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Abstract: Magnetoelectric (ME) effects in ferromagnetic-piezoelectric heterostructures manifest themselves as a
change in the polarization of the structure in an external magnetic field or a change in magnetization in an electric field.
The effects are used to create magnetic field sensors, tunable electronic devices, and n1 ew data processing elements.
To ensure the thermal stability of these devices, it is important to understand the temperature dependence of the ME
effect characteristics. In this paper, we investigated the direct resonant ME effect in a monolithic heterostructure
consisting of a langatate single crystal with FeBSiC amorphous ferromagnet films deposited on its surface. It was shown
that heating of the structure from 220 K to 340 K resulted in a decrease in the quality factor of the acoustic resonance
followed by a decrease in the ME coefficient. Annealing the structure in the presence of magnetic field led to an
enhancement in the ME coefficient, a decrease in the optimal bias field, and improvement in thermal stability of the ME

effect.
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1. INTRODUCTION

In recent years, intensive research has been carried
out on magnetoelectric (ME) effects in composite
heterostructures containing ferromagnetic (FM) and
piezoelectric (PE) layers [1, 2]. The ME effects
manifest themselves in a change in the electric
polarization of the structure P in an external magnetic
field H (direct effect) or a change in the magnetization
of the structure M under the action of an external
electric field E (converse effect). The effects arise from
a combination of magnetostriction of the FM layer,
piezoelectricity in the PE layer and acoustic resonance
in the structure. The high efficiency of field conversion
makes it possible to use ME effects to elaborate highly
sensitive magnetic field sensors, tunable electronic
devices, and new data processing elements [3-5].

To create real devices with thermally stable
parameters, it is necessary to know the temperature
dependence of the characteristics of ME effects in
various structures. However, despite the importance of
the problem, only a limited number of publications are
devoted to this topic. Thus, the temperature
characteristics of the ME effect were studied in
structures with FM layers of lanthanum-strontium
manganite and PE layers of lead zirconate titanate
(PZT), manufactured by bonding the layers, laser or
magnetron sputtering [6-8]; in structures with a PZT
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layer and FM layers of Ni or amorphous ferromagnetic
Metglas alloy, manufactured by gluing [9]; in monolithic
heterostructures containing a PZT layer or a lanthanum
gallium tantalate (LGT) layer with a Ni layer up to 10
pum thick electrolytically deposited on its surface [10,
11]. Analysis of measurement data has shown that the
magnitude of the ME effect in structures, as a rule,
decreases with increasing temperature due to
weakening of the magnetostriction, degradation of the
piezoelectric properties of materials, and deterioration
of the mechanical properties of the adhesive
connection of layers [12].

In this work, we have investigated for the first time
the temperature characteristics of the direct ME effect
in a monolithic heterostructure containing a single
crystal layer of LGT, onto the surface of which Metglas
layers are deposited by magnetron sputtering. The
choice of LGT as a PE layer is due to its excellent
dielectric properties: LGT crystals do not undergo
phase transitions up to the melting temperature Tc
=~1450 °C, have low acoustic losses, and lack of
hysteresis and pyroelectric effects [13, 14]. The choice
of the amorphous ferromagnet Metglas was due to its
high magnetostriction and low saturation magnetic field.
It was previously shown that LGT-Metglas structures
are characterized by high field conversion efficiency.
Thus, in the glued heterostructure, the ME coefficient of
720 V/(Oe-cm) was obtained at the resonance
frequency [15]. In the monolithic heterostructure, the
ME coefficient of 76.6 V/(Oe-cm) was obtained [16]. All
this makes LGT-Metglas structures extremely
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promising for applications and requires detailed studies
of their temperature characteristics.

2. EXPERIMENTAL

2.1. Samples

The study used a rectangular plate made of PE
lanthanum-gallium tantalate (LaszGassTagsB+4) also
known as langate or LGT, on the opposite sides of
which FM films were deposited (see Figure 1). The
single-crystal LGT X-cut plate was manufactured by
Fomos Materials (Moscow, Russia) [17]. The plate had
in-plane dimensions of 22 mm x 4.7 mm, a thickness of
a, = 1.5 mm, piezoelectric modulus of dy; = 5.2 pC/N,
and a relative permittivity of € =22 [15, 17].
Amorphous ferromagnetic films (AF) of the composition
Fe;7Co4SigB11 (Metglas) were deposited using
magnetron sputtering on a SUNPLA-40TM setup
(Seoul, Republic of Korea). The films were deposited at
room temperature, without heating the substrate in an
argon atmosphere at a pressure of 0.2 Pa. The
magnetron frequency was 13.56 MHz, and the power
of 200 W. The film thickness was approximately 2 ym.
The FM films were used as electrodes for the PE layer.
After measuring the structural, magnetic and ME
characteristics of the heterostructure, it was annealed.

Annealing of the structure was carried out in air
atmosphere at a temperature of 300 °C in the presence
of dc magnetic field H=330 mT, applied along the long
side of the structure. The structure was heated from
room temperature to 300 °C for 45 min, held for 30 min,
and then slowly cooled. The annealing temperature
was chosen to prevent the formation of undesirable
phases such as a-Fe in the Metglas film [18]. X-ray
studies performed before and after the annealing
showed that the amorphous nature of the Metglas film
was preserved.

2.2. Experimental Setup

The block-diagram of the setup used to study ME
effects in the heterostructure at various temperatures is
shown in Figure 1 [16]. The measurements were
carried out using harmonic modulation of the magnetic
field. The structure was suspended on thin wires
soldered to the centers of the FM films in a dc magnetic
field H = 0-120 Oe, directed along its long axis. The
field was created using 12 cm diameter Helmholtz coils
powered by a TDK Lambda GENH600-1.3 power
source. An ac excitation magnetic field hcos(21ft) with
an amplitude up to h = 0.5 Oe and a frequency of f =
0-150 kHz, was applied parallel to the dc field. The
excitation field was created using a second pair of 5 cm
diameter Helmholtz coils connected to an Agilent
33210 generator.

The alternating voltage u(f) generated by the
structure was taken from the wires and measured using
an AKIP 2401 digital voltmeter with an input impedance
of 10 MQ. The voltage spectrum was analyzed using
an Agilent E4448A spectrum analyzer. The dc field H
was measured with a LakeShore 421 gaussmeter. The
amplitude of the alternating field h was determined by
monitoring the current through the coils, after they had
been calibrated at a frequency of 100 Hz. During the
temperature measurements, the structure was placed
in a teflon cell and either cooled or heated by flowing
gaseous nitrogen through it at a given temperature.
The temperature of the nitrogen was changed in steps
of 10 °C steps and maintained with an accuracy of ~0.1
°C. The dependences of the voltage amplitude u
generated between electrodes of the LGT plate were
measured as a function of the dc field H, frequency f,
and amplitude h of the excitation field. The installation
was controlled using a specialized LabVIEW program
on a personal computer.
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Figure 1: Block-diagram of the experimental setup for the ME effect investigation.
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3. MEASUREMENT RESULTS

3.1. ME Effect at Room Temperature

First, the ME effect characteristics in the
LGT-Metglas structure were measured at room
temperature T=300 K and small field h before and after
annealing. Figure 2a shows the dependences of the
ME voltage u on the excitation magnetic field frequency
f with an amplitude of h=0.22 Oe, both before and after
structure annealing. Before annealing, a resonant peak
was observed at a bias field of H,;=80 Oe with a
central frequency of f,=96.531 kHz, amplitude of
u1=188 mV, and a quality factor of Q;=15.6-10°. After
annealing, a peak was observed in the u(f)
dependence at a bias field of H,,,=26 Oe with a central
frequency of £,=96.517, an amplitude of u,=897 mV,
and a quality factor of Q,~13.8-10°.

Figure 2b shows the dependences of the peaks
amplitude us and u, on the dc field H at an excitation
field h=0.22 Oe before and after annealing the
structure. It can be seen that the peak amplitudes are
small in weak fields, then grow and reach a maximum
at optimal fields, and then smoothly decrease with
increasing H. For the original structure, the optimal field
at which the generated voltage amplitude is maximum,
was Hm1=80 Oe. After annealing, the optimal bias field
decreased to H,, =26 Oe. Note the presence of
hysteresis in the dependences u4(H) and ux(H). The
annealing of the structure resulted in a decrease in the
coercive field from H;=12 Oe to H,=2 Oe. It was found
that the voltages u1(Hm1) and uy(Hmz) increased linearly
as the amplitude of the excitation field increased from
zero t0 hmax=0.7 Oe. This indicates the linearity of the
ME effect.

3.2. Dependence of ME Effect Characteristics on
Temperature

At the second stage, the temperature dependences
of the ME effect characteristics for both the original and
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annealed structures were studied, with temperature
changes ranging from 220 to 340 K. Figures 3a and 3b
demonstrate the evolution of the amplitude vs.
frequency characteristic u(f) of the linear ME effect in
the structure before and after annealing, respectively.
The curves were measured at the excitation field
amplitude h=0.22 Oe, the field H;,1=80 Oe before
annealing and Hn=26 Oe after annealing. It is clear
that as the temperature increases for the initial
structure the resonance shifts up in frequency and its
amplitude decreases. For the annealed structure, the
resonance also shifts up in frequency, but its amplitude
remains constant until 7=300 K, after which it begins to
decrease.

Figures 3¢ and 3d illustrate the evolution of the field
dependence of the ME voltages u4(H) and uy(H) for the
structure borth before and after annealing at increasing
T. It can be seen that as T increases, the values of the
optimal magnetic fields Hy,; and H,, change and the
voltages at these fields u1(Hm+) and ux(Hrz) decrease.

Based on the measurement results similar to those
shown in Figure 3, the temperature dependences of the
main characteristics of linear ME effect before and after
annealing the structure were constructed, as shown in
Figures 4a-d. It is evident that an increase in
temperature from 220 K to 340 K led to a gradual
increase in the resonance frequency for both original
and annealed structures (Figure 4a). The quality factor
Q in both cases dropped nearly linearly from ~24-10° to
~12:10°, ie. by a factor of two (see Figure 4b). The
deviations of individual Q values from the linear
dependence are associated with errors in measuring Q,
which are due to the high quality factor of the resonator.
The voltage generated by the structure at the resonant
frequency decreased approximately linearly with
increasing temperature by (Au, /u,)100% ~64% for the

original structure and by (Au,/u,)100%~ 30% for the

annealed structure (see Figure 4c). The optimal dc
magnetic field corresponding to the maximum ME
effect for the original structure remained approximately
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Figure 2: Characteristics of the linear direct ME effect in the LGT-Metglas heterostructure at T=300 K before and after annealing:
a) dependence of the ME voltage u on the excitation field frequency f; (b) dependence of the ME voltages us and u; at resonant

frequencies on the magnetic field H.
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Figure 3: Evolution of frequency and field characteristics of the linear ME effect in the LGT-Metglas heterostructure with
increasing temperature: (a) frequency characteristics at H=80 Oe before annealing, (b) frequency characteristics at H=26 Oe
after annealing, (c) field characteristics before annealing, (d) field characteristics after annealing. The field Hn2 is shown only for
the curve at T=300 K. Arrows in all figures show the direction of temperature increase.
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Figure 4: Dependences of the ME effect characteristics in the LGT-Metglas heterostructure on the temperature T before and
after annealing: (a) resonant frequencies f; and £, vs T; (b) quality factors Q1 and Q2 vs T; (¢) ME voltages u1 and uz vs T; (d)
optimal fields Hm1 and Hma vs T.

constant H,,1=80 Oe over the entire temperature range,

while for the annealed structure it decreased nearly
linearly from H,,, = 40 Oe to 20 Oe (Figure 4d).

First of all,

4. DISCUSSION OF RESULTS

let’'s estimate the acoustic resonance

frequency of the structure using the formula for the
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fundamental mode of planar oscillations of a free rod
[19]: f~qa/20)v/p ., where L is the length of the
sample, and Y and p are the effective Young’s modulus
and specific density of the structure, respectively.
Since the thickness of the Metglas layers is much
smaller than the thickness of the LGT layer, we can
neglect their influence on the resonance frequency.
Substituting the known values Y = 110 GPa, p= 6130
kg/m?’, and L=22 mm for the langatate plate into the
formula, we get a resonance frequency of f, =100.7 kHz,
which matches the measured value of f;, = 96.5 kHz
(see Figure 2a).

As follows from Figure 4a, a slight increase in the
temperature T led to a small increase in the acoustic
resonance frequency of the structure by no more than
~0.22%. This is due to the increase in the Young's
modulus of the LGT crystal with temperature. In this
case, the thin Metglas layers, whose Young's modulus
decreases with increasing T, had virtually no effect on
the temperature dependence of the resonance
frequency. Note the record-high resonant quality factor
of the fabricated monolithic heterostructure Q =25-10°,
which is almost an order of magnitude higher than the
quality factor for glued structures ~(2...4)-103 [12]. The
high quality factor is achieved due to small thickness of
the FM layers and indicates good quality of mechanical
contact between layers of the structure. The decrease
in the quality factor for the monolithic heterostructure
(Figure 4b) with increasing T, as in glued
heterostructures, is due to an increase in acoustic
losses in LGT crystal caused by the phonon-phonon
interaction and inelastic scattering on dislocations [20].
It is evident that the annealing of the Metglas layers
had virtually no effect on the resonant quality factor.

Using the data in Figure 4c, one can estimate the
change in the ME coefficient of the structure
ag=ul(a,h) (where u is the amplitude of the electrical

voltage generated between the electrodes of a PE
layer of thickness a, under the influence of an
alternating magnetic field of amplitude h) with
increasing temperature. The ME coefficient for the
original structure decreased nearly linearly from
ag, =u1/(aph)z‘|1.4 V/(Oe cm) to 3.8 (V/Oe cm), i.e.

by ~66%, and for the annealed structure it decreased
from «,, =u,/(a,h) =33 V/(Oe cm) to 23 (V/Oe cm),
i.e. by ~30%. The obtained ME coefficient for the
original structure is comparable with the coefficient of
~8.3 V/(Oe cm) for the glued LGT-Metglas structure
with a 20 uym thick Metglas layer [10]. However, this
coefficient turned out to be less than that achieved in a
monolithic structure of similar composition [16], as we
used a thicker LGT layer

The most impressive result of annealing the
monolithic LGT-Metglas heterostructure is the
enhancement in the ME coefficient and the decrease in

the optimal dc bias magnetic field Hy,. To understand
the reason for this, we measured the magnetization
curves of the structure both before and after annealing,
which are shown in Figure 5. The curves were obtained
using the longitudinal Kerr effect method at a
wavelength of 0.628 ym. The dc magnetic field was
applied in the plane of the structure along its long side.
As a result of annealing, the saturation field of the
Metglas layers Hs decreased from ~300 Oe to ~100 Oe.
The coercive field H; also decreased from ~25 Oe to ~9
Oe. Additionally, there was an increase in the slope of
the magnetization curve oM /oH (i.e., the magnetic
permeability) in the low-field region.
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Figure 5: Dependence of the relative magnetization M/Ms of
the LGT-Metglas heterostructure on the magnetic field H
before and after annealing.

When Metglas was deposited on the LGT surface,
mechanical stresses appeared in the film. Annealing
relieved these stresses and energy losses due to
domain wall rearrangement, and, as a result, increased
the magnetic permeability of the FM layers. The value
of the ME coefficient in composite FM-PE
heterostructures is proportional to the product of the
piezoelectric modulus d of the PE layer and the

piezomagnetic modulus q=aA/aH|H of the FM layer

[21]. Since the magnetostriction in low fields depends

quadratically on the magnetization,)L~M2, we obtain
the expression for the piezomagnetic modulus of the

FM  layer q(H)~aM2/aH‘ ~2M@M /oH| ) [22]
H

This implies that an increase in the magnetic
permeability leads to an increase in both
piezomagnetic modulus g and ME coefficient of the
structure. It should be note that an enhancement of the
ME effect after annealing has been previously
observed in structures of other compositions containing
Metglas layers [18, 23].

Thus, the results of the studies demonstrated
changes in the characteristics of the ME effect in the
LGT-Metglas monolithic heterostructure with increasing
temperature, which must be taken into account when
developing methods for thermal stabilization of ME
devices.
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5. CONCLUSION

In summary, the characteristics of resonant ME
effect in the monolithic LGT-Metglas heterostructure in
the temperature range of T7=220...340 K are
investigated. It is shown that heating the structure
significantly affects characteristics of the ME effect.
With increasing T, the acoustic resonance frequency
increased by no more than 0.2%, but the resonance
quality factor dropped from Q=24-10° by a factor of two.
This led to a monotonic decrease in the ME coefficient
from «, ~11.4 V/(Oe-cm) to 3.8 (V/Oe-cm). Annealing

the structure in the presence of dc magnetic field led to
an enhancement of the ME effect characteristics. The
maximum ME coefficient increased up to ~33 V/(Oe
cm), and the optimal bias magnetic field decreased
from ~80 Oe to ~25 Oe. The research results can be
useful in developing methods for thermal stabilization

of the ME effect characteristics in monolithic
heterostructures.
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