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Abstract—Composite multiferroics are materials in which electric polarization of the material is possible
under the action of an external magnetic field and vice versa, a change in the magnetization of the structure
when an electric field is applied. Such properties have a high practical potential for application in science and
technology. Based on these materials, it is possible to manufacture a number of devices with unique proper-
ties, such as, for example, random access magnetoelectric (ME) memory, ME sensors of magnetic fields, cur-
rent, magnetic nanoparticles, micromechanical ME antennas, voltage-adjustable microwave filters, resona-
tors and phase shifters. Therefore, the search for new materials of composite multiferroics and the study of
the ME effect in them is a priority and urgent task in the search and creation of new electronic devices. One
of the most promising and close to practical implementation directions is the creation of highly sensitive sen-
sors of ultra-weak magnetic fields on the basis of composite multiferroics. The absence of the need to cool
such sensors is a significant technical advantage over superconducting quantum interferometers currently
used for these purposes. To date, the best achieved limits for detecting magnetic fields using sensors based on
composite magnetoelectrics are values of the order of pT/Hz!/2, and new works are regularly published that
reduce this threshold by improving processing electronics and changing the sensor design. This threshold of
sensitivity is already sufficient for reliable detection of magnetic fields induced by alpha-rhythm currents of
the brain with amplitudes of units of pI' (magnetoencephalography) and for detecting the magnetic activity
of the human heart. The review article is devoted to composite magnetoelectric structures with a focus on
sensor structures capable of detecting ultra-weak magnetic fields. The comparison of the limiting sensitivity
to the magnetic field of the existing ME composite structures is carried out, the ways of increasing the sensi-

tivity to the magnetic field are shown.
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INTRODUCTION

Composite multiferroics are structures in which
ferromagnetic and ferroelectric ordering exist simulta-
neously [1]. The magnetoelectric (ME) effect in com-
posite multiferroics occurs due to an elastic bond
between magnetostrictive and piezoelectric materials.
The term “ME effect” in the most general sense
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describes the effect of change in magnetization on the
electrical polarization of a sample (direct ME effect)
and, on the contrary, the effect of change in electrical
polarization on magnetization (reverse ME effect) [2].

At present, there is a significant spike in publica-
tion activity on topics devoted to the production and
study of the properties of composite multiferroics.
Particularly, a search using the key words “composite
multiferroic” in the Web of Science Core Collection
scientometric database demonstrates a stable annual
increase in the number of publications and citations by
10—15% since 2010. Such interest in composite multi-
ferroics is primarily associated with the possibility of
fabricating a number of devices with unique properties
on their basis, such as, for example, microwave phase
shifters, electronically adjustable microwave resona-
tors and delay lines, waste thermal energy collection
systems, energy-independent ME memory, microme-
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chanical ME antennas, ME gyrators, and ultra-sensi-
tive sensors of magnetic fields (MF) [2—6]. It was
demonstrated that layered ME composites containing
mechanically connected magnetostrictive and piezo-
electric layers parallel to each other are able to gener-
ate a large electrical signal in response to weak changes
in an external MF [2, 4, 7-9].

The creation of highly sensitive sensors of ultra-
weak MFs based on composite multiferroics is one of
the directions that are most promising and close to
practical implementation [10—12]. The lack of the
necessity to cool such sensors is a significant technical
advantage over superconducting quantum interference
devices (SQUIDs) used now for these purposes with-
out alternative. It is obvious that MF sensors based on
composite multiferroics cannot completely replace
SQUIDs, which are capable of detecting individual
quanta of a magnetic flux [13]; however, there are a
number of applications, in which the use of MF sen-
sors based on composite multiferroics (not requiring
cooling to cryogenic temperatures) is justified. Such
areas of application include highly sensitive miniature
magnetometers of industrial and research classes for
the contactless measurement of ultra-weak currents,
MPFs in living organisms applied to magnetocardiogra-
phy and magnetoencephalography, the visualization
of magnetic nanoparticles, the measurement of mag-
netic anomalies, magnetic geological exploration, etc.

To date, a limit of MF detection on the order
pI'/Hz'/? has been achieved using sensors based on
composite multiferroics; moreover, new works are
regularly published, where this threshold is lowered
due to improvement in the processing electronics and
a change in the design of such sensors [10, 14, 15].
Such a threshold of sensitivity is sufficient for detect-
ing MF induced by oa-rhythm currents of the brain
with amplitudes of units of pI' (magnetoencephalogra-
phy) and currents flowing in the human heart (magne-
tocardiography) [11, 16]. On the other hand, it is nec-
essary to be able to measure MFs with a magnitude 1—
2 orders of magnitude lower with a high degree of reli-
ability to study the activity of the cerebral cortex. At
present, such levels of sensitivity of a sensor based on a
composite multiferroic have not been implemented by
any research team around the world.

To achieve a high sensitivity to MFs at low frequen-
cies, ME sensors must have a large coefficient of con-
version of MF into electrical field, as well as low inter-
nal and external noise levels. The overwhelming
majority of research teams involved in the production
and study of the properties of composite multiferroics
use materials based on piezoceramics of PZT (lead
zirconate titanate) type or relaxor ferroelectrics of
PMN-PT (lead magnesium niobate—lead titanate)
type in their research. Despite outstanding piezoelec-
tric characteristics, these materials have a number of
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disadvantages, such as a low Curie temperature, sig-
nificant mechanical-electrical hysteresis, creep (time
delay between the mechanical deformation and elec-
trical signal) and saturation, nonlinear dependence of
the properties on temperature, and large dielectric
losses. Being multicomponent solid solutions, the
substances mentioned above can differ greatly in their
properties for different manufacturers, while control
of the ferroelectric domain structure and electrical
conductivity becomes a difficult technical challenge.
The use of PZT-type piezoelectric ceramics and
PMN-PT-type ferroelectric relaxors with high values
of piezoelectric modules d; allows a significant
increase in the coefficient of conversion of mechanical
deformation into an electrical signal; but at the same
time, due to the huge values of the dielectric permittiv-
ity € and, consequently, large capacity, the voltage
generated by the piezoelectric effect will be relatively
low. Thus, the efficiency of conversion of mechanical
deformation into an electrical signal is particularly
determined by d/e ratio [15, 17].

The use of piezoelectric single crystals with average
values of piezoelectric modules, but with low mechan-
ical and dielectric losses, is a promising approach for
obtaining large coefficients of conversion of MF
energy into an electrical signal. Single crystals of clas-
sical 180° ferroelectrics, such as, for example, lithium
niobate (LiNbO;, LN) and lithium tantalate (LiTaOs;,
LT), are an interesting variant for this purpose [18, 19].
These materials demonstrate excellent temperature
stability, have high Curie temperatures (1140°C in LN
and 620°C in LT), have no creep and no mechanical-
electrical hysteresis [20]. At the same time, being pri-
marily materials for laser optics and acoustics, lithium
niobate and lithium tantalate are produced by industry
in large volumes and have excellent reproducibility of
properties.

The sensitivity of a ME sensor is mainly limited by
its own noise, in which Nyquist thermal noise and 1/f
noise dominate [2, 17]. The thermal noise can be min-
imized due to the use of appropriate detection
schemes of weak output signal from ME structures
[21]. Suitably designed schemes of detection based on
voltage or charge amplifiers must have a noise ampli-
tude on the level of the sensitivity limit of these com-
ponents [22, 23]. On the other hand, external noise
caused by vibrations of the piezoelectric, pyroelectric
noise and magnetic sources of noise require more
complex strategies to deal with them [10, 24, 25].

It is known that asymmetrical two-layer systems
containing a mechanical-electrical transducer of the
bimorph type demonstrate especially large ME coeffi-
cients with a bending resonance [26—29]. At the same
time, it is possible to fasten the bimorph as a cantilever
for a significant increase in the ME effect at low fre-
quencies [10]. In addition to an increase in the sensi-
2022
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Fig. 1. Schematic image of the ME effect arising as a result of deformation of one of the layers (magnetostrictive or piezoelectric

layer): (a) direct ME effect, (b) reverse ME effect.

tivity at low frequencies and an increase in the ME
coefficient, such a configuration can partially com-
pensate the vibration and thermal noise [17, 30].

Bimorph piezoelectric structures are usually made
by gluing or sintering together piezoelectric plates
based on PZT [26, 31, 32]. As a rule, such a method
leads to the appearance of interphase boundaries and
adhesive layers, resulting in large mechanical losses
and instability of the material properties. From this
point of view, the advantage of LN and LT consists in
the possibility of obtaining single-crystal bimorphs
(containing no adhesive layer or intercrystalline
boundary) on their basis due to the creation of
counter-polarized bidomain ferroelectric structures
of “head-to-head” and “tail-to-tail” types [33].
Bidomain crystals are obtained using pulsed infrared
annealing accompanied by the emergence of a given
temperature gradient in the sample volume and, as a
consequence, internal electric field polarizing the
domains towards each other [20, 34]. The use of a
bidomain crystal as the piezoelectric part of a compos-
ite multiferroic prevent the losses associated with the
sintering or adhesion boundary in the piezoelectric
material.

This review is devoted to composite ME structures
with a focus on sensor structures capable of detecting
ultra-weak MFs. In particular, their use in the field of
human-heart MF detection is demonstrated.

1. ME EFFECT IN COMPOSITE STRUCTURES

According to the initial definition proposed by
Debye in 1926 [35], the linear ME effect is described
as the appearance of electric polarization (P) of a sam-
ple when applying a magnetic field (H) to it. This phe-
nomenon is called the direct ME effect. There is also
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a reverse ME effect, which is determined as the
appearance of magnetization (M) of the sample when
applying an electric field (£) to it. Illustration of this
effect for the composite structure is given in Fig. 1

[36].

The direct and reverse linear ME effects can be
expressed by the formulas [1, 37]:

b =o,H,
M, =0o;/uE;,

(1
()

where a; is a linear ME coefficient; P, is the vector of
polarization of a material; M, is the vector of magne-
tization of a material; H; is the vector of the MF
strength; E; is the vector of the electric-field strength;

U, is the magnetic permeability of free space. Here and
below, the Einstein summation is used.

The association of the polarization vector P, mate-
rial magnetization vector M, vector of the electric field
strength E, and the magnetic-field strength H can be
graphically shown as a diagram (Fig. 2).

In order to understand better the appearance of the
ME effect in composite structures, we consider the
concept of physical properties that appear as a result of
a combination of different single-phase compounds.
As is known, composite systems can not only have
properties similar to those of their constituent phases,
but also have completely new properties that are
absent in the initial compounds. While summary and
proportional properties determine averaging or ampli-
fication of the effect, multiplicative properties lead to
new effects formed from interaction between the
materials that form the composite [38]. Multiplicative
properties are used to create structures that have the
ME effect from materials that do not.

2022
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Fig. 2. Magnetoelectric coefficients and their reverse values [37]. Image copied with permission WILEY © 2021.

The ME effect in composite multiferroics emerges
due to the interaction between piezoelectric and mag-
netostrictive phases [4, 38, 39]. The direct ME effect
in such composite system emerges when applying a
MF to samples. The applied MF deforms the magne-
tostrictive material, which leads to mechanical defor-
mation of the piezoelectric material, which is polar-
ized due to the direct piezoelectric effect (Fig. 1a).

Qualitatively, the direct and reverse ME effects in
the composite structures can be described by the
expressions [39]:

ME, effect = Electrical % Mechanical 3)

Mechanical  Magnetic
ME, effect = Magnetic % Mechanlcaly (4)
Mechanical Electrical

where the ratio of properties electrical/mechanical is
the generation of a piezoelectric charge (d; = 0D,/0T));
mechanical/magnetic is deformation due to the
effect of magnetostriction (¢; = BS}/E)H,.); mag-
netic/mechanical is piezomagnetic induction (g; =
0B,/0T)); and mechanical/electrical is piezoelectric
deformation (d; = 0S;/0E)).

Within this concept, provided that E;=0, the

effective ME coefficient can be expressed according
to [40]:

o, =k.(0P/0H )

Q)

= kc(ag/aSk)(aSk/aHj) = kcdikq/'k,
where k_ is the coupling coefficient (0 < |k.| < 1),
which quantitatively determines the efficiency of the
transfer of deformation between the phases of a com-

posite material; d, is the piezoelectric coefficient; and
qx is the piezomagnetic coefficient.
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Thus, the composite structure has the ME effect,
which is not observed in individual phases of these
materials.

We consider the types of compounds in composite
structures. Using the Newman concept [41, 42] to
describe structures consisting of different phases, ME
composites can be divided into three main types. In
this case, the following designations are used: 0 is sin-
gle-phase particles suspended in a matrix of another
phase, which is designated by number 3; 1 is single-
phase fibers; and 2 is films or layers of one of the
phases. The designations 0—3, 2—2, and 1—3 are used
to describe the structures of composite ME materials,
where each number designates the connection with
the material phase (Fig. 3). Composites of 0—3 and
1—3 types demonstrate low values of the ME effect
(no more than 500 mV/(cm Oe)) due to high leakage
currents through ferromagnetic inclusions and dissi-
pation of the energy of mechanical vibrations of the
magnetostrictive phase on an epoxy film, which binds
the ferroelectric and magnetic phases [36, 43—45]. In
horizontal heterostructures of the type 2—2 with a lay-
ered structure, there are no problems with leakage cur-
rents due to a high resistance of the ferroelectric layer.
Each of the layers is produced in an independent tech-
nological process, which increases the number of pos-
sible parameters, using which it is possible to influ-
ence the value of the ME effect in the composite
structure. The largest ME effect was observed namely
in type 2—2 structures, which can be seen in the dia-
gram given in Fig. 4 [7]. The best experimental val-
ues of the quasistatic ME coefficient, obtained for
different combinations of materials in bulk and film
ME composites having a connection of the 0—3, 1-3,
and 2—2 types, are collected in [7].

The direct and reverse ME effects can be applied in
a wide range of new devices. Table 1 gives the main
Vol. 17
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Fig. 3. Schematic image of the three most common types
of ME structure connections: (a) 0—3, composite films
consisting of a piezoelectric matrix (3), in the structure of
which magnetic particles (0) are introduced; (b) 2—2, hor-
izontal heterostructure with alternating ferroelectric (2)
and magnetic (2) layers; (c) 1—3, vertical heterostructure
with fibers of magnetic (or ferroelectric) material intro-
duced into the matrix of the ferroelectric (or magnetic)
material in the form of columns.

types of ME devices and their classification relative to
the ME effect, and references to recent scientific
works and reviews on this topic.

2. ME EFFECT IN COMPOSITE
MULTIFERROICS

In the overwhelming majority of works devoted to
studying the ME effect in composite multiferroics, a
technique for measuring the ME coefficient by the
dynamic method is used [79—82]. The idea of the
method is to measure the effective value of a small
variable electrical voltage (V) arising on the sample,
when applying a small variable MF (8H) to it. The
value of the ME coefficient can be obtained from the
expression o = V. /(t0H), where ¢ is the thickness
of the piezoelectric layer of the composite ME mate-
rial. The following devices are used to realize the
dynamic method: a lock-in (or oscillograph), signal

ME coefficient, V/(cm Oe)
0 10 20 30 40 50 60
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generator, Helmholtz coils (solenoid, electromagnet),
current amplifier, and multimeter. The variant of real-
ization of this system is presented in Fig. 5. Such a sys-
tem allows information to be obtained about the effect
of a number of parameters (materials of the composite
structure, connection between the components in the
composite structure, mode of operation of the ME
sample, methods of obtaining materials, etc.) on the
value of the ME effect, as well as ME materials most
suitable for different applications to be identified.

This method also allows measurement of the phase
shift of the useful signal relative to the signal applied to
the Helmholtz coils and a change in the phase signal
from the sample in the process of measurement. By
changing the value of a constant MF, it is possible to
study the ME effect at different working points of a
magnetostrictive material, whereas by changing the
frequency of a variable MF, one can study the
response of the sample at different frequencies of
MFs. Since the variable ME signal of the response
from the sample in this method is measured using a
synchronous detector in a narrow region near the exci-
tation frequency, the noise and other parasitic inter-
ference significantly decrease due to signal filtering
both in frequency and in phase [83], which allows weak
electric signals from ME samples to be measured.

According to the formula (5), the ME coefficient
Ol is proportional to the piezomagnetic coefficient
of the magnetostrictive material g; = dA;/0H . The
magnetostriction coefficient A; has a nonlinear
dependence on a constant MF for most magnetic
materials. A typical dependence of the magnetostric-
tion coefficient on a constant MF for such a class of
magnetic materials as amorphous metallic glasses is

ME coefficient, V/(cm Oe)
6 5 4 3 2 1 0

(b)

CFO/PZT[ ‘

LSMO/BSTO

nmHmnonmnmumuMnn

Zn-NFO/PZT

Fig. 4. Values of nonresonance ME coefficients for different materials: on the right bulk and on the left film ME composites [7]

(image copied in accordance with the license CC BY 4.0).
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Table 1. Use of composite multiferroics

TURUTIN et al.

ME eftfect Physical mechanism used in devices Devices
Direct Change in the electrical polarization of a | Magnetic sensors [6, 11, 12, 16, 31, 46—50]; current sensors
material when applying a magnetic field |[7, 51—54]; gyrators [55—60]; devices for collecting waste energy
[61—65], and detection of magnetic nanoparticles [66]
Reverse Change in the magnetization of a mate- | Spintronics, including ME memory with random access

rial by an electric field

Change in the magnetic permeability u
by an electric field

Control of spin waves by an electric field

(MERAM) [36, 40, 67, 68]
Voltage-adjustable inductivities [69—71] and bandpass filters
[72—74]. Mechanical antennas [75, 76]

Voltage-adjustable filters, resonators, phase shifters [6, 70, 72,
77, 78]

presented in Fig. 6a. Thus, there is a constant MF, at
which the piezomagnetic coefficient is maximal [84].
The value of this MF is called the working point of the
composite ME material, since the maximal ME effect
is observed with this MF value.

The dependence of the ME coefficient on a vari-
able MF is another important characteristic of com-
posite multiferroics (Fig. 6b). Depending on the
geometry of structures at a certain frequency, a multi-
ple increase in the ME coefficient can be observed,
which corresponds to the electromechanical reso-
nance of the sample. The value of the direct ME coef-
ficient reaches a maximum at the antiresonance fre-

quency (f;) [85].

According to Fig. 4, the largest ME effect is
observed in layered composite multiferroics. Such
structures can be divided into four main categories
depending on how the magnetization (M) of the mag-
netostrictive layer and polarization (P) of the piezo-
electric layer are directed relative to each other. The
main four types of structures and three derivatives of

them are presented in Fig. 7 [4].
\Q

s
Lock-in

Power source
|

Electromagnet 4ﬁ—‘—ﬁj
\ Functi
Hall probe . unction
Multimeter generator

Fig. 5. Measuring systems for the ME effect via the
dynamic method using an electromagnet to apply a con-
stant MF to a sample [79] (image copied with permission
of Elsevier © 2021).
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In the case of piezoelectric ceramics PZT and
PMN-PT, it was demonstrated [86] that the maximal
ME effect can be obtained for the composite configu-
ration with the structure L—L. This is explained by the
largest piezoelectric coefficient d;; in PZT and
PMN-PT. In order to avoid these disadvantages, a
modified structure with symmetric polarization of the
piezoelectric layer relative to the central line was sug-
gested (Fig. 7d) [30, 87, 88]. This configuration is
called push-pull |87]. The push-pull design allows an
increase in the value of the removed voltage by 2 times
as compared with the regular L—L-configuration. It
was suggested to use a piezo fiber out of PZT with
interdigitated (ID) electrodes applied to its surface as
a piezoelectric material [89]. Metglas, which was
applied using epoxy glue on both sides of the piezo-
electric material, was used as the magnetostrictive
material. A schematic layered image of the composite
structure piezo fiber/Metglas (L—L) and measured
dependence of the ME coefficient on the frequency of
the MF are presented in Fig. 8.

The piezo fiber was made of PZT-5A ceramic with
a thickness of 100 wm, width of 350 um, and length of
30 mm. The Metglas width is 7 mm, and its length is
100 mm. In order to isolate ID electrodes from the
conductive Metglas, a polyimide film was formed
between them. The piezo fiber consists of a number of
alternating symmetrical longitudinally polarized
blocks with the length 2/, = 1 mm, to which ID elec-
trodes are connected to collect charges (inset in
Fig. 8a). Such a configuration increases the structure
capacity and optimizes the transmission of mechani-
cal stress [90].

The measurements of ME coefficient of the piezo
fiber/Metglas (L—L) composite structure depending
on the frequency of the MF are given in Fig. 8b. The
maximum of the ME coefficient corresponds to elec-
tromechanical resonance of the structure at a fre-
quency of 10.5 kHz and is ~470 V/(cm Oe). At a low
frequency (in the range from 1 to 1000 Hz), the ME
coefficient slightly depends on the MF frequency and
is 23 V/(cm Oe). These measurements were carried
out when applying the optimal MF (4 Oe). The use of
Vol. 17
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Fig. 6. Typical dependences of magnetostriction, piezomagnetic and ME coefficients on a constant MF (a). Dependencies
of the impedance, capacity, direct and reverse ME coefficients on the frequency of a modulating MF for a composite mul-
tiferroic (b) [7] (graphs copied in accordance with the license CC BY 4.0).
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Fig. 7. Schematic image of layered composite materials consisting of magnetostrictive and piezoelectric layers with different
direction of the polarization vector (P) and magnetization (M) with the following configurations of the structures: (a) “longitu-
dinal (M)—longitudinal (P)” (L—L); (b) “longitudinal (M)— transverse (P)” (L—T); (c) “transverse (M)—longitudinal (P)” (7—L);
(d) “transverse (M)—transverse (P)” (7—T); (e) configuration (L—L) with symmetrical localization of the piezoelectric (P) rela-
tive to the central separating line (push-pull) [30]; (f) bimorph composite material; (g) single-domain composite material with a
single magnetostrictive layer [4] (Figs. 7f and 7g copied with permission of AIP Publishing © 2021).
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Fig. 8. Layered scheme of a composite multiferroic piezo fiber/Metglas (L—L) (a). Dependence of the ME coefficient on the fre-
quency of the modulating field for this structure (b). Low frequency part of the dependence of the ME coefficient on the fre-
quency of a MF is presented in the insert [89] (graphs copied with permission of AIP Publishing © 2021).
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|
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Fig. 9. Composite multiferroic on the basis of a three-layer FeBSiC/PZN-PT piezo fiber/FeBSiC material with L—T7 construc-
tion. The P vector designates the direction of polarization in the layer of the PZN-PT piezo fiber [91] (figure copied with permis-

sion of AIP Publishing © 2021).

push-pull composite ME materials made it possible to
obtain one of the maximal ME coefficients beyond the
electromechanical resonance for composite multifer-
roics.

L—Tis another widely used design of ME compos-
ite materials. As compared with the L—L-configura-
tion, it is possible to obtain a larger electric capacity of
ME structures with the same geometric dimensions,
which increases the ME coefficient [91]. The trans-
verse piezoelectric effect is lower than the longitudinal
one for almost all materials, which is an advantage for
the L—L-configuration.

A composite structure with the L—7 design on the
basis of Metglas/Pb(Zn,;, Nb,;)0;—7% PbTiO,
(PZN-PT) was studied in [91]. A schematic image of
the composite material layers is presented in Fig. 9.

The commercial amorphous alloy Metglas as the
magnetostrictive material and PZN-PT piezofiber
crystal polarized along d;; as the piezoelectric material

NANOBIOTECHNOLOGY REPORTS

were used in the experiment. Magnetostrictive and
piezoelectric layers were adhered using epoxy resin.
A thin PZN-PT crystal oriented with a long side along
the direction [100] was cut in the form of columns with
the length 15 mm, width 0.4 mm, and thickness
0.1 mm. Metglas was cut with the length 100 mm,
width 5 mm, while its thickness was 25 um.

Measurements of the ME coefficient in the quasi-
static and dynamic modes are presented in Fig. 10.

The maximal value of the quasistatic ME coeffi-
cient was 10 V/(cm Oe) at a constant MF of 2 Oe. This
effect is only 2 times less than in the structure piezofi-
ber/Metglas (L—L) [89]. However, the dynamic ME
coefficient at the frequency of electromechanical res-
onance (20 kHz) was 400 V/(cm Oe), which is on the
same order as the previous result for the configuration
(L—-L).

In [92], it was suggested to use a PMN-PT crystal
doped with Mn with a transverse value of the piezo-
electric coefficient d;; = 1800 pC/N and very low
Vol. 17
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Fig. 10. Dependence of the ME coefficient of a three-layer composite material FeBSiC/PZN-PT piezo fiber/FeBSiC on a con-
stant MF at a frequency of the modulating MF of 1 kHz (a). ME coefficient as a function of the frequency of a variable MF when
applying the optimal constant MF Hy. = 2 Oe (b) [91] (graphs copied with permission of AIP Publishing © 2021).

Mn-doped PMN-
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Fig. 11. Schematic image and photo of a composite multiferroic of Metglas/PMN-PT based structure (doped with manga-
nese) [92] (figure copied with permission of AIP Publishing © 2021).

value of the tangent of the dielectric-loss angle tan § =
0.07% as a piezoelectric component in the composite
multiferroic. The sizes of the PMN-PT crystal were
30 x 2 x 0.2 mm?. Metglas (Fe, 4C0y, ¢Siy sB; 3Mny,Cy ;)
was selected as the magnetostrictive material. The
obtained composite material refers to the L— 7T config-
uration. The thickness of the Metglas ribbon is 25 um,
its length is 80 mm, and its width is 8§ mm. To increase
the ME coefficient, it was suggested in the work to
increase the volume of the magnetostrictive phase by
gluing together 12 Metglas samples. To create the
composite multiferroic, PMN-PT piezoelectric mate-
rial (doped with Mn) was glued with nonconductive
epoxy resin to the prepared multilayer Metglas sample.
The layered scheme of the composite material and its
photo are given in Fig. 11.

Quasistatic measurements of the ME coefficient
depending on the value of the constant MF were con-
ducted when applying a variable MF H,, = 0.1 Oe at
Vol. 17

NANOBIOTECHNOLOGY REPORTS No. 3

the frequency 1 kHz. In the process of measurements,
the number of Metglas layers N was reduced from 12
to 3. The results of measurement are given in Fig. 12a.
The measurement of the charge ME coefficient
depending on the frequency for the optimal number
(N = 5) of Metglas layers when applying the optimal
constant MF is given in Fig. 12b.

In quasistatic measurements, the ME coefficient
was 61.5 V/(cm Oe) with the number of Metglas layers
N =5 and optimal value of the constant field H,. =
5 Oe. Dynamic measurements of the charge ME coef-
ficient (0,) demonstrate the maximal value at the fre-
quency of longitudinal electromechanical resonance
of the structure /= 25 kHz. The maximal value is o, =
80 nC/Oe, which corresponds to the ME coefficient
in terms of voltage oy = o,,/(Ct) = 1280 V/(cm Oe),
where C = 3120 pF (capacity of the piezoelectric
material) and 7 = 0.02 cm (thickness of the piezoelec-
tric layer).
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Fig. 12. ME coefficient as a function of the constant MF for the structure Metglas/PMN-PT doped with Mn with different num-
bers N of Metglas layers (a). Charge ME coefficient depending on the frequency of a variable MF (H,. = 0.05 Oe) when applying
the optimal constant MF Hy. = 5 Oe for N =5 (b) [92] (graphs copied with permission of AIP Publishing © 2021).

In most works, lead-containing ferroelectric mate-
rials (PZT, PMN-PT, PZN-PT) are used to create
composite multiferroics. However, they have a num-
ber of disadvantages: a low Curie temperature, nonlin-
ear dependence of the properties on the temperature,
significant mechanical-electrical hysteresis, and para-
sitic pyroelectric effect [93]. In [93], it was proposed to
measure the ME effect in composite structures based
on lead-free piezoelectric crystals of langatate (LGT,
Ca;Ga,Ge, 0,,) of a x-cut and to compare with PZT
(#APCS85) and PMN-PT [001]. Three-layer samples
with the L—T structure were studied in the work
(Fig. 7b). Permendur (Fe—Co—V alloy), which has a
large value of magnetostriction A = 70 ppm (at Hy, =
100 Oe), was used as a magnetostrictive layer. Triple
structures P-LGT—P, P-PZT—P, and P-PMN-PT—P
were prepared by gluing layers of permendur with a
piezoelectric crystal with epoxy glue. The sizes of the
LGT piezocrystal and PZT piezoceramic were the
same (25 x 4.5 x 0.4 mm). The PMN-PT piezoce-
ramic was slightly shorter and had a size 20 x 4.5 x
0.3 mm. The permendur layers had the same length
and width as the piezoelectric layer; the thickness was
0.16 mm. The quasistatic ME coefficient depending
on the applied constant MF (Fig. 13a) and dynamic
ME coefficient depending on the frequency of MF
modulation (Fig. 13b) were measured.

The ME coefficient is directly proportional to the
ratio of the transverse piezoelectric coefficient to the
dielectric permeability of the material (d/¢). For LGT,
dy /e, = 0.25 pm/V; for PZT, d3/e5; = 0.1 pm/V; and
for PMN-PT, d,3/e5; = 0.15 pm/V. This ratio indicates
that the ME coefficient must be larger in the structure
based on LGT. Indeed, the largest ME coefficient in
the quasistatic measurements was demonstrated by the
sample based on P-LGT—P (o ; = 6.3 V/(cm Oe)), then

by the sample P-PMN-PT—P (o, = 1.4 V/(cm Oe)),

NANOBIOTECHNOLOGY REPORTS

and the lowest ME effect was demonstrated by the

sample P—PZT—P (o = 0.6 V/(cm Oe)). At the
resonance frequency, the P—LGT—P sample also

demonstrated the largest ME coefficient (o
155 V/(cm Oe)), while the P-PMN-PT—P struc-

ture demonstrated the minimal ME effect (o =
70 V/(cm Oe)). Thus, lead-free piezoelectric materi-
als with low values of the piezoelectric coefficient can
be useful in ME composite structures and demonstrate
results that are superior to composite multiferroics
based on widely used lead-containing ferroelectrics.

In [18], a study of the ME effect was carried out in
the composite samples based on LN crystals as com-
pared with the structure based on a PMN-PT crystal.
Ferroelectric LN crystals have a number of advan-
tages: relatively low cost, high chemical and tempera-
ture stability, absence of creep and mechanical-elec-
trical hysteresis, and a high Curie temperature
(1140°C). Moreover, they are produced by industry in
large volumes and have excellent reproducibility of
their properties. LN crystals with the y + 41°-cut and
y, as well as the PMN-PT (011) cut polarized parallel
to the direction 011 (along the sample thickness), were
suggested in the work as the piezoelectric phase. All
samples were square in shape and had a size of 10 x
10 x 0.5 mm. Metglas with a thickness of 29 um was
used as the magnetostrictive layer. Three-layer sam-
ples with the L—T structure (Fig. 14c) were prepared
via gluing with epoxy glue. Measurements of the ME
coefficient were carried out for two directions (x and
y) in the sample plane. Measurements in different
directions are required due to the anisotropy of the
piezoelectric effect in LN and PMN-PT crystals. In
the PMN-PT crystal, the piezoelectric coefficient is
d;; = —1700 pm/V when stretched along the direction
x and d5, = 850 pm/V in the direction y. The dielectric
permeability €;; (along the sample thickness) mea-
Vol. 17
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tures [93] (graphs copied with permission of AIP Publishing © 2021).

sured at the frequency f= 1 kHz is 4440. For LN crys-
tals of the y + 41°-cut and y-cut, the piezoelectric
coefficients are dy; = —16 pm/V and d;, = —17.5 pm/V,
dy =—-20.8 pm/V, and d5, = 0 pm/V, respectively. The
dielectric permeabilities €55 of these crystals are 45 and
69 for the y + 41°-cut and y-cut, respectively. Thus, it
can be expected that the ME coefficient in a certain
direction will be larger than in others.

The ME coefficient was measured in two modes:
the quasistatic o5 (depending on the constant MF)
and dynamic (0 g5, depending on the frequency of the
MF) modes. The amplitude of the variable MF was
H,. = 1 Oe. The quasistatic measurements were car-

ried out at a frequency of 5 kHz. The results of the
measurements are presented in Fig. 14 [18].

A three-layer composite structure on the basis of
an LN crystal of the y-cut has in the quasistatic case
(Fig. 14a) a ME coefficient of o5, = 0.46 V/(cm Oe)
when the MF is directed along the axis x, while it has
a value of a5, = —0.024 V/(cm Oe) when the MF is
directed along the axis y, which magnitude is less by an
order. In an ideal case, the value o5, must be zero due
to the zero value of the piezoelectric coefficient in the
direction y; however, there are parasitic signals in the
experiment in the form of Faraday’s electromagnetic
induction and other adjustments on the measuring
system, which leads to the emergence of a nonzero sig-
nal. A correction for the measured ME coefficient for
this value is given in the work. For the structure based

on a PMN-PT crystal, the ME coefficient is 0z, =

1.15 V/(cm Oe), which corresponds to the direction of
the largest piezoelectric effect (d5), when the ME

coefficient a5, = —0.41 V/(cm Oe) is more than
2 times less. On the other hand, the isotropic behavior
of the ME coefficient for these two directions (x and y)
No. 3
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Opy = Ogp = 0.42V/(cm Oe) is observed for the
composite multiferroic based on LN of the y + 41°-cut.
Thus, by choosing the right cut of the crystal, the ME
properties of three-layer composite multiferroics can
be changed quite a lot. We note that the optimal MF
(corresponding to the maximal value of o) in the
quasistatic mode of measurements was ~25 Oe for all
three structures. The structure based on PMN-PT
demonstrated a ME coefficient 3 times larger than that
based on LN crystals.

According to the results of measurements of the
dependence of the ME coefficient on the frequency of
a MF, it was found that composite multiferroics on the
basis of LN at the frequency of longitudinal electro-
mechanical resonance can have a larger ME response
than the structures based on PMN-PT (Fig. 14b). For
a three-layer structure on the basis of LN of y + 41°-cut,
the ME coefficient was 90 V/(cm Oe), while it was
only 70 V/(cm Oe) for PMN-PT at the resonance fre-
quency. Thus, three-layer composite multiferroics on
the bases of LN crystals can be used as an alternative
to ME structures on the basis of lead-containing
piezoelectrics.

Thin-film samples, in which functional layers of
piezoelectric and magnetostrictive materials are sput-
tered onto a silicon substrate by the target magnetron
sputtering method, became another interesting direc-
tion in the development of composite ME materials
[82, 94, 95]. AIN is used as the piezoelectric material.
Metglas (Fe,,,Co,5Si;,By) is the magnetostrictive
material. The layered scheme of this composite mate-
rial is presented in Fig. 15a. Single-sided support of
the structure allows one to observe a low-frequency
bending resonance, at which amplification of the ME
signal occurs. Such a design is attractive for highly
sensitive MF sensors at low frequencies. In [82], in
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order to increase the ME coefficient and decrease the
frequency of bending resonance, a groove with a size
of 7 mm in length, 4 mm in width, and 0.65 mm in
depth was etched into a silicon substrate; thus, the sil-
icon substrate was thinned to 90 um. The total width
of the structure was 4 mm. The thicknesses of the AIN
piezoelectric layer and Metglas magnetostrictive layer
were 2 um. AIN was selected due to its high ratio d/e =
0.23 pm/V. The piezoelectric coefficient d5; = —2 pm/V
and £4; = 8.5 [22, 96, 97].

In [82], measurements of the ME coefficient were
performed depending on the frequency of the modu-
lating MF when applying the optimal constant MF
(6 Oe). The results of measurements of the ME coef-
ficient depending on the pressure of the surrounding
atmosphere were also presented. The experimental
results are presented in Fig. 15b.

The ME coefficient at the resonance frequency
167.85 Hz was 9 kV/(cm Oe) under atmospheric pres-
sure. At a pressure of 3 x 1073 bar, the ME coefficient
increases to a record value of 19 kV/(cm Oe), which
indicates that friction against air even at a low fre-
quency of 167 Hz contributes greatly to a reduction in
the useful signal from the ME structure. This experi-
mental result can be subsequently used when produc-
ing sensors, creating a forevacuum when the device is
packaged.

NANOBIOTECHNOLOGY REPORTS

We note that when calculating o, it is necessary to
carry out normalization to the sample thickness; in
this case, the piezoelectric material is an AIN film with
a thickness of only 2 um, although it is applied to a
substrate with a thickness of 740 um; therefore, it will
be fair to compare the result obtained with others,

multiplying o, by the thickness of the piezoelectric

layer (o, = azf). Then the ME coefficient is o, =
3.8 V/Oe, which is comparable or even less than in the

above works. The coefficient q, is also used to calcu-
late the limiting sensitivity of ME material to a MF,
which is important for the use of composite multifer-
roics in sensors of ultra-weak MFs.

The main parameters of the composite multiferro-
ics considered above are given in Table 2.

Analysis of the mentioned works demonstrates that
the quasistatic ME coefficient is larger in structures
based on lead-containing crystals PZT or PMN-PT
and PZN-PT than in the samples based on lead-free
crystals. However, this is due to the larger thickness of
magnetostrictive phase. In [18, 93], a comparison was
made under equal conditions, when the thickness of
the magnetostrictive layers was the same. In this case,
structures based on lead-free piezoelectric crystals
demonstrated values of the ME coefficient that were
either comparable or several times larger. However, it
is necessary to use theoretically predicted values of the
Vol. 17
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Fig. 15. Schematic image of the ME structure (a). ME coefficient close to the resonance frequency (167.85 Hz) at atmospheric
pressure and in vacuum (b). The dependence of the ME coefficient at the resonance frequency on the air pressure is presented in
the insert [82] (figure and graph copied with permission of John Wiley and Sons © 2022).

ratio of the thicknesses of the piezoelectric and mag-
netostrictive layers for each of the materials for correct
comparison.

In the case of measurement of the dynamic ME
coefficient, the samples containing piezoelectric crys-
tals on the basis of LGT and LN demonstrated larger
values of the ME effect than structures on the basis of
lead-containing PZT or PMN-PT crystals.

From the point of view of the application of com-
posite multiferroics in MF sensors, the temperature
stability of the piezoelectric and mechanical proper-
ties of the piezoelectric material, absence of nonlin-
earity, hysteresis, and creep during deformation, and
relatively low cost of production play a significant role.
The listed requirements are met by lead-free LN crys-

tals. This material has great potential for applications
in ME structures and devices on their basis.

3. BIMORPH COMPOSITE ME STRUCTURES

High values of the ME coefficient in composite
multiferroics open up a way to create highly sensitive
MF sensors and current sensors that can potentially be
passive (do not require an additional electrical sup-
ply). In this regard, the limiting sensitivity to a con-
stant or variable MF, which is determined by the exter-
nal and internal noise of the ME composite, is a very
important parameter for ME structures. The internal
noise is determined by thermal noise (Johnson—
Nyquist noise). However, external noise excited from

Table 2. Main results of measurements of the ME coefficient for the considered structures

Dynamic ME Quasistatic ME
|d/e], - Resonance .
Samples coefficients o g coefficient,
pm/V frequency, kHz
(V/(cm Oe)) and o, (V/Oe) V/(cm Og)
Piezo fiber (PZT)/Metglas (L—L) [89] 0.33 [98] 470, 4.7 10.5 23
FeBSiC/PZN-PT (L—T) [91] 0.51 400, 4 20 10
Metglas/PMN-PT, Mn-doped (L—T) [92] 1.38 1280, 25.6 25 61.5
Permendur/LGT/ Permendur (L—7) [93] 0.25 155,6.2 80 6.3
Permendur/PZT/ Permendur (L—T) [93] 0.1 110, 4.4 90 14
Permendur/PMN-PT/ Permendur (L—7) [93]| 0.15 70, 2.1 110 0.6
y +41°-cut LN/Metglas (L—T7) [18] 0.39 90, 4.5 330 0.4
y-cut LN/Metglas (L—T) [18] 0.3 40, 2 270 0.4
(011)-cut PMN-PT/Metglas (L—T) [18] 0.38 70, 3.5 150 1.2
AIN/Metglas on silicon substrate (L—7) [82] 0.23 9000, 1.8 0.167 —

Sample structure, |d/¢ | ratio, values of the dynamic and quasistatic ME coefficients, and resonance frequency of the structures are given.

NANOBIOTECHNOLOGY REPORTS  Vol. 17 No.3
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Fig. 16. Schematic illustration of the effect of thermal and
vibration noise on the ME structure on the basis of a uni-
morph structure (ML ia the magnetostrictive material;
PL is the piezoelectric material; P is the polarization vec-
tor; “+” and “—” are the signs of the charges formed on the
surface of the piezoelectric material due to parasitic vibra-
tions and temperature fluctuations) [17] (figure copied
with permission of AIP Publishing © 2021).

the environment (for example, thermal fluctuations,
mechanical vibrations, and electromagnetic interfer-
ence) makes the greatest contribution in practice [17].
The pyroelectric effect introduces additional noise.
Vibration noise has a piezoelectric origin. Therefore, it
is necessary to look for ways to reduce the effect of this
noise on the useful ME signal in composite multifer-
roics.

In [17], the ability of different configurations of
ME structures to suppress both vibration noise and
external thermal fluctuations (external thermal noise)
was demonstrated. Vibration noise causes two types of
deformations in composite structures, including
stretching (compression) and bending deformations.
The bending deformations make the largest contribu-
tion due to their low frequency, since vibration noise
in the environment most often has a low-frequency
nature. Such noise can be suppressed using mechani-
cally symmetrical structures. Thermal noise will cause
stretching (compression) deformation and bending
deformation of the material.

The scheme of a ME structure consisting of piezo-
electric and magnetostrictive materials of different
thicknesses is presented in Fig. 16. The demonstrated
unimorph configuration is nonsymmetrical. There-
fore, it will be impossible to separate the vibration
noise and useful ME signal. In a similar way, external
thermal noise cannot be suppressed in this structure.

In the case when the thickness of the magnetostric-
tive layer is much less than the thickness of the piezo-
electric with a unimorph structure, bending fluctua-
tion modes will be suppressed due to the compensa-
tion of charges on the surface of the piezoelectric;
thus, the vibration noise will be completely compen-
sated. However, no amplification of the ME effect at
the frequency of the bending resonance will also be
observed. Similar arguments can also be given for
thermal noise.

The scheme of a ME sample on the basis of a
bimorph piezoelectric material is given in Fig. 17. The
thicknesses of the piezoelectric and magnetostrictive

NANOBIOTECHNOLOGY REPORTS
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materials are equal. Such a structure is nonsymmetri-
cal. Longitudinal fluctuation modes in this design will
be suppressed due to the bimorph structure of the
piezoelectric. Therefore, vibrations inducing the
bending fluctuation mode of the sample will make the
largest contribution to the noise. However, partial
compensation of the vibration noise will be observed
in this structure due to the location of the neutral
plane (that plane in the material not experiencing
deformation) at the boundary between the piezoelec-
tric and magnetostrictive material. Both bending and
longitudinal deformations of the structure can arise
when thermal fluctuations affect the material. An
illustration of the above-described effects on the
structure is presented in Fig. 17.

The parasitic signal is completely suppressed
during the effect of thermal noise in the case of longi-
tudinal fluctuations. With bending fluctuations, there
is partial compensation of the thermal noise due to the
fact that the neutral plane is located at the boundary
between the piezoelectric and magnetostrictive mate-
rial; therefore, charges formed at the edges of the
piezoelectric are not completely compensated [17, 30].
At the same time, the ME signal will also be compen-
sated partially. The greater the distance from the neu-
tral plane to the piezoelectric bimorph, the less useful
the signal will be. In the case when the thickness of the
magnetostrictive layer is much less than the thickness
of the bimorph, the neutral plane is located in the
middle of the piezoelectric material. In this case, the
thermal noise will be completely suppressed, while
vibrations inducing the bending-deformation mode
will be intensified in the same way as the useful ME
signal. The structure, in which there are two magneto-
strictive layers of the same thickness (between which
the bimorph is located), will work in a similar way
(Fig. 18).

The direction of magnetization in the magneto-
strictive materials is opposite to each other. In such a
case, the ME effect will be increased due to an
increase in the thickness of the magnetostrictive layer.

We also consider another bimorph ME structure
with symmetrical location of the magnetostrictive lay-
ers (Fig. 19). A bimorph piezoelectric layer consists of
two crystals (PL 1 and PL 2) with oppositely directed
vectors of polarization. The contacts between the
upper edge of the PL 1 crystal and lower edge of the
PL 2 crystal are connected to each other. In the place
where there is a connection between the PL 1 and PL 2
crystals, there is a second contact, which is grounded
in the experiment. The plane between the crystals
PL 1 and PL 2 is neutral. When the vibration noise
affects such a structure, it will experience bending
deformation. As a result, charges of different sign and
different value will be formed on the upper and lower
edges of the piezoelectric sample, which will lead to
their compensation.

Vol. 17
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However, such a design will also suppress the ME
signal at the frequency of bending resonance. This
leads to the fact that the structure is an analogue of the
above considered unimorph one, in which the thick-
ness of the magnetostrictive layer is much less than the
thickness of the piezoelectric.

For most of the structures presented in [17], mea-
surements of the signal—noise ratio (SNR) depending
on the frequency were carried out (Fig. 20). These
measurements demonstrated the sensitivity of each of
the structures to variable MF under the influence of
the same vibration signal.

Based on the data presented in Fig. 20, it can be
concluded that the samples with a symmetrical
bimorph ME structure (LT—PP), ME samples with a
symmetrical structure based on unimorph piezoelec-
tric material (LT), and asymmetrical bimorph ME
samples (Bimorph) have the greatest sensitivity to MF.
The samples with an asymmetrical ME structure
based on a unimorph piezoelectric have the lowest
sensitivity.

An increase in the sensitivity to MF in the low-fre-
quency region (1-200 Hz) for the LT—PP and LT
samples is associated with suppression of the signal,
which occurs at bending fluctuations of the structure.
However, it will be impossible to obtain amplification
of the ME signal at bending low-frequency electrome-
chanical resonance. Asymmetrical bimorph ME
structures are able to suppress partially both the vibra-
tion noise and noise caused by the pyroelectric effect.
Such a design will enhance the ME effect at the fre-
quency of bending resonance; however, low-fre-
quency vibration noise will also be amplified.

Measurements of the piezoelectric signal and lim-
iting sensitivity to low-frequency MF as compared
with an asymmetrical unimorph ME sample were car-
ried out for bimorph ME structure in [30]. The struc-
ture and linear sizes of the bimorph ME sample are
presented in Fig. 21a. The linear sizes and magneto-
strictive-layer material in the unimorph ME sample
are the same as in the bimorph sample.

When measuring the dependence of the pyroelec-
tric signal on the temperature in the bimorph ME, the
pyroelectric current decreases more than 10 times as
compared with the single-domain ME sample
(Fig. 21b).

Measurements of the limiting sensitivity of the ME
samples to the magnetic field in a low-frequency spec-
tral region (10~'—10 Hz) were carried out. The mea-
surements of the magnetic-noise density for the
bimorph and single-domain ME samples are pre-
sented in Fig. 22.

The limit of the sensitivity to a MF for a bimorph
sample is 20 pT/Hz'/? at a frequency of 1 Hz. At the
same time, the single-domain sample demonstrated
the sensitivity 1 nT/Hz'/? at a frequency of 1 Hz. The
result obtained demonstrates a potential for reduction
of the equivalent noise due to a decrease in the contri-
bution of the pyroelectric signal.

NANOBIOTECHNOLOGY REPORTS
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Fig. 17. Effect of environmental noise on the bimorph ME
sample: (a) vibration noise exciting bending vibrations of
the structure, (b) thermal noise exciting longitudinal
vibrations of the structure, and (c) thermal noise exciting
bending vibrations of the structure [17] (figures copied
with permission of AIP Publishing © 2021).
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Fig. 18. ME structure with a bimorph piezoelectric and
two symmetrically located magnetostrictive layers.

Neutral surface

Fig. 19. Schematic image of the symmetrical bimorph ME
structure (LT—PP) [17] (figure copied with permission of
AIP Publishing © 2021).

The bimorph ME structure presented in Fig. 21a is
able to suppress efficiently the pyroelectric noise, as
well as to decrease partially the external vibration
noise.

The main conclusions on the above given designs
of ME structures are as follows: it is impossible to sup-
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Fig. 20. Signal-to-noise ratio for different types of ME
structures [17] (graphs copied with permission of AIP
Publishing © 2021).

press simultaneously thermal and vibration noise
within the same design, thus not excluding the signal
from the bending-deformation mode; it is necessary to
use the advantages of asymmetrical structures, where
it is possible to separate the signal caused by the noise
from a useful ME signal, to achieve the maximal sen-
sitivity of ME structures to a magnetic field.

4. MEASUREMENT OF VARIABLE
ULTRA-WEAK MAGNETIC FIELDS USING
COMPOSITE MULTIFERROICS

The creation of highly sensitive sensors of ultra-
weak MFs based on ME-composite multiferroics is
one of the directions of use that is most promising and
close to practical implementation [10—12]. The lack of
a necessity to cool such sensors is a significant techni-
cal advantage over SQUIDs used now for these pur-

(a)
13.0 mm
il > Terfenol-D
4
6.0 mm / M 20 mm

Piezoelectric layer 1

t‘ Piezoelectric layer 2

TURUTIN et al.

poses without an alternative. It is obvious that MF
sensors based on composite multiferroics cannot com-
pletely replace SQUIDs, which are capable of detect-
ing individual quanta of a magnetic flux [ 13]; however,
there are a number of applications, in which the use of
MF sensors based on composite multiferroics is justi-
fied. Such areas of application include highly sensitive
miniature magnetometers of industrial and research
classes for the contactless measurement of ultra-weak
currents, MFs in living organisms applied to magne-
tocardiography and magnetoencephalography, the
visualization of magnetic nanoparticles, measure-
ment of magnetic anomalies, magnetic geological
exploration, etc.

Magnetocardiography, = magnetoneurography,
magnetoencephalography, and magnetomyography
allow the efficient diagnosis and observation of dis-
eases of different genesis, and local, as well as volume
measurements (organ mapping) of MFs from studied
objects to be carried out. It is important to note that
the detection of biomagnetic signals makes it possible
to obtain unreferenced and coherent measurements
that do not depend on the dielectric properties of bio-
logical systems. These techniques are also able to
effectively complement invasive studies (for example,
deep stimulation of the brain by electrical signals).
Magnetocardiography also makes it possible to obtain
earlier information about cardiac fibrillation during
human fetal development [99].

The listed methods require a high sensitivity to
MFs at low frequencies. Therefore, the search and
development of simple, cheap, miniature, and highly
sensitive magnetic sensors (that can work at room
temperature) is an important task of modern electron-
ics and medicine. However, at the moment there is no
sensor, which would satisfy all the above listed charac-
teristics; therefore, the study of magnetic signals from
human organs and tissues is insufficiently developed at
present. In [99], there is a review of the most suitable
magnetic sensors that can be used as an alternative to

(b)

Simple detection trom
single element

10 20 30 40 50 60
Temperature, °C

Fig. 21. Schematic image of the bimorph ME sample consisting of two identical piezoelectric PZT plates with opposite polariza-
tion (“tail-to-tail”) and magnetostrictive material Trifenal D (Tb 57Dy, 73Fe;) (a). Measurement of the pyroelectric signal
depending on the temperature for bimorph ME and unimorph ME samples (b) [30] (figure and graph copied with permission of

AIP Publishing © 2021).
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Fig. 22. Density of the magnetic noise for ME samples
with different domain structure of the piezoelectric layer
(bimorph and unimorph) [30] (graph copied with permis-
sion of AIP Publishing © 2021).

a SQUID magnetometer. MF sensors suitable for bio-
medical applications include SQUID magnetometers,
induction sensors, fluxmeters, magnetoelectric mag-
netometers, sensors based on the giant magneto-
impedance (GMI) effect, sensors based on the giant
magnetoresistance (GMR) effect, optical pumping
sensors, optomechanical sensors, Hall-effect sensors,
magnetoelastic sensors, magnetometers based on spin
wave interferometry, and sensors based on nitrogen-
vacancy centers in diamond [99].

A diagram comparing the sensitivities of the listed
magnetic sensors and methods for studying magnetic

MEG

MCG

/] .
i
b Magnetoencephalography \J
—
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signals from human tissues and organs is presented
in Fig. 23.

As follows from the diagram, SQUID magnetome-
ters are able to accurately detect ultra-weak MFs at the
level 1 fT/Hz'/2. Optical pumping sensors, induction
sensors, and magnetoelectric sensors can be an alter-
native to SQUID magnetometers. ME sensors have a
number of advantages, including small linear sizes
(a combination with MEMS technology is possible),
low cost of production, ability to work at room tem-
perature, passivity (do not consume electricity for sig-
nal detection). A dependence of the limiting sensitivity
of the listed sensors to MFs on the signal frequency is
demonstrated in Fig. 24 [100].

Useful magnetic signals from the human heart and
brain have an amplitude from ranges of fT/Hz!/? to
100 pT/Hz'/? in the range of frequencies from mHz to
300 Hz, which is the most noisy low-frequency region
[16, 100]. This leads to the need to use vibration- and
magnetically protected spaces for the detection of such
fields.

To date, sensors based on composite multiferroics
are able to detect MFs on the order of units of
pI'/Hz'/?; moreover, new works are regularly pub-
lished, in which this threshold decreases due to the
improvement of processing electronics and a change
in the sensor design [10, 14, 15]. Such a sensitivity is
sufficient for detecting MFs induced by currents of the
o rthythm of the brain with amplitudes in units of pT
(magnetoencephalography) and currents flowing in
the human heart (magnetocardiography) [11, 16]. On
the other hand, to study the activity of the cerebral
cortex, it is necessary to measure with a high degree of
reliability MFs that are 1—2 orders of magnitude
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Fig. 23. Diagram comparing the sensitivities of different types of magnetic sensors (y axis) with the ability to detect different bio-
magnetic signals (x axis) [99] (figure copied and adopted in accordance with the license CC BY 4.0).
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Fig. 24. Comparison of the values of the limiting sensitivity of sensors to MFs required for signal detection from different biolog-
ical systems. The external noise level is shown in gray [100] (figure copied in accordance with the license CC BY 4.0).

lower. At the moment, such a level of sensitivity of a
sensor based on a composite multiferroic has not been
realized by any research team around the world.

The sensitivity of a ME sensor is mainly limited by
its own noise, in which thermal Nyquist noise and 1/f
noise dominate [2, 17]. Thermal noise can be mini-
mized due to the use of appropriate schemes for
detecting a weak output signal from ME structures
[21]. Suitably designed schemes of detection based on
voltage or charge amplifiers should have a noise
amplitude at the level of the limit of sensitivity of these
components [22, 23]. On the other hand, external
noise caused by piezoelectric vibrations, pyroelectric
noise, and magnetic sources of noise require more
complex strategies to deal with them [10, 24, 25].

It is known that asymmetrical two-layer systems
containing a mechanical-electrical transducer of the
bimorph type demonstrate especially large ME coeffi-
cients at bending resonance [26—29]. At the same
time, to increase significantly the ME effect at low fre-
quencies, the bimorph can be fastened in the form of a
cantilever [10]. In addition to an increase in the sensi-
tivity at low frequencies and an increase in the ME
coefficient, such a design is able to compensate par-
tially the vibration and thermal noise [17, 30].

We consider the effect of the thermal noise of a ME
structure and input noise of the detection scheme
(preamplifier) on the value of the limiting sensitivity of
a ME sensor to a variable MF, following the arguments
given in the work [22], in which an analysis of the indi-
cated noise was carried out for a ME sample on the
basis of AIN/Metglas composite material connected
to an operational amplifier.

The ME sensor consists of a silicon cantilever, to
which functional layers of aluminum nitride and Met-
glas were sputtered. The sensor was glued with epoxy
glue to the holder.

The thermal noise associated with the final resis-
tance of the piezoelectric phase and described by Eyg

NANOBIOTECHNOLOGY REPORTS

voltage is the main source of intrinsic noise in ME

composites:
Eyie = V4kgT AfRy, (6)

where kg = 1.38 x 10723 J/K is the Boltzmann con-
stant; 7 is the temperature in K; Afis the signal band-
width in Hz; and Ry is the equivalent resistance of
the piezoelectric phase in Q.

The thermal noise is caused by chaotic fluctuations
of thermally excited charge carriers in a piezoelectric.
Metglas has a low resistance, which allows us to ignore
the thermal noise in this layer.

The thermal-noise voltage normalized to the sen-
sor output depends on the capacity (Cyg) of the ME
sample [22]:

EME

\/1 + (UJCI\/IERME)2

As follows from the expression (7), in order to keep
the thermal-noise voltage low, we need to have the
largest possible sample capacity.

The input noise current and noise voltage of the
operational amplifier (/, and E,), as well as the ther-
mal noise of the feedback resistance (R;), are another
source of noise. The feedback resistance creates the

thermal noise E; = \/4kTR; .

The total noise reduced to the output of the opera-
tional amplifier £, is as follows:

(7)

Eyg =

2 2 2 2 2 2
Eov = LoyvEn + Eov]n + Eo El + EovE2 + EovMEﬁ (8)

\4

Ep = (ZyelG? + RDIL,
E¢72VE1 = (Gv_1)2E12’ EoszZ =E22, and EovaE =

G’ 1

1+ (@CyeRup)
fier amplification coefficient.

where Elp, = GVZE,f,

E,f,[E. G, is the operational-ampli-
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Fig. 25. Scheme of a device for measuring the sensitivity of a ME sensor and layered scheme of the structure [15] (image copied

with permission of Elsevier © 2021).

In the work, the total noise was calculated at the
output of the operational amplifier AD745.

The current noise of the operational amplifier (/,)
is a dominating noise at low frequencies; therefore, it
is necessary to select operational amplifiers with the
lowest value of input current noise for measurement at
a low frequency.

The noise of the ME sensor and operational ampli-
fier was measured at room temperature using a syn-
chronous detector (SR785, Stanford Research Sys-
tems). The measurements were carried out in a mag-
netically protected chamber.

The sensitivity (.5;) of the composite structure at
the resonance frequency 330 Hz will be equal to the
noise of the entire detection system:

__E, _11.66x10° T _ ., T
Goygt  1200x1.75+VHz ~ “Hz

Thus, external vibrations and electromagnetic inter-
ference create the most noise among many parameters
that affect the final value of the sensitivity of ME sen-
sors to low frequency MFs.

We consider the ways to reduce the influence of
these parasitic signals on sensor operation and meth-
ods for increasing the sensitivity of ME structures to
low frequency MFs.

In [15], it was demonstrated that a change in the
dielectric-loss tangent in the piezoelectric material
significantly increases the sensitivity of composite ME
structures to MFs. The studied ME structure and the
scheme of the measuring device are presented in Fig. 25.

The construction of the ME sensor consisted of a
nickel plate (55 x 21 % 0.25 mm?), onto which a piezo-
electric layer (consisting of fibrous PMN-PZT mate-
rial placed in an epoxy matrix) was glued with epoxy
resin. Three crystals with different values of the dielec-
tric-loss tangent were selected as the piezoelectric

(©))

i
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material: 40PMN-35PZ-25PT (with high losses,
tan 0 = 0.0154), 40PMN-35PZ-25PT with the addi-
tion of WO; at a concentration of 1 mole fraction (with

average losses, tan 6 = 0.0098), and 40PMN-35PZ-
25PT with the addition of MnO at a concentration of
1 mole fraction (with low losses, tand = 0.006). The
ME sensor was fastened in the form of a cantilever to
decrease the resonance frequency of the structure, a
permanent magnet with the weight 4.4 g (intended to
form a constant displacement field on the magneto-
strictive material and to decrease the bending reso-
nance frequency) was fastened at the free end.

Measurements of the limiting sensitivity for each
sample were carried out at the resonance frequency
500 Hz and a low frequency of 5 Hz. The results of the
measurements are presented in Fig. 26.

At a frequency of 500 Hz, the maximal sensitivity of
the ME sensors was 25, 500 pT and 5 nT for the com-
posite structures on the basis of piezoelectric materials
with low, medium, and large dielectric losses, respec-
tively. The same dependence of a decrease in the sen-
sitivity on an increase in the tangent of the dielectric-
loss angle in the material is observed at the frequency
5 Hz. The maximal value of the limiting sensitivity to
MFs is 120 pT at a frequency of 5 Hz for the sample
with low dielectric losses. Thus, the use of piezoelec-
tric materials with the minimal possible value of the
tangent of the dielectric-loss angle is one of the ways
to increase the sensitivity.

In [24], a frequency-conversion technique based
on amplitude modulation of the magnetic signal to
decrease the effect of low-frequency noise on useful-
signal detection was proposed. The ME coefficient is
proportional to the derivative of magnetostriction with
respect to a change in the MF according to the for-
mula (5). Magnetostriction has a quadratic depen-
dence on the MF at low amplitudes. There is also a
bending point, at which the curvature of the function
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Fig. 26. Dependence of the output voltage applied to the ME sensor on the amplitude of the variable MF at the frequency 500 (a)
and 5 Hz (b) [15] (graphs copied with permission of Elsevier © 2021).

of the dependence of magnetostriction on the MF
changes from convex to concave. This point corre-
sponds to the maximum of the ME-coefficient value
depending on the constant MF applied to the sample;
this point is also called the optimal value of the MF. If
some modulating magnetic field B,,,q with an ampli-
tude equal to the value of the optimal MF is applied to
the sample, the ME signal from the sample will be
equal to the maximal value of the ME coefficient with
the frequency w,,.4. If a weak low frequency MF B,
(which needs to be measured) is simultaneously
applied, the dependence of magnetostriction on the
applied modulating magnetic field B,,,q4 and low fre-
quency field B, will be
}\'(Bmod(t) + BAC(t))l(u dimAC: A]COS((DmOdt)

'mo

X E;cos((oAct) = % (10)
X [COS((W0q + W 40)F) + COS((W04 — W 4],

where B, = Em;cos(wmodt), B, () =

E;cos(o) act)s Bioq 1S the amplitude of the modulat-

ing signal, B, is the amplitude of the low-frequency
magnetic signal; 7 is time; and 4, is the Fourier coeffi-

cient depending on B, -

Thus, if a frequency of modulation of the MF lower
than the resonance frequency of the ME sensor by the
value of the frequency of detected (unknown) signal
(B4c) is selected, then the frequency of this signal will
be converted with an increase in the frequency up to

resonance of the ME sensor (0, = ®,0q + @ 4c)- It
becomes possible to measure an unknown low-fre-
quency magnetic signal with a low amplitude.

To validate the model, a ME structure consisting of
a silicon cantilever, onto which a film of molybdenum
with a thickness equal to the lower electrode was sput-
tered, was created. A piezoelectric layer of aluminum
nitride (AIN) was grown over the molybdenum, and

NANOBIOTECHNOLOGY REPORTS

Metglas was sputtered over the AIN. A schematic
image of the structure is presented in Fig. 27a.

The ME-response spectrum of the sensor with
applied modulating signal with an amplitude of B,,,q =
0.56 mT and frequency of 668 Hz, as well as a low fre-
quency signal of B,- = 1 uT with the frequency 1 Hz,
is presented in Fig. 27b. The modulating-field fre-
quency is chosen so that f.. = f..q + f4c- The signal
at the resonance frequency contains necessary infor-
mation about the MF. Two measurements were car-
ried out to compare the limiting sensitivity of the ME
sensor at a signal frequency of 1 Hz. The first was car-
ried out without the use of frequency-conversion tech-
niques, when the optimal constant MF is applied to
the ME sensor, and variable MF at a frequency of 1 Hz
decreases with a small step from 10 uT to 10 pT. The
results of such measurement are given in Fig. 27c. The
minimal detectable signal at the frequency 1 Hz
(obtained using direct measurement) is 1 uT/Hz!/2.
The second measurement was carried out using the
frequency-conversion technique. The modulating MF
with the amplitude B, = 0.56 mT and frequency
668 Hz and variable low-frequency signal were simul-
taneously applied to the sensor. The amplitude of the
variable magnetic signal at the frequency 1 Hz consis-
tently decreased from 10 uT to 10 pI. The useful signal

was recorded at the frequency fi. = fioda + fac =
669 Hz. The results of the measurement are presented
in Fig. 27d. An increase in the sensitivity by 1000 times
was obtained [24]. The limiting detectable signal was
1 nT. We note that this technique completely solves the
problem of low-frequency vibration noise, which is
not detected at the frequency of measurement due to
the mechanical nature of the signal (magnetostrictive
material is sensitive to the electromagnetic effect).

It was possible to improve significantly the sensitiv-
ity of the ME sensor using the signal-frequency-con-
version technique in [101]. The limiting sensitivity of
the ME structure was 20 pT at a frequency of 1 Hz.
Vol. 17
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Fig. 27. Schematic image of the studied ME structure AIN/Metglas (a). The spectrum of the ME response of the sensor measured
using the low-frequency-signal conversion technique (b). Modulation signal (average peak) and B¢ signal converted with an
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It is possible to decrease the contribution of exter-
nal vibration noise using a differential structure with
symmetrical response of the ME composite to the
noise and asymmetrical to the useful signal. In [102],
a ME structure with the asymmetrical location of
Metglas relative to the piezoelectric layer was realized.
As demonstrated in Fig. 28a, the ME structure con-
sists of a PZT piezo fiber, to which ID electrodes are
applied on two sides. Five Metglas layers are glued
with epoxy resin to half of the length of the piezoelec-
tric layer on the top and to the second half on the bot-
tom. Such a structure is similar to those presented in
Fig. 7 and has a push-pull configuration. Under the
action of MF on the sample, the electric voltages Vg
and Vg, will have a different sign due to the opposite
polarization (P, and P,) in the piezoelectric layer,
while the signal will be the same under the action of
external noise. If Vyg, and Vyg, are connected
sequentially, then the noise-induced symmetrical sig-

NANOBIOTECHNOLOGY REPORTS
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nal will be subtracted, while the useful ME response
will be added [102].

Measurements of the equivalent magnetic-noise
density for three cases of connection of a ME structure
(Mmeg — L, Ve — 2, and 1, 2 sequentially) are pre-
sented in Fig. 28b. The sequential connection of the
output signals of the ME structure significantly
increases the limiting sensitivity to MF. The equivalent
density of the magnetic noise is 15.3 pI'/Hz!/2. This
value is 1.4 times less than with a single connection of
each ME sensor. The internal noise of the sensor pre-
vails in region A in Fig. 28b. The external vibration
noise created by equipment in the room, where the
measurements of the ME sensor were carried out, is
dominant in region B (2 Hz < f< 6 Hz). The greatest
suppression of the external noise by the ME sensor
(4.5 times) for successive connection is observed at the
frequency 3.5 Hz. Laboratory sources of stochastic
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external noise (a). Spectral-noise density of each of the ME samples and when connecting them successively in the range of fre-
quencies 125 mHz < £< 100 Hz (b) [102] (image and graph copied with permission of AIP Publishing © 2021).

noise prevail in the frequency range C (6 Hz < f <
100 Hz).

In [103], a ME structure in the form of a cantilever
symmetrically fastened using epoxy glue relative to the
holder was suggested. Each individual ME structure is
asilicon substrate, on one side of which a layer of mag-
netostrictive material is applied (an amorphous Met-
glas alloy was used in the device), while on the other
side a layer of piezoelectric was applied (in this case,
PZT). The upper cantilever was glued to the holder
with the piezoelectric layer up; the second one, down
(Fig. 29a).

When applying a magnetic field periodically
changing in time to the device, ME structures bend in
opposite directions, while the external vibration noise,
on the contrary, always causes beam bending in the
same direction. Thus, the vibration and magnetoelec-
tric responses from a pair of symmetrical ME struc-
tures differ in phase, which allows efficient separation
of these two components and partial compensation of
the vibration noise to be performed.

A comparison was made of the limiting sensitivity
of a single ME sensor with the suggested asymmetrical
ME structure. The measurement of the ME response
of a single sensor at the resonance frequency with a
successive decrease in the amplitude of the modulat-
ing MF is presented in Fig. 29b. The limiting sensitiv-
ity was 5 pI at a frequency of 958 Hz, while the sensi-
tivity for an asymmetrical ME structure increased to
the value 500 fT (Fig. 29b). When applying the exter-
nal wideband white noise from a speaker (Figs. 29b
and 29c¢), the asymmetrical ME sensor demonstrated
a sensitivity 4 times larger than the single ME sensor.

The need to coordinate the physical parameters of
the used individual ME structures for efficient vibra-
tion-noise suppression is a disadvantage of such a
device. Particularly, high demands are applied to the
identity of sizes, weight, electromechanical and mag-

NANOBIOTECHNOLOGY REPORTS

netomechanical characteristics of functional layers,
and the quality of fastening in the holder. Due to the
need to use several technological processes in the
manufacture of structures, it is difficult to control
accurately the matching of a pair of ME cantilevers
according to the indicated parameters.

In [104], it was suggested to use an array of ME
sensors to increase the sensitivity to MFs. Four sensors
were connected in sequence to each other. The
detected signal underwent amplitude and phase cor-
rection, while the signal was processed by the method
of inverse dispersion, which allowed a sensitivity of
8.2 pI/Hz'”? to be reached at a frequency of 1 Hz.
Massive sizes of the measuring system, and the time-
consuming and continuous post-processing of the sig-
nal are disadvantages of the method.

The use of ID electrodes at the surface of the ferro-
electric material in the composite ME material allows
an increase in the output signal, thus increasing the
sensitivity to MFs [105].

A significant potential for improving the parame-
ters of ME devices based on Metglas and LN lies in the
use of bidomain and bimorph LN crystals [106, 107] as
the piezoelectric component. It is known that asym-
metrical two-layer systems based on bimorph piezo-
electrics consisting of two oppositely polarized layers
along the thickness direction (Fig. 30) generate espe-
cially large ME coefficients with a bending resonance
[26, 108]. At the same time, it is possible to use a low
frequency bending electromechanical resonance for a
significant increase in the ME effect. A schematic
comparison of a single-domain and bimorph ME
composite under the effect of a bending force is
demonstrated in Fig. 30. In addition to an increase in
the sensitivity at low frequencies and an increase in the
ME coefficient, such a design is able to compensate
partially the vibration and thermal noise [17, 30].
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The use of a bidomain LN crystal as the piezoelec-
tric part of a composite multiferroic excludes any
losses associated with the sintering or gluing bound-
ary. Lead-free crystal piezoelectrics also have low
dielectric losses and multiple modes of anisotropic
electromechanical resonance with a high mechanical
quality factor [31, 110]. In addition, it was recently
demonstrated that bidomain LN crystals have a linear
bending deformation depending on the applied elec-
tric field [20]. The expected advantages are based on
the amplification of low frequency bending modes as
compared with similar modes in single-domain crys-
tals and suppression of high-frequency contour
modes. MF sensors based on bidomain LN crystals
can be used to detect ultra-weak low frequency MF
variations in a wide spectrum of devices [30, 31]: for
noninvasive neurological interfaces, magnetoenceph-
alography, magnetocardiography, the detection of
magnetic anomalies and magnetic geological explora-
tion.

In [109], bidomain LN crystals obtained using dif-
ferent technologies were studied in order for use in
ME composites in application to sensors of ultra-weak
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MFs. Square LN plates of the y + 128°-cut with a size
10 x 10 x 0.5 mm?, in which bidomain structures were
formed according to the diffusion-annealing technol-
ogy (DAT) and light-annealing technology (LAT),
were taken as the initial structures. To obtain the com-
posite ME material, magnetostrictive amorphous
Metglas alloy (the size 10 X 10 x 0.03 mm?®) was
applied to these structures using epoxy resin (Devcon
epoxy 14260). ME samples based on single-domain

Monodomain

Fig. 30. Principle of operation of a ME bimorph and
monodomain under the effect of bending force. H is the
MF strength applied to the composite, and E is the result-
ing strength of the electric field in the piezoelectric mate-
rial [109] (images copied with permission of IEEE ©
2022).
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Fig. 31. Equivalent density of magnetic noise of composite
ME materials (length / = 30, 40, and 45 mm) for two fas-
tening modes: (a) cantilever fastening; (b) freely vibrating
structure mode. The calculations of equivalent density of
the magnetic noise for ME structures according to the
dynamic model, in which only the thermal noise of the
samples and input noise of the synchronous detector were
taken into account, are also presented [ 119] (graphs copied
with permission of IOP Publishing © 2022).

and bimorph LN crystals of the y + 128°-cut were also
prepared for comparison. Bimorph samples with the
structure “head-to-head” by means of the connec-
tion of two oppositely polarized LN crystals of the
y + 128°-cut (0.25 mm thick each) were fabricated.
ME measurements at a low frequency demonstrated

that the maximal value of the |oz4,| coefficient is
higher in bidomain samples as compared with the sin-

gle-domain samples. |0tz is 2 times larger in the sam-
ple with the structure “tail-to tail” obtained by DAT
than in the bimorph sample, as well as in the bidomain
sample with the structure “head-to-head” (DAT).
Dynamic measurements of the ME effect demon-
strated that the largest ME coefficient 463 V/(cm Oe)
corresponds to the bidomain sample with the structure
“tail-to-tail” (DAT) at an antiresonance frequency of

NANOBIOTECHNOLOGY REPORTS

TURUTIN et al.

30.8 kHz. This is consistent with low-frequency mea-
surements of the ME coefficient. The minimum value
of the equivalent magnetic noise was 524 fT/Hz!/? at
the antiresonance frequency of the structure 30.8 kHz
and 153 pT/Hz!/? at the frequency 1 kHz. These results
were obtained for the best ME sample on the basis of
a bidomain (DAT, “tail-to-tail”) y + 128°-cut LN
crystal/Metglas. The equivalent magnetic noise of the
sample itself (which was 388 fT/Hz'/?) was calculated
for comparison. It is important to note that these val-
ues are comparable with the sensitivities obtained for
ME materials on the basis of PZT and other piezo-
electric ceramics [30, 111—116].

In [117], the realization of a possible advantage
(anisotropy of LN crystals applied to ME sensors) was
demonstrated. ME measurements of the structure on
the basis of the bidomain y +140°-cut LN crys-
tal/Metglas were carried out. The equivalent value of
the noise and limiting sensitivity to the magnetic field
of the ME sensor were also measured. The equivalent
magnetic noise at the resonance frequency was
92 fT/Hz'/?, which is a record for frequencies of less
than 25 kHz [111, 113, 118] among composite multifer-
roics. The limit of MF detection without additional
screening was 0 = 200 fT at the resonance frequency
6.86 kHz.

However, the sensitivity to a low-frequency mag-
netic field for composite ME structures will be limited
by external acoustic noises. This fact was experi-
mentally studied in [119]. In order to decrease the
working frequency and to increase the sensitivity of
ME structures on the basis of bidomain LN crystals
of y + 128°-cut/Metglas, it was suggested that rectan-
gular structures with a length of 30, 40, and 45 mm,
width 5 mm, and thickness 0.5 mm be studied. The
measurements were carried out for two modes of fas-
tening: cantilever and freely vibrating structure. The
ME coefficient increases with the structure length and
corresponds to the values 147, 395, and 440 V/(cm Oe)
with the cantilever mode; the same dependence takes
place for the freely vibrating structure mode: 179, 443,
and 478 V/(cm Oe), respectively. The frequency
dependence of the equivalent magnetic noise density
for the composite ME materials is presented in Fig. 31.

The results of calculations describe well the exper-
imental curves in the case of the freely vibrating struc-
ture mode with high frequency resonance modes,
where the intrinsic thermal noise dominates against
the background of the remaining noise. In the freely
vibrating structure mode, the ME sample with the
length 45 mm demonstrates an equivalent magnetic-
noise value of only 1.2 pT/Hz!/? at the resonance fre-
quency 1335 Hz. For the cantilever mode of sample
fastening, the limit of sensitivity of the ME samples is
an order of magnitude higher than that calculated due
to the additional acoustic and low frequency noise
introduced by the environment. However, the mea-
sured magnetic noise for the ME sample with the
Vol. 17

No. 3 2022
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Fig. 32. Linear dependence of the ME voltage on an
applied variable MF in the range from 0.1 to 1000 pT at the
resonance frequency of the first wave of the ME sample
(318.5 Hz) and ME tuning fork (318.2 Hz) at the optimal
constant MF. Dashed horizontal lines demonstrated the
level of noise, which determines the detection limit of the
MF (a). Spectral density of the magnetic noise depending
on the frequency (b) [120] (graphs copied with permission
of Elsevier © 2021).

length 45 mm is still quite low (37 pI/Hz'/? at the res-
onance frequency 243 Hz).

In order to increase the sensitivity and to decrease
the contribution of the parasitic vibration signal, the
construction of a ME sensor on the basis of bidomain
LN crystal of y + 128°-cut in the form of a tuning fork
was developed in [120]. Unlike the previously sug-
gested ME tuning fork, this design was fulfilled on a
single piezoelectric-material crystal. Figure 32a
demonstrates the sensitivity of a ME sensor in the
form of a tuning fork to MFs as compared with the first
wave of the ME structure in real conditions (without
shielding from external noise). The limiting magnetic
sensitivity of the tuning fork was 3 pI, while the wave
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Fig. 33. Comparison of the sensitivity to MFs (EMND)
depending on the signal frequency for different ME struc-
tures.

demonstrated the sensitivity ~20 pI. The density of
voltage noise of the ME tuning fork was 0.2 uwV/Hz!/?,
while for the wave it was 1.5 uwV/Hz!/2. The values of
the spectral density of the magnetic noise for the ME
tuning fork and the first wave of this structure are
demonstrated in Fig. 32b.

The ability to suppress the noise varied from 7 to
25 times at nonresonance frequencies for the ME tun-
ing fork as compared with a single ME sensor.

Comparison of the limiting sensitivity of the stud-
ied ME structures in the review, as well as with the
required sensitivity to MF for magnetoencephalogra-
phy and magnetocardiography techniques, is given in
Fig. 33. Comparison of the sensitivity to a magnetic
field (EMND) depending on the signal frequency is
presented for the following ME structures: bidomain
LN crystal/Metglas (asterisks [109, 117, 119, 120]),
PMN-PT/Metglas [113] (square, sensitivity at the res-
onance frequency), asymmetrical ME sample
PZT/Metglas [103] (circle, sensitivity at the resonance
frequency), PZT/Metglas [14] (triangle, method for
converting the frequency of the measured low-fre-
quency signal), PZT/Metglas [10] (triangle, sensitivity
at a nonresonance frequency), gradiometer Met-
glas/PZT/Metglas [121] (rhombus on the graph). The
sensitivities required for the detection of biomagnetic
signals for the magnetoencephalography (MEG) and
magnetocardiography (MCG) techniques in the form
of shaded regions are also presented in the figure. The
calculation of EMND according to the dynamic
model presented in [119] for a rectangular ME sample
(LN y + 128°-cut/Metglas) in the form of a cantilever
with a length of 45 mm corresponds to a solid curve.

The sensitivity of composite ME structures to MFs
on the basis of lead-free piezoelectrics is not inferior in
terms of the sensitivity to structures on the basis of
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Fig. 34. ME sensor (a). Measuring device with a fastened ME sensor and ECG electrodes (b). Average results of R-wave mea-
surement with the ME sensor as compared with an ECG (c). Different colors of the curves for ME measurements correspond to
different number of signal averages [11] (image and graphs copied with permission of Elsevier © 2021).

PZT and PMN-PT. Composite multiferroics are also
approaching the required sensitivity to use these sen-
sors for studying ultra-weak MFs from the heart, brain
and human nervous system.

Until recently, no work was published, in which the
use of a ME sensor for the detection of biomagnetic
fields from human organs was demonstrated. This was
first demonstrated by a group of scientists from the
University of Kiel in 2018. In [11], the simultaneous
detection of the R wave from a QRS complex (depo-
larization of heart ventricles) when measuring the sig-
nal by an electrocardiograph (ECG) and a ME sensor.
The general view of the sensor, a photo of the experi-
ment, and the results of measurements with the ME
sensor are presented in Fig. 34.

In order to improve the signal-to-noise ratio
(SNR), the measurements were carried out by a fre-
quency-conversion method and using ME-signal
averaging. The signal from the ME sample was syn-
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chronized with the signal from the ECG. All measure-
ments were carried out in a magnetically shielded
room. The signal-averaging technique does not allow
peaks before and after the heart R wave to be studied,
which limits the possibilities of this method.

Further studies of ME materials for MF sensors
should be focused on the search for new materials
capable of decreasing the equivalent noise, as well as
new designs and methods of measurement to increase
the limiting sensitivity to MFs.

CONCLUSIONS

The largest ME effect is observed in layered com-
posite multiferroics. The L—T design (2—2) and its
derivatives is the most popular one for composite ME
materials. To achieve high values of the ME coeffi-
cient, it is necessary to select magnetostrictive materi-
als with a large value of the piezomagnetic coefficient
2022
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and piezoelectric materials with a high value of the
ratio of the piezoelectric coefficient to the dielectric
permeability for the selected crystallographic direc-
tion and structure operation mode.

The analysis of works on the experimental study of
the ME effect in composite multiferroics demon-
strated that lead-free piezoelectric materials with low
values of the piezoelectric coefficient can be useful in
composite ME structures and demonstrate ME char-
acteristics superior to composite multiferroics on the
basis of lead-containing ferroelectrics.

From the point of view of the use of composite
multiferroics in MF sensors, the temperature stability
of the main characteristics of a piezoelectric material,
absence of hysteresis of the mechanical-electrical
properties, and relatively low production cost play a
significant role. Lead-free LN, AIN, and LGT crystals
satisfy almost all of these requirements. These materi-
als have a large potential for their use in ME structures
and devices on their basis.

The construction of composite multiferroics plays
an important role in a decrease in the level of external
noise when measuring the useful ME signal. A
bimorph ME structure is able to suppress efficiently
pyroelectric noise.

The creation of highly sensitive sensors of ultra-
weak MFs on the basis of composite multiferroics is a
direction that is most promising and close to practical
implementation. The lack of the necessity to cool such
sensors is a significant technical advantage over super-
conducting quantum interference devices (used now
for these purposes without an alternative). The study
of magnetic signals from the human heart and brain
will become possible upon reaching a high sensitivity
of ME sensors to MFs with amplitudes from units of
fT/Hz!? to 100 pT/Hz'/? in the range of frequencies
from mHz to 300 Hz.

The sensitivity of a ME sensor is limited, on the
one hand, by its intrinsic noise, in which Nyquist ther-
mal noise and the component of 1/f-noise dominate,
and on the other hand, by external noise caused by
vibrations of the piezoelectric, pyroelectric effect, and
magnetic sources. Methods of dealing with these
sources of noise and strategies for achieving a high
sensitivity at low frequency were considered in the
review.

The use of piezoelectric materials with the minimal
possible value of the tangent of the dielectric-loss
angle is one of the methods of increasing the sensitiv-
ity to MFs for ME structures. In order to exclude the
effect of low-frequency vibration noise on a ME sen-
sor, it is possible to use the low-frequency-signal con-
version technique. This technique also allows to use
more compact ME structures for the measurement of
MFs. When measuring a MF using the modulation of
a low-frequency signal, it is possible to achieve the MF
sensitivity on 20 pI at a frequency of 1 Hz. However,
the low-frequency-signal conversion technique has
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the following disadvantages: it is necessary to apply a
modulating signal with a large amplitude to the ME
sensor (from 2 to 10 Oe); it is necessary to know in
advance what frequency the useful signal will have or
scan permanently the range of acceptable frequencies
for this signal, which will lead to a long measurement
and signal processing time. It is possible to decrease
the contribution of the external vibration noise using a
differential structure with symmetrical response of the
ME composite to the noise and asymmetrical
response to the useful signal. For this, the construc-
tion of a ME sensor on the basis of a bidomain LN
crystal of y + 128°-cut in the form of a tuning fork was
developed. Such ME composite structure allowed a
sensitivity to MF 7 times greater to be achieved than
when using a single ME structure.

The magnetic signal from a human heart was for
the first time recorded using a ME structure with the
frequency-conversion method and using averaging of
the ME signal from a composite multiferroic, as well
as with synchronization of the signal from the ME sen-
sor with ECG.

Possible steps in the development of composite
ME structures for their use in MF sensors: a decrease
in the linear sizes of sensitive elements, the search for
new efficient designs to suppress parasitic signals, use
of the MEMS technology to create an array of sensors
for MF mapping, and improvement of detecting elec-
tronics.
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