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ABSTRACT

Spin-torque and spin-Hall oscillators (SHOs) have emerged as promising candidates for building blocks in neuromorphic computing due to
their ability to synchronize mutually, a process that can be mediated by propagating spin waves. We demonstrate a SHO that takes advantage
of a low-damping magnetic garnet with dominant perpendicular magnetic anisotropy (PMA), namely gallium-substituted yttrium-iron-
garnet (Ga:YIG). In-plane magnetized Ga:YIG allows for the operation at a high efficiency level while also enabling resonant spin-wave
emission. A nonlinear self-localization of the excitation is avoided by exploiting the positive nonlinear frequency shift, which facilitates a
current-controlled frequency of the emitted spin waves. Using micro-focused Brillouin light scattering spectroscopy, we investigate the prop-
erties of the local auto-oscillation and its spin-wave emission. Multiple modes are excited and compete internally, with two propagating modes
detected up to distances larger than 10 ym. Their frequencies combine to an extended frequency bandwidth of ~1.6 GHz. The experimen-
tally observed two-mode system and its transition to a single mode at higher currents are reproduced via micromagnetic simulations, which
account for the spatial variation of the PMA arising due to the microstructures on Ga:YIG. Our results propose a promising platform for
hosting SHOs, interconnected via propagating spin waves, with particular relevance to neuromorphic computing.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0314583

I. INTRODUCTION coupling can be mediated through dipolar or exchange

interactions,"”'* long-range coupling has been demonstrated

The field of neuromorphic computing is inspired by the human
brain, a highly interconnected network of nonlinear neurons, which
achieves unprecedented energy efficiency for information process-
ing. Consequently, the development of nanoscaled elements for
hardware-based neuromorphic approaches has become a subject
of significant interest.”” In this regard, spin-torque oscillators
and spin-Hall oscillators (SHOs) are of particular interest in the
field of spintronics.”” The two approaches rely on the application
of spin—orbit torques (SOT), such as the spin-transfer torque,’*
compensating the natural damping of a magnetic material to achieve
coherent auto-oscillations.” In particular, their ability to synchronize
to external sources' ' or to interact mutually'” is a key feature for
their implementation in neural networks. While short-range

utilizing electric currents, requiring energy-inefficient conversions
between magnetic and electric domains.”'® Therefore, using spin
waves to couple through the magnetic medium itself emerges as
a promising approach. A key requirement for this coupling is
the ability of the auto-oscillation to resonantly emit spin waves
into the surrounding spin-wave medium. This is only possible
if the auto-oscillation frequency within the spin-injection region
corresponds to a propagating mode in the surrounding area. It
has been demonstrated that inducing perpendicular magnetic
anisotropy (PMA) is effective for SHOs to operate within the
positive nonlinear frequency shift regime, which appears to enable
spin-wave emission.'”'® Nevertheless, those systems often require
the magnetization oriented at an oblique out-of-plane angle,
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reducing the efficiency of the spin Hall effect'’(SHE). Accordingly,
the (anti-)damping torque is maximized for in-plane magnetized
SHOs.” In such systems based on metallic ferromagnets, spin-wave
mediated synchronization has already been achieved, but the devices
are limited to short distances due to high spin-wave damping,'>*"**
Consequently, low-damping materials, such as yttrium iron garnet
(YIG), offer great potential for longer interaction ranges.”””’
Spatially localized magnetization dynamics have been observed in
YIG/Pt-based SHOs” " due to the negative nonlinear frequency
shift for the in-plane magnetized configuration. In this case,
spin-wave emission can still be enabled by exploiting the band
structure, achieving nonlinear scattering to other spin-wave modes,
such as PSSWs.”” Another approach has been demonstrated in
Bi-substituted YIG,” whose PMA was chosen to eliminate the
nonlinear frequency shift, leading to the emission of coherent
spin waves with notable propagation distances.” However, both
approaches are limited by the absence of frequency tunability, which
can be crucial for neuromorphic computing.”

In this work, we present a garnet-based SHO that operates
within the positive nonlinear frequency shift regime while being
magnetized in the film plane, enabling efficient spin-wave emis-
sion tunable in frequency with long-range propagation. This is
achieved by using a gallium-substituted yttrium-iron-garnet thin
film** (Ga:YIG), which exhibits uniaxial anisotropy Hy along the
film normal that is larger than the saturation magnetization Ms,
resulting in a dominant PMA.”*~" This is characterized by a negative
effective magnetization Mg = Ms — Hy < 0, leading to a positive
nonlinear frequency shift for systems saturated in-plane by exter-
nal fields, which represents the key distinction from pure YIG in
this study. Consequently, the SHO based on in-plane magnetized
Ga:YIG can operate at maximum SHE efficiency while being within
the positive nonlinear shift regime to overcome the self-localized
excitation. Our measurements confirm the emission of spin waves

(@) photon- BLS frequency
detector —/+ spectrum

L ; Fabry-Pérot

Ef | |interferometer

o,
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originating from the confined auto-oscillation region with overall
tunability in frequency of ~1.6 GHz by varying the direct charge
current, which corresponds to a relative change of more than 150%.
In our study, we measure the excited spin waves up to a distance
of more than 10 ym, demonstrating that Ga:YIG is a potential can-
didate for efficient long-range coupling of multiple SHOs via spin
waves.

Il. CHARACTERISTICS OF GA:YIG
AND THE MICROSTRUCTURE

Figure 1(a) depicts the experimental setup and the fabri-
cated microstructure under study. The sample is studied via space-
resolved Brillouin light scattering (BLS) spectroscopy,”® which
utilizes a laser (A = 457 nm) with a power of P = 1.5 mW on the
sample. The laser is focused on the Ga:YIG surface through the
substrate, providing access to the magnetization dynamics below
metallic structures. The microstructure is based on a Ga:YIG wave-
guide with a thickness of 55 nm, which was patterned by ion beam
etching from a full film grown by liquid phase epitaxy on an (111)-
oriented gadolinium gallium garnet substrate.”””* A gallium substi-
tution content of x ~ 1 in the underlying Ga:YIG (Y3Fes_yGaxO12)
results in a reduction in the saturation magnetization to poMs
= 20.38 mT, which, in combination with a relative film-substrate lat-
tice mismatch, induces robust PMA.** Note that nm-thin substituted
YIG films, such as Bi:YIG, have also been observed to exhibit strong
PMA, which classifies these films as suitable candidates as well. How-
ever, it has been reported that the robustness of PMA decreases
significantly with increasing film thickness and, in comparison with
Ga:YIG, larger frequency linewidths are often observed, based on
a benchmark provided by Dubs and Surzhenko.”” Consequently,
utilizing Bi:YIG in this study would require a film of a reduced
thickness compared to the studied Ga:YIG to maintain robust PMA,

FIG. 1. Experimental setup and Ga:YIG
characteristics. (a) Colorized SEM micro-
graph of the microstructure and a
schematic of the applied BLS micro-
scope. (b) Schematic illustration of the
device layout with a frequency landscape
for both nonlinear shift directions below.
(c) Angle of the static magnetization Oy
as a function of the external in-plane
field gy Hext. (d) Nonlinear self-shift coef-
ficient N of the FMR mode as a function

N<0 4 \
X of pyHeyx. (€) Calculated dispersion rela-
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which may also be accompanied by enhanced spin-wave damping,
with both contributing to a reduction in spin-wave propagation
lengths. Furthermore, a notable distinction between these material
systems arises from the lattice site substituted by Ga, in contrast
to substitutions with Bi, Mn, Tm, or other elements. In particular,
Ga substitutes for Fe in YIG, while the other elements substi-
tute for Y, resulting in a tunable Ms exclusively in Ga:YIG. This
enables a reduced Ms, which, in turn, decreases the auto-oscillation
threshold.”

The waveguide exhibits a width of 1.2 ym, which was selected
to minimize the complexity of the fabrication process for this study.
A confined Pt pad is deposited on the waveguide with a thickness of
6.5 nm and a width of 1 ym, to which a current can be applied via
contacts composed of Cr/Au (10 nm/100 nm). As shown in Fig. 1(b),
the applied charge current Ipc injects a spin current Is via SHE
into Ga:YIG, which induces SOTs that effectively counteract and
compensate the spin-wave damping, resulting in a coherent auto-
oscillation when a critical current is applied.” While the emission
of propagating spin waves is the objective of this device, the radia-
tion of these waves also establishes an additional loss channel, which
is expected to increase the auto-oscillation threshold. By confining
the system to one dimension using a waveguide, these radiation
losses can be effectively reduced, and the emitted spin-wave signal
is guided, demonstrating the feasibility for future magnonic circuits.

The auto-oscillation is generally observed to occur at the mini-
mum frequency of the local dispersion relation,*’ which corresponds
in Ga:YIG to the ferromagnetic resonance (FMR) at k = 0.°° For
large spin-wave amplitudes, the nonlinear nature of magnetization
dynamics emerges, including the nonlinear frequency shift, given
byl 1

Wo =wo+ N - |Co|2. (1)

Here, it can be defined by the nonlinear self-shift coefficient
N of the FMR mode and its spin-wave intensity |co|?, nonlinearly
shifting the auto-oscillation frequency &y compared to the linear
FMR frequency wo. Therefore, depending on the sign of N, & is
shifted locally above or below wo, which remains constant in the
surrounding medium, as illustrated in Fig. 1(b).

Figure 1(c) depicts the calculated angle of static magnetization
Om in Ga:YIG as a function of the in-plane external field pHex:.
The magnetization initially points out-of-plane due to the PMA and
is dragged gradually in-plane by increasing field, aligning with the
external field for Hex > |Meg|- Figure 1(d) depicts the calculation
of N as a function of poHex, revealing a transition from nega-
tive to positive shifts for increasing fields, being maximized at the
compensation field Hext = [Mess|- The divergence observed in this
configuration can be attributed to the compensation of PMA by the
external field, resulting in the elimination of an energetically favored
orientation. We select the external field value for the operation of the
SHO slightly above |u,Meg| in order to ensure maximum SHE effi-
ciency with a large positive nonlinear shift coefficient N. However,
a certain separation to |M.g| is necessary, as wo approaches zero for
fields close to [ M| (see Sec. 1 of the supplementary material), which
can be attributed to the formation of domains.*> Moreover, the uti-
lized BLS setup detects frequencies only above 0.6 GHz. Therefore,
a field value of ~12.5 mT larger than |poMeg| is selected, resulting
in a FMR frequency of around 1 GHz and a well-defined in-plane

ARTICLE pubs.aip.org/aip/apm

magnetization. The calculated linear dispersion relation of Ga:YIG
is depicted in Fig. 1(e) for hoHext = 87 mT, which is characterized by
a FMR frequency of around 1 GHz and a parabolic shape, which
aligns with previous studies.”"”* Note that |y Meg| of the unpro-
cessed Ga:YIG thin film differs from the one of the waveguide,
resulting in a different selected external field for Fig. 1(e), than in
the following measurements. Furthermore, nonlinearly shifted auto-
oscillation frequencies Wy are exemplarily included to visualize the
concept of spin-wave emission. A negatively shifted auto-oscillation
frequency (N < 0) has no corresponding spin-wave state outside the
injector, suppressing spin-wave emission. A positive shift (N > 0),
however, results in an auto-oscillation frequency, which corresponds
to a propagating mode with wavevector k; in the surrounding
material, enabling spin-wave emission.

FMR spectroscopy on reference samples (see Sec. 2 of the
supplementary material) reveals a reduction in woHy by around 3
mT and a damping enhancement by almost fivefold due to the Pt
layer, effects analogous observed in YIG/Pt."""* As the damping is
only enhanced in the SHO region covered by Pt, propagation in the
bare waveguide remains at low damping (acayig ~ 4 x 10_4). Fur-
thermore, the damping in Ga:YIG/Pt remains an order of magnitude
below that observed in metal-based SHOs.*’

Figure 2 depicts a spatial BLS analysis of the microstructure,
showing the spin-wave population as a function of frequency in the
absence of excitation or driving currents, which is referred to as the
thermal BLS spectrum. Two spectra, obtained on the bare Ga:YIG
waveguide (left graph) and on Ga:YIG/Pt (right graph), are shown
in Fig. 2(a) as a function of/,tOHext. The BLS signal vanishes for both
at low fields, as the measurement technique is mainly sensitive to
the dynamic out-of-plane magnetization. The minimum frequency
occurs at the compensation field Heomp, allowing for an approxi-
mation of Mg (see Sec. 2 of the supplementary material). From
the detected frequencies on the bare Ga:YIG waveguide, we con-
clude a local p,Mgr ~ —65 mT, which corresponds to poHu,Gayic
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FIG. 2. Thermal mode spectrum. (a) Thermal BLS spectrum as a function of i Hext,
measured on the bare Ga:YIG waveguide (left) and on Ga:YIG/Pt (right). The
gray dashed line represents the field value poHapp = 77.5 mT. (b) Thermal BLS
spectrum on Ga:YIG (left) and Ga:YIG/Pt (right) at u,Happ as a function of the
measurement position y. The BLS spectrum of each position is normalized to the
respective maximum.
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~ 85 mT, when Ms is assumed to be unchanged by fabrication. The
Ga:YIG/Pt region, however, reveals clear modifications, particularly
the presence of two distinct modes. While the mode at lower fre-
quency aligns approximately with the mode on bare Ga:YIG, the
origin of the additional one appears to be a result of the microstruc-
turing, as the Ga:YIG/Pt full-film reference sample exhibits only a
single mode. The thermal BLS spectrum for five positions across
the waveguide width is depicted in Fig. 2(b) to obtain a spatial
profile of these modes. While the fundamental mode remains con-
stant across the width on the bare Ga:YIG waveguide, it appears to
increase in frequency toward the edges on Ga:YIG/Pt. In the outer
position, the frequency aligns approximately with the frequency of
the additional mode, which is only observed in the center simulta-
neously with the fundamental mode. The occurrence of this mode
can be attributed to a reduction in uniaxial anisotropy toward the
edges, which is why the second mode will be referred to as edge
mode. This effect arises from the contact structures located at the
waveguide edges, which generate enhanced strain. The local reduc-
tion in uniaxial anisotropy due to Pt and Au structures has already
been demonstrated on Bi:YIG and YIG, respectively.”"** The uni-
axial anisotropy of the edge mode can be estimated to p Hy edge
~ 65 mT, which is confirmed via micromagnetic simulations shown
in Sec. V. For the following experiments, an external field of
WoHapp = 77.5 mT is applied to ensure that the waveguide is
in-plane magnetized and exhibits a FMR frequency of ~1 GHz.
In conclusion, it is demonstrated that the mode structure of
Ga:YIG/Pt can be modified through the fabrication of microstruc-
tures, revealing a richer mode spectrum. The local modification of
material parameters has been identified as a method for enabling
spin-wave emission.””** While these approaches rely on the vari-
ation of magnetic material geometry, the underlying microstruc-
ture exhibits a local change of magnetic properties. However, the
present study focuses on the utilization of the nonlinear positive fre-
quency shift for tunable emission of spin waves, independent of this
effect.

I1l. LOCAL AUTO-OSCILLATION

To investigate the auto-oscillation properties of the SHO, the
BLS spectrum on Ga:YIG/Pt is shown in Fig. 3(a) as a function of
the applied current Ipc. The SHE-induced control via the current is
demonstrated by the significant intensity asymmetry, as the current
direction switches between damping enhancement and compensa-
tion. Both thermal modes appear to be populated for increasing
currents, and a positive frequency shift is observed.

In Fig. 3(b), the frequency as a function of Ipc is shown for
the different modes observed. While the fundamental- and edge-
mode frequencies exhibit a linear current dependence, three addi-
tional modes emerge within a certain current range, which remain
approximately at a constant frequency. These can be associated with
higher-order width modes, following theoretical calculations*””’ of
the Ga:YIG waveguide (see Sec. 3 of the supplementary material).

However, the fundamental and edge modes are of specific inter-
est, given their tunability in frequency and significant intensity,
effectively representing two coupled SHOs within one spin-current
injection region. They exhibit a different slope in the current-
induced frequency shift, with an almost three times larger slope of
the edge mode compared to the fundamental mode. While the edge
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FIG. 3. Auto-oscillation. (a) BLS spectrum, obtained through averaging across the
Pt pad region, as a function of the current Ipc. The datasets are normalized to the
thermal intensity maximum at Ipc = 0 mA. The spectral intensity maxima for each
current value were fitted by a Gaussian, with the extracted frequency and intensity
depicted as a function of Ipc in [(b) and (c)], respectively.

mode can be tuned from 1.4-2.6 GHz, the fundamental mode cov-
ers the lower frequencies from 1.0 to 1.5 GHz, leading to an overall
bandwidth of 1.6 GHz. In addition, for the reversed current direc-
tion, where spin waves are strongly suppressed, a frequency shift
is observed, suggesting that the frequency shift is not solely caused
by the spin-wave intensities. A potential impact of heating must
be considered, which will be further discussed on the basis of the
micromagnetic simulations in Sec. V.

The extracted intensity Iprs is depicted in Fig. 3(c), exhibit-
ing a slight intensity decrease for negative currents due to damping
enhancement. At positive currents, the threshold current for auto-
oscillation of the fundamental mode is the lowest with about 1 mA,
which corresponds to a current density of j. = 1.54 x 10'' Am™>.
The edge mode has a threshold value that is approximately twice
as high, which is presumably due to a locally increased damp-
ing. Note that the threshold current for each mode is estimated
by linearly extrapolating from the initial increase in intensity to
the current of vanishing BLS intensity. The fundamental mode
increases to a maximum intensity level of about 15 times the ther-
mal signal but shows a decline for intermediate currents, which is
correlated with the multi-mode excitation, indicating mode compe-
tition. For currents Ipc > 5 mA, the fundamental mode dominates
and is the only one to be excited. However, its intensity exhibits
a declining trend toward higher currents, which may result from
heating, particularly given that the Curie temperature of Ga:YIG
is only around 400 K. Consequently, higher currents that might
overheat the system are not applied. To conclude this part, a
dynamic auto-oscillation frequency range of more than 1 GHz cor-
responding to propagating modes in the adjacent waveguide is
accessible.
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IV. SPIN-WAVE EMISSION

To investigate spin-wave emission, BLS measurements are per-
formed at various distances from the Pt pad, as indicated by the
colored dots in the schematic of Fig. 4.

Figure 4(a) illustrates the BLS spectra in a distance of
x = —2.9 ym for several currents, including the thermal spin-wave
spectrum of bare Ga:YIG for Ipc = 0 mA, with a distribution around
1 GHz. The other BLS spectra exhibit two intensity maxima that
exceed the thermal reference, clearly demonstrating the emission of
spin waves from the SHO. In the waveguide, the ratio of the inten-
sities of the two propagating modes differs from the ratio on the
Pt pad. The high-frequency mode exhibits an intensity level that
is comparable to the low-frequency mode, despite the latter hav-
ing a substantial overlap with the thermal spectrum. This change
in ratio can be attributed to a higher group velocity of the high-
frequency mode, which is expected due to the parabolic dispersion
relation [see Fig. 1(e)]. Note that only two propagating modes can be
observed, indicating that the excited higher-order width modes are
either emitted less efficiently, have lower propagation length, or are
detected poorly by BLS.

The frequency maxima of the two propagating modes are
depicted in Fig. 4(b) as a function of Ipc, with the auto-oscillation
data from Fig. 3(b) included. The emission frequency is found to
be reciprocal (see Sec. 4 of the supplementary material). The cur-
rent dependence of the propagating and auto-oscillation frequencies
appears similar, confirming that the propagating spin-wave modes
originate from the auto-oscillation of the fundamental and edge
modes. The observed discrepancy of ~0.2 GHz at a specific current
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FIG. 4. Spin-wave emission. (a) BLS spectra obtained at x = —2.89 um for sev-
eral currents Ipc, normalized to the maximum value without a current applied. (b)
Extracted frequencies of the edge and fundamental mode as a function of /p¢ for
two measurement positions (indicated in the pictogram). (c) BLS spectrum of the
edge mode as a function of Inc that is obtained in a distance of 11.5 um to the Pt
pad.
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value can be attributed to the local heating by the laser spot dur-
ing the measurement on Ga:YIG/Pt. The observed frequencies of the
edge mode correspond to wavevectors from k = 10 rad um™" up to
k =17 rad yum™" according to the dispersion relation in Fig. 1(e).
The emitted signal from the edge mode propagates along the
Ga:YIG waveguide and can still be detected in a distance of 11.5 ym,
which is shown in Fig. 4(c), demonstrating the potential of Ga:YIG
to enable an efficient long-range interaction in a network of SHOs.

V. MICROMAGNETIC STUDY

To verify our interpretations, we study the underlying sys-
tem using micromagnetic simulations.””* Figure 5(a) provides
a schematic illustration of the simulation setup consisting of a
waveguide with a confined spin-current injector, including two
edge regions with reduced out-of-plane anisotropy. Figure 5(b)
depicts the normalized Fourier spectra of the dynamic magnetiza-
tion .# (m, (t)) obtained on the injector and in a distance of 1.5 ym
as a function of the injected spin current I for different edge widths
Wedge- Note that a current density ji, is applied in the micromag-
netic simulation. However, the impact of this current density is
not directly comparable to the experimental study, as the actual
efficiency of charge-to-spin current conversion in the underlying
microstructure remains unknown due to undetermined parameters,
such as the spin-Hall angle of Pt or the spin-mixing conductance
of the Ga:YIG/Pt interface. Therefore, the injected spin current Is
can only be determined in the micromagnetic study (see Sec. 5B
of the supplementary material), which restricts the comparison of
experiment and simulation to a qualitative level. It can be observed
that a homogeneous pad with either Hy,ga:vig (wedge =0)orH Usedge
(Wedge = b) generates a single-mode auto-oscillation and emission,
which exhibits either a frequency bandwidth from 1.0 to 1.5 GHz or
from 1.5 to 2.0 GHz, respectively. The case featuring edge regions is
illustrated in the center, whose edge width of weqge = %b corresponds
to the actual size of the gold contacts on the microstructure. Here,
both individual modes coexist within a specific spin-current range,
with the fundamental mode being dominant elsewhere. At interme-
diate spin currents, the edge mode is more pronounced in emission,
while the fundamental mode becomes dominant at higher spin cur-
rents. This agrees well with the experiment and confirms that the
two-mode system originates from edge regions of lower PMA, effec-
tively creating distinct oscillators on the injector. However, the ratio
between auto-oscillation and emission of the fundamental mode is
less pronounced for the two-mode system than it is for single-mode,
revealing a certain interaction of both oscillators. This might be
either due to an induced nonlinear frequency (cross-)shift from the
edge mode to the fundamental mode, which has not been considered
in Sec. 11, or simply because of a smaller effective oscillator size.

As the frequency shift of the fundamental mode aligns for both
simulation and experiment, mere heat does not have a significant
impact within the mainly used spin-current regime. However, the
frequency shift of the edge mode is similar to that of the fundamen-
tal mode in the simulation, which contradicts to the experimentally
observed three-fold enhancement. This effect can be attributed to an
additional strain induced via the thermal expansion of the Pt pad or
gold contacts, to which the edge mode is more sensitive. This phe-
nomenon effectively extends the frequency bandwidth of the SHO
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within the accessible current range. Note that the experimentally
observed frequency shift for negative currents is not reproduced
by simulations (see Sec. 5C of the supplementary material), which
aligns with Eq. (1) but contradicts with the experiment.

Figure 5(c) depicts the normalized Fourier spectrum .% (m,(t))
as a function of the position across the width on the Pt pad for two
injected spin currents, which represent the two- and single-mode
domains. The two-mode profile aligns with Fig. 2(b), with the edge
mode being present at the edges and in the center of the Pt Pad,
while the fundamental mode is situated only in the center. The tran-
sition to the single-mode system is observed when the frequency
of the fundamental mode approaches the initial frequency level of
the edge region, resulting in a single coherent auto-oscillation across
the entire width, as evidenced by its width profile in Fig. 5(c). This
suggests that a single-mode system emerges whenever the spatial
overlap between the fundamental and edge modes can be estab-
lished, which corresponds to an increased cross-mode coupling
according to a recent theoretical model.”

VI. CONCLUSION

In conclusion, we demonstrated a garnet-based SHO that uti-
lizes low-damping Ga:YIG with robust PMA to obtain an operation
regime, which provides large SHE efficiency while also enabling res-
onant spin-wave emission. Current-control allows us to tune the
operation frequency over a continuous bandwidth of 1 GHz, while
the low spin-wave damping of the system provides a significant
propagation length of at least 10 um. We revealed different regimes
of operation, ranging from single- to multi-mode excitation, extend-
ing the full SHO bandwidth to ~1.6 GHz. Our studies indicate
that the emergence of an edge region with reduced PMA due to
microstructuring is responsible for the two-mode behavior, which
we confirm using micromagnetic simulations. These insights enable
future experimental designs to accurately control the SHO mode
structure by reducing structure dimensions or by adjustments in
the fabrication process. Ultimately, the implementation of spin-wave
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FIG. 5. Micromagnetic study. (a)
Schematic illustration of the simulation
setup. Toward the waveguide ends
(darker blue region), the damping is
smoothly increased to avoid reflections
and mimic an infinite system. The more
detailed simulation parameters are
given in Sec. 5A of the supplementary
material. (b) Normalized Fourier spectra
F (my(t)), as afunction of the injected
spin current /s, obtained on the injector
and in a distance of 1.5 um for three
edge widths Weqge. All of them are
normalized to the maximum value
observed within the entire simulation
series. The gray dashed lines represent
the current density values used for (c).
(c) & (my(t)) as a function of the
position y on the injector for two injected
spin currents.

Normalized Fourier
spectrum F(m, () (a.u.)
0.5 1.0

Frequency f (GHz)

-0.5 0.0 0.5
Position y (um)

sources based on low-damping magnetic garnets with PMA repre-
sents a promising candidate for a building block in future magnonic
circuits.

SUPPLEMENTARY MATERIAL

The supplementary material contains additional information
on the calculation of the equilibrium magnetization 6y, the nonlin-
ear self-coefficient N of the FMR mode, and the FMR frequency as
a function of the external field wo(Hext), on the FMR spectroscopy
study of full-film reference samples, on the simulated dispersion
relation, on the reciprocal emission character of the SHO, and on
the micromagnetic simulations.
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