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The influence of geometry on spin wave propagation in a system of two
waveguiding structures with linearly varying width
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A study of the influence of geometry on spin wave propagation has been carried out using micromagnetic
simulations in a composite waveguide structure made of Iron-Yttrium Garnet film with linearly varying widths. It
is shown that increasing the distance between waveguides with linearly varying widths leads to a reduction in the
frequency bandwidth due to the cutoff of the high-frequency region. The structure can be used as a spatial and

frequency filter.
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The physics of excitation and transmission of spin waves
(SWs) has attracted much recent research attention. The
production of magnonic devices [1] will open up an alterna-
tive path to the development of logical elements and expand
the range of available instruments. The main difference
between magnonic and semiconductor devices is that data is
transferred not through the propagation of electrons, which
is accompanied by the release of Joule heat, but through
the precession of magnetization of electron spins, which are
fixed in the crystal lattice of the material [2-4]. Ferro- and
ferrimagnetic materials are used in this case.

One candidate component for devices based on magnonic
principles are yttrium iron garnet (YIG) films, which
are characterized by an extremely small constant of SW
damping [5-9]. Various methods may be used to synthesize
YIG films. One of them is liquid-phase epitaxy, which
provides an opportunity to form films with a thickness
of 1-10um. This method attracts particular attention due
to the potential to synthesize films with a ferromagnetic
resonance width of ~ 0.50e at a frequency of 9.7 GHz.

YIG films allow one to fabricate structures of various
geometries: planar waveguides, systems of waveguides on
a single substrate, structures with a varying direction of
the group velocity of SWs (curved structures) [10,11], and
periodic structures with a non-uniform thickness [12].

A structure with a linearly varying width was used
in [13] for short-wavelength excitation. An increase in group
velocity in the process of SW propagation was observed in
the structure with a linearly varying width examined in [14].

If magnonic waveguides of the same width are located
close to each other, spin-wave coupling establishes periodic
energy transfer between the waveguides [15] via the dipole
interaction of two laterally adjacent magnetic stripes. The
geometry investigated here is more complex and is dis-
tinguished from the above systems by a linearly varying

waveguide width. The novelty of our work lies in identifying
the influence of the width gradient on the conditions and
efficiency of coupling between waveguides.

In the present study, micromagnetic modeling in
MuMax® [16] is used to reveal the regimes of SW propa-
gation in the structure of waveguides with linearly varying
widths separated by a gap. The influence of the gap
parameter on the characteristics of spin-wave propagation
and the regimes of redistribution of spin-wave power to the
output channels is demonstrated.

The structure under study is a system of laterally coupled
waveguides (two waveguides with widths varying along
the entire structure; see Fig. 1). These waveguides are
YIG films with thickness ¢+ = 10 um, which were formed
in experiments on a gadolinium gallium garnet substrate
by liquid-phase epitaxy. These coupled waveguides had
the following parameters: structure length Ly = 7000 yum,
width of the larger part of the trapezoid w; = 200 um, and
width of the smaller part of the trapezoid wo = 50 um; gap
width d varied from 20 to 80 um.

The conditions for excitation of a surface magnetostatic
wave in micromagnetic modeling were established by
applying external magnetic field Hy along the y axis. The
strength of external magnetic field Hy was 1200 Oe.

When the problem of spin-wave signal transmission
was being solved, absorbing layers with an exponentially
increasing damping coefficient a were introduced at the
boundaries of the structure (shaded regions in Fig. 1) in
order to suppress the reflection of SWs from the boundaries
of the calculation domain. The waveguide structure system
under consideration had three ports. Microstrip antenna P;
was positioned immediately after the damping region as a
source of excitation of the spin-wave signal, and receiving
antennas P, and P3; were located at the output of the
structure (see Fig. 1). The width of antennas P;, P, and P3
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Figure 1. Image of the structure under study: a system of microwaveguides, which are fabricated based on a thin film of yttrium iron
garnet, with linearly varying widths positioned laterally on a single substrate.
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Figure 2. a — Map of the distribution of internal magnetic field H;,, in a laterally coupled structure with linearly varying widths and gap
d =40um. b — H;y, distribution recorded at a fixed value of coordinate x: x = 3.5mm (solid curve), 4.125 mm (dash-and-dot curve),

475mm (dashed curve), and 7mm (dotted curve).

was 30 um. The length of antennas P; and P3 was 200 um,
while antenna P, was 50 um in length, which corresponds
to the waveguide widths.

The study was carried out in the MuMax® software suite,
where the modeled structure was mapped to a grid at the
nodes of which the Landau—Lifshitz equation with Gilbert
damping (LLG) [17,18] was solved numerically:

oM a oM
i = P [Hery x M] 4 7= [Mx ]
where M is the magnetization vector, a =107 is the YIG
film damping parameter, H.sr=Ho+Hgemae+Her+H, is
the effective magnetic field, Hp is the external mag-
netic field, Hyemae is the demagnetization field, H,. is
the exchange field, H, is the anisotropy field, and
y = 2.8 MHz/Oe is the gyromagnetic ratio.
The interaction between waveguides in the LLG equation
was taken into account by calculating H,rs for the entire
system, which includes all interactions. MuMax® directly

solves the LLG equation numerically on a discrete grid
with account for all interactions (exchange, dipole, Zeeman,
etc.) without any preliminary approximations regarding the
coupling strength. If the waveguides are far apart, the
simulator indicates weak coupling. If they are close, strong
coupling is revealed.

The static problem was considered first. The plotted dis-
tribution of internal magnetic fields H;,, is shown in Fig. 2.
Figure 2,a presents a map of the distribution of internal
magnetic field H;,, in two waveguides with smoothly vary-
ing widths and gap d = 40 um. It should be noted that H;,,
decreases with decreasing width of the waveguide channel.
With the waveguides with linearly varying widths positioned
laterally to each other, the magnitudes of internal magnetic
field H;,, in each waveguide at a fixed x-coordinate differ.
Figure 2,b shows the H;, profiles along the x- coordinate
that cover two waveguides with smoothly varying widths.
It is fair to say that the only region where the H;, values
for both waveguides are equal corresponds to x = 3.5mm
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Figure 3. Amplitude-frequency responses for output ports P, (a) and port P3 (b). The AFRs for gap d = 20um (red curve), 40 um
(blue curve), and 80 um (green curve) between the waveguides with a linearly varying width are indicated. The black curves correspond
to AFRs for a single waveguide with a smoothly varying width recorded in the region with a waveguide width of 50 (a) and 200 um (b).
A color version of the figure is provided in the online version of the paper.

(marked with a gray dashed line and denoted as Hiu,m).
Shifting the probed region further along axis x, one may
find a difference between the strengths of internal magnetic
fields of two waveguides AH,,, as large as ~ 150 Oe. A spin
wave is transferred from one waveguide to another in the
region where their widths are approximately equal, which is
consistent with the theory of coupled modes [19]. According
to this theory, when the magnitude of internal magnetic field
H;,, changes, the conditions for propagation of SWs are also
altered, which leads to a shift of the dispersion curve and a
change in the frequency range of their existence.

The configuration of waveguides with linearly varying
widths and changing distance d between the waveguides
was examined next. Figure 3 shows the amplitude-
frequency responses (AFRs) obtained at output ports P, (a)
and P3 (b) and different gaps between the waveguides.
The black curves correspond to the amplitude-frequency
responses for a single waveguide with a smoothly varying
width recorded in the region with a waveguide width of
50 um (Fig. 3,a) and 200 um (Fig. 3, b). The obtained AFRs
for output port P3 demonstrate that the frequency range
grows narrower (with the high-frequency region being cut
off) as the gap between waveguides with a linearly varying
width gets wider. It should be noted that the higher the
value of parameter d is, the stronger is the shift toward
lower frequencies. At d =20 and 80um. the difference
between the cutoff frequencies is ~ 100 MHz. It should
also be noted that the average transmission level for output
port P, becomes lower as gap d gets wider.

Spatial maps of the SW intensity distribution were plotted
for the observed AFR dips and the considered different
values of parameter d (Fig. 4). At frequency f = 5.068 GHz
(Fig. 4,a) and parameter d = 20 um, the spin wave is trans-
ferred into the lower planar waveguide. When parameter d
increases to 40 um at frequency f = 5.062 GHz (Fig. 4, b),
the spin wave is also transferred into the lower planar
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waveguide, albeit with a lower power. When parameter d
increases to 80 um at frequency f = 5.050 GHz (Fig. 4,¢),
the regime of SW transfer into the lower planar waveguide
is virtually indiscernible. With a further increase in d
(> 100 um), the waveguides become isolated and cease to
exert any influence on each other.

In all these three cases, re-emission of spin-wave power is
seen in the SW intensity distribution maps at x ~ 3.5mm,
which is attributable to the fact that the magnitudes of
internal magnetic fields H;, are equalized in this region.
With an increase in parameter d, the intensity of the spin
wave transferred into the adjacent waveguide decreases.

Thus, a system of laterally coupled waveguides with
linearly varying widths was examined via numerical mod-
eling. Amplitude-frequency responses and spatial maps
of the SW intensity distribution were plotted to reveal
the SW power redistribution regimes. The efficiency of
SW transfer decreases as gap d between the microwaveg-
uides grows wider. Owing to the effective signal re-
emission at x ~ 3.5mm and signal filtering with the high-
frequency region being cut off, the examined structure
may be used as a directional coupler and a microwave
signal frequency filter in magnonic devices for data signal
processing.
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Figure 4. Spatial maps of the SW intensity distribution in a system of microwave guides positioned laterally on the same substrate at
frequency f1 = 5.068 GHz and d = 20 um (a), at f» = 5.062GHz and d = 40 um (b), and at f3 = 5.050 GHz and d = 80 um (c).
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