricated.

Until now, only the direct dynamic ME effect was investigated in the Metglas-PVDF struc-
tures under alternating magnetic field excitations. The dependences of the direct ME conversion
efficiency on the excitation field frequency, sample sizes [20], constant magnetic field [21], and
temperature [22] were studied. The observation and studies of nonlinear effects of the frequency
doubling and frequency mixing of magnetic fields were also reported [23].

The converse ME effect under excitation of the FeBSiC-PVDF structure by an alternating
electric field has not been studied to date. In this article, we investigate both the direct and in-
verse ME effect in one FeBSiC-PVDF structure and we compare the effects with those observed
in different structures. H-is-the-goal-ef-this-werk: The first part of the article describes the struc-
ture under investigation and measurement techniques. The second part contains the description
of direct linear and nonlinear ME effects. In the third part, we describe, for the first time, the
converse ME effect in the structure with PVDF piezo-polymer, followed by a detailed discussion
of the results and conclusions on the work.

2. Sample and measurement setup

The structure under study is shown schematically in Fig. 1a, and its appearance in Fig. 1b.
The FM layer was made of a tape of ar amorphous FeBSIiC alloy (Metglas 2605 SAL). It had the
in-plane dimensions of 28 mm x 5 mm and a thickness of am~ 20 um. The PE layer was made of
polyviniledene-fluoride piezo-polymer (PVDF) film. It had the in-plane dimensions of 28 mm x
5 mm and a thickness of ap = 100 um. Cu-electrodes ~ 0.5 um thick were deposited on the sur-
face of the PVDF layer by magnetron sputtering. After that, the PVDF layer was poled by heat-
ing up to 70°C, applying a constant electric field of 60 kV/cm for 30 minutes, and subsequent
slow cooling in air.

The capacitance of the obtained capacitor was equal to ¢ = 110 pF at a frequency of 100
Hz, which corresponds to the dielectric constant € ~ 10.4. The PVDF piezoelectric modulus is ds1
~10 pC/N. The ferromagnetic and PVDF layers were bonded under pressure using a fast drying
epoxy adhesive. The structure was rigidly fixed at one end on a massive foundation, so that it
could perform bending and planar oscillations. The length of the free part of the structure was L
=25 mm.

u(f)
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Fig. 1 Schematic view (a) and appearance (b) of the FeBSiC-PVDF structure. Orientations of perma-
nent H and excitation h(f) magnetic fields are shown in (a).




Characteristics of the ME effects in the structure were studied using an automated instal-
lation described in [23]. The structure was placed in a constant magnetic field H = 0-100 Oe,
created by the Helmholtz coils and directed tangentially along the long side of the structure. The
field was measured with a LakeShore 421 Gaussmeter with an accuracy of 0.1 Oe. When study-
ing the direct ME effect, the structure was placed inside an electromagnetic coil with a diameter
of 60 mm. An ac current I(f) from an Agilent 33210A generator was passed through the coil. The
coil created the excitation magnetic field hcos(2xft) with an amplitude h up to 6 Oe and frequen-
cy f =10 Hz - 100 kHz. The voltage u generated by the PE layer of the structure was measured
with an AKIP-2401 voltmeter. In the study of the converse ME effect, an electric voltage with an
amplitude of up to 5 V and the same frequency from an Agilent 33210A oscillator was applied to
the electrodes of the PVDF layer. This voltage created an excitation electric field with an ampli-
tude of up to e =500 V/cm. The structure was placed inside an electromagnetic coil with a di-
ameter of 20 mm, containing 500 turns of 0.2 mm in diameter wire. The coil converted the
changes in the magnetic induction of the sample, caused by the converse ME effect, into an al-
ternating output voltage. The frequency spectra of the generated voltage in both cases were rec-
orded using a low-frequency SR770 FFT Network Analyzer. For both direct and converse ME
effects, the dependences of the generated voltage u were measured as a function of the excitation
frequency, the constant field H, the amplitudes of the excitation magnetic h and electric e fields.

3. Direct linear ME effect

Figure 2 shows the dependence of the voltage generated by the structure at the direct ME
effect on the frequency of the excitation field f for H = 7 Oe. Two peaks are clearly visible: the
low-frequency peak near the frequency fi=412 Hz with a height of u1=77 mV and quality factor
of Q1 ~ 40 at 0.7 level, and high-frequency peak near the frequency of f, =25.15 kHz with ampli-
tude of u=177 mV and Q2 = 43. Far from the resonances, the voltage amplitude was ~2—-4 mV.
As will be shown shortly, a peak with frequency f1 corresponds to the excitation of the lowest
flexural vibration mode of the structure, while a peak with frequency f. corresponds to the exci-
tation of the lowest planar oscillations mode along the length of the structure. The amplitude of
the excitation field was h =1.1 Oe for the first peak and dropped to h ~0.32 Oe for the second
peak.

Figure. 3 shows measured dependences of the generated voltage on the constant magnetic
field H for the low-frequency and high-frequency peaks. The data indicates that for both peaks
the voltage first growths with increasing H, reaches the maximum at the same Hm =7.2 Oe, and
then tends to zero at the saturation of the FM layer.
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Figure 4 shows the measured depend-
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and in-plane (uz) resonances on the amplitude of exci-
tation magnetic field h at direct ME effect.

4. Direct nonlinear ME effect

Nonlinear phenomena were observed the direct ME effect when the excitation field h in-
creases. As an example, Fig. 5 shows the frequency spectrum of ME voltage when the structure
is excited by a harmonic magnetic field of fixed frequency f =206 Hz and amplitude h = 5.9 Oe
without constant field, H = 0. The excitation frequency is set to half the frequency of the bending
resonance of the structure. It is seen, that in addition to the direct electromagnetic leakage signal
A1 with the frequency of excitation field 206 Hz, there-are second A, and fourth As harmonics
with frequencies f, = fn and amplitudes An, appeared in the spectrum, where n = 2, 4 .... The

amplitudes of the harmonics monotonously decrease with increasing numbers.

Figure 6 shows the dependence of the 2" harmonic amplitude Az on the constant field H. It
IS seen, that Az is maximum at H = 0, drops to zero in the field Hn = 8 Oe, then passes the local
maximum and asymptotically tends to zero. In the next paragraph, we explain the form of the
field dependence of the harmonic amplitude.

Figure 7 shows the dependence of the 2" harmonic amplitude Az on the amplitude h of the
excitation magnetic field. The dashed line depicts the approximation of the experimental data
with a quadratic parabola. It is seen, that up to the fields h ~6 Oe, the amplitude of the second
harmonic increases quadratically with increasing the field.
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Fig. 6 Dependence of the 2-d voltage harmonics on

Fig. 5 Frequency spectrum of ME voltage under
constant bias field H at h=5.9 Oe at direct ME effct.

the structure excitation with harmonic magnetic
field of frequency =206 I'iy and amplitude h= 5.9
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When the structure was excited by al-
ternating magnetic field with a frequency close
’ to the resonance frequency of planar oscilla-
N s tions ~25 kHz, no nonlinear ME phenomena
E were observed. This is apparently due to the
-~ insufficient amplitude of the excitation field,

Pl which at the frequency of the planar resonance
L did not exceed 1.5 Oe.
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Fig. 7 Dependence of the 2-d harmonic amplitude A;
on the amplitude of excitation field h for H=0 at
direct ME effect.
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4. Converse ME effect

Figure 8 shows the measured dependence of the voltage generated by the measuring coil
for the converse ME effect as a function of the frequency of the excitation electric field, when its
amplitude was set to e = 500 V/cm at H = 7.25 Oe. The peak near the frequency f3 =25.5 kHz
with an amplitude us =~ 38 mV and Q = 53 at a level of 0.7 corresponds, as will be shown, to the
excitation of the fundamental mode of longitudinal acoustic oscillations of the structure.

Figure 9 shows the dependence of the peak voltage at the converse ME effect on the con-
stant field H. The voltage first increases linearly with increasing field, reaches a maximum at Hn
~7.2 Oe, and then monotonously drops to zero at saturation of the FM layer. Note that the maxi-
mum conversion efficiency occurs approximately at the same magnetic field as for the direct ef-
fect (see Fig. 3).

Figure 10 demonstrates the dependence of the peak voltage, generated by the measuring
coil, on the amplitude of the excitation electric field for H ~ 7.2 Oe. The dashed line shows the
approximation to a linear function, with a high level of agreement. —H-can-be-seen—that-the-de-
pendenee-of-a-high-Hnearity—The relative standard deviation of the dependence on the linear law

did not exceed 0.1%.
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Fig.8 Amplitude-frequency characteristics of the
converse ME effect in the FeBSIiC structure at
H=7.25 Oe and e = 500 V/cm.

Fig. 9 Dependence of the generated voltage on bias
magnetic field H at e= 500 V/cm for converse ME
effect.
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Fig. 10 Dependence of generated voltage on the

amplitude of excitation electric field e at H=7 Oe

for converse ME effect.

than at the frequency of the planar resonance
and was below the noise level. No nonlinear
effects were observed when field amplitude in-
creased up to e = 500 V/cm for the converse
ME effect. This could be explained by the fact
that the magnitude of the electric fields used was significantly smaller than the required repolari-
zation field for the PVDF layer Ec = 50 kV/cm, at which the deformation — electric field nonlin-
earity appears. The strains created by the piezo-polymer in the FeBSiC layer were also too small,
which ensured the linear operation of the FM layer and the overall structure.

5. Discussion of the results

In order to explain the frequency dependences of the voltage u(f) generated by the FeBSiC-
PVDF structure at the direct and converse ME effects (see Fig. 2 and Fig. 8), let us estimate the
frequencies of the acoustic resonances of the structure. The frequencies of bending f1 and planar
f» acoustic oscillations for a rectangular rod of length L, fixed at one end and free at the other
end, are given by the formulas [24]:

B a Y 1 Y
fi=""= |——¢ and f,=— |——-. 1
Y2z B\ 12p(1-5?) 2 4L pl-4?) @

Here S, =224 is the coefficient for the lowest mode of bending oscillations, Y is the

Young's module, p is the specific density, and vy is the Poisson's coefficient. For the bilayer struc-
ture the effective values of the Young's module and specific density are given by the expressions:

Y=(Y,3,+Y,a,) /@, +8,)  and  p=(p,3,+pa.) (@, +a,), @

where a=a, +a,, aandam pp and pm are the thicknesses and Young's moduli of the FM and

PE layers (I guess you meant densities here?), respectively. Introducing in (2) the values of the
layers” parameters [12] (PVDF: Yp= 9.5-108 N/m?, pp=2.7-10% kg/m®; FeBSiC: Ym= 10.6-10%°
N/m?, pm=7.3-10% kg/m?3; y=0.35) and the dimensions of the layers, from (1) we find the frequen-
cy of the lowest mode of bending oscillations fi ~ 432 Hz and the frequency of the lowest mode
of planar oscillations f» = 23.6 kHz. The obtained values are in good agreement with the meas-
ured ones. At these frequencies the efficiency of the ME conversion increases be a factor of Q ~
40 due to the sharp increase in the mechanical deformations.

Note that resonance frequency for the direct ME effect f, = 25.15 kHz (Fig. 2) is slightly
lower that the resonance frequency for the converse ME effect f, = 25.5 kHz (Figure 8). This is
consistent with predictions of the theory that the maximum conversion for direct and converse
effects occur at different frequencies [25,26], which differ slightly from each other.

Let us discuss the field dependences of the voltage u(H) generated by the structure at direct
(Fig. 3 and Fig. 6) and converse (Fig. 9) ME effects. For the direct ME effect, when the structure
is excited by a harmonic magnetic field, the amplitudes of the voltage harmonics are given by the
approximate expression [27]:
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where n =1,2,3 .. is the harmonic number, C;
Is a constant coefficient depending only on the
dimensions and mechanical parameters of the
layers, Q is the acoustic resonance quality fac-
tor of the structure, da is the piezoelectric co-
efficient of the PE layer,
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tive of the FM layer magnetostriction over the
field, h is the amplitude of excitation magnetic
field. It follows from (3), that field depend-
ence of the amplitudes of the voltage harmon-
ics An(H) is determined by the shape of the
H (Oe) field dependence of the corresponding deriva-
tive. The amplitude of the harmonics increases
Fig. 11 Magnetostriction curve for the FeBSiC layer  in a power-law manner with increasing excita-
(a) and the 1-st and the 2-d derivatives of the magne-  tjon field h.
tostriction over the field (b). Figure 11(a) shows the dependence of
the FeBSiC magnetostriction A(H) on the
magnetic field, measured by strain gauge method [28]. Figure 11(b) shows the field dependences
of the 1% and 2" derivatives of the magnetostriction over the field, calculated by the numerical
differentiation method using the data of Fig. 11(a). It is seen, that the curve AY(H) qualitatively
traces field dependences of the harmonics amplitude u(H) (Fig. 3) for both bending and planar
resonances. Maximum ef-the voltage at Hn ~ 7 Oe corresponds to the maximum of the 1° deriva-
tive. The field dependence of the 2" derivative A?(H) qualitatively repeats the field dependence
of the second harmonic amplitude A>(H) in Fig.6. The derivative and voltage are both maximum
at H = 0, fall to zero at the same magnetic field Hm, then pass the local maximum and again tend
to zero. It follows from data in Fig. 7, that in accordance with the theory, the amplitude of the 2"
harmonic grows quadratically with increasing the amplitude h of the excitation field.
For the converse ME effect, when the structure is excited by an alternating electric field
e, the amplitudes of the magnetic induction harmonics by are given by the expression [29]:

b, ~C,Qd,,b™e" 4)

where C is the constant coefficient depending on the mechanical parameters and dimensions of
the layers, b™ =0"0/8T"|_ _ is the n™ order derivative of the magnetic induction with respect
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to the stress, b(T) is the dependence of the FM layer induction on the stress (elasto-magnetic ef-
fect), e is the amplitude of the excitation electric field. In [29], it was experimentally shown that
the dependence of the coefficient b®™ on H has the shape similar to the dependence u(H) shown
in Fig. 9. The coefficient b™ and the voltage u first linearly increase with increasing field, reach
a maximum at Hm = 7 Oe, and then asymptotically tend to zero. The amplitude of the 1% voltage
harmonic generated at the converse ME effect, as predicted by equation (4), increases linearly
with increasing amplitude of excitation electric field e (see Fig. 10).

Now, let us estimate transformation coefficients for the linear and nonlinear direct and
converse ME effects.

The coefficient of the direct ME effect at a bending resonance frequency is o = 7.2
V/(Oe-cm), and at a planar resonance frequency is ae = 44 V/(Oe-cm). The obtained coefficients
are an order of magnitude higher than for a similar structure with thin PVDF layer [23] and are
comparable with coefficients for the structures made of other materials [3,4]. The efficiency of
the second harmonic generation at the direct ME effect was 0.24 V/(Oe?cm), which is higher by
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a factor of ~10 than the efficiency of the second harmonic generation in the structure with thin
PVDF layer [23] and is comparable to the efficiency for the Ni- PZT structure [26].

A specific feature of the structure under consideration is the significant difference in the
mechanical rigidity of the layers: the Young's modulus of the FeBSIC layer is ~2 orders of mag-
nitude larger than the Young's modulus of the PVVDF layer. It was shown in [33] (formula 16),
that maximum value of the ME coefficient in two-layer structures is achieved for the ratio of the

layers thickness a, /a, ~ /Y, /(Y 5) , where = 1 is the coefficient of mechanical coupling be-

tween the layers. Substituting the structure parameters into the formula, we obtain the optimal
thickness of the PVDF layer ap = 10.5-am = 210 pm. It follows that relatively “thick” PVDF films
should be used to increase the efficiency of ME transformations in composite structures with
Metglas layers.

In order to estimate the coefficient of the converse ME transformation, we first determine
the change of the magnetic induction in the structure, by using the law of electromagnetic induc-
tion A=N-oB-S -2, . Here, A is the amplitude of the harmonic generated by the measuring

coil. For area S, we take the cross section of the FM film of 0.1mm?, since the induction of the
field varies only within the FM layer. For parameters corresponding to the data in Fig. 8 and e =
500 V/cm, we obtain 6B = 47 G. Then, the coefficient of the converse ME transformation is 0.09
G-cm/V. The obtained coefficient is comparable to the conversion coefficient ~0.12 G-cm/V for
the FeGa-PZT structure [31], ~0.055 G-cm/V for the Terfenol-PZT structure [32], and approxi-
mately two times smaller than the conversion coefficient for the Ni -PZT structure ~0.27 G-cm/V
[33].

The results show the promising use of FeBSiC-PVDF structures for creating multifunc-
tional sensors of magnetic and electric fields. The linear dependence of the ME voltage on the
magnetic field (Fig. 3) in the range from zero to ~2 Oe and the high harmonic generation effi-
ciency at the direct ME effect can be used to create a sensor of constant magnetic fields similar
to that described in [34]. The linear dependence of the output signal on the electric field (Fig. 10)
at the converse ME effect in combination with high sensitivity could be used to create non-
contact sensors of low-frequency electric fields [35].

6. Conclusion

Thus, the direct and converse ME effects in a flexible structure containing an amorphous
ferromagnetic FeBSIC layer and a piezo-polymer PVDF layer are experimentally investigated. In
the case of the direct ME effect with the composite under excitation by an alternating magnetic
fields, the nonlinear harmonic generation was clearly observed, arising due to the nonlinear de-
pendence of the ferromagnetic layer magnetostriction on the magnetic field. When the structure
was excited by alternating electric fields, the converse ME effect was observed due to the non-
linearity of the elastomagnetic properties of the ferromagnetic layer. The efficiency of mutual
linear and nonlinear transformation of alternating magnetic and electric fields in the FeBSiC-
PVDF structure is comparable with the efficiency of the fields’ conversion in magnetoelectric
structures of other materials.
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