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This paper is devoted to a comprehensive study on a new type of microwave structures named magnetoelectric (ME) gradient
structures. These structures are studied in this paper to understand the possibilities and application principles in feasible devices.
The structure under study was calculated at different values of the applied electric field and different values of the relative per-
mittivity of the artificial dielectric layer. The layered multiferroic structure in inhomogeneous electric and magnetic fields was
calculated on the basis of the previously proposed mathematical model. The eigenwaves spectrum for several considered cases
was the result of the performed calculation. The concept of using ME gradient structures in the design of electronically controlled
microwave devices is formed on the basis of the results of a numerical experiment. Structures of this type will preferably be used
in electronically controlled devices for the directional transmission of microwave signals, as it was shown in the theoretical part

of the paper.
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1. Introduction

Multiferroics as a special class of substances have been of
great interest for research recently. The class of multiferro-
ics with the presence of magnetoelectric (ME) interaction,
which consists of inducing magnetization when exposed to
an external electric field on the material and vice versa induc-
ing polarization when exposed to a magnetic field, deserves
special attention.

The first stage of materials research in order to understand
the interaction of ferromagnetic and ferroelectric phases
dates back to the second half of the 20th century.! The mag-
nitude of the ME effect at the time of the discovery of this
interaction was insignificant for practical application, for this
reason, further work of the first stage of research was focused
on the search for materials with a greater magnitude of this
effect. A new impetus in the study of ME materials was given
by the transition to the use of layered composite structures.
The first works in the field of practical application of the
ME effect, including for use in ME controlled microwave
devices, belong to the scientific research group of Bichurin.?
The devices that were developed by this research group had
the ability to control the electrical potential which gives a
faster adjustment of characteristics and a significant reduc-
tion in control power. For example, in comparison with the
traditional methods of controlling ferrite microwave devices
by means of a magnetic field, it gives significant advantages.

The term ME gradient structures was first used in Ref.
3 to describe a new type of composite structures which are
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the product of the integration of a ME, multiferroic and an
artificial dielectric. Note that such combination will quali-
tatively expand the possibilities of electronic control of the
wave properties of these structures, for example, to the gener-
alized mechanism described in Ref. 4 by means of the control
action of the electric field. This will add an artificial gradient
distribution of the permittivity of one of the dielectric layers
of the structure.

A comprehensive study of the properties of new type of
structures from the point of view of the principles of their
subsequent practical application should be the next step in the
study of this type structures.

A complex analysis of the ME gradient structures and
the spectrum of electromagnetic eigenwaves based on the
description of the constituent parts of the composite and a
numerical experiment on the base of previously constructed
mathematical model in this study was investigated. The
obtained theoretical data formed the basis for subsequent
experimental studies in terms of the practical application of
this type of structure.

2. Magnetoelectric Gradient Structures

2.1. Multiferroic layered ferroelectric-ferrite structures
and effects in them

The period of intensive and successful development of the
magnetic phenomena physics and the ferroelectrics physics
preceded the in-depth research of multiferroics. Two types of
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multiferroics are distinguished today. The first type contains
materials in which the electric polarization is independent (or
weakly coupled) from the magnetic order, i.e., materials in
which the magnetic and ferroelectric properties are due to
different sources. Ferroelectric properties are usually man-
ifested in these materials at higher temperatures than mag-
netic ones and spontaneous polarization reaches rather large
values (~10-100 uC/cm2). Examples of the multiferroics of
the first type are BiFeO;, YMnO;, etc.

The second type of multiferroics is magnetic multiferro-
ics, in which electric polarization is generated by magnetic
ordering. The materials of this group are characterized by a
strong connection between magnetic and ferroelectric prop-
erties, but their spontaneous polarization is significantly less
than that of the first type of multiferroics (~10-> uC/cm=2).
Practically all multiferroics are synthesized compounds.
Only two natural crystals are known, these are congolite
Fe;B,0,;Cl and chambersite Mn;B,0;Cl.

Devices using multiferroics can be classified into three
types. The first type is devices that use ferroelectric or
magnetic properties separately. The second type is devices
in which ferroelectric and magnetic properties are used
simultaneously, but without ME interaction, for example, a
Faraday phase shifter. The third type is such devices whose
action is based on the ME effect (they use multiferroics of
the second type). The interaction of electrical and magnetic
subsystems in multiferroics can manifest itself in the form of
a number of effects that underlie the operation of devices of
the third type.

Historically, the insignificant magnitude of the ME effect
in monocrystals, and therefore the great complication of their
practical use, shifted the focus of most applied research to the
field of ME composite materials. It is known that the com-
posites output properties are determined by the properties of
individual phases and their interaction, these are properties
such as sum properties, proportional properties and multiply
properties. ME multiferroic composites can be classified as
substances with multiple properties.

ME composites are divided into three structural types
based on the components connectivity,” as shown in Fig. 1:
0 are single-phase particles suspended in a matrix of another
phase, which is indicated by the number 3; 1 are single-phase
fibers, 2 are films or layers.

The combination of ferroelectric and ferrite materials
made it possible to implement electronic adjustment by using
two effects in the design of controlled microwave devices.

909828
0%%° —7 | ,
(@) (b) (c)

Fig. 1. Structural types of ME composites: (a) Composite of 3-0
type; (b) composite of 2-2 type and (c) composite of 1-3 type.
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One of these effects is the reversal ME effect, which is a
so-called “secondary” effect in the chain of transformations
“piezoelectric effect—elastic deformation—change in mag-
netic anisotropy—shift of the ferromagnetic resonance (FMR)
line”. In this case, it appears in the shift of the FMR line
under the action of a constant electric potential. In this case,
we deal with the reverse ME effect in the FMR region, which
is of practical interest in the microwave range. The devices
type in which the ME composite material acts as an active
element is called the ME type of devices.®

The second effect that appears in ME composites and
makes a significant contribution is the electrodynamic effect.
It is caused by the interaction of electromagnetic waves in
the ferroelectric layer and spin waves in the ferrite layer of
the composite structure. A change in the permittivity of the
ferroelectric layer under the action of an applied electric field
leads to a change in the dispersion characteristics of the elec-
tromagnetic wave in this layer, and also leads to a change in
the wave properties of the layered structure as a whole.

Mutual hybrid electromagnetic-spin waves propagate in
layered ferrite-ferroelectric structures, as it was shown in
Refs. 7 and 8. Such waves combine the properties of propa-
gating waves, for example, in ferroelectric dielectric layers,
they will be electromagnetic waves and in the ferrite layer
— spin ones. This theoretical model was used in the devel-
opment of phase shifters and resonators with implemented
electric and magnetic control.>!°

Microwave devices based on the ME effect, such as a
receiving microstrip antenna,'’!? a filter-preselector,’? an
attenuator,'# a phase shifter>!> and a gyrator'¢ have also been
well studied.

2.2. Artificial dielectric

A significant section in the composite media theory is
assigned to artificial dielectrics (AD), which are artificially
created by metal-dielectric structures. AD is a fully func-
tional dielectric type used in practical applications. ADs are
structurally similar to ME composites, but they are a set of
metal particles interspersed with a given spatial distribution
in a dielectric medium,'” as shown in Fig. 2.

The charges on each of the conducting plates are displaced
by an external electric field, thereby simulating the behavior
of dipoles in a conventional dielectric.'® The AD design can
be identified in the first approximation with a homogeneous
continuous medium (homogenization) with some effective

Fig. 2. Fragments of periodic sequences of metal particles of AD.
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material parameters for the case when the electromagnetic
wavelength exceeds of the metal inclusions location period.

ADs have found their application in microwave technology
for manufacturing substrates in which an artificial increase in
the dielectric constant allowed us to proceed to the design of
compact microwave resonators.'” Also, AD substrates have
found their application in the design of antennas,?® high-im-
pedance surfaces and anti-reflective coatings.?! The possibil-
ity of gradient distribution of dielectric permittivity in the AD
layer is another advantage of the artificial medium.

2.3. Structure artificial dielectric—magnetoelectric
multiferroic

The supposed advantages of this type of layer merging were
based on the following considerations. ME composite has a
number of special properties in the microwave region. The
dependence of ME material characteristics in the FMR region
on the values of stationary electric and magnetic fields® and
the dependence of the permittivity for ferroelectric appears
on the value of the stationary electric field??> are the most
important. Each of these properties contribute to an import-
ant characteristic of ME devices, namely electronic control
of the dispersion characteristics of their eigenwaves through
changes in stationary electric and magnetic fields.

These dependences can be described mathematically
using the thermodynamic description of multiferroid com-
posites through the differential expression of Gibbs free
energy>3:

dG = —SdT — xdo — PdE — MdH, 1

where S is the entropy,

T is the temperature,

x is the strain,

o is the external applied mechanical stress,

P is the polarization,

M is the magnetization,

E and H are applied external electric and magnetic fields,
respectively.

Expression (1) for the case of an isothermal adiabatic sys-
tem will have the following form:

x=soc+d°E+d"H
P=d*c+ yE+a™H , 2)
M=d™c+a*H+ y"H

where d¢, d“¢ u d" and d™¢ are direct and inverse piezoelectric
and magnetostrictive coefficients, respectively,

x¢™ is the dielectric and magnetic susceptibility,

a*™ is the ME coefficient.

The ME composite magnetization and polarization and
consequently the frequency spectrum of the eigenwaves of
the entire structure depends on the magnitudes of the applied
fields, as shown by the system of expressions (2). Note,

J. Adv. Dielect. 12, 2250008 (2022)
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Fig. 3. The artificial dielectric-magnetoelectric multiferroic
structure.

however, that the entire structure is subjected to such an
influence.

A built-in control system for local or point parameters
inside the structure by means of electric and magnetic fields
excited by point sources could be given as an example of
solving the problem of local action. However, this method of
controlling the parameters of the material structure is techni-
cally difficult and inefficient, and this creates a problem for
managing the parameters of such an environment.

ME structures with an integrated artificial dielectric can
solve this problem (see Fig. 3).

The integration of an additional dielectric layer into the
structure of the composite leads to a change in the permit-
tivity of the entire structure, therefore, the frequency spec-
trum also changes. The possibility of gradient designing
of the dielectric constant of an additional integrated layer
exists at the design stage. In this case, it is possible to assign
a different response for the same applied field to different
areas of the same structure. Consequently, a new property of
controlled local changes in the microwave properties of the
structure appears through gradient designing of the dielectric
constant.

3. Applications of Magnetoelectric Gradient
Structures

3.1. Eigenwave spectrum of the ME gradient structure

A four-layer structure in which layers 2—4 are the ME mul-
tiferroic area and layer 1 is set as the AD which will be con-
sidered for mathematical confirmation of the above as shown
in Fig. 4.

This problem from the point of view of Maxwell’s elec-
trodynamics was analyzed in detail in Ref. 3. The disper-
sion equation into which the dependencies were introduced
was obtained as a result: The dependences of the permittiv-
ity on the electric field were obtained for the ferroelectric
layer ,(E); dependences of the effective internal magnetic
field on the electric field were obtained for the ferrite layer
wy = YH (E).

The following parameters were used to calculate the dis-
persion characteristics of the structure shown in Fig. 4: Layer
1 is AD with thickness of d; = 100 um; layer 2 is ferroelectric

2250008-3



A. O. Nikitin et al.

A~
A « Hy
xX=a ‘ ’
x=1 v 1 o
xX=s :d2 2 /
ol 34
>
_— + y

Fig. 4. ME gradient structures.

lead zirconate titanate (PZT) with thickness of d, equal to
100 um, the relative permittivity is ¢,(0) equal to 1870; ferro-
magnetic layer 3 is yttrium iron garnet (YIG) with thickness s
equal about 5 um, saturation magnetization is M, about 1750
G, external constant magnetic bias field of ferromagnetic is
H,, about 2022 Oe; dielectric layer 4 is gadolinium gallium
garnet (GGG) with thickness of w equal to 500 um, the rel-
ative permittivity is ¢, of 11. The calculation was carried out
for two values of the relative permittivity of an AD: (a) ¢, =
£,(0) = 1870, the relative permittivity AD is equal to the rel-
ative permittivity of the ferroelectric at zero applied electric
field; (b) &, = 3400. In addition, for two values of the applied
stationary electric field: 0 kV/cm and 40 kV/cm. The results
are presented in Fig. 5.

3.2. Discussion of the results

The electric field, which affects the structure under study,
leads to a change in the spectrum of its eigenwaves in it, i.e., a
growth in the frequency of dispersion branches, as can be seen
from the obtained dispersion characteristics which is shown
in Fig. 5(a). This is due to a decrease in the dielectric permit-
tivity of the ferroelectric in particular and a decrease of the
total dielectric permittivity of the upper layers in general for
the AD—ferroelectric layers. On the other hand, an increase
in the permittivity of an AD leads to a frequency decrease in
the dispersion branches (see Fig. 5(b)). That is, situations in
which these two processes will acquire relative equality may
be possible. This was achieved in the calculation example

Fig. 5. Spectrum of eigenwaves of the structure under study:
(a) £, = £,(0) = 1870; (b) £, = 3400.
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shown in Fig. 5, where equality was found by selecting the
values of the applied electric field and the ID permittivity:
The spectrum of eigenwaves at frequencies up to 12—-14 GHz
at zero electric field and relative permittivity AD ¢ = ¢, =
1870 practically coincided with the spectrum at E = 40 kV/
cm and value of ¢, = 3400.

3.3. Principles of application of the ME gradient
Structures

Suppose that the ME gradient structure under consideration
consists of four layers similar to the one under study (Fig. 4),
but has two regions in which the values of the relative permit-
tivity of the layer with an AD have the values ¢, = 1870 and
; = 3400. The symbols A and B denote the corresponding
areas, and y is the direction of wave propagation, as shown
in Fig. 6.

The spectrum of eigenwaves in each of the regions of the
structure under consideration will have the form shown in
Fig. 5. Some simplifications will be accepted for calcula-
tions: the spectral region of the structure A is preassigned, as
well as the assumption that an electromagnetic wave passing
through this structure obtain a preassigned phase shift. The
applied electric field gives the effect of the shift of the initial
spectral region. In other words, the frequency spectrum of
region B, if an external electric field is applied to it, becomes
similar to the spectrum of region A with zero external electric
field. As a result, the ability to form a predefined, electroni-
cally controlled, phase front at the output of the entire struc-
ture by selecting the values of the dielectric constant of the
AD and of the applied electric field magnitude appears.

The following example of the use of ME gradient struc-
tures is a special case based on the experimentally revealed
phenomenon of the transformation of surface magnetostatic
waves into electromagnetic waves by scientists Vashkovskij
and Lock (MSSW-to-EMW transformation).?+26 The general
meaning of the phenomenon is as follows: If the wavelength
increases as the MSSW propagates in inhomogeneously
magnetized films of YIG, then in the region of the film sur-
face, where the wave number of MSSW becomes close to the
wave number of EMW of the adjacent space, the MSSW-to-
EMW transformation one take place (see Fig. 7(a)). Power
conversion up to 90% was recorded in experimental work.
The addition of a ferroelectric layer to the previous structure
makes it possible to control the MSSW-to-EMW conversion

A B A B
(61=1870) (&1 = 3400) (61=1870) (&1 = 3400)

0 kV/em 40 kV/em

Fig. 6. Principles of application ME gradient structures.
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Fig. 7. Graphical representation of the MSSW-to-EMW transforma-
tion process: (a) Into free space and (b) in the case of ME composite.
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Fig. 8. Graphical representation of the MSSW-to-EMW transfor-
mation process for an ME gradient structure.

by means of an electric field E through the ME effect and
the effect of the dependence of the dielectric permittivity of
the ferroelectric on the magnitude of the applied electric field
(see Fig. 7(b)).

The areas of MSSW-to-EMW transformation can be set
locally by adding an additional layer of the AD to the multi-
ferroid structure (by artificial distribution the permittivity), as
it shown in Fig. 8.

4. Conclusion

ME gradient structures are a new and promising type of
electronically controlled microwave structures. The new

J. Adv. Dielect. 12, 2250008 (2022)

structures proposed by us structurally represent a higher-level
composite, the components of which are the ME multiferroic
and the AD also are composite materials. ME gradient struc-
tures possess the properties of their components and expand
the range of control of microwave devices developed on their
basis in comparison with the original prototypes. In devices
based on the proposed structures, in addition to the electronic
control of the ME of microwave devices that have been stud-
ied in sufficient detail, a new way is added to control the
properties of structures and thus microwave devices via an
artificially set distribution of the permittivity of an additional
dielectric layer.

The paper is devoted to a comprehensive study four-layer
layered structure consisting of an artificial dielectric and an
ME multiferroic was studied based on the previously pro-
posed mathematical model. The microwave spectrum of
eigenwaves was obtained by the calculation method for two
values of the dielectric permittivity of the AD layer and two
values of the amplitude of the applied electric field. The effect
of increasing the value of the dielectric constant of the AD
layer is the opposite of the effect of applying an electric field
as it was shown in the calculations. Computations also show
that a situation of balance of these effects is possible, which
lays the foundation for the principles of designing devices
based on the structure under study.

As it follows from the current state of the proposed tech-
nology, in the near future, ME gradient structures are most
preferably used in the development of solid-state microwave
electronically controlled devices for directional energy trans-
mission: Directional couplers, circulators, valves and patch
antennas.

In conclusion, it should be noted that the possible dielec-
tric losses in the ME gradient structure also needs to be cal-
culated to understand the full picture of the propagation of
the electromagnetic waves. However, such a study requires
separate consideration based on both theory and experiment.

The ME gradient structure is a complex layered compos-
ite and therefore the dielectric losses will be determined by
different sources. It is known that the dielectric losses are
proportional to the square of the applied electric field and
the frequency. Ferroelectric as part of the structure under
consideration will be a source of losses associated with
spontaneous polarization. These losses are significant at
temperatures below the Curie point. Dielectric losses due to
through conductivity and heterogeneity of the structure will
be characteristic of the AD. The latter dependence is difficult
to theoretically analyze and can be determined experimen-
tally, which is important for understanding.

Based on the above, several recommendations can be
given to reduce the influence of these phenomena on dielec-
tric losses in devices based on ME gradient structures. Firstly,
ferroelectrics with a narrow polarization hysteresis loop, i.e.,
low values of residual polarization and coercive fields can
be used in the proposed applications. It is worth pointing out
that barium-strontium titanate (BST)*!%?7 is promising for

2250008-5



A. O. Nikitin et al.

use for ME gradient structures. Second, metal particles of a
disk shape can be used to avoid the effect of through conduc-
tion in the AD (see Ref. 20).

Acknowledgment

The research was carried out at the expense of the grant of the
Russian Science Foundation Ne22-29-00085, https://rscf.ru/
project/22-29-00085/.

References

1J. Wang, Multiferroic Materials. Properties, Techniques, and Appli-
cations (CRC Press Taylor & Francis Group, 2017).

°M. 1. Bichurin, R. V. Petrov and Yu. V. Kiliba, Magnetoelectric
microwave phase shifters, Ferroelectrics 200, 311 (1997).

3A. O. Nikitin and R. V. Petrov, Magnetoelectric gradient structures,
J. Phys. Conf. Ser. 2052, 012029 (2021).

4A. O. Nikitin, R. V. Petrov and M. A. Havanova, Control of magne-
toelectric antenna by electric field, CriMiCo’2019, ITM Web Conf.
30, 05028 (2019).

3C.-W. Nan, M.I. Bichurin, S. Dong, D. Viehland and G. Srinivasan,
Multiferroic magnetoelectric composites: Historical perspective,
status, and future directions, J. Appl. Phys. 103, 031101 (2011).

SM. I. Bichurin, V. M. Petrov, R. V. Petrov and A. S. Tatarenko, Mag-
netoelectric Composites (Pan Stanford Publishing Pte. Ltd., 2019).

7V. E. Demidov and B. A. Kalinikos, The spectrum of dipole-ex-
change spin waves in tangentially-magnetized metal-ferroelec-
tric-ferromagnet-ferroelectric-metal sandwich structures, Tech.
Phys. Lett. 26, 273 (2000).

8V. E. Demidov and B. A. Kalinikos, Spectra of exchange dipole
electromagnetic-spin waves in asymmetric metal-insulator—fer-
romagnetic—insulator—metal systems, Tech. Phys. 46,219 (2001).

9A. A. Nikitin, A. B. Ustinov, A. A. Semenov and B. A. Kalinikos,
A microwave phase shifter based on a planar ferrite-ferroelectric
thin-film structure, Tech. Phys. Lett. 40, 277 (2014).

10A. B. Ustinov, V. S. Tiberkevich, G. Srinivasan, A. N. Slavin, A. A.
Semenov, S. F. Karmanenko, B. A. Kalinikos, J. V. Mantese and
R. Ramer, Electric field tunable ferrite-ferroelectric hybrid wave
microwave resonators: Experiment and theory, J. Appl. Phys. 100,
093905 (2006).

HR. V. Petrov, A. S. Tatarenko, G. Srinivasan and J. V. Mantese,
Antenna miniaturization with ferrite-ferroelectric composites,
Mic. Opt. Tech. Lett. 50, 3155 (2008).

I2R. V. Petrov, A. O. Nikitin, M. I. Bichurin and G. Srinivasan, Mag-
netoelectric antenna array, IRECAP 10, 371 (2020).

J. Adv. Dielect. 12, 2250008 (2022)

BM. L. Bichurin, R. V. Petrov, Yu. D. Vorobyev and Yu. V. Kiliba,
Bandpass tunable magnetoelectric microwave filter, Proc. Int.
Forum on Problems of Science, Technology and Education, MII-
GAIK (1997), pp. 234-238. (in Russian).

4A. S. Tatarenko, G. Srinivasan and D. A. Filippov, Magnetoelectric
microwave attenuator, Electron. Lett. 43, 674 (2007).

M. 1. Bichurin, R. V. Petrov and Yu. V. Kiliba, Magnetoelectric
microwave phase shifters, Ferroelectrics 202, 311 (1997).

16M. I. Bichurin, R. V. Petrov, I. N. Solovyov, A. N. Solovyov and
D. V. Kovalenko, Study of a magnetoelectric microwave gyrator,
Mod. Probl. Sci. Educ. 2,201 (2012) (in Russian).

7V. R. Tuz, V. B. Kazansky and V. Khardikov, Electrodynamic
Theory of Composite Media (Kharkiv University Press, Ukraine,
2015) (in Russian).

18Y. Zhang, Y. Aratani and H. Nakazima, A microwave free-space
method using artificial lens with anti-reflection layer, Sens. Imag-
ing 18, 1(2017).

19T, Awai, Artificial dielectric resonators for miniaturized filters
1IEEE Microwave Mag. 9, 55 (2008).

20Y. Zhang, T. Imahori and Y. Fujita, Artificial material for patch
antenna gain enhancement and its application in microwave free-
space method, Int. Conf. Electromagnetic in Advanced Applica-
tions (2019), p. 19081908.

21S. Biber, J. Richter, S. Martius and L. Schmidt, Design of artificial
dielectrics for anti-reflection-coatings, 33 Eur. Microwave Conf.
Proc. (2003), pp. 1115-1118.

22Ch. Ang and Zh. Yu, DC electric-field dependence of the dielectric
constant in polar dielectrics: Multipolarization mechanism model,
Phys. Rev. B 69, 174109 (2004).

M. V. Vopson, Fundamental of multiferroic materials and their
possible application, J. Critical Rev. Solid State Mater. Sci. 40,
223 (2015).

24A. V. Vashkovskij and E. H. Lock, Radiation patterns resulting
owing to transformation of surface magnetostatic waves to electro-
magnetic waves, J. Commun. Technol. Electron. 40, 1030 (1995)
(in Russian).

2 A. V. Vashkovskij and E. H. Lock, On the parameters of patterns
of radiation arising in the process of transformation of a magne-
tostatic surface wave into an electromagnetic wave, J. Commun.
Technol. Electron. 49, 904 (2004).

26A. V. Vashkovskij and E. H. Lock, The mechanism of transforma-
tion of a magnetostatic surface wave into an electromagnetic wave,
J. Commun. Technol. Electron. 54, 456 (2009).

27V. Stancu, L. Amarande, M. Botea, A. Luga, L. N. Leonat, A. G.
Tomulescu, M. Cioangher, L. M. Balescu and L. Pinitilie, Com-
paration between dielectric and pyroelectric properties of PZFNT
and BST type ceramics, Process. Appl. Ceram. 13,269 (2019).

2250008-6



