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Abstract. Purpose of this work is to compile an overview of a new and fruitful scientific direction in magnons,
which grew out of the works of Ph.D., Professor Yuri Pavlovich Sharaevsky, and related to the study of resonant and
nonlinear phenomena during the propagation of magnetostatic waves in ferromagnetic films, ferromagnetic films
with periodic inhomogeneities (magnon crystals), coupled (layered and lateral) ferromagnetic structures, as well as
ferromagnetic structures with layers of a different physical nature (semiconductor, ferroelectric, piezoelectric, normal
metal layers). Methods. Experimental and theoretical methods have been used to study spin-wave excitations
in a wide class of structures with ferromagnetic layers. In particular, experimental radiophysical methods of
microwave measurements and optical methods of Mandelstam-Brillouin spectroscopy. For the construction of
theoretical models, the following methods are used: the method of coupled waves, the method of crosslinking
magnetic permeability at the boundaries of layers, the method of transmission matrices, long-wave approximation.
Results. The presented results are of general scientific importance for understanding the basic laws of the joint
influence of coupling, periodicity and interactions of different physical nature (the influence on the magnetostatic
wave of deformation in periodic structures with piezoelectric, electromagnetic wave in structures with ferroelectric,
electric current in structures with semiconductor, spin current in structures with normal metal). In applied terms,
the identified effects open up wide opportunities for creation of new devices of spin-wave electronics with the
possibility of dynamic control of characteristics when changing the electric and magnetic fields, as well as the
power of the input signal. Conclusions. The review of the most interesting results obtained by the authors together
with Yuri Pavlovich and which are an ideological continuation of the foundations laid by him is given.
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Introduction

This article provides a brief overview of a new and fruitful scientific direction in magnons,
which grew out of the works of Yuri Pavlovich Sharaevsky. It is connected with the research of
resonant and nonlinear phenomena during the propagation of magnetostatic waves in ferromagnetic
films, ferromagnetic films with periodic inhomogeneities (magnon crystals), coupled (layered
and lateral) ferromagnetic structures, as well as ferromagnetic structures with layers of other
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physical nature (semiconductor, ferroelectric, piezoelectric, layers of normal metal). In a widely
known monograph «Magnetostatic waves in microwave electronics» [1] by Vashkovsky A.V.,
Stalmakhov V. S., Sharaevsky Yu. laid the foundation for the development, including this direction,
the fundamental laws were obtained, which opened up wide opportunities for the further work of
many scientists both in our country and abroad. Almost all the ideas presented in the monograph
were further developed, were the impetus for a huge number of important discoveries in this
field, made later by both students of Yuri Pavlovich Sharaevsky and in other scientific groups.
The authors of the article were lucky enough to study and work with this unique person. For us,
Yuri Pavlovich was not only a wise teacher, but also an ideological inspirer. Our path in science
was completely determined by close work with this extraordinary scientist, joint long scientific
discussions, disputes, the search for truth, and then amazing discoveries. This article provides a
selective review of the most interesting, in our opinion, results obtained by the authors together
with Yuri Pavlovich and are an ideological continuation of the foundations laid by him.

In recent years, magnonics — a new direction in electronics — has attracted wide attention
of researchers. In magnon devices, spin waves [1-5| are used to transmit the signal. Work in this
area is extremely relevant, because in the future it will allow us to develop a new generation of
devices and appliances for transmitting and processing data, with characteristics that could not
have been obtained earlier. Unlike conventional microwave devices, spin-wave or magnon devices
have advanced capabilities, thanks to control both by means of an external magnetic field and
under influences of a different physical nature (for example, deformations, electromagnetic waves,
electric and spin current). Moreover, many semiconductor integrated technologies can be easily
combined with devices based on the principles of magnons.

One of the main structures proposed for creating a magnon component base are magnon
crystals (MC) — periodic structures based on magnetic materials [6-8]. MC, due to the formation
of band gaps (BG) — non-transmission bands in the spectrum of spin waves, are functionally more
flexible and have greater capabilities for controlling characteristics, compared with homogeneous
magnetic structures. In this case, the task of controlling the characteristics of the band gaps in
the spectrum of propagating waves is important. It was proposed to control the characteristics of
the band gaps both statically, for example, by changing geometric parameters, changing materials,
changing boundary conditions, creating defects, and dynamically, for example, using magnetic
and electric fields, creating a temperature gradient, acoustic wave propagation, etc., etc.

The most promising ferromagnetic materials for magnons problems are nano- and microfilms
of yttrium iron garnet (YIG) due to extremely low microwave losses and weak magnetic anisotropy
[9]. Nonlinear effects in the films of the YIG are manifested at relatively low levels of input
power. The main nonlinear effects in the MC in the region of four-magnon decay processes are
the nonlinear shift of the band gaps and the formation of Bragg solitons [10, 11].

An alternative way to control the characteristics of BG and nonlinear wave processes in the
MC can be the use of loads of different physical nature.

If a second ferromagnetic layer (ferromagnetic film or MC) is used as the load, the structure
is a bound ferromagnetic structure. Due to the coupling between magnetic channels, the dynamic
properties of wave processes change significantly and new types of spin-wave excitations are
realized. Coupled structures significantly expand the functionality of radiophysical systems, as
an additional control parameter appears — communication. Studies of coupled ferromagnetic
structures are relevant due to the increasing need to combine individual magnon signal processing
elements into magnon networks [12, 13].

The magnetic control method can be implemented in a wide frequency range, but the control
is relatively slow and requires significant energy consumption. In turn, the electric control method
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is faster than the magnetic one. To implement electrical control of linear and nonlinear spin-wave
excitations, ferromagnetic structures based on homogeneous (non-periodic) ferromagnetic films
use loads whose properties can be controlled by applying an electric field. Such loads can be:
ferroelectric (FE) and piezoelectric (PE) layers, layers of semiconductor (SC) material, normal
metals (NM). The physical mechanisms of the influence of the electric field applied to the load on
the character of spin-wave processes in a ferromagnetic film will be different in each case.

In the case of ferrite-ferroelectric multiferroid structures based on a ferromagnetic film and a
FE layer, an electromagnetic wave propagating in the FE layer affects the spectral characteristics
of spin waves in a ferromagnetic film [14]|. Hybrid electromagnetic-spin waves (HEMSW) occur at
frequencies close to the frequency of phase synchronism of the electromagnetic wave and the spin
wave.

Deformation in a piezoelectric load due to the magnetoelastic effect leads to a change in the
internal magnetic field in a ferromagnetic film with magnetostriction. Non-periodic structures of
the ferromagnetic film/PE type formed the basis of a new direction of micro- and nanoelectronics
— straintronics [15].

Electronic transport in semiconductor loads, due to the action of the Lorentz force, leads to
a change in the attenuation and spectral characteristics of spin waves. In periodic ferromagnetic
structures with SC-loads, the possibility of creating and suppressing BG in the spectrum of spin
waves [16] is theoretically shown. Modern technologies for the development of YIG-semiconductor
structures confirm the possibility of integrating CMOS electronics and magnons [17].

Another way to deal with attenuation lies in the field of spintronics (or spin electronics).
In spintronics devices, along with the charge, the spin of particles is used, associated with the
presence of its own mechanical moment. Spin current in a normal metal, due to the transmission
of spin torque at the ferromagnetic film/NM interface, can lead to an increase or decrease in spin
waves in the ferromagnetic film [18].

Thus, the problems that are considered in the review and are devoted to the study
of linear and nonlinear waves in periodic ferromagnetic structures, as well as in multiferroid
structures and heterostructures based on a semiconductor or a normal metal, are important and
of considerable scientific interest. The studied structures have both the advantages of periodic
structures (formation of band gaps, bragg solitons), the advantages of coupled structures (spatial
power transfer), and the advantages of interactions of excitations of different physical nature (the
effect on the spin wave of deformation in structures with PE, electromagnetic wave in structures
with FE, electric current in structures with SC, spin current in structures with NM). Thus,
the structures under study open up new potential possibilities for the functional processing of
spin-wave microwave signals that require detailed fundamental research. This allows us to consider
the topic of the work relevant for modern radiophysics.

The paper provides a brief overview of new resonant and nonlinear effects in heterostructures
based on magnon crystals and layers whose characteristics can be controlled using magnetic and
electric fields (ferromagnetic, ferroelectric, piezoelectric, semiconductor, layers based on normal
metals), as well as mechanisms of joint influence of coupling, periodicity and interactions of
different physical nature, which they will allow efficient control of wave processes for the creation
of microwave electronics devices with new functionality based on the principles of magnons.
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Fig. 1. a — The distribution of the intensity of spin waves in the FF-2 at an input power of P, = 6 dBm. b —
Experimental (point curves) and theoretical (solid curves) dependences of the transmission coeflicients for FF-1
(pink curves) and FF-2 (black curves) on the input signal power (color online)

Transmission coefficients.

1. Coupled ferromagnetic films

In recent years, coupled ferromagnetic structures have been actively proposed for nanoelectronics
and nanoscale magnons, for example, as power dividers, directional couplers, binary logic
elements [13,19]. However, the first steps in the systematization of theoretical and experimental
approaches to the study of multilayer ferromagnetic systems are given in [1]. In the future, this
direction was also developed (for example, at the SSU under the leadership of Yuri Pavlovich
Sharaevsky) in the field of nonlinear dynamics. In particular, a nonlinear wave model is constructed
to describe the spin-wave evolution of direct volumetric magnetostatic waves MSDVW and surface
MSSW in a coupled ferromagnetic structure. The model is a system of wave equations for the
amplitudes of the envelopes of symmetric and antisymmetric waves with linear and nonlinear
(coherent or incoherent) coupling. Based on the numerical solution of the wave equations,
such nonlinear effects as the capture effect, the tracking effect, nonlinear beats, modulation
instability [20-22| are revealed.

In recent years, the intensive development of the experimental base of Saratov University
has made it possible to conduct detailed experimental studies of multilayer ferromagnetic
structures. Thus, when using the mandelstam—brillouin spectroscopy, which allows us to study
the spatiotemporal distribution of the intensity of spin waves in the plane of ferromagnetic
microstructures, the effect of suppressing spatial power transfer between the layers of the structure
was detected with an increase in the power of the input signal [23].

The structure of ferromagnetic films FP-1/FP-2 (FF-1/FF-2) was formed on the basis of
12 micron thick YIG films separated by a mica plate 50 microns thick. The signal was fed to
the input of the FF-1. In Fig. 1, a shows a map of the spatial distribution of the intensity of
scattered light (proportional to the intensity of the spin wave) obtained using mandelstam-brillouin
spectroscopy technology. With a low input power in the FF-2, a pattern of alternating maxima and
minima (with a spatial period A) of intensity along the direction of propagation y is visible, which
is explained by the periodic pumping of the signal between the FF-1 and the FF-2. At high power,
the periodic distribution of the signal in the films is not observed. Let’s choose an observation
point at the maximum of the signal in FF-2 at low input power, for example, at a distance of
[ = 3)\/2 from the input. At this distance, all the signal that was fed to the FF-1 was pumped to
the FF-2. In Fig. 1, b shows the dependence of the transmission coeflicients of FF-1 and FF-2
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on the power of the input signal Py,. It can be seen that there is such a threshold power P, at
which the transmission coefficients are equal. When the input signal level is above the threshold,
most of the power is concentrated in the FF-1. Consequently, there is a pumping suppression
effect. Based on the theoretical model, it is shown that the mechanism of the suppression effect is
due to an increase in the phase difference between the signals in each film.

2. Magnon Crystals

The appearance of the term «magnon crystal» as a periodic ferromagnetic structure is
usually associated with the works of Nikitov S. A. [6,24]. In the early works of Yu., P.Sharaevsky,
studies of ferromagnetic structures with periodic boundary conditions are also reported [1,25].
Theoretical and experimental studies of magnon crystals were actively conducted on the basis of
Saratov University under the leadership of Yuri Pavlovich.

The features of the formation of Bragg band gaps, as well as a number of nonlinear effects,
such as nonlinear shift of the band gap and nonlinear switching (between transmission and
non-transmission modes of the MC) with increasing input signal power, are investigated. Special
attention was paid to such important nonlinear effects as modulation instability and the formation
of Bragg solitons. Bragg solitons — are the solitons of the envelope of the spin wave, which are
formed due to the effective interaction of the direct and reflected from the inhomogeneities of spin
waves at frequencies lying in the band gap in the linear case. The possibility of formation of Bragg
solitons in the MC is shown for the first time in the work [26]. At low input power (the purple
curve in Fig. 2) the signal is reflected from the MC as from a linear Bragg lattice (pulses 1 and 2
correspond to the front and slice of the input
rectangular pulse). With an increase in the
input amplitude, the formation of a Bragg
soliton takes place (GS pulses in Fig. 2). The
velocity of the Bragg soliton increases with
increasing amplitude (the delay At — decreases).
Experimental observations of Bragg solitons in

MC based on a 10 micron thick YIG film with
g Al 1 .- A4,=0.04 a groove depth of 1 pm and a period of 200 pm
s 1$ VA were also carried out.
i - 039 The features of the propagation of
0.038 magnetostatic waves in MC with defects are
037 considered. In particular, the MC with a periodic
08;}2 system of defects is considered — magnon
: : - ’ superlattice (Fig. 3, a) |27]. By the method of
0 50 100 150 1, ns

crosslinking magnetic permeabilities described
Fig. 2. Profiles of the input pulse (dotted curve) and the in [1] the dispersion relation for the MSSW in a
pulse at the MC output (solid curves) at different input ’ . ) Lo .

pulse amplitudes (color online) superlattice with periodic boundary conditions
in the form of a system of metal strips with two periods (I and L) is obtained. It is shown that in
such a structure there is the formation of two band gaps at wave numbers and frequencies other
than Bragg for MC with periods [ and L (the shaded areas SL-3 and SL-4 in Fig. 3, b), and two
gaps — at wave numbers and frequencies coinciding with Bragg (SL-1 and SL-2 in Fig. 3, b). The
frequency interval and the interval of wave numbers between SL-3 and SI.-4 is determined by

the ratio of the periods [ and L. Nonlinear effects in the propagation of spin waves in such a
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structure [28] are investigated.

A MC with periodic boundary conditions in the form of metal strips containing a distributed
defect is considered (Fig. 3, ¢) [29]. The distributed defect was formed by breaking a ferromagnetic
film with periodic boundary conditions and forming a film region with homogeneous boundary
conditions. A wave model is constructed, an experimental study is carried out. It is shown that,
depending on the width of the defect (D;), the BG can be formed both higher in frequency and
lower in frequency, relative to the BG of the MSSW in the MC without a defect.

3. Related Magnon Crystals

One of the key areas of research in the scientific group led by Yuri Pavlovich was the
study of coupled magnonic crystals. Moreover, the object of the study was both lateral connected
structures, ferromagnetic waveguides in which are in the same plane, and multilayer sandwich
structures.

A theoretical model for describing the spin-wave evolution is constructed and dispersion
relations for MSSW and MSDVW are obtained. The model is a system of four equations, the
relationship between which is determined by two linear coupling coefficients: the first is —
electrodynamic, due to the coupling between MSW propagating in different MC, and depending
on the thickness of the dielectric (y), the second is — determining the relationship between direct
and reflected waves in one MC, which depends on the geometric dimensions of the periodic «cell»
().

On the basis of theoretical and experimental research, the mechanism of formation of
band gaps is revealed. In Fig. 4, a the dispersion characteristics for the symmetric (dotted
line 2) and antisymmetric (dotted line 3) normal waves in bound homogeneous films. The
corresponding characteristics for reflected waves are indicated by 2’ and 3’. At the frequencies of
phase synchronism, the interaction of the four described types of waves leads to the formation of
BG (s, as, s/as, shown by fill). It is possible to form one, two, three or four BG in the region
of the first Bragg resonance. In the insert to Fig. 4, a shows the dispersion characteristic for
the MSSW in one MC. In this case, due to the interaction of a direct line (line 1) and reflected
(line 1) waves form one BG (mc, shown by fill) [30]. The influence of the excitation method
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1.0 1.0
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Fig. 3. Schemes of magnon superlattice (a) and MC with a line defect (¢). b — Transfer characteristics of the
MSSW in the MC with period 1 (red curves), MC with period L (blue curves) and in the magnon superlattice
(black curves) (color online)
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(excitation of one or two normal modes) on the formation of band gaps is considered. Thus, when
only a symmetric normal wave is excited (signals of equal power in phase are fed to MC-1 and
MC-2), one band gap is observed (the red curve in Fig. 4, b). When two normal waves are excited
(the signal is fed to MC-1 or MC-2), two band gaps are observed — the band gap for symmetric
waves and the band gap for antisymmetric waves (the blue curve in Fig. 4, b) [31].

The features of nonlinear processes in the propagation of MSSW in the layered structure
of MC-1/MC-2 are considered (Fig. 5, a). A nonlinear wave model has been constructed to
describe the spatial-wave evolution of the MSDVW and MSSW. The model is a system of four
coupled wave equations describing the linear and nonlinear relationship between the amplitudes
of the envelopes of direct and reflected waves in MC-1/MC-2. Based on the numerical solution of
wave equations and experimental studies, such nonlinear effects as single and double nonlinear
switching have been identified (Fig. 5, b, ¢, d), nonlinear pumping of Bragg solitons.
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Fig. 4. a — Theoretical dispersion characteristics of MSSW in MC-1/MC-2 with period L. On the insert there
are characteristics of the MSSW in a single MC. b — Experimental frequency response of MSSW in laterally
coupled MC-1 and MC-2 with excitation of a symmetric wave (red curve) and with excitation of symmetric and
antisymmetric waves (blue curve), as well as in a single MC (black curve) and a double-width MC (green curve).
The band gaps are highlighted by ovals (color online)
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Fig. 5. a — Scheme of the MC-1/MC-2 structure. The spatiotemporal evolution of the amplitude of the envelope
of the forward wave in MC-2 at the amplitude of the input signal Ao = 0.01 (b) and Ag = 0.04 (¢); d — in MC-1
at Ao = 0.07 (color online)
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In particular, it is shown that in the MC-1/MC-2 structure, depending on the coupling
coefficients describing the linear coupling between direct and reflected waves in MC-1 (MC-2)
(parameter k) and between direct (reflected) waves in neighboring layers (parameter y), various
signal separation modes are implemented for two or three ports of the coupled structure with
an increase in input power (Fig. 6). A “single nonlinear switching” of type 1 is possible (the
SS-1 parameter range in Fig. 6) — at low input power, the pulse is reflected from the MC-1, at
high — it exits the MC-1; "single nonlinear switching"of type 2 (region SS-2 in Fig. 6) — at low
input power, the pulse exits MC-2, at high — from MC-1. If the coupling coefficients are close
in magnitude, the effect of “double nonlinear switching” is possible. With a “double nonlinear
switching” of type 1 (the DS-1 region in Fig. 6) — at low input power, the pulse is reflected
from the MC-2 (see Fig. 5, b), when the input power increases, the first switching takes place
— the pulse passes through the coupled structure and exits MC-2 (see fig. 5, ¢), with a further
increase in power, a second switching takes place — the pulse exits MC-1 (see Fig. 5, d). With
"double nonlinear switching"of type 2 (the DS-2 parameter area in Fig. 6) — at low input power,
the pulse is reflected from MC-1, with an increase in input power, the first switching takes place
— the pulse is reflected from MC-1, with a further increase in amplitude, the second switching
takes place — the pulse exits MC-2. The main mechanism of the double nonlinear switching effect
is the simultaneous manifestation of nonlinear effects characteristic of a single MC and for two
homogeneous films having different threshold capacities [32].

In the future, the development of Mandelstam-Brillouin spectroscopy technology made it
possible to observe the effect of "double nonlinear switching"of the type 1 [33]. The effect of
double nonlinear switching of type 1 allows us to consider the MC-1/MC2 structure as a basic
element for multifunctional signal processing systems. The MC-1/MC2 structure is a four-port
structure with one input and four outputs (see Fig. 5, a). When removing the signal from port 3,
the structure performs the functions of a power limiter, when removing the signal from port 4,
there is a separation of signals in a certain power range, when removing the signal from port 2 —
suppression of weak signals. When removing the signal from all ports, the structure allows you to
perform the functions of spatial separation of signals of different power levels: a low-power signal
will come out from port 3, a high-power signal — from port 2, medium-power — from port 4.

4. Structures magnon crystal/semiconductor
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Fig. 6. A parameter map (k, y) illustrating various regimes of nonlinear switching with an increase in the amplitude
of the input signal. On the inserts there are schemes of the MC-1/MC-2 structures (zy projection) (color online)
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and magnon crystal/normal metal

An important direction that was laid down in the early works of Yuri Pavlovich is the
study of the effect of various finite conductivity loads on waves propagating in ferromagnetic
films |34, 35]. Such loads can be both metal and semiconductor screens. In this case, it is relevant
to study the effect of the ordered movement of charges — electric current in a semiconductor and
the ordered movement of spins — spin current in NM on the propagation of magnetostatic waves
in the MC.

In particular, the influence of electric current on the propagation of MSSW in a MC loaded
with a SC layer (MC/SC) is considered. By the method of crosslinking magnetic permeability at
the boundaries of layers, first described in [1], a dispersion relation is obtained, a nonlinear wave
model is constructed to describe the spatio-temporal evolution of the envelope in the structure
under study. For the experimental study, a structure based on an MC loaded with a plate of doped
silicon, through which an electric current was passed, was used. On the AFR of the MSSW in such
a structure, in the absence of current, a pronounced minimum is visible, which corresponds to the
band gap (the red curve in Fig. 7, a). If the movement of charges in the PP is co-directed with
the propagation of the MSSW, which shifts to the low-frequency region. The opposite direction
of movement of the charges in the SC does not affect the position of the [36] in any way.

Studies of nonlinear phenomena in MC/SC have been carried out. It is shown that with an
increase in the input power, the formation of a Bragg soliton takes place (GS pulses in Fig. 7, b).
The threshold of formation, velocity and amplitude of the soliton is determined by the velocity
and direction of movement of charges in SC [37].

The effect of spin current on the character of spin-wave processes during the propagation of
MSW in a MC loaded with a layer of normal metal (MC/NM) is considered. When an electric
current flows in NM, due to the spin Hall effect, a spin current flows in a direction perpendicular
to the electric current, associated with the movement of electrons with a given direction of spins.
A wave model is constructed, and the dispersion relation for the MSSW in such a structure is
obtained. The possibility of controlling the characteristics of the band gaps in the MC using a spin
current in NM is considered. The effect of spin current on nonlinear effects during the propagation
of magnetostatic waves in structures of the MC/NM type is considered and FF-1/NM/FF-2.

5. Structures magnon crystal/ferroelectric
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Fig. 7. a — MSSW frequency response in the structure MC/SC at an input power of 11 dBm and electric field
strength: 0 (red curve), 2.5 kV /cm (blue curve), 5 kV/cm (green curve), 7.5 kV /cm (pink curve), 10 kV/cm (brown
curve). b — Time profiles of output pulses at different input power and voltage levels: 11 dBm and 0 kV/cm (black
curve), 23 dBm and 0 kV/cm (red curve), 30 dBm and 0.2 kV/cm (blue curve)
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and magnon crystal/piezoelectric

Ferroelectric and piezoelectric loads are another type of loads capable of providing electrical
control of the nature of spin-wave excitations in ferromagnetic films. In this case, it is relevant
to study the influence of electromagnetic waves in the load FE and deformations in the load from
the PE on the propagation of magnetostatic waves in the MC.

In the structure of MC/FE, due to the interaction of the MCW in the MC and the
electromagnetic wave in the FE, a hybrid electromagnetic-spin wave is formed. A wave model
is constructed and dispersion relations for HEMSW are obtained. The dispersion characteristic
of the HEMSW has two branches corresponding to fast and slow waves. It is shown that the
mechanism of formation of band gaps in such a structure is as follows. Due to the interaction
of a direct line (straight line 1 in Fig. 8, a) and reflected (straight line 1’ in Fig. 8, a) slow
HEMSW at the frequency of phase synchronism (marked with a dot B), the main BG is formed
(the mechanism of its formation is similar to the mechanism of BG formation in a single MC).
Due to the interaction at the phase synchronism frequency (marked with a dot C') of the direct
fast HEMSW (direct 2) and the reflected slow HEMSW (direct 1’) forms a hybrid BG. In a
single MC, such a gap is not formed.

Taking into account only the magnetic nonlinearity, an increase in the amplitude leads to a
decrease in the magnetization of the MC. As a result, the center of the main band gap turns out
to be lower in frequency (point BM) than in the linear case shown by the dot. The center of the
hybrid band gap (point C') shifts down in frequency and wave number and falls into the point
CM  Taking into account only electrical nonlinearity, with an increase in amplitude, the value of
the dielectric constant of the FE decreases (which is typical for opaque dielectrics). In this case,
the position of the center of the hybrid zone is shifted up in frequency (point C¥) and down in
wave number, relative to the linear case. The position of the center of the main gap is not affected
by electrical nonlinearity. Taking into account both types of nonlinearity, the center of the hybrid
band gap will be located, respectively, at the point C®* | and the center of the main zone — at
the point BM . It can be seen that the effect of electrical nonlinearity on the position of the hybrid
band gap is opposite to the effect of magnetic nonlinearity and, in general, can compensate for it.
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Fig. 8. a — Schematic representation of the dispersion characteristics of forward (line 1) and reflected (line 1) slow
GEMSW, as well as forward (line 2) and reflected fast GEMSW. The dotted lines show linear regimes, the solid
ones — nonlinear ones. b — The frequency response of MSSW in MC (black curve) and GEMSW in the structure
MC/FE (orange curve). In the insert, there is the fragment of the frequency response of the GEMSW in MC/FE
at the electric field strength: 0 (curve 1), 6 kV/cm (curve 2), 12 kV/cm (curve 3), 16 kV /cm (curve 4). The band
gaps areas are marked with ovals (color online)
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The possibility of dual control (electric and magnetic fields) of the characteristics of the
band gaps [38] is shown. On the experimental frequency response of a single MC (the black curve
in Fig. 8, b) dips corresponding to the first (b—1) and second (b-2) main Bragg band gaps are
visible. When a layer of FE (a plate of strontium barium titanate (BST)) is applied to the MC,
an additional dip appears on the frequency response (orange curve) corresponding to the hybrid
band gap (c¢). When an electric field is applied to the FE layer, the hybrid band gap shifts up in
frequency, as shown in the box to Fig. 8, b.

The structure of the type MC-1/FE/MC-2 [39] is considered. The dispersion curve for
HEMSW in this case is split into three branches corresponding to the fast and two slow HEMSW
in. At the frequencies of phase synchronism, due to the interaction of three direct and three
reflected waves, five band gaps are formed (if the structure is symmetrical). Three gaps are the
main ones, since they are formed due to the interaction of slow HEMSW In and the mechanism of
their formation is similar to the mechanism of the formation of BG in the structure of MC-1/MC-2.
The two gaps are hybrid, as they are formed due to the interaction of fast and slow HEMSW and
such gaps are not formed in the MC-1/MC-2 structure.

The principle of frequency multiplexing/demultiplexing of signals with magnetic and electric
control based on the MC/FE/FF structure is proposed.

The effect of deformation on the propagation of magnetostatic waves in the MC is considered.
In particular, the influence of magnetostriction of a ferromagnetic medium on the nature of
spin-wave processes during the propagation of MSSW in the MC is considered. MSSW, due to
magnetostriction, excites a transverse elastic wave in the MK. In turn, due to the interaction
of the MCW and the elastic wave, a magnetoelastic wave is formed. A theoretical model is
constructed and a mechanism for the formation of additional BG due to the interaction of direct
and reflected magnetoelastic waves is revealed.

The effect of deformation on the character of spin-wave processes during the propagation
of MSW in a MC loaded with a piezoelectric layer (MC/PE) is considered. When an electric
field is applied to the PE layer, deformation occurs. The deformation is transmitted by the MC
with magnetostriction, leads to a change in the internal effective magnetic field and affects the
characteristics of the BG. Dispersion relations for MSSW in MC/PE are obtained. The possibility
of dual control of the width and position of the BG with a change in the magnitude of the
magnetic and electric fields [40] is demonstrated.

It is shown that if in the structure of MC/PE layer has hysteresis properties (for example,
hafnium oxide), then on the basis of such a structure, it is possible to implement the functions of
recording, storing and reading information.

Conclusion

The results presented in the review expand the fundamental understanding of physical
processes in periodic magnetic structures. In particular, the wave model describing the propagation
of magnetostatic waves in coupled magnon crystals opens up the possibility of studying a wide
range of nonlinear phenomena caused by the influence of coupling and periodicity in layered
periodic structures based on magnetic films. It may also be of interest in the study of nonlinear
phenomena in coupled periodic structures of various physical nature.

At the same time, the presented results are of general scientific importance for understanding
the basic laws of the joint influence of coupling, periodicity and interactions of different physical
nature (the effect on the spin wave of deformation in periodic structures with PE, electromagnetic
wave in structures with FE, electric current in structures with SC, spin current in structures with
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NM).

In applied terms, the identified effects open up wide possibilities for creating new devices
of spin-wave electronics in the microwave range with the possibility of dynamic control of
characteristics when changing the electric and magnetic fields, as well as the power of the input
signal. In particular, based on the structure of coupled magnon crystals, it is possible to create
devices for spatial separation of signals of different power levels, suppression of high-power signals,
suppression of weak signals, isolation of signals in a certain power range [41]. Based on the coupled
magnon crystal and ferromagnetic film separated by a ferroelectric layer, it is possible to create a
device that allows frequency multiplexing/demultiplexing of signals [42]. On the basis of an MC
with a piezoelectric load having the property of hysteresis, a functional element can be created
that records, stores and reads information [43].

In our opinion, the ideas of Yuri Pavlovich, laid down in the book «Magnetostatic waves in
microwave electronics» and developed in the results given in this review, will inspire scientists for
more than a decade and give food for the mind and creative search for the benefit of fundamental
and applied world science!

The authors express their great gratitude and appreciation to the Dr.Phys.-Math.Sci.Professor
Yu. P. Sharaevsky for a huge amount of knowledge, creative inspiration, invaluable discussions
and breakthrough ideas that made it possible to obtain the presented results.
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