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Abstract: The magnetoimpedance effect and the converse magnetoelectric effect in a planar
heterostructure consisting of mechanically bonded layers of amorphous ferromagnet
FeBSiC and piezoelectric lead zirconate titanate are studied. Magnetoimpedance was
observed in the frequency range of 0.1-40 MHz and bias dc magnetic field of 0-300 Oe; the
maximum magnitude of the effect at a frequency of 10 MHz reached 12%. The converse
magnetoelectric effect was observed in magnetic fields of 0-50 Oe; the maximum value
of the effect at the structure acoustic resonance frequency of 40 kHz was 1.45 G/(V/cm).
Amplitude modulation of the magnetoimpedance by an electric field at the resonance
frequency of the structure with a coefficient of ~1-1072 is found. Modulation occurs as a
result of a combination of the piezoelectricity and magnetostriction of the layers, which
leads to a change in the transverse magnetic permeability and the thickness of the skin-
layer of the ferromagnet.
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1. INTRODUCTION

The magnetoimpedance (MI) effect in
magnetic conductors has been intensively
studied in recent decades in connections
with the prospects for its use in magnetic
[1]. The effect manifests
itself in a change in the impedance of the

field sensors

sample under the action of a dc magnetic
field and arises due to a change in the
magnetic permeability with a subsequent
change in the thickness of the skin-layer
in the conductor [2,3]. In iron and cobalt
based amorphous ferromagnets, the field-
induced change in impedance reaches
hundreds of percent and strongly depends
on the composition and geometry of the
samples, as well as on external conditions
[4]. the

sample (stress-impedance

In magnetostrictive materials,
deformation
effect) can influence the magnetization
direction and magnetic permeability p of
the material, therefore, can also lead [5-0]
to the impedance change.

It is of interest to explore the possibility
of controlling MI effect with the help

of  dynamic deformations. For this,
composite heterostructures consisting of
mechanically coupled ferromagnetic (FM)

and piezoelectric (PE) layers can be used. In
such heterostructures, magnetoelectric (ME)
effects are observed, which arise as a result of
a combination of piezoelectricity in the PE
layer and magnetostriction of the FM layer,
leading to a change in the magnetization M or
electric polarization P of the structure under
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the action of magnetic H and electric E fields
[7.,8].

To date,
the study of MI effects in composite
been published.
In a ring resonator with ceramic layers
made of lead zirconate titanate (PZT) and
ferromagnetic Terfenol a change in the
capacitive component of the impedance by
225% was observed under the action of a
magnetic field of 800 mT at the acoustic
resonance frequency of 70 kHz [9]. In the

several articles devoted to

heterostructures have

structure of an amorphous ferromagnet
Metglas-PZT at a resonance frequency
of 60 kHz, a change in the inductive and
capacitive components of the impedance
up to 450% in a magnetic field of 100 Oe
was found [10]. In [11], the MI effect in the
Metglas-PZT and Terfenol-PZT structures
was studied and it was shown that magnitude
of the impedance significantly depends on
the magnetic and dielectric permittivities,
magnetostriction, and Young's moduli
of the structure layers. In the Metglas-
PZT structure, the impedance change of
600% was registered, which is an order of
magnitude greater than in the Terfenol-PZT

structure.

In this work we studied the MI effect in
the Metglas-PZT planar heterostructure and
demonstrated for the first time the possibilities
of controlling the magnetoimpedance using an
electric field applied to the piezoelectric layer
of the structure.

The first part of the article contains a
description of the structure under study and
measurement techniques. The second part
presents the measured magnetoimpedance
characteristics of the structure. The third part
is devoted to the study of the electric field
effect on the characteristics of the structure. In
the last part, the results obtained are discussed.
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The conclusion summarizes main results of
the research.

2. HETEROSTRUCTURE AND
MEASUREMENT TECHNIQUES

The heterostructure under study and the
block-diagram of the measuring setup
are shown schematically in Fig. 1. The
structure contained ferromagnetic and
piezoelectric layers. The FM layer was made
of an amorphous ferromagnetic FeBSiC
foil (Metglas 2605SA1, Metglas Inc., USA),
with planar dimensions of 23X1.7 mm and
thickness of 25 pum. The physical parameters
are: the saturation magnetization M, = 1.56
T, relative magnetic permeability p ~10%
saturation magnetostriction A, = 25-107°, and
specific conductivity o = 8.3-10° Q™'m™". The
PE plate was made of lead zirconate-titanate
piezoceramic of the composition Pb Zr, TiO,
(PZT-43, JSC Elpa Research Institute,
Moscow, Russia), with the dimensions of
81.3X12X3 mm. The physical parameters
are: the piezoelectric modules 4, = 280
pm/V and 4,= —125 pm/V, the relative
dielectric constant e = 1400. A part of the
PZT plate, 40 mm long with Ag-electrodes

Agilent Amplifier Spectrum
33611A SR44 analyzer
1 —1T 1
— H -~
L| Agilent Metglas PZT Dielectric
33210A
3
107 f=1 MHz H=0,
< F= 40 kHz =33 V/em
3
S -.J“;-_‘“ T T Al l
11[:_)"I 1 I '--*l* 1 i
0.96 0.98 1.00 102 1.04
f (MHz)

Fig. 1. Block-diagram of the Metglas-PZT heterostructure
and measurement setup. Arrows indicate directions of electric
and magnetic fields.
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on the surface, was electrically poled along
the normal to the plane, while the free part
was poled in the plane of the plate. The
Metglas strip was bonded to the free part of
the PZT plate using cyanoacrylate adhesive.
The thick adhesive layer (~10 um) effectively
the
interface and provided electrical isolation of
the Metglas conductive strip from the PZT
plate. The structure was placed between the

transmitted deformations through

poles of an electromagnet generating a dc
magnetic field H up to 0-400 Oe applied
along its long axis. The magnetic field was
measured with a gaussmeter (LakeShore,
model 421) with an accuracy of 0.1 Oe.

When studying the magnetoimpedance,
an ac current with an amplitude I = 20-200
mA and a frequency /= 0.1-40 MHz from
an Agilent 33611A generator was passed
through the Metglas strip. The voltage
# between the ends of the FM strip was
measured with a lock-in amplifier Stanford
Research SR844. The absolute value of the
impedance was determined as the ratio of
the voltage and current amplitudes Z = #/1
and the MI ratio as a function of the field H
was calculated in a standard way:

Z(H)-Z(Hy)

MI(H) = 200

100%, (1)
where Z(H,) is the impedance at the
saturation field H_. The frequency spectrum
of the magnetoimpedance voltage across the
Metglas strip was measured using a Siglent
SSA3021X spectrum analyzer

When studying the tield

influence on the structure characteristics, an

electric

ac voltage with an amplitude up to U = 10
7 and frequency FF = 10 Hz — 100 kHz
from the second Agilent 33210A generator
was applied to the electrodes of the PZT
layer. This voltage produced an ac electric
field with an amplitude up to ¢ =33 V/cm

RENSIT | 2023 | Vol. 15 | No. 1
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in the piezoelectric layer. The change in the
magnetization of the structure was measured
using a coil of 30 mm in diameter with
N = 270 turns wound around the structure.
All measurements were carried out at room
temperature.

3. CHARACTERISTICS OF
MAGNETOIMPEDANCE

At the first stage, the MI characteristics of
the structure in the absence of electric field
were studied. At H = 0, and a frequency
f = 10 MHz, the maximum of the voltage
13.7 mV was

measured giving the wvalue of Z(0) =
0.685 Q.

Fig. 2 shows the MI ratio of the Metglas
strip vs. magnetic field H for various current

drop across the strip # =

frequencies and I = 20 mA. It is seen that
the width of the magnetoimpedance field
region strongly depends on the current
frequency. For the saturation magnetic
field H, = 350 Oe, the impedance was
Z(Hy) = 0.61 Q and the maximum of the MI

ratio was about 12%. For frequencies below
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Fig. 3. MI ratio at H = 0 and width of the
magnetoimpedance field region AH in the Metglas-PZT
Structure as a function of frequency f.

frequency. For all frequencies, the MI plots
are hysteresis-free.

Fig. 3 compares the MI ratio at zero
field for different frequencies along with
the range of magnetic fields AH affecting
the impedance. For low frequencies, the MI
ratio is small due to a weak skin-effect, the
saturation field and AH are also small. For
current frequencies above 1 MHz, the AH
expands from 100 to ~330 Oe withincreasing

20 MHz, the impedance plots have a central £ For frequencies higher than 10 MHz, the

peak at H = 0. For higher frequencies,
a dip appears near the zero field, which
becomes more pronounced with increasing

1 5 T L I

_10¢f .
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=
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Fig. 2. MI ratio in the Metglas-PZT structure as a function
of magnetic field H for various frequencies f.
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MI ratio at zero field decreases as the shape
of the MI plots changes. The shapes of the
plots of MI(H) and MI(f) shown in Figs.
2, 3 and the MI maximum of 12% in the
Metglas strip are consistent with the data
of other studies of magnetoimpedance in
amorphous ferromagnetic strips [1,12].

4. ELECTRIC FIELD EFFECT ON THE
STRUCTURE CHARACTERISTICS

At the second stage, we studied the effect
of an ac electric field ecos(2nF7) applied
to the PZT layer on the characteristics of
the structure. The electric field leads to the
modulation of the magnetization of the
structure (converse ME effect) [13], and to
the modulation of its magnetoimpedance.
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Fig. 4. Dependence of voltage from the coil v on the frequency
of electric field F for the converse ME effect in the Metglas-PZT
structure at H = 4.2 Oe and e = 33 1/ em.

A. CoNVERSE ME EFFECT

Fig. 4 shows the dependence of the voltage
v from the coil on the frequency F of the
electric field for ¢ = 33 V/cm. The voltage
peak near the frequency F, = 40.15 kHz
with amplitude » = 13.8 mV and quality
factor O = 48 corresponds to the excitation
of longitudinal acoustic oscillations in the
structure (as will be shown below).

Fig. 5 presents the dependence of the
voltage », from the coil on the magnetic
field H. It can be seen, that the voltage
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Fig. 5. Dependence of the voltage from the coil v, on the
magnetic field H for the converse ME effect in the Metglas-
PZT structure at e = 33 1/ cm.
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initially increases with increasing H,
reaches a maximum at a field H_ = 4.2 Oe,
and then drops to zero as the FM layer is
saturated. The field H_ corresponds to the
maximum of the piezomagnetic coefficient
AV(H) = ON/OH | ,, where A(H) is the Metglas
magnetostriction as a function of the field.
As can be seen from Fig. 5, the converse ME
effect in the described structure is observed

in the region of magnetic fields of 0-50 Oe.
B. MODULATION OF MAGNETOIMPEDANCE

Modulation of the magnetoimpedance of
the structure under the action of ac electric
field was observed through the frequency
spectra of the voltage across the Metglas
strip. As an example, Fig. 6 shows the
voltage spectra for current frequency [ =
1 MHz, amplitude 20 mA, and H = 0. It
can be seen that in the absence of electric
field (¢ = 0), the voltage spectrum contains
only one component with the frequency
of 1 MHz, which is equal to the current
frequency (fundamental harmonic). AC
field with an amplitude ¢ = 33 V/cm and
a frequency F = 39.5 kHz results in the
appearance of side components with an
amplitude us and combination frequencies
in the voltage spectrum. Amplitudes of the

4
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Fig. 6. Frequency spectrum of MI voltage: (a) in the absence
of an electric field, (b) when a field e = 33 V[ em with a
Srequency F = 39.5 kHz is applied to the PZT layer.
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Fig. 7. Dependence of the side component amplitude us of
the MI voltage spectrum: on the frequency of the electric field F
ate=331"/cm and H = 0.

side components are ~10 dB higher than
the noise level.

Fig. 7 shows the dependence of the side
components amplitude us on the electric
field frequency F. The amplitude reaches
a maximum of 22 mV at the resonance
frequency of the structure F, the line has
a quality factor O = 116. The amplitude of
the side components # linearly increased
with the field amplitude ¢ and decreased
monotonically with increasing H.

Fig. 8 shows the dependence of the
amplitude 8 of the side components on

10
10
— =~
5 =
0.1 191
0.01 . . ! 0.01
0 100 200 300 400
H (Oe)

Fig. 8. Dependences of the side component amplitude us of
MI voltage spectrum (solid circles) and NI ratio (open circles)
on the field H at the resonance frequency F . 1 qgarithmic scale

is used on vertical axis.
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the field H at the resonant frequency for
f=1MHzand ¢= 33 V/cm. For comparison,
the field dependence of the MI(H) ratio
is also presented. The two curves can be
superimposed on each other. The harmonics
with combination frequencies in the signal
spectrum with / = 1 MHz were observed in
the field range from zero to ~135 Oe, and
in the signal spectrum with /= 10 MHz, in
the field range from zero to ~330 Oe.

The described

were also carried out using a structure with

measurements above
FM layer of amorphous ferromagnetic
alloy having magnetostriction A, < 1-107°,
In such a structure, a magnetoimpedance
was observed, but the ME effect and MI
modulation by an electric field were absent.

5. RESULTS DISCUSSION

Let us consider in more detail the mechanisms
of the converse ME effect and the modulation
of the impedance by the electric field in the
described structure.

The converse ME effect in the structure
arises due to the combination of the inverse
piezoelectric effect in the PZT layer and the
inverse magnetostriction (Villari effect) in the
Metglas strip due to the mechanical coupling
of the layers [7]. An ac field e produces a
deformation of the PZT layer, this deformation
is transferred to the Metglas strip, which leads
to modulation of its magnetization M and
permeability.

First, we estimate the resonant frequency
of the structure (Fig. 4) using the formula for

the frequency of longitudinal vibrations of a
free rod [14]:

S @
"2\ p

where 4is the length of the structure, Yis the
Young modulus, p is the density, » = 1,2...
is the mode number. Since the thickness and
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mass of the Metglas strip and the electrodes
are much less than the thickness and mass
of the PZT plate, their contribution is not
taken into account in the estimation. Using
the known PZT parameters (Y = 7.7-10"
N/m? p = 7.510° kg/m’), for a plate of
length 4= 81.3 mm, we obtain the frequency
F = n19.7 kHz. Thus, the frequency of the
second mode (# = 2) of planar vibrations
39.4 kHz is in a good agreement with the
measured resonant frequency. In this case,
the Metglas strip is located in the region of
the greatest deformations on the surface of

the PZT plate.

For the estimation of the ME coefficient
for the converse effect, it is necessary to find
the amplitude of the induction change 4B in
the Metglas strip at the resonant frequency.
Applying Faraday's law of electromagnetic
induction, JB is determined as

_ 14
SN2rzF,’

(3)

where » is the voltage from the coil, S and
N are the cross-section and the number of
turns of the coil. The cross section § should
be taken as that of the Metglas strip, because
the field is concentrated in the ferromagnet
with a large relative permeability p ~10%
Substituting the voltage » = 13.8 mV
and the structure parameters, we obtain
the change in induction 6B = 48 G. Such
variation in B gives an ME coefficient of
a, = 0B/e = 1.45 G/(I"/cm), which agrees
in order of magnitude with the coetficients
for the FeGa-PZT [15] and Metglas-PZT
[16] structures. The relative deformation of
the Metglas strip at the resonance frequency
under the action of an electric field ¢ = 33
I”/em applied to the structure can be
estimated as T'= Qd e = 2-107.

The impedance of a ferromagnetic strip
of thickness d, characterized by the average

AMORPHOUS FERROMAGNET--PIEZOELECTRIC: ELECTRIC...

transverse permeability (with respect to the
current) is of the form [3]:

14 i
Z=Rdcﬁcotﬁ, k=( +J) . 4)
2 2 o
In (4) o is the skin-layer thickness:
0= / 2 , 5)
OWL, 1,

where is the conductivity, # is the permittivity
of vacuum, gz is the relative transverse
permeability of the
depends on H and the anisotropy field. The
transverse permeability defines the magnetic
flux, generated by the field / created by the
current flowing along the FM strip. The value
of u thatenters (4) differs from that found from
the magnetization curve B(H) by differentiation
w(H) = OB/OH| ,,. The transverse permeability
ut depends on the bias field H, the anisotropy
field H , and the dimensions of the FM strip
[17,18]. In the case of a uniaxial anisotropy,

ferromagnet, which

the transverse permeability for frequencies
much lower than the ferromagnetic resonance
frequency x is of the form (M, and H are in
CGS units) [19]:

Az M

+ S , 6
H cos @+ Hcos2(a—0) ©)

H =1

where M, is the saturation magnetization, o
is the angle between the anisotropy axis and
current, and 0 is the angle between the static
magnetization and current. If « = 0, § = 0, the
value of u has a maximum at zero field and
decreases as 1/ H. This explains the impedance
vs. field behaviour at lower frequencies. With
p-decrease, the skin effect becomes weaker
and the change in impedance is not noticeable
at higher fields. This explains narrowing of the
MI plots with decreasing frequency f (see Fig, 3).
For higher frequencies, when the skin effect is
essential the surface layers of the strip mainly
contribute to the impedance. There could be a
deviation of the anisotropy axis from the axial

RENSIT | 2023 | Vol. 15 | No. 1



direction. In this case, the permeability has a
minimum at zero field what was observed in the
impedance behavior at frequencies higher than
20 MHz. For MHz frequencies, the MI ratio
up to few % was observed for H = 300 Oe.

The application of an ac field ¢ to the
PZT layer results in a modulation of the
The the

occurrence of magnetoimpedance voltage

magnetoimpedance. reason for
modulation is as follows. As shown in [20], the
deformation of FM layer in a heterostructure
leads to the appearance of an additional
anisotropy field H__ of magnetostrictive
origin and directed across the strip axis and
perpendicular to H. Considering that the
change in the transverse permeability due to
H__is small, the total permeability is of the
form (for a = 0, 6 = 0)

i, = 1+—H’"€
A=\ et |
Therefore, the field H__changes the variable
component of magnetization (and magnetic

)

induction) in the transverse direction. The
magnitude of the magnetic impedance of the
strip is modulated with a frequency F equal to
the frequency of the electric field. The induced
voltage of the MI signal can be written as

u(t) =ug[(1+mcos(2r Ft)]-cos(2x ft). ()

Here  is the modulation coefficient, which
is related to the amplitude of the central
and side components of the spectrum as
m = 2u/n,. Using the data in Fig. 64 and 7,
we obtain 7 = 1077, Similar field dependences
of #, and MI(H) shown in Fig. 6 confirm the
MI voltage modulation reasoning,

It should be noted the difference in
the field dependences of the converse ME
effect and MI effect. The ME effect in the
considered structure was observed in the range
of magnetic fields ~0-50 Oe. In the fields
above 50 Oe, the Metglas magnetization and

No. 1| Vol. 15| 2023 | RENSIT
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magnetostriction saturate and the magnetic
permeability with respect to this field tends
to zero. On the other hand, MI effect was
observed in a wider range of fields ~0-330 Oe,
since the impedance depends on the transverse
permeability (with respect to current), which
describes the change in magnetization due to
a field 4 generated by the current. Applying a
magnetic field H perpendicular to / increases
the magnetic hardness so the transverse
permeability changes as 1/H.

6. CONCLUSION

We have studied the magnetoimpedance

in a planar heterostructure containing
mechanically bonded layers of an amorphous
FeBSiC ferromagnet and a piezoelectric PZT.
The magnetoimpedance was observed in the
frequency range of 0.1-40 MHz and bias
fields of 0-300 Oe, the maximum value of the
effect at a frequency of 10 MHz reached 12%.
It is shown that an ac electric field applied
to the piezoelectric layer with a frequency
equal to the acoustic resonance frequency of
the structure leads to the modulation of the
magnetic induction in a ferromagnet (converse
ME effect) followed by the modulation of
the magnetoimpedance. The field conversion

145 G/(V/em), the

impedance modulation coefficient reached

coefficient  was
~107% The modulation occurs as a result of
a combination of the piezoelectric effect and
magnetostriction of the structure layers, which
leads to a change in the magnetic permeability
of the ferromagnet. The detected effect can
be used to control the parameters of magnetic
field sensors.
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