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Propagation of Spin Waves in Intersecting Yttrium Iron Garnet Nanowaveguides
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We study experimentally the propagation of spin waves in waveguide structures consisting of two
submicrometer-width yttrium iron garnet waveguides intersecting at a right angle. We show that, despite
the significant spatial variations of the internal static magnet field and the in-plane anisotropy of the dis-
persion characteristics, the incident spin wave can efficiently pass through the microscopic cross-shaped
structure and be transmitted into all its arms. This process depends strongly on the frequency of the wave
and the orientation of the static magnetic field. By varying these parameters, one can achieve a control-
lable uniform or preferential transmission of the wave into different arms of the cross. Our results create
the basis for the implementation of nanoscale magnonic networks to be used for the realization of complex
non-Boolean data-processing schemes, including neuromorphic computing.
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I. INTRODUCTION

In recent years, it has been shown that spin waves prop-
agating in magnetic guiding structures provide a wide
range of possibilities for the implementation of advanced
nanoscale devices [1-6], including networks for non-
Boolean data processing [7—10] and neuromorphic com-
puting circuits [11-13]. These developments have been
greatly advanced by the recent advent of high-quality ultra-
thin films of the magnetic insulator yttrium iron garnet
(YIG) [14-16], which enabled efficient miniaturization
of magnonic devices [17-20]. Due to the extremely low
magnetic damping in this material, one can now achieve
long-range propagation of spin waves [21,22] in micro-
scopic magnonic structures with decay lengths signifi-
cantly exceeding those in structures based on metallic
ferromagnets [23]. Additionally, the propagation charac-
teristics of spin waves in ultrathin YIG can be efficiently
enhanced by using spin-transfer-torque effects [24,25].

The propagation of spin waves over long distances with-
out the need for amplification and regeneration potentially
enables extended magnonic circuits and networks consist-
ing of a large number of individual devices to be built
without the need to convert spin waves into conventional
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electronic signals and back, which drastically reduces the
total losses of the entire circuit. Additionally, small spatial
attenuation makes it possible to efficiently use nonlin-
ear spin-wave phenomena that require large amplitudes of
spin waves [4,26-28], which is particularly important for
the implementation of neuromorphic architectures where
nonlinearity plays a decisive role [11-13].

The development of complex magnonic networks
requires a deep understanding of spin-wave propagation
not only in simple straight spin-wave guides, but also in
their junctions and crossings. In recent years, such devices
have been studied for the case of metallic ferromagnetic
materials and/or macroscopic dimensions [29—39], while
nanopatterned YIG structures remain practically unex-
plored. Generally, such structures are expected to exhibit
very specific spin-wave transmissions due to the relatively
small width-to-thickness ratio typical for YIG nanowaveg-
uides and the strong quantization of the spin-wave dis-
persion spectrum caused by small lateral dimensions. In
particular, finite-size effects lead to a strong spatial varia-
tion of the static magnetic field, resulting in a tunnelinglike
transmission of spin waves [40]. Additionally, the in-plane
anisotropy of the strongly quantized dispersion spectrum is
expected to significantly alter the transmission through the
structures, where the wave vector changes its orientation
with respect to the direction of the static magnetization.

Here, we use microfocus Brillouin-light-scattering
(BLS) spectroscopy [23] to directly visualize the

© 2022 American Physical Society
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propagation and transformation of spin waves in a mag-
netic cross composed of two 800-nm-wide YIG waveg-
uides intersecting at a right angle. We show that, depending
on the frequency, spin waves can experience predominant
reflection from the intersection region with weak tunneling
of the wave in the forward direction, an efficient redirec-
tion of the wave into the side arms of the cross, or almost
uniform splitting of the wave into all three arms. Addition-
ally, we find that the rotation of the direction of the static
magnetic field results in suppression of the wave redirec-
tion into the side arms and leads to a strong increase in the
forward transmission. These observations are in qualitative
agreement with the results of micromagnetic simulations,
which indicate that the reason for suppressed redirection
lies in the peculiarities of the phase profiles of spin waves.
The observed phenomena can be used to steer propagation
of spin waves in complex nanoscale magnonic networks
for the realization of advanced data processing.

II. EXPERIMENT

Figure 1 shows the schematics of the experiment.
The studied waveguide structures are patterned from
a 120-nm-thick YIG film by electron-beam lithogra-
phy and argon-ion milling. The film grown by liquid-
phase epitaxy is characterized by saturation magnetiza-
tion, 47 M;=1750 G, and a Gilbert damping parameter,
a =2 x 107*. The studied structures consist of two 800-
nm-wide stripe waveguides (marked in Fig. 1 as WGI
and WGQG?2) intersecting at a right angle. Spin waves are
excited in waveguide WG1 using a 150-nm-thick and
500-nm-wide Au antenna, oriented perpendicular to the
waveguide axis and located at a distance of 5 um from
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FIG. 1. Schematics of the experiment. Studied structures con-
sist of two 800-nm-wide and 120-nm-thick YIG stripe waveg-
uides (marked as WG1 and WG2) intersecting at a right angle.
Spin waves are excited in waveguide WG1 using a 150-nm-thick
and 500-nm-wide Au antenna, located at a distance of 5 um from
the intersection. Structure is magnetized by the static magnetic
field, Hy, applied in the sample plane at angle ¢ relative to the
axis of the antenna. Propagation of spin waves is visualized using
microfocus BLS spectroscopy.

the intersection. The excited spin waves with a frequency,
/, determined by the frequency of the microwave current
flowing through the antenna, propagate towards the inter-
section and split into the arms of the cross. The structure
is magnetized by the static magnetic field, H, applied in
the sample plane at an angle, ¢, relative to the axis of the
antenna.

We study the propagation of waves with high spatial
resolution using microfocus BLS spectroscopy [23]. This
technique yields a signal that is proportional to the inten-
sity of the spin waves at the position where the probing
light is focused (Fig. 1). The probing light generated by a
single-frequency laser has a wavelength of 473 nm and a
power of 0.25 mW and is focused by a microscope objec-
tive lens with a magnification of 100 and a numerical
aperture of 0.9 into a diffraction-limited spot. By moving
the focal spot relative to the sample surface, we directly
visualize the propagation of spin waves and determine the
frequency- and field-dependent transmission of spin waves
into the arms of the cross structure.

III. RESULTS AND DISCUSSION

Figures 2(a)-2(d) show representative spatial maps of
the spin-wave intensity recorded at different excitation
frequencies and the static magnetic field, Hy=1.0 kOe,
oriented at an angle, ¢ =0, as indicated. The maps are
obtained by scanning the probing spot over an area of
8 x 8 um? with a step size of 200 nm. The maps show
that the character of the propagation of waves changes
drastically when the excitation frequency is varied. At
low frequencies [Fig. 2(a)], the wave is almost com-
pletely reflected from the intersection of the waveguides
with the formation of a standing wave, the intensity of
which vanishes near the intersection region. As the fre-
quency increases [Fig. 2(b)], the spatial period of the
standing wave decreases and nonzero transmission in the
forward direction is observed, while transmission in the
side arms remains negligible. Starting from a certain fre-
quency [Fig. 2(c)], we additionally observe the propaga-
tion of waves into the side arms, and the intensity of the
waves transmitted into all three arms becomes approxi-
mately equal. Finally, as the frequency is increased further,
the transmission in the forward direction becomes weaker
again, and the propagation process becomes dominated
by the redirection of the waves into the side arms. These
behaviors are characterized quantitatively in Fig. 2(e),
which shows the frequency dependence of the transmis-
sion coefficients 7, and T3, which are defined as the ratio
of the BLS intensities detected at spatial points P1—-P3
located in different arms of the cross at a distance of 1 um
from the center of the intersection region [see Fig. 2(a)].
The coefficient T,, which characterizes the transmission
in the forward direction (P1 to P2), remains below 5% at
low frequencies, shows an abrupt increase at f~4.3 GHz,
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FIG. 2. (a)«(d) Representative spatial maps of spin-wave
intensity recorded at different excitation frequencies, as labeled.
(e) Frequency dependence of transmission coefficients 7, and
T3 defined as the ratio of the intensities of the waves detected
at spatial points P1—P3 located in different arms of the cross, as
shown in (a). Data are obtained at Hy= 1.0 kOe and ¢ =0.

reaching a maximum value of about 20% at f=4.34 GHz,
and then gradually decreases back to 3%—5% at higher fre-
quencies (note the logarithmic scale of the vertical axis).
The coefficient 75, which characterizes the redirection of
waves into the side arms (P1 to P3), is negligibly small
at low frequencies, increases abruptly at f~4.3 GHz, and
then remains approximately constant [(*220 &= 5)%] in the
rest of the studied frequency range.

To gain an insight into the observed behaviors, we
analyze the spatial distributions of the internal static
magnetic field, Hiy, and the dispersion spectra of spin
waves in the waveguides. Figure 3(a) shows the pro-
files of Hy, along the axes of the two waveguides
calculated using the micromagnetic simulation package
mumax3 [41] for Hy=1.0 kOe and ¢ =0. In these
calculations, we consider a computation domain with
dimensions of 12000 x 12000 x 120 nm? discretized into
10 x 10 x 10 nm? cells. The standard value for the YIG
exchange constant of 4 =3.66 x 10~ erg/cm is used. All
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FIG. 3. (a) Calculated spatial profiles of the internal static
magnetic field, Hiy, along the axes of the two waveguides, as
shown in the inset. (b),(c) Calculated dispersion curves of spin
waves in WG1 and WG2 (solid curves). Horizontal dashed line
in (b) marks the estimated cutoff frequency, f;, of the DE waves
in the intersection region. Insets in (c) schematically illustrate
the distributions of the dynamic magnetization in the transverse
section of the waveguide corresponding to the shown BV modes.
Arrows illustrate the transformation of DE waves in WG into
BV waves in WG2. Data are obtained at Hy= 1.0 kOe and ¢ = 0.

the other parameters are set in accordance with the values
known from the experiment. Since the external field, Hy, is
oriented perpendicular to WG1, Hjy in this waveguide is
reduced to 0.84 kOe due to demagnetization effects [23]. In
contrast, Hiy ~ Hy in WG2, which is magnetized parallel
to its axis. In the intersection region, Hi, takes an inter-
mediate value of 0.93 kOe, which corresponds to a local
increase of the field in WG1 and a local decrease of the
field in WG2.

Figures 3(b) and 3(c) show the dispersion spectra of
spin waves for WG1 and WG2, respectively, calculated
using analytical theory [42] and the approach described
in Ref. [43]. In the used magnetization configuration,
the waves excited in WG1 are of the Damon-Eshbach
(DE) type [44]. Their frequency increases with increas-
ing wave number, starting from the lower cutoff frequency
of about 3.9 GHz [Fig. 3(b)]. To pass through the cross
along WGI in the forward direction, these waves have to
propagate through the region of increased internal field
[Fig. 3(a)], where the cutoff frequency locally increases.
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Because the width of the waveguide is not constant in
this region, the local cutoff frequency cannot be calcu-
lated exactly. As a coarse estimate, we use the frequency
of the ferromagnetic resonance, f. = 4.4 GHz, obtained for
Hin=0.93 kOe [horizontal dashed line in Fig. 3(b)]. For
frequencies f'< f., there are no allowed spectral states in
the intersection region. Therefore, waves at low frequen-
cies are transmitted through the cross in the tunneling
regime [40], which results in small values of the trans-
mission coefficient, 7, [Fig. 2(e)]. In this regime, the
increase in the frequency towards f. leads to a gradual
increase in T, due to a decrease in the effective height
of the tunneling barrier. As the frequency is increased
above 4.3 GHz, which agrees reasonably well with the
calculated f;, Ty, rises abruptly [Fig. 2(e)], indicating a
transition to a normal propagation regime. We empha-
size that, even in this regime, the local increase in H iy
in the intersection region leads to partial reflection of
waves, and T}, remains limited to 20%25%. Accord-
ing to data in Fig. 2(e), these reflections become stronger
with increasing frequency (decreasing wavelength) of spin
waves. Note that, in the studied microscopic structures, the
spatial extent of the inhomogeneity of Hy, in the intersec-
tion region is comparable to the wavelength of the incident
spin wave. Therefore, the reflection and transmission of
spin waves through this inhomogeneity is a nonadiabatic
process strongly influenced by long-range dynamic dipo-
lar fields of the wave. Since the field of a wave with
a longer wavelength extends to a longer distance, one
expects better transmission through the inhomogeneity at
lower frequencies.

The redirection of waves into the side arms can be
considered as a conversion of the DE waves in WGI
into backward-volume (BV) waves in WG2. The disper-
sion spectrum of these waves is shown in Fig. 3(c) for
the two lowest-order transverse modes of the waveguide
characterized by a symmetric and antisymmetric distribu-
tion of the dynamic magnetization across the waveguide
width, as schematically shown in the insets in Fig. 3(c).
As seen from these data, BV waves possess the lowest
frequency of about 4.2 GHz at a relatively large wave
number, corresponding to a wavelength of about 400 nm.
In agreement with these data, 713 becomes nonzero at
4.2 GHz [Fig. 2(e)]. However, at these frequencies, 773 is
very small. As the frequency increases above 4.2 GHz, the
wavelength quickly increases [Fig. 3(c)], which results in
the increase of the excitation efficiency and a rapid increase
in T 13-

We note that, in the frequency range of 4.2—4.3 GHz, the
redirection of spin waves into the side arms is accompa-
nied by a strong decrease in the wavelength and the group
velocity. Due to the reduced sensitivity of the BLS appara-
tus to spin waves with short wavelengths, the values of 7’3
obtained from BLS measurements in the frequency range
of 4.2-4.3 GHz are smaller than the actual values [45].

Additionally, due to a strong variation of the group veloc-
ity in this range, the intensity of waves in the side arms is
expected to increase to fulfill the condition of conservation
of the energy flux [46].

It is important to note that, at frequencies above
4.5 GHz, the excited BV wave exhibits a snakelike inten-
sity pattern [Fig. 2(d)], which is associated with the
simultaneous excitation of the symmetric and antisymmet-
ric waveguide modes [23], as shown by the arrows in
Figs. 3(b) and 3(c). As seen from the maps recorded at
f=4.64.9 GHz [Fig. 4(a)], the spatial period of the pat-
tern noticeably increases with increasing frequency. This
period is determined by the difference in the wave num-
bers of the modes, Ak [Fig. 3(c)], and can be calculated as
L =2m/Ak. Figure 4(b) shows the frequency dependence
of the spatial period obtained from the Fourier analy-
sis of the measured maps (symbols) together with the
dependence obtained from the analysis of the calculated
dispersion spectra (solid curve). As seen from Fig. 4(b),
experimental data are in excellent agreement with the pre-
diction from theory, which demonstrates the validity of the
analysis.

We now turn to the effects of the orientation of the
static magnetic field. Figures 5(a)-5(d) show the spin-
wave intensity maps recorded at f =4.5 GHz for angle ¢

(a) 4.6 GHz 4.7 GHz 4.8 GHz 4.9 GHz

BLS intensity (arb. units)

1.2 ] -

~
=
3,
=
=
=}
1
=t
[0}
[s¥
—
<
=
<
o
n

0.8 -' rTrrTrTrT T T T T T T T T
4.6 4.7 4.8 49
Frequency (GHz)

FIG. 4. (a) Spatial maps of the spin-wave intensity recorded at
different excitation frequencies, as labeled. (b) Frequency depen-
dence of the spatial period of the snakelike pattern obtained from
the Fourier analysis of the measured maps (symbols) together
with the dependence obtained from the analysis of the cal-
culated dispersion spectra (solid curve). Data are obtained at
Hy=1.0kOe and ¢ =0.
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FIG. 5. (a){d) Spatial maps of the spin-wave intensity
recorded at different angles of the static magnetic field, ¢, as
labeled. Data are obtained at Ho=1.0 kOe and /' =4.5 GHz.
(e) Angular dependence of the transmission coefficients 77, and
T13. Squares and solid lines show data obtained at f =4.5 GHz.
Circles and dashed lines show data obtained at f =4.8 GHz.

increasing from 0 to 30°, and Fig. 5(e) shows the angu-
lar dependences of the transmission coefficients 74, and
T13. These data reveal a clear tendency of the increase in
transmission in the forward direction (77;) with simultane-
ous suppression of the redirection of waves into the side
arms (7713).

To understand the above findings, we consider the spa-
tial profiles of Hiy calculated for ¢ =30° [Fig. 6(a)]. As
seen from these data, the height of the potential barrier
for waves propagating in the forward direction becomes
noticeably smaller at increased angles [compare with
Fig. 3(a)]. This fact can explain the observed increase in
the forward transmission. However, the profiles of the field
cannot explain the reduction of the transmission into the
side arms. Indeed, the profile of Hi, in WG2 becomes
much more uniform in comparison to the case of ¢ =0,
which can only improve the coupling of the DE and BV
waves, in contrast to the experimental observations.
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FIG. 6. (a) Calculated spatial profiles of the internal static
magnetic field, Hiy, along the axes of the two waveguides, as
shown in the inset. Calculations are performed at Hy= 1.0 kOe
and ¢ =30°. (b)«d) Snapshots of the normalized out-of-plane
magnetization component obtained from micromagnetic simu-
lations of spin-wave propagation. Spin waves are excited by
applying a localized dynamic magnetic field with a frequency
of 4.5 GHz. (b),(c) Complete cross structure magnetized at
¢ =10 and 30°, respectively. (d) Single waveguide magnetized
at ¢ =30°.

To clarify the reason for this behavior, we perform
micromagnetic simulations of spin-wave propagation in
the cross structure magnetized at different angles. In these
simulations, we excite spin waves by applying an x-
polarized dynamic magnetic field with a frequency of
4.5 GHz and an amplitude of 0.1 Oe in a 500-nm-wide
region located at a distance of 5 um from the intersec-
tion of the waveguides, which models the antenna used
in the experiment. To avoid spin-wave reflections from
the boundaries of the computation domain, the damping
parameter is exponentially increased close to its edges.

Figures 6(b) and 6(c) show the maps of the normal-
ized out-of-plane magnetization component obtained for
f =4.5 GHz and ¢ =10 and 30°, respectively. Note that,
in contrast to the experimental intensity maps, the maps in
Figs. 6(b) and 6(c) are snapshots of dynamic magnetiza-
tion, which contain important information about the phase
of spin waves. Comparing data obtained for the two angles,
one clearly sees that the simulations reproduce the experi-
mentally observed enhancement of the transmission in the
forward direction and suppression of the transmission into
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the side arms. In full agreement with the experiment, the
latter transmission almost completely vanishes at ¢ =30°.

The lack of transmission in the side arms could be
caused by the shift of the dispersion spectra of spin waves
in WG1 and WG2 due to the variation of the internal mag-
netic field in these waveguides, which can potentially lead
to the absence of spectral states in WG2 at f = 4.5 GHz for
¢ = 30°. To verify this assumption, we consider the direct
excitation of spin waves in a single waveguide oriented
in the z direction (WG2) by a localized dynamic mag-
netic field at /' =4.5 GHz. The results of these calculations
[Fig. 6(d)] indicate that WG2 supports the propagation
of waves at this frequency and that the waves possess a
moderate wavelength of about 2 um. This leads us to the
conclusion that, although waves at this frequency can prop-
agate in both waveguides, they cannot efficiently couple to
each other in the intersection region. This weak coupling
can be caused by the peculiarities of the spatial structure of
the phase of spin waves. As seen from Figs. 6(b) and 6(c),
the phase fronts progressively tilt as the angle ¢ increases.
This results in a progressively increasing mismatch in the
phase structure of the waves in WG1 and WG2, hindering
their mutual conversion.

IV. CONCLUSIONS

Here, we show that the propagation of spin waves in
intersecting microscopic YIG waveguides is not trivial
and can be efficiently controlled by varying the frequency
and direction of static magnetization. This controllability
is useful for steering the propagation of spin waves in
complex nanoscale magnonic networks for the implemen-
tation of nontraditional computing and signal processing.
The high sensitivity of the propagation regime to the fre-
quency of spin waves provides additional opportunities for
the manipulation of spin-wave propagation by nonlinear
effects, such as an amplitude-dependent shift of the spin-
wave spectrum. This opportunity is particularly important
for the realization of neuromorphic networks, where the
nonlinear response plays a key role.
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