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Control of spin wave characteristics in the system
of YIG microwaveguides with various dipole coupling parameters
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The propagation of spin waves (SW) in a bilayer array of laterally and vertically coupled microwaveguides
is investigated. Using micromagnetic modeling, the spatial intensity distribution and dynamic magnetization
distribution of SWs in an array of microwaveguides formed by iron-yttrium garnet (YIG) strips. Methods of
control of the spatial structure of the spin-wave beam and its division between the channels of the array of the YIG
microwaveguides. It is shown that it is possible to control the direction of propagation of the SW in an array of
laterally and vertically coupled microwaveguides laterally and vertically coupled microwaveguides by changing the
phase shift between the harmonic excitation signals applied to the two central channels of one of the layers, and
by varying the magnitude of the vertical and lateral gaps. The mode of concentration power of the signal encoded
in the form of amplitude and phase of the SW at the ends of the center channels with a the possibility of their
separate inclusion, as well as the mode of signal control at the ends of microstripes the upper layer of the ensemble
with the possibility of changing the phase of the output signal in a separate channel, that allows to use an array of
microwaveguides as a controlled logical device or a multichannel power divider.
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1. Introduction

Transfer of the magnetic moment or electron spin instead
of charge transfer opens new possibilities for using quanta of
spin-wave excitations — magnons to develop methods and
approaches for processing, transmitting and storing signals
encoded in the form of amplitude and phase of spin waves
(SW) [1,2] in the microwave and terahertz ranges [3,4].
In this case, the lengths of the excited SW range from
hundreds of microns to tens of nanometers and can vary: by
changing the magnitude and direction of the magnetization
field, by varying the type and magnitude of anisotropy of
the magnetic material, by irradiating the surface of magnetic
films with focused laser radiation [5-9).

The unprecedented low attenuation of SW in YIG films
is basis of the study discipline of spin transfer processes
occurring in structured films, and studied within the
framework of scientific discipline of physics of magnetic
phenomena and condensed matter physics — dielectric
magnonics [10]. In this case, YIG is used as materials
and media for studying the processes determining the
control of such SW characteristics as: the magnitude and
direction of the group velocity, the spatial distribution of
the amplitude and phase of SW, frequency ranges of SW
excitation and propagation, the use of various methods to
control SW coupling in multilayer structures and other [11].
A number of works shown the possibility of using YIG-
based structures to demonstrate the principles of operation
of logical devices in the microwave range. Planar ferrite

waveguide microstructures of finite width based on YIG
can be used as basic elements of ,magnon networks® to
create various signal processing devices: delay lines, filters,
interferometers, switches, multiplexers, etc., in which infor-
mation is transmitted via spin waves, and logical operations
are implemented based on the principles of spin-wave inter-
ference. The use of lateral magnetic microstructures seems
important for the development of interconnect elements in
planar topologies of magnon networks [12,13]. Control of
frequency tuning and of the output signal parameters in
lateral microstructures with ferroelectric and piezoelectric
layers [14-18] is carried out, for example, by changing the
effective dielectric constant and permeability of a layered
multiferroic structure during variations in external electric
and magnetic fields, respectively. However, the construction
of such structures requires precise matching when placing
piezoelectric layers on the surface of YIG waveguides or
during the ion-beam deposition of YIG on the surface of
piezoelectric or semiconductor substrates [5,19-20]. The
study of multilayer structures, each layer of which is
formed by a system of microwaveguides, separated by an
air gap and located on the same substrate, allows us to
consider a method to control the spectra of spin waves
and the propagation modes of the signal excited in the
microwaveguides of one of the layers by changing the
distance between individual waveguides and between layers
of the system. This method to control the signal division
between the structure channels expands the functionality of
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Figure 1. (a) Schematic illustration of an array of microwaveguides made from YIG films on GGG substrate. The following notations are
introduced in the Figure: A;_j; — numbers microwave guides in array, a — vertical gap, b — horizontal gap, ¢ — width, d — thickness,
Ho — external magnetic field, Pin and Pow — microstrip antennas for SW excitation and reception, respectively. (b) Spatial distribution
of SW intensity and curve reflecting the efficiency of excitation of SW transverse wave numbers, and isofrequency characteristic of SW for
frequency of 5.25 GHz. (c¢) Map of the spatial distribution of the component m, of dynamic magnetization for SW propagating in structure

formed by one layer of YIG film.

magnon structures used in tasks of parallel processing of
information signals.

In this paper the modes of propagation of spin waves
in arrays of microwaveguides formed by two YIG layers
were studied. The mechanisms leading to the formation
of various ,,patterns“ formed by a spin-wave signal during
its propagation in a system of longitudinally irregular thin-
film magnon microwaveguides located in each layer of
the structure have been studied. A study was carried
out relating the geometric parameters influence on the
characteristics of propagating SWs. Namely, the influence of
the gap between the layers (in the vertical direction) and the
gaps between individual ferrite microstrips on the formation
of asymmetric ,,patterns” of dynamic magnetization in each
layer of the structure was considered.

2. Structure under study and numerical
model

Micromagnetic modeling [21] was carried out for a sys-
tem of laterally and vertically coupled ferrite microwaveg-
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uides (Figure 1). YIG was chosen as the material.
Microwaveguides are made in the form of elongated strips
with length L =4mm, width ¢ =300um and thickness
d=10um. The structure consists of two layers, each
of which contains six parallel-oriented microwaveguides
separated by the air gap. The YIG saturation magnetization
is M = 139G, and the magnitude of the external magnetic
field directed along the axis y is Ho = 12000e. The
numerical study was carried out at frequency of 5.25 GHz
for all cases considered in this paper. In this case, this
magnetization configuration provides effective excitation of
surface spin waves (MSSWs). As it is known, the coupled
ferrite structures expand the functionality of microwave
devices due to an additional control parameter, which
is the coupling between SW propagating in individual
ferromagnetic films [22-26]. Note that in the experimental
study of such structures YIG waveguides are formed on a
substrate of gallium-gadolinium garnet (GGG) [27].
Considering one layer of the structure with a zero lateral
gap, one can observe the SW diffraction mode in the region
of junction of the microwaveguides of the input section with
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width 2¢ = 600 um and of the main section of the structure
with width 6¢ =900um. Figure 1,5 for this case at the
input signal frequency f = 5.25GHz shows the result of
calculating the spatial distribution of the spin wave intensity

su(x,y) = \/M(x,y) + M (x, y),

where my, m, — dynamic components of magnetization.
Note that for a tangentially magnetized YIG film, during
the propagation of the magnetostatic surface wave (MSSW)
and diffraction on the region of junction of microwaveguides
a mode of formation of two caustic beams of waves is ob-
served, they propagate at angles ¢ to the longitudinal axis x
of structure (see Figure 1,b) [26,28-29]. In this case, the
direction of the phase velocity is set by an antenna located
in the input section of the microwaveguide with width of 2c,
and coincides with the direction of the axis x. The direction
of the group velocity vy is determined by the normal to
the isofrequency characteristic, shown by the dashed curve,
at the point corresponding to the wave number k with
components (Ky, Ky), as shown in Figure 1,b. Note that
the range of transverse wave numbers is determined by
the width of the input section and the maximum value of
the excited transverse wave number is determined from the
relation: [Ky]max = 7/(2€). To explain the determinations
of the range of longitudinal and transverse wave numbers
in the structure under consideration, Figure 1,5 shows the
calculated dependence of the magnitude of SW excitation
amplitude on Kky. It can be seen that in the central region
of the structure with width of 6c the formation of two
SW beams and their reflection from the boundaries of the
structure are observed. In Figure 1,5 the distance from the
beginning of the microwaveguides junction region to the
first waist of the spin-wave beam L = 2.0 mm is introduced.
SW propagation in the central part of the microstructure
can also be described based on the concept of interference
of transverse spin-wave modes. As can be seen from
Figure 1,c, which shows the distribution of magnitude of
the component m,(x, y) of dynamic magnetization, a wave
field distribution is formed in the cross section, the wave
field is formed by an integer number of half-wavelengths
3A/2, where A = 2m/ky, from this we can conclude that
the system exhibits interference of the first and third width
modes with transverse wave numbers k{, =m/(6C) and
kj!! = z/(6c) and longitudinal wave numbers K, = ki (f)
and k' =KU!(f), their frequency dependence is deter-
mined from the dispersion law for a plane-parallel ferrite
waveguide of finite width [30,31]. The field amplitude can
be described by the relation:

A(X,y) = a;® (y) exp(—ik.x) + aj @i (y) exp(—ikl'x),

where the functions @, ;) (y) describe the transverse profile
of the first and third width modes [32]. In this case, it can be
shown that the characteristic distance between the positions
of the field maxima on the longitudinal axis of the structure
will be equal to a value called the coupling length and

determined by the relation: L = sr/|kl!" —Kk\| [33]. In the
range of excitation of magnetostatic surface waves, a change
in the coupling length is observed, while the dependence
L(f) has a monotonically increasing character, as shown
in a number of papers [6,12,27]. Note that change in the
lateral gap in the range from 10 to 40 um leads to change in
the coupling length by 4 times [27] for the same spin wave
frequency.

3. Results of micromagnetic modeling
of spin wave propagation modes
in array of YIG stripes

Let’s move on to studying the method to control the
spatial structure of the spin-wave beam and its division
between channels in the array of laterally and vertically
coupled SW waveguides. We will study the mode of SW
power concentration at the ends of the middle channels
with the possibility of their separate inclusion, as well as
the signal control mode at the ends of the microstrips of the
upper layer of the ensemble with the possibility of changing
the output signal phase. In this case, we will consider
the influence of excitation conditions and the magnitude
of the vertical and lateral gap on the position of the waist
of the spin-wave beam when two layers consisting of YIG
microwaveguides, shown in Figure 1, a, are introduced into
the structure.

Let us consider the operation principle of the structure
under study. The microwave signal Pj, is supplied to
the input antennas located on the microwaveguides Ag 4.
The structure was excited by creating a localized region
with an alternating external magnetic field on two central
microwaveguides in one of the layers. The dynamic
properties of wave processes change due to the coupling
between SW propagating in individual layers and channels
of the two-layer structure. Numerical modeling of modes
of SW propagation in the array of YIG microwaveguides
was carried out based on the solution of Landau-Lifshitz-
Gilbert (LLG) equation [34]. Two cases of SW excitation at
sources are considered: in-phase (see Figure 2,a, b) for the
lower layer, for the upper layer (Figure 2, ¢, d) and the case
of antiphase excitation in Figure 2, ¢, f of the lower layer and
Figure 2, g, & of the upper layer of microwaveguides. As SW
propagates, there is a ,,pumping”“ of the spin-wave signal into
all microwaveguides, depending on the phase difference of
the microwave signal supplied to the input antennas.

Figure 2,a—d shows in-phase excitation, when the
magnitude of the lateral and vertical gaps is 10um, the
SW intensity has maximum in two central channels, at
X =3.8mm. In this case, one can observe intensity
redistribution from two central channels Az 4 to the side
ones Aj 5. On the lower layer of the structure, where the
excited waveguides are located, the localization of the SW
power is observed in the region of the output sections of
the central channels Az 4 (see Figure 2,a, b). It is clear that
in the input and output regions of the central channels A3 4
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Figure 2. Results of calculation of stationary SW profile in each of the layers of the structure for two types of excitation of the input central
microwaveguides. (g, ¢, e, g) Spatial distribution of SW intensity. (b, d, f &) Maps of the spatial distribution of m, dynamic magnetization
component for SW propagating in array of microwaveguides, where the lateral and vertical gap is 10 um. The calculation results are given
for the input signal frequency of 5.25 GHz and magnetic field of 1200 Oe.

SW length is 500 um, which corresponds to the calculation
of the symmetric mode dispersion of the lateral structure
with the given geometric dimensions [27].

In the case of antiphase excitation in Figure 2,e—#h the
SW propagation has asymmetric profile of the spin-wave
beam on the upper layer of the structure in the waveguides
A7_9 (see Figure 2,g). In the output sections of the
microwaveguides, one can observe the localization of SW
power at X = 5.5 mm, namely the intensity maximum in A3
and vice versa the minimum in Ay.

7* Physics of the Solid State, 2023, Vol. 65, No. 10

When the lateral and vertical gaps increase by 2times
when a = b =20um, the effective pumping of the spin-
wave signal into the upper layer of the structure is observed.
In this case, the signal does not enter the waveguides A; ¢
on the bottom layer and A7 1, on the top layer. In the case
of in-phase excitation the energy of same power propagates
in the lower layer, and in the case of anti-phase excitation it
propagates only in the central microwaveguides.

When comparing the results of numerical modeling for
the array of microwaveguides with dimension of 2 x 6 in
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Figure 3. Results of calculation of SW propagation modes in array of microwaveguides in each of the layers of the structure for two types
of excitation of the input central microwaveguides with lateral and vertical gaps of 20um. (a, ¢, ¢,g) Spatial distribution of SW intensity.
(b,d, f h) Maps of the spatial distribution of component m, of dynamic magnetization for SW.

Figures 2 and 3 at the same values of the lateral and vertical
gaps equal to 10 and 20 um respectively, the change in the
magnitude of the coupling between the microwaveguides is
observed, which affects the power redistribution to adjacent
channels of the structure. Note that when comparing the
case of in-phase excitation in Figures 2 and 3, we can see
increase in the distance L along the axis x by 0.2 mm.

In the array of microwaveguides in Figure 4 the lateral
gap is 20um, and the vertical gap is 10um. With

such geometric dimensions in the structure under in-phase
excitation, Figure 4, a from the beginning of the region of
junction of the microwaveguides to the first waist of the
spin-wave beam L = 2.8 mm, in contrast to the single-layer
film in Figure 1, b.

Comparing the lower and upper layers in the case of
antiphase excitation in Figure 4,e,f, the intensity redistri-
bution is observed, namely, SW powers are transmitted
from the two central channels Aj4 to the side A 1775.
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Figure 4. (a, ¢ e g) Spatial distribution of SW intensity. (b, d, f i) Maps of spatial distribution of component m, of dynamic magnetization
for SW propagating in array of microwaveguide array, where the lateral gap is 20 um, vertical — 10 um.

On the lower layer of the structure, where the excited
waveguides are located, the localization of the SW power
is observed in the region of channel A4 (see Figure 4,¢)
at X =5.5mm. In the case of antiphase excitation in
Figure 4,e—h, SW propagation occurs with phase shift
between the layers, namely, the position of the zero value
of the spatial distribution of mz component of the dynamic
magnetization in the excited layer and the second layer is
shifted by 200 um at spin wavelength of 500 um.

In this variant of the structure configuration it is clear
that in the central region the formation of two SW

Physics of the Solid State, 2023, Vol. 65, No. 10

beams is observed, at distance from the beginning of the
microwaveguides junction region to the first waist of the
spin-wave beam L = 2.3 mm.

It was also revealed that as the vertical gap increases, the
signal intensity distribution between the first and second
layers of the microwaveguide system becomes less and
less identical, while the value of the parameter L in each
layer of the structure has a different value. Thus, we
obtain two modes of spin-wave transport: a mode of SW
concentration on the output sections of the central channels
Az 4, with the possibility of their separate inclusion, as well
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Figure 5. a,¢ e g — spatial distribution of SW intensity; b,d,f/# maps of the spatial distribution of component m, of dynamic

magnetization for SW propagating in array of microwaveguides, where the lateral gap is 20 um, vertical — 40 um.

as signal control mode with the possibility of changing
the output signal phase. Thus, in the lower layer of
the structure three modes can be observed in the output
sections of microwaveguides Az4 at X =5.5mm: the
first in Figure 2,e, where the maximum energy falls on
the waveguide Aj, the second in Figure 4,e where the
maximum can be obtained on the channel A4. The third
case is when in both channels A3z 4 at X = 5.5 mm the same
value of SW intensity is observed. As noted in Section 2,
the change in the lateral gap leads to change in the coupling
length. A similar statement is true for the vertical gap, at
that when considering the effects of dipole coupling of spin

waves in the vertical direction, the increase in the air gap
leads to an increase in the coupling length [1,10,22-24].

Thus, analyzing the maps obtained during micromagnetic
modeling for the spatial distribution of magnetization with
different types of SW excitation, the possibility to control
the transverse structure of the spin wave field in each layer
and in the output sections of the structure was shown.
The structure under consideration based on the array of
YIG microwaveguides can be used to create multichannel
signal separation systems, which can be implemented by
placing antennas in the region of the outputs of each of the
microwaveguides.
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4. Conclusion

This paper discusses methods to control the character-
istics of spin-wave signal based on signal changes at the
source in in-phase and anti-phase signals on two central
microwaveguides.  Using micromagnetic modeling, the
modes of SW propagation in arrays of microwaveguides
formed by YIG strips are studied. The influence of the
method of excitation of the array of microwaveguides
on the profiles of the spin-wave signal and the effective
redistribution of SW power in each of 12channels of the
structure under consideration is identified. In configuration
corresponding to the in-phase and antiphase method of
excitation of the two central channels of the lower layer of
surface magnetostatic spin waves, it is possible to observe a
non-identical distribution of the magnitude of the dynamic
magnetization in each layer when the orientation of the
direction of the external magnetic field changes. Thus,
the proposed structure can be used for efficient filtering
and processing of signals in various applications related to
magnetic microelectronics and spintronics.
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