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1. Introduction

Multiferroic materials in which the properties of spin-
waves can be controlled using not only a magnetic
field, but also an electric field are among the most
promising materials in which spin-wave propagation is
possible [1,2]. Artificial multiferroics include ferromag-
netic and ferroelectric layers and exhibit both properties
characteristic of each layer individually and new prop-
erties associated with the interaction of magnetic and
electrical subsystems [3,4]. Electromagnetic waves in the
ferroelectric are strongly slowed down in case of high
dielectric permittivity of the ferroelectric, which depends
on the applied electric field.  Hybrid electromagnetic
spin-waves (HESW) occur in this case in the struc-
ture ferromagnetic film|ferroelectric (FF|FE) at frequencies
close to the frequency of phase synchronism between
electromagnetic waves (EMW) and magnetostatic waves
(MSW) [5,6].

In turn, periodic structures based on multiferroic mate-
rials such as multiferroic magnonic crystals open up great
possibilities for wave control compared to homogeneous
structures due to the existence of Bragg resonances. Bragg
resonances in such structures are observed at wavelengths
satisfying both the Bragg condition and the condition of
phase synchronism of magnetostatic and electromagnetic
waves [7-9]. Band gaps (BG), i.e. stopbands, are formed
in the HESW spectrum at frequencies corresponding to
Bragg resonances [9,10]. This effect allows considering
such structures as the basic element of filtering of a spin-
wave signal with electric and magnetic control [7,8,10-12].
However, it should be expected that the presence of band

gaps and the asymmetry of the structure (for example,
for a structure with a magnonic crystal (MC,MC) —
FF|FE|MC) will open up broader possibilities for using
such a structure for functional signal processing. The
possibility of frequency separation of the signal between
the layers of the demultiplexing structure is considered in
this paper.

It should be noted that a single MC also allows the
signal to be discriminated at frequencies outside the BG.
However, the signal at the BG frequencies exits through
the input port of the structure in this case, and it is
difficult to separate it from the input signal. Demultiplexing
is also possible in the structure MC-1|dielectric|MC-2 as
shown in [13]. However, the mechanism is fundamentally
different in this case: the signal enters the second layer
at the BG frequencies and is reflected from it, while,
as expected, signal in the structure FF|FE[MC cannot be
pumped to the second layer (MC in this case) at the
BG frequency, since the propagation conditions are more
»favorable” (there is no lattice) in the FF layer. As a
result, separated signals propagate at different frequencies
in the same layer in different directions and exit through
different ports in the structure MC-1|dielectric]MC-2. Sepa-
rated signals will propagate in different layers (FF and
MC, respectively) in the same direction at different fre-
quencies in the structure FF|FE|MC and exit through
different ports, which allows for a more efficient signal
separation.

It is also known that there is also the possibility of
frequency separation of channels in a layered structure
based on FF-1|dielectric|FF-2 [14,15]. However, the mecha-
nism of frequency separation in this case is fundamentally
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different from the mechanism for periodic structures and
is also related to the dependence of the pumping length
on frequency. The disadvantage of using the struc-
ture FF-1|dielectric|FF-2, compared with the FF|FEMC
structure, is that only signals for which the pumping
length differs by half will be effectively separated. The
use of a Y-shaped waveguide also allows for frequency
separation of signals due to the action of an electric
current in a metal substrate, however, it is necessary to
change the direction of the magnetic field for frequency
separation in this case [16]. A demultiplexer based on
magnonic transfer between two chains of magnetic clusters
connected by a resonant structure has been proposed
in Ref [17,18]. Tt was demonstrated in Ref [19] that
it is possible to generate and control a configurable
nanochannel using voltage-controlled magnetic anisotropy.
An on/off switch is presented, which is the basis for
implementing demultiplexers with multiple outputs that
filter spin-waves with the same or different frequencies,
depending on the need, as well as with or without an
external magnetic field. A four-channel demultiplexer
based on magnetic waveguides is theoretically proposed
in Ref [20], the design of which includes a system of
resonators. A magnonic demultiplexer was proposed in
Ref [21], the action of which is based on Fano reso-
nances. Magnonic multiferroid crystals also have resonant
properties, which means they can be useful in creating
demultiplexers.

Wave equations and dispersion relations are obtained for
HESW in the structure FF|FE|MC. The dispersion char-
acteristics and transmission coefficients of the HESW are
calculated. A mechanism for multiplexing/demultiplexing
a spin-wave signal based on such a structure has been
identified. The possibility of controlling the frequency
division of channels using an electric field applied to the
FE and a magnetic field applied to the FF and MC has
been established.

2. The structure model and basic
relationships

To begin with, let us consider a layered structure consist-
ing of ferromagnetic films FF-1 and FF-2 with thickness d; »
with saturation magnetization My, , separated by a FE layer
with thickness Dpg. An external magnetic field Ho is applied
tangentially to the surface of the films along the axis X, and
an external electric field with strength E is applied to the
FE layer with dielectric permittivity e along the axis z. The
structure is infinite in the direction of the axes X and y
(Figure 1).

The wave equation for the HESW in a single FF with a
thickness d with a saturation magnetization M loaded with
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Figure 1. The diagram of the structure FF|FE|MC.

a FE layer has the following form [9]:
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where m= my/My is the normalized high-frequency com-
ponent of magnetization, S= +1 (the sign ,,— refers to
a wave propagating in the positive direction X, the sign
»+ refers to a wave propagating in the negative direc-
tion X), w} = wp(wn +om), on =yHo, wm = 4TyMy,
y is gyromagnetic ratio, C is the speed of light. The last
term in the equation (1)
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describes the relationship between a surface magnetostatic
wave (SMSW) in FF and an electromagnetic wave (EMW)
in FE.

We will assume that two bound HESW are excited in
a structure consisting of two FF separated by a layer of
FE, one of which (HESW-1) propagates in the structure
FF-1|FE, and the second (HESW-2) propagates in the struc-
ture FF-2|FE. HESW are connected only through the FE
layer. In this case, the wave equations for each HESW with
envelope amplitudes m; », without any connection between
them, will have the form similar to equation (1), up to the
substitution of d — dj 2, wm — ww,,, respectively. Then
the last term in equation (1), written for HESW-1, has
the form
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and determines the effect of the SMSW propagating in the
FF-1 on the EMW in the FE (as well as the reverse effect of

the EMW on the MSW). In the structure FF-1|FE|FF-2 on
EMW in FE will also have an impact on MSW propagating
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in FF-2. The magnitude of such an effect will be determined
by the magnitude of the relationship between the SMSW
in FF-2 and the EMW in FE. The relationship between
SMSW in FF-2 and EMW in FE, in turn, is described by
the last term in equation (1), written for HESV-2 and having
the form

8d2wM2 om -1 92 am . WM,

n= e () il )
Thus, the mutual influence of HESV-1 and HESV-2 will be
determined by the superposition of these terms in each of
the equations for HESV-1 and HESV-2.

The system of wave equations for the structure
FF-1|FE|FF-2 will have the following form taking into
account the assumptions made and the equation (1):
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A limiting transition is performed at ¢ — 0 as follows
from equation (2), and the equations for FF-1 and FF-2 turn
out to be decoupled. This is attributable to the fact that
in this case, the HESW in the FE layer cannot propagate,
the connection between the MSW through the FE layer
disappears, and thus, the SMSW propagate independently
in FF-1 and FF-2. It should be noted that the connection
between the SMSW in FF-1 and FF-2 through microwave
electromagnetic fields was not taken into account when
constructing this model, but the connection through the FE
layer was taken into account. This type of connection is
predominant with a large thickness of FE (Dgg > 10 um)
and large values of ¢ (¢ > 10°), which will be considered
further.

Let us assume at the next stage that a periodic system
of grooves with a depth A has been created on the surface
of the FF-2, spaced with a period L, p is the width of the
grooves, S is the width of the bars, a is the thickness of
the film in the area of the bars, b is the thickness of the
film in the area of the grooves. In this case, the FF-2 is
a MC. The MC thickness can be represented as a periodic
function [22]:

dio,= d01‘2 [1 + 5d1‘2 COS(zTﬂ y)] s (3)

where for MC-2 §4 = % sin(”TS), do, = by + % is the
effective thickness of MC.2 For FF, we have A =0, then
5d =0and d()l = dl.

Solving the wave equation (2) using (3) can be
represented as a sum of spatial harmonics [23]:
m=>°__ Asexp|jkny], where A, are the complex har-
monic amplitudes, k;, is the constant distribution. Only the
zero harmonics of direct waves (n=0) and ,,—1“ are the
wave harmonics of waves reflected from spatial inhomo-
geneities (n = —1) in the first Brillouin zone 0 < k,L < 247,
n=...—-2,—-1,0,1,2.... In this case, the solution of the
wave equation (1) can be represented as the sum of direct
and reflected waves:

m = Aexp|j (ot — koy)] + Bexp[j(wt +k_1y)], (4)

where A and B are slowly varying complex amplitudes of
the envelopes of the forward and reflected waves, Kq is the
propagation constant of the zero harmonic, k_; refers to
»— 1-th“ harmonic, w = 27 f is the frequency of the input
signal (carrier frequency). The propagation constants ko and
k_, are related by the Bragg condition: k_; = —ko + 27/L.

Substituting (3) and (4) into the system (2), we obtain a
system of equations for the envelopes of direct and reflected
waves in the structure under study in the form

J (331,2 +Vi2 8,80;1/,2) + N1,20A12 + X1,2,R0,1
+ K1,2,B12 + V12,B21 =0,
. /0B 0B12 )
(T —Vi2 W) +ma2 Bi2+x1.2.,Bai
+Ki2 A2+ 02 ATA 1 = 0.

The equations for quantities with the index ,,1“ will
describe the HESW in the FF, and the equations for
quantities with the index ,2“ will describe the HESW
in the MC. V;, are group velocities in equations (5);
X1.2, are coupling coefficients between the direct wave
in FF-1 (MC-2) and the direct wave in MC-2 (FF-1);
x1.2_, are coupling coeflicients between reflected wave in
FF-1 (MC-2) and reflected wave in MC-2 (FF-1); k5, are
coupling coefficients between direct wave in FF-1 (MC-2)
and the reflected wave in FF-1 (MC-2); k;»_, are coupling
coefficients between the reflected wave in FF-1 (MC-2)
and the direct wave in FF-1 (MC-2); ¢, are coupling
coefficients between the direct wave in FF-1 and the
reflected wave in MC-, as well as between the direct wave
in MC-2 and the reflected wave in FF-1; ¥}y ,_, are coupling
coefficients between the reflected wave in FF-1 and the
direct wave in MC-2, as well as between the reflected wave
in MC-2 and the direct wave in FF-1; 1, when equated
to zero, represent the normalized dispersion relations for
direct MSW in homogeneous films 1 and 2; 7, , when
equated to zero, represent the normalized dispersion ratios
for reflected MSW in homogeneous films 1 and 2.
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The coefficients in (5) have the form
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where the components Qf%o, equated to zero, represent
the dispersion relations for the straight line and are

2

; ; FE _ E _ tdiaom,,do 0

determined by the ratio €75 = €, ,825 — ——2—"—
My,

X (0+on+—52) at kdj, < 1. Qf = —w? +c? eé':E,
equated to zero, is the dispersion relation for the first
EMW mode (i =1) in an isolated FE at k — ko [6.24].

2
Q 2 2 le,zkdOLZ :
12)=0° — @], — —H5—= equated to zero, is the

dispersion relation for the SMSW in isolated FF at
k — ko [25,26]. The components Q% , equated to zero,
represent the dispersion relations for the reflected HESW
and are determined by a similar ratio at k — K_j.

It is possible to obtain a dispersion relation for HESW
in the structure of the FF|FE[MC from the condition of
compatibility of the system (5) with coefficients (6) in the
following form

FE ,FE FE FE
U K, X1, ﬁlo
FE . FE FE . FE

kiZooms, VD X,

FE FE  FE FE

X2, 1920 U K2

FE ,FE ,FE _FE
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A dispersion relation can be obtained for HESW in the
structure FF-1|FE|FF-2 by limit transition from the ratio (7).
In this case, assuming &g =0 (since A=0), we have
K5, =015 _ =0,n% =0,and the variance ratio (7)
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will take the form
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X niE

3. Dispersion characteristics

Let’s consider the mechanism of hybridization of EMW
with SMSW in the structure FF-1|FE|FF-2. Figure 2 shows
the dispersion characteristic of the first EMW mode (i = 1)
of the isolated FE layer (dotted line), as well as the law of
dispersion of the EMW in isolated FF-1 and FF-2 (dashed
lines). The mechanism of hybridization in this case is as
follows: first of all, the hybridization of EMW and SMSW
in a thick film of FF-1 (at point A). This is explained by the
fact that the maxima of the magnetic fields of the EMW are
located on the upper surfaces of the FF-1 and FF-2, resulting
in the most effective interaction between the EMW and
SMSW occurs in a thick film of FF-1 (when the SMSW
propagates in the opposite direction, the hybridization
sequence will be reversed). As a result of hybridization,
a primary HESW is formed (dashed curves), the phase
velocity of its low-frequency branch turns out to be close to
the velocity of the PMW in the thin film FF-2, and additional
rapping of the dispersion curves occurs (at point B). The
resulting HESW, which arises from the interaction of EMW
with FF-1 and FF-2, has three branches of dispersion (solid
curves): fast HESW (HESW-b, branch /) and 2 slow HESW
(HESW-m1, branch 27 and HESW-m2, branch 22).

It should be noted that the exact dispersion relation
for HESW in the structure FF-1|FE|FF-2 was obtained in

455
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Figure 2. Dispersion characteristics of HESW in the structure
FF-1|FE|FF-2 (solid curves), HESW-1 (dashed-dotted curves),
EMW in the isolated layer of FE (dotted curve), PMW in the
structure FF-1|FF-2 (dotted curves) (di =26um, a, = 12um,
Dre = 500 um, £ = 3000, Hy = 860 Oe, Mo = 140 G).
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Figure 3. Dispersion characteristics of HESW in MC-1|FE|MC-2 in the absence of a connection between direct and reflected waves
(dotted curves) and in the presence of a connection between waves (solid curves) (d = 26 um, A; = 2um, a, = 1 um, other parameters

as in Figure 2).

Ref. [27] based on the solution of Maxwell’s equations and
the crosslinking of components of electric and magnetic
fields at the interface. The mechanism of wave hybridization
in the structure FF-1|FE|FF-2 based on the constructed
model is consistent with the results of Ref. [27]. However,
there is a quantitative discrepancy between the results
obtained and the results presented in this paper by no more
than 10MHz and 5cm~!. This difference is explained by
a number of approximations and simplifying assumptions
made during the construction of this model.

Figure 3 shows the dispersion characteristics of the
HESW in the structure FF|FE|MC, calculated by the
ratio (7), in the absence of a connection between direct
and reflected waves (dotted curves) and in the presence
of a connection between the waves (solid curves). The
real values of the wave numbers k are plotted along the
horizontal axis in the left side of the figure, imaginary
values k are plotted in the right side of the figure.

It can be seen from the variance dependencies in Figure 3
that there are 8 points of intersection of dotted curves
(points E, G, G/, F, F/, C, D, D’). The conditions of phase
synchronism will be fulfilled at these points when different
types of waves interact.

1. Interaction of direct and reflected HESW-m2
(branches 22 and 22’, point E), a band gap ¢ is formed.

2. Interaction of direct and reflected HESW-ml
(branches 21 and 2/7’, point C), a band gap e is formed.

3. Interaction of HESW-m1 and HESW-m2 (branches 27/
and 22’, point G; branches 22 and 21’, point G’), a band
gap g is formed.

4. Interaction of the straight HESW-b and HESW-ml
(branches 7 and 21’, point D; branches 1’ and 21, point D’),
a band gap d is formed.

5. Interaction of the HESW-b and HESW-m2 lines
(branches 7 and 22’, point F; branches /” and 22, point F'),
a band gap f is formed.

Thus, five band gaps are formed in the structure
FF|FE|MC, three of which are formed by the interaction
of slow HESW-m (bands c, e, g are shown in blue). We
will call these bands as the main ones, since the mechanism
of their formation is similar to the mechanism of formation
of the BG in the structure MC-1|dielectric|MC-2 [22]. The
third and fourth bands are formed due to the interaction
of direct fast HESW-b and reflected slow HESW-m, or
direct slow HESW-m and reflected fast HESW-b (bands d, f
are shown in red). We will call these bands as hy-
brid band gaps, since they are not formed in structure
MC-1|dielectric|MC-2, and the mechanism of their forma-
tion is attributable to interaction with the fast branch of
HESV-b, which is formed solely through the hybridization
of EMW and SMSW.

4. The principle of signal
multiplexing/demultiplexing

The system (5) with coefficients (6) can be used to
describe the wave evolution of the envelope amplitudes in
the structure FF|FE|. The initial and boundary conditions
were set as

Ai2(y,0) =0, Bia(y,0) =0, A(0,t) = An f(t),

Ao(0,1) = A (t), Bia(l,t) =0, (9)

where Ay and Ay, are the amplitudes of the pulses supplied
to MC-1 and MC-2, f(t) describes the shape of the input
pulse, in particular, for the input pulse of Gaussian shape

Physics of the Solid State, 2024, Vol. 66, No. 11
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Figure 4. a) The scheme of the studied structure, the principle of demultiplexing based on the structure FF|[FE|MC. b) The dependence
of the FF-1 transmission coefficients (T;, solid curves) and MC (T,, dotted curves) on the frequency at different values of the external
magnetic field and the dielectric permittivity of the ferroelectric (at Ho = 860 Oe, ¢ = 3000 — blue curves, at Hyp = 860 Oe, ¢ = 5000 —
pink curves, at Hy = 880 Oe, ¢ = 3000 — brown curves). ¢) The principle of multiplexing based on the structure FF|FE|MC.

f(t) = exp[—(t;T"’Y]; Timp and 7y are the duration and delay
of the input pulge, respectively. The pulse duration was
chosen so that the width of its frequency spectrum was less
than the band gap.

The structure FF|FE[MC can be considered as a four-
port structure with one input port and four output ports
(ports 1—4) (see Figure 4,a). Then the transmission
coefficients of FF-1 (T;) — determining the proportion of
power output through FF-1 (port 2) and MC-2 (T,) —
determining the proportion of input power output through
MC-2 (port 4), determined by the ratios

T
™AL (1, 1) [2dt
M= e ARLUER_ )
Jo ™ |AL(0, 1) + Ay(0, t)[2dlt

where T.x is the observation time.
Let’s choose the length of the structure | to be a multiple
of half the length of the power transfer between the layers

7 Physics of the Solid State, 2024, Vol. 66, No. 11

of the structure and investigate the dependence of the
transmission coefficients on the frequency of the input
signal. Let the input signal be supplied to the FF-1 (port 1,
as shown by the red arrow in Figure 4, a), let us set Ay; # 0,
Ay, = 0 in the relations (9).

Figure 4,b shows the dependence of the transmission
coefficients of FF-1 (T, solid curves) and MC-2 (T, dotted
curves) on the frequency of the input signal. It can be seen
that transmission coefficient for MC-2 T, at ¢ = 3000 and
Ho = 860 Oe has a characteristic minimum at frequencies
f1 < f < f, corresponding to the band gap (blue dotted
curve). A maximum transmission coefficient is observed
for FE-1 T, (blue solid curve) at the same frequencies.
Consequently, the signal entering the FF-1 at the frequencies
lying in the BG is not pumped to the MC-2, but passes
through the FF-1 without distortion. The described behavior
of the transmission coefficients will lead to the separation of
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the signal by the output ports of the structure MC|FE|FF.
The signal at frequencies lying in the BG (f; < f < fj)
will exit the FF-1, i.e. through port 2. The signal will
exit MC-2 at frequencies outside the band gap f < f
and f < f,, i.e. through port 4 (this is attributable to
the fact that the signal is completely pumped to MC-2
at the selected length). The hybrid zone shifts down in
frequency at € = 5000 (pink solid curves). Thus, only a
signal with frequencies in the range f; < f < f4 will be
output through port 2. The signal at frequencies outside
this range f < f; and f < f4 will exit through port 4. The
transmission coefficient of MC-2 at a different value of the
magnetic field Hp = 880 0e and ¢ = 3000 is shown by a
brown solid curve. In this case, the band gap shifts up
in frequency. Therefore, a signal with a frequency in the
range fs < f < f¢ will exit through port 2, a signal with
frequencies outside this range f < fs and f < fq will exit
through port 4.

Thus, the signal exits through different ports of the
structure depending on the frequency, i.e. the studied
structure allows for frequency channel separation — demul-
tiplexing. The range of frequencies received by this port is
determined by the value of the dielectric permittivity of the
ferroelectric (which depends on the electric field applied to
the ferroelectric) and the value of the magnetic field applied
to the ferromagnetic layers.

On the other hand, we obtain both signals at the output
of the FF-1 (port 2) by applying a signal at the frequency
of the band gap to the FF-1 (port 1), and a signal with
a frequency outside the band gap to the MC-2 (port 3).
Consequently, the studied structure allows for frequency
channel combination — multiplexing (Figure 4,c¢). Any
range of frequencies can be supplied to the FF in this
case, and it is necessary to select the value of the dielectric
permittivity of the FE and magnetic field for performing the
multiplexing function, in such a way that the selected range
coincides with the BG of the studied structure.

The described effects allow considering the structure
FF[FEIMC as a basic element for frequency multiplex-
ing/demultiplexing of signals with dual control — magnetic
and electric. This element allows separating input signals by
frequency, outputting them through different output ports,
and combining signals at different frequencies supplied to
different input ports, outputting them from one output port.
Multiplexing/demultiplexing devices, in turn, are one of the
basic elements of telecommunications and, in particular, are
widely used in computer networks and fiber optics [28,29].

5. Conclusion

A model describing the dispersion characteristics of the
HESW in the structure FF|FE/MC is built. It is shown
that five band gaps are formed in such a structure, three of
which are formed as a result of the interaction of direct and
reflected slow HESW in each layer (main band gaps). Two
band gaps are formed as a result of the interaction of direct

fast HESW-b and reflected slow HESW-m in each layer
(hybrid band gaps). The hybrid bandgaps become wider
with the increase of the dielectric permittivity . A dual
control (by electric and magnetic fields) of the density of the
band gaps and the characteristics of the BG in the HESW
spectrum is possible in the structure FF|FEMC.

The signal exits through different ports of the structure
depending on the frequency, ie. the studied structure
allows frequency channel separation- demultiplexing. The
frequency range applied to the ports is determined by the
dielectric permittivity of the ferroelectric (which depends
on the magnitude of the electric field) and the magnitude
of the magnetic field applied to the ferromagnetic layers.
The studied structure also allows combining signals with
different frequencies on the same port — multiplexing. Any
frequency range can be supplied to the FF in this case, and
it is necessary to select the dielectric permittivity of the FE
and the magnetic field for implementing the multiplexing
function so that the selected range coincides with the band
gap of the structure.

The described effects allow considering the structure
FF|FE|MC as a basic element for frequency multiplex-
ing/demultiplexing of magnetically and -electrically con-
trolled signals.
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