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This work presents a significant advancement in spin-wave computing devices utilizing magnetostatic
surface spin waves. We demonstrate a micro-Y-shaped waveguide fabricated from yttrium iron garnet
with a nanometer thickness. This intricately engineered design enables a novel logic device with two
inputs and one output, enabling future cascading of such elements. Electrical measurements on the Y-
shaped structure reveal that strategically introduced gaps effectively manipulate spin-wave propagation,
as corroborated by detailed micromagnetic simulations. Notably, we achieve robust diagonal spin-wave
transmission across 1.2 pm gaps, covering a distance of 120 um. Furthermore, the gapped device exhibits
clear phase-dependent spin-wave interference, surpassing the performance of a conventional Y-shaped
design. This phenomenon, confirmed by mapping simulated magnetization components, signifies the
potential of dipole-coupled devices for realizing efficient 2-input-1-output magnonic logic elements,
laying the groundwork for future development in this field.
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I. INTRODUCTION

The rapidly evolving field of magnonics holds immense
promise for next-generation information processing, par-
ticularly in spin-wave computing [1-5]. Magnons, the
quanta of spin waves, offer the potential for low-power
data processing due to their noncharged nature. Signifi-
cant strides have been made in realizing diverse magnonic
functionalities, including the magnon transistor [6,7],
majority gate [8], logic operations [9—11], multiplexers
[12,13], and mode interconversion [14,15], by employing
highly anisotropic spin-wave dispersion relations. Cru-
cially, spin-wave interference within micro- or nano-scale
circuits underpins all these functionalities [16,17]. How-
ever, a major challenge for spin-wave computing revolves
around controlling spin-wave propagation within finite-
size micro- and nano-circuits. This introduces undesir-
able wave confinement and local edge modes [18-21],
which readily lead to signal disturbances by distorting the
wave front and diminishing the ON:OFF ratio of spin-wave
interference.

Recent research on spin-wave propagation in dipole-
coupled networks offers a promising approach for manip-
ulating spin waves with minimal wave front distortion
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[22-25]. By harnessing the magnetic dipole coupling
between magnetic nanowires, researchers have demon-
strated the potential for designing half-adder circuits
based on this principle using Brillouin light scattering
spectroscopy [23,24]. This approach represents a step-
ping stone toward complex logic circuits, such as full
adders. Importantly, materials with low saturation mag-
netization (M), such as yttrium iron garnet (YIG), are
found to be suitable options for spin-wave propagation via
dipole coupling. Voltage-controlled magnetic anisotropy
emerges as a promising choice for the input method
due to its voltage-driven nature, leading to potentially
lower power consumption compared with traditional meth-
ods [26-28]. Theoretical predictions suggest a significant
reduction in power consumption compared with com-
plementary metal-oxide-semiconductor (CMOS) devices
[25]. Additionally, the compatibility of electrically driven
spin-wave propagation with existing CMOS chips presents
a significant advantage. However, a crucial gap remains
— the experimental demonstration of spin-wave interfer-
ence mediated by magnetic dipole coupling has yet to be
achieved.

In this work, we present the electrical realization of spin-
wave interference mediated by magnetic dipole-dipole
coupling. This achievement is accomplished using micro-
fabricated YIG waveguides strategically patterned with
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gaps to investigate the influence of dipole-coupling effects.
The YIG microstructures were fabricated by employing
radio frequency (rf) magnetron sputtering. Utilizing real-
time propagating spin-wave spectroscopy, we observed
distinct spin-wave interference signatures. The introduc-
tion of gaps demonstrably modulated spin-wave propaga-
tion, resulting in propagation delays and a reduction in
resonance frequency. Notably, robust diagonal spin-wave
transmission across 1.2 pm gaps was achieved, with prop-
agation distances exceeding 120 pm. This work unveils a
critical finding: the strategic incorporation of gaps within
a micro-YIG structure, leveraging magnetic dipole cou-
pling, holds significant potential for enhancing the ON:OFF
ratio of magnonic devices. This paves the way for the
development of magnonic logic elements based on spin
waves, with potential applications in two-input, one-output
computing architectures.

II. RESULTS AND DISCUSSION

Figure 1 presents a schematic of the experimental setup.
The spin-wave waveguide consists of a 115-nm YIG thin
film sputtered onto a gadolinium gallium garnet (GGG)
substrate. To characterize the magnetic properties of the
YIG film, ferromagnetic resonance (FMR) and microwave
transmission experiments were conducted using a vector
network analyzer (VNA, Agilent Technology E8362C).
Figure 1(a) depicts coplanar waveguide (CPW) antennas
fabricated on the YIG film for the VNA-FMR experiment.
These antennas, composed of Ti (5 nm)/Au (50 nm), were
designed to match the characteristic impedance of 50 €.
Figure 1(b) shows the magnetic field (H) dependence of
the AS,| parameter, revealing a two-dip absorption struc-
ture in the FMR resonance — a primary dip and a satellite
dip. This phenomenon is attributed to impurities, such
as non-Fe*" ions, and the formation of nongarnet phases
within the YIG film, as reported previously [29]. By fit-
ting a Lorentzian function to the primary dip, we extracted
the resonance frequency (f) and full width at half max-
imum (FWHM) (Af'), as shown in Figs. 1(c) and 1(d).
The Kittel formula (f = y+/H(H + 47M,)), where f,
y =2.78 MHz/Oe, H, and M, represent the resonant fre-
quency, gyromagnetic ratio, external magnetic field, and
saturation magnetization, respectively, was employed to
determine the saturation magnetization. This calculation
yielded a value of 47 M; = 1057 G. Furthermore, by apply-
ing the broadening-damping relation (Af =2af +f )
[30] to the data in Fig. 1(d), we were able to assess
the magnitude of magnetic damping. In this equation,
Af represents the resonance linewidth, « is the Gilbert
damping parameter, and f  signifies the natural resonance
frequency. This analysis yielded a magnetic damping coef-
ficient of o = 1.35 x 1073, Notably, the saturation magne-
tization (4w M; = 1057 G) of the YIG thin film fabricated
in this study is considerably lower compared with the

reported value for the bulk YIG (approximately 1750 G)
[31]. As previously mentioned, this lower M, is advanta-
geous for achieving dipole-mediated spin-wave propaga-
tion. Although the damping coefficient is not exceptionally
low, it remains sufficiently low, being roughly an order of
magnitude smaller than that of a ferromagnetic metal like
Py. As shown in Appendix A, our experimental results
indicate that spin-wave propagation through the gap was
not observed in YIG waveguides with both smaller and
larger M, values (samples A and D). This observation may
be attributed to the Y-shaped configuration of our exper-
iment, where the spin-wave wavevector and the coupling
region are not strictly parallel.

Figure 1(e) depicts the antennas deposited on the YIG
thin film for the microwave transmission experiment
designed to detect spin-wave propagation. The asymmet-
ric CPW waveguides were spaced D =50 um apart. An
external magnetic field, applied parallel to the anten-
nas, excites magnetostatic surface spin waves (MSSWs).
Figure 1(f) shows the AS,; parameter as a function
of the external magnetic field. The transmission spec-
trum exhibits frequency shifts due to variations in the
applied field. The relationship between the resonance fre-
quency of the transmission spectrum and the external
magnetic field is presented in Fig. 1(g). By fitting the
data with the MSSW dispersion relation, we obtained
a wave number of £=0.375 rad/um. The calculation
employed the previously determined saturation magneti-
zation (4w M; = 1057 G) and film thickness (d =115 nm).
As the group velocity (v4) of spin waves can be calculated
using vy=df /0k=D3f [30,32], where §f represents the
period of oscillations in the inset of Fig. 1(h) and D is the
propagation distance, we investigated the external mag-
netic field dependence of v,, as shown in Fig. 1(h). Based
on Fig. 1(h), we determined that an external magnetic field
below 150 Oe is necessary to maintain a sufficiently large
group velocity for subsequent experiments.

Figure 2(a) shows the Y-shaped YIG device with a 1.2-
um gap, fabricated using the Ar ion milling method. The
two arms on the top side function as input waveguides,
directing spin waves toward the central region. The bottom
arm serves as the output waveguide, collecting the prop-
agating spin waves. As shown in Fig. 2(b), the angle of
the arms was designed to be 35° for optimal spin-wave
propagation. Three Ti(5 nm)/Au(120 nm) antennas were
deposited on the YIG waveguide using the lift-off tech-
nique. The width of the YIG waveguide in contact with
the detection antennas was set at 40 um for both the output
and input waveguides. The central YIG waveguide, where
the spin-wave interacts with the dipole-coupling effect, has
a narrower width of 12 pm. Figures 2(c) and 2(d) illustrate
the reference waveguides employed to isolate the impact of
dipolar coupling. For clarity, reference waveguide 1 will be
hereafter referred to as RW1, and reference waveguide 2 as
RW2. RWI features a straight, continuous design with no
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Experimental details of the spin-wave propagation in YIG samples with reduced saturation magnetization. (a) Experimental

setup for evaluating the magnetic characteristics of the sputtered YIG film. (b) Ferromagnetic resonance (FMR) spectra (AS5;) of
sputtered YIG film as a function of external magnetic field. Magnetic field dependence of (c) resonant frequency f* and (d) full width
at half maximum (FWHM, Af). (¢) Experimental setup for propagating spin-wave spectroscopy. (f) Spin-wave spectra (AS») detected
by vector network analyzer (VNA). (f) Magnetic field dependence of the MSSW resonant frequency. (h) Magnetic field dependence
of its group velocity v,. The inset shows a period for a spectrum that is used for the calculation of the group velocity. The solid lines

represent theoretical fitting lines.

gaps or kinks. In contrast, RW2 lacks gaps but incorporates
a kink to prevent the backflow of input spin waves.
Spin-wave generation, as depicted in Fig. 2(e),
employed pulse-modulated sinusoidal microwaves from
a precision signal generator (Hewlett Packard 83732B).
Each pulse possessed a duration of 25 ns and a power
level of —5 dBm. To introduce a phase difference (Ag)

between the two inputs, a series connection of three-
phase shifters (APItech 6705 K, ARRAinc 6425E, and
ARRAinc 6425E) was connected to one of the input anten-
nas. The resulting interfered spin-wave signal was ampli-
fied using an rf amplifier (Mini-Circuits, ZHL-4240W+)
and was detected using a real-time oscilloscope (Agi-
lent DSO80604B) via the detection antenna. An external
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FIG. 2.

Spin-wave propagation in several Y-shaped YIG samples. (a) Optical micrograph of a Y-shaped device with a 1.2-um gap,

and (b) an enlarged image at the dipole-coupling junction. (c),(d) Optical micrographs of reference Y-shaped devices (RW1 and RW2)
without a gap. (e) Experimental setup for spin-wave propagation. Spin waves are excited by a signal generator and detected by a real-
time oscilloscope. An external magnetic field was applied normal to the sample lines. Magnetic field dependence of time-domain wave
packets for (f) the device with a 1.2-pm gap, (g) RW1, and (h) RW2 at an arbitral phase difference (Ag). (i) Arrival time difference
at H.x= 140 Oe between the device with a 1.2-um gap, RW1, and RW2. (i) Power spectra of time-domain waveforms showing the
frequency difference of carrier packets at H.x = 140 Oe between the device with a 1.2-um gap, RW1, and RW2.

magnetic field, applied perpendicular to the input antenna,
excited the MSSWs. Figure 2(f) illustrates the propagat-
ing spin-wave packet within the YIG waveguide with gaps
at different magnetic field values (50, 100, and 140 Oe).
An arbitrary phase difference (A¢) was set for this demon-
stration. As the magnetic field increases, a delay in the
arrival time of the packets is observed. It is important
to note that, within this experimental setup, only the rel-
ative time difference between packets is valid, not the
absolute origin of time. The measured time differences
between arrivals were At;=24.3 ns (ts00e — f1000e) and
Aty=15.3 ns (¢1000e — t1400¢ ). Propagating spin-wave spec-
troscopy was similarly employed for RW1 and RW2, as
shown in Figs. 2(g) and 2(h).

Figure 2(i) presents the time-domain measurement
results for all three devices at an external magnetic field
(Hex) of 140 Oe. We compared the peak-to-peak voltage
(Vpp) of the spin-wave signals for the device with a 1.2-
um gap, RW1, and RW2. The amplitude of the 1.2-um
gap device was found to be 0.28 times that of RW1 and
0.34 times that of RW2. Additionally, the difference in
arrival times (A¢) between the device with the gap and the
reference devices was 14.7 ns for RW1 and 14.2 ns for
RW2. The introduction of the gap effectively narrows the
waveguide and increases the demagnetization fields within
the structure. This reduction in the effective magnetic field
(H ) leads to a decrease in the spin-wave frequency (f).
Consequently, the group velocity (v, = df /9k) is reduced,
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resulting in the observed delays in arrival times. As shown
in Fig. 2(j), the power spectra of the time-domain packets
reveal a decrease in the peak frequency (f;,) for the devices
with the 1.2-um gap compared with both RW1 (15 MHz
shift) and RW2 (35 MHz shift). These observed frequency
shifts and amplitude reductions provide strong evidence
that the spin waves propagated through the gaps via dipolar
magnetic fields.

Figures 3(a)-3(c) depict the interfered spin-wave packet
for each device at an external magnetic field (H¢) of
140 Oe and a sinusoidal pulse frequency (f) of 1.23 GHz.
The phase difference (A¢) between the two-input antennas
was set to either 0 or . As shown in Fig. 3(a), single-sided
excitation using antenna 2 alone resulted in a spin-wave
amplitude of 1.57 mV (shown in a red waveform). When
Ag was set to 0 (constructive interference), the spin-wave
amplitude increased to approximately 2.65 mV, roughly
1.7 times higher than single-sided excitation. Conversely,
at Ap = m (destructive interference), the spin-wave ampli-
tude significantly decreased to about 0.28 mV, which
is approximately one-sixth of the single-sided excitation
level. Figure 3(d) illustrates the relationship between the
maximum spin-wave amplitude and the continuously var-
ied phase difference (Ag). The data was fitted using the

formula 4 = \/A% + A% + 2414, cos Ap, where A} and 4,
represent the amplitudes of the independent input waves.
As evident from Fig. 3(d), the device with the 1.2-pm
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FIG. 3. Spin-wave interference via dipole coupling. Time-

domain waveforms observed (a) in the device with a 1.2-pm
gap, (b) in RW1, and (c) in RW2 under the conditions of Ap =0
and Ag = . Both constructive and destructive interferences are
observed. (d) Phase dependence of the amplitude of interfered
spin wave for three different devices.

TABLE 1. Amplitudes of the interfered spin waves and their
ratio.

A(Ap=0)/
Device A(Ap=0)mV A(Ap=m)mV A(Ap=m)
1.2-um gap 2.65 0.28 9.46
RW1 10.36 1.79 5.78
RW2 7.52 1.35 5.57

gap, which utilizes magnetic dipole coupling, exhibits
good agreement with the fitting curve. However, for RW1
and RW2, significant deviations between the fitting and
experimental data are observed around A¢ =m, as indi-
cated in the plot. The fitting curves consistently yielded
A =0, while RW1 and RW2 exhibited finite amplitudes
of approximately Arw;=1.79 mV and Arw,=1.35 mV,
respectively. Table I summarizes the ratio of spin-wave
amplitudes at Ap =0 and Ap =m for all devices. The
device with the 1.2-pum gap demonstrates the largest ampli-
tude ratio, exhibiting approximately 1.6 and 1.7 times
higher values compared with RW1 and RW2, respectively.
This translates to the largest ON:OFF ratio observed in this
experiment.

Considering the device as a 2-input, 1-output logic ele-
ment, we can encode digital information. A sine pulse
wave, Asin(wt), can represent a logic “0,” while a sine
pulse wave with a & phase shift, 4sin(w?+ ), can rep-
resent a logic “1” for input values A and B. In our
electrical measurements of the fabricated device with a
1.2-um gap, we defined the threshold voltage as half of
the maximum amplitude value (Viyax/2). When the out-
put voltage exceeds the threshold voltage, it is considered
a “l1,” while a value below the threshold is considered
a “0” [Appendix B]. With this encoding scheme, the
absence of a phase difference between signals A and B
leads to constructive interference, maximizing the out-
put amplitude and corresponding to a logic “1.” Con-
versely, a phase difference (Ag) of 7w between signals
A and B results in destructive interference, minimizing
the output amplitude and corresponding to a logic “0.”
Based on these observations, we can conclude that the
fabricated device and the employed electrical measure-
ments demonstrate the potential for constructing an XNOR
gate.

To gain a deeper understanding of a large ON:OFF
ratio in dipole-coupled architecture, micromagnetic simu-
lations were performed by numerically solving the Lan-
dau—Lifshitz—Gilbert equation, om/0t=—yuom X He
4+ agm x dm/d¢, using MUMAX3 [33]. In this equation,
m represents the unit vector along the magnetization,
H,g is the effective magnetic field component, including
exchange, magnetostatic, and external magnetic fields, and
ag represents the Gilbert damping constant. The simu-
lated YIG thin film was modeled with a unit cell size
of 400 x 400 x 57.5 nm. The material parameters used
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FIG. 4. Simulated wave fronts at the junctions of three different Y-shaped devices. The spin-wave wave front at the junction of (a)
the device with a 1.2-um gap for (b) Ap =0 and (¢) Ap = . The intensity has a magnitude of m,. The spin-wave wave front at the
junction of (d) the RW1 for (e) Ap =0 and (f) Ap = . The spin-wave wave front at the junction of (g) the RW2 for (h) Ap =0 and

(i) Ap =.

in the simulation were chosen to match the microfabri-
cated YIG film: saturation magnetization 4w M; = 1057 G,
Gilbert damping constant ¢g=1.35 x 1073, and exchange
stiffness constant 4.x=3.7 pJ/m. The values of the exter-
nal magnetic field and excitation pulse in the simulations
were identical to those employed in the experimental
measurements (Hx= 140 Oe and /' = 1.23 GHz).

Figure 4 depicts the simulated wave front after it propa-
gates beyond the coupled region of the waveguide in each

device. The simulations analyzed the spatial distribution of
the out-of-plane magnetization component (m) at a spe-
cific time point (r= 125 ns) after excitation. Figure 4(a)
shows the device with a 1.2-um gap and the analyzed
region indicated by the red dotted square. Figure 4(b)
presents the magnitude of magnetization (m,) as a color
map for a phase difference (Ag) of 0 at the input. In
contrast, Fig. 4(c) illustrates the scenario with a phase dif-
ference (Ag) of 7 at the input. As evident from Fig. 4(b),
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constructive interference occurs when A = 0. This results
in a single, uniform wave front propagating parallel to the
negative y-direction. The two spin waves effectively merge
into one coherent wave as they travel through the waveg-
uide. Conversely, Fig. 4(c) shows destructive interference
for Ap =m. Here, the collision of the two waves leads
to their weakening, evident from the significantly reduced
intensity of the out-of-plane magnetization (m,) observed
in the color map.

Figure 4(d) represents the device of RW1 and the ana-
lyzed region (red dotted square). Figure 4(e) depicts the
wave front in RW1. Unlike the device with a 1.2-um gap,
the two spin waves in RW1 collide without converging into
a single wave front. Instead, they maintain their individu-
ality, propagating with a noticeable diagonal component
relative to the waveguide direction. Furthermore, Fig. 4(f)
shows that even for Agp = (destructive interference), the
waves in RW1 remain distinct with no significant decrease
in the overall intensity of the interference pattern, as illus-
trated by the color map. In contrast, Fig. 4(h) presents
constructive interference in RW2 for Ag =0. Similar to
the device with a 1.2-um gap, a single, uniform wave
front propagates parallel to the negative y-direction. The
two waves effectively merge into one coherent wave front
within the waveguide. However, a key distinction from
the 1.2-um gap device is observed in Fig. 4(i). Unlike
the significant decrease in wave intensity for Ag = in
the gap device [Fig. 4(c)], RW2 exhibits two independent
waves with intensities comparable with those at A =0.
These waves persist even under destructive interference
conditions.

To quantify the ON:OFF ratio, we calculated the spa-
tial integral of the out-of-plane magnetization component
(m?) within the designated 40 pm x 40 pum region, out-
lined by the green dashed lines in Fig. 4. The calculated
values are summarized in Table II. The device with the
1.2-um gap exhibited a significant improvement in the
ON:OFF ratio compared with both RW1 and RW2. Specif-
ically, it demonstrated a 23.6-fold increase over RW1 and
a 15.7-fold increase over RW2. While RW1 possesses a
continuous Y-shaped structure and RW2 features a nar-
rowed waveguide, the enhanced ON:OFF ratio achieved
in this magnonic computing device can be attributed to
the presence of the gap. This improvement likely arises
from the efficient extraction of the spin-wave signal from
the central region at (x, y)=(0, 0), where the physical
wave interference occurs. The gap effectively suppresses

TABLEIL. Total sum of m? within the 40 pm x 40 pm region.

Ap=0 Ap=m ON:OFF ratio
1.2-pum gap 1.79 x 1073 0.76 x 10~* 23.6
RW1 0.16 0.16 1.0
RW2 2.08 x 1072 1.38 x 1072 1.51

the contributions of reflected and diffracted waves at the
junction.

To further investigate the ON:OFF ratio, we performed a
Fourier transform analysis on the out-of-plane magnetiza-
tion component (72,) within the designated 40 pm x 40 pm
region, outlined by the green dashed lines in Fig. 4.
We focused on the Agp =m case, which represents the
low signal (OFF) state. Figure 5(a) depicts the wavevec-
tor space distribution for the device with a 1.2-um gap,
while Figs. 5(b) and 5(c) show the distributions for
RW1 and RW2, respectively. As shown in Fig. 5(a),
the wavevector is concentrated on k,=+0.02 pum~!
(red color) and other weak wavevectors are confined
within the region —0.26 pm~' <k, <0.26 pm~' and
—0.23 um~! <k, <0.23 pm~' (pink dotted rectangle).
This means that the spin waves propagate in a straight
line along the waveguide with an angle of less than 6 =
tarctan(k, /k,) < 8.75°. In contrast, for RW1 [Fig. 5(b)],
the wavevector distribution extends to the region
—0.55 pm™! <k, <0.55 pm~! and —0.33 um~! <k, <
0.33 pm~! (white dotted rectangle), although a similar
intensity is still observed at k, =+0.07 um~!. A critical
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FIG. 5. Wavevector analysis of spin waves at the three dif-

ferent samples. The color maps depict normalized wavevector
distributions obtained from simulation results for (a) the device
with a 1.2-um gap, (b) RW1, and (c) RW2. (d) Calculated wave
number distribution of spin waves in a sample structure, utilizing
the allowed spin-wave incidence angles derived from the sample
structure and the dispersion relation of the spin waves.
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difference is evident in the oblique intensity distributions
indicated by the arrows. This suggests contributions from
reflected or diffracted waves propagating with oblique
angles 0 = Farctan(k,/k,) = 59°. These unwanted waves
could contribute to background noise in the OFF state for
RW1 since it induces insufficient destructive interference.

Furthermore, Fig. 5(c) reveals another key distinction
between RW1 and RW2. While RW2 also exhibits signal
intensity for finite k&, components (oblique propagation),
the region of such oblique intensity is significantly weaker
compared with RW1. This suggests that RW2 possesses
a cleaner wavevector distribution in the OFF state, poten-
tially leading to a lower noise level. The kink structure
in RW2 effectively reduces the contribution of reflection
or diffraction waves. For reference, Fig. 5(d) depicts the
theoretically calculated wavevector distribution, where the
color intensity represents the magnitude of the frequency.
It is important to consider that injected spin waves in
Y-shaped devices typically have a finite injection angle
(e.g., 35°). Consequently, the spin waves in the junc-
tion area possess both k, and k, components. Notably,
the overall shape of the dispersion relation in Fig. 5(d)
aligns well with the experimental observations presented in
Figs. 5(a)-5(c). This agreement provides strong validation
that the Fourier transform analysis has effectively captured
the signal intensity within the wavevector space of the
acquired region.

The wavevector analysis in Fig. 5 reveals a criti-
cal distinction between the devices. The device with
a 1.2-um gap utilizing dipole coupling exhibits a con-
centrated distribution of wavevector components (k)
perpendicular to the spin-wave (MSSW) propagation
direction, centered around k, =0 [Fig. 5(a)]. In contrast,
RWI1 and RW2 show a broader distribution with high
intensities near k, ==0.5 um~' [Figs. 5(b) and 5(c)].
This observation suggests that the gap formation in the
1.2-um gap device effectively suppresses the influx of
waves propagating obliquely within the waveguide. By
restricting the wavevector components in the waveguide
width direction, the gap formation likely contributes to the
improved ON:OFF ratio observed in the magnonic device.

I1I. CONCLUSION

In summary, this study demonstrates an innovative
approach to spin-wave logic devices by incorporating a
dipole-coupling gap into a micro-Y-shaped waveguide.
The device design enables a simple 2-input-1-output
magnonic logic functionality, which was realized by care-
fully balancing low saturation magnetization and magnetic
damping in a thin yttrium iron garnet (YIG) film fabri-
cated using a sputtering method. Time-domain electrical
measurements revealed the gap’s influence on spin-wave
propagation and interference, leading to the successful
detection of diagonally propagating spin waves over a

distance of 120 um. Notably, the ON:OFF ratio achieved
a 1.7-fold improvement in the experiment and a 23-fold
improvement in the simulation, compared with a reference
device without the gap. These findings strongly suggest
that dipole-coupling gaps offer a promising strategy for
significantly boosting the performance of magnonic logic
devices.

The data supporting the findings of this study are
available from the corresponding author upon reasonable
request.
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APPENDIX A
1. Preparation of the sputtered YIG films

Figure 6 shows the result of the vibrating sample
magnetometer (VSM) experiment for the evaluation of

1500 T T

1000 -

= Magnetization curve
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500

Magnetization (G)
o

-500

-1000 |

-1500 . v
-50 -25 0 25 50
External magnetic field (Oe)

FIG. 6 Example of the VSM measurement. The magnetization
of the YIG thin film was evaluated using VSM. The satura-
tion magnetization is 1081 G on the application of an in-plane
magnetic field.
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TABLE III.  YIG film fabrication and characterization.
Sample A Sample B Sample C Sample D
Ar pressure (Pa) 6.76 6.4 6.4 2.67
Annealing temp. (°C) 1000 1000 800 800
0, pressure (x 10° Pa) 1.5 1.5 1.5 1.5
Thickness (nm) 44 115 115 120
Area roughness (nm) 0.31

RMS = 0.31 nm

RMS = 0.36 nm

0.36 0.67 0.14

Magnetization (G) 849 1057
Damping factor (x1073) 1.99 1.35
magnetization. As shown, the saturation magnetization APPENDIX B

of sputtered YIG film was 1081 G on the application
of an in-plane magnetic field and is approximately iden-
tical to the FMR measurement. Table III summarizes
the sputtered YIG films with relatively small magnetiza-
tions. Under these sputtering and annealing conditions,
we obtained very flat YIG films with smaller area rough-
ness. Atomic force microscopy measurements revealed
no specific grains formed. Successive FMR measure-
ments revealed a correlation between the magnetization
and damping factor. As shown in Table III, YIG films
with a larger magnetization possess smaller damping fac-
tors, while those with smaller magnetization possess larger
damping factors. In our Y-shaped waveguide with these
films, only sample C exhibits clear dipolar-mediated spin-
wave propagation. There is room for design optimization
of the dipolar coupling regime since the Y-shaped sample
contains a small overlap region. By modifying the sample
geometry, it may be possible to observe propagation even
in samples with larger magnetizations.

e 1©

2n 1

/2 n 32
Phase

FIG. 7 XNOR truth table. Encoding scheme of the logic oper-
ation for the Y-shaped waveguide. (a) Sample geometry of the
Y-shaped sample with a 1.2-um gap. (b) Phase difference depen-
dence of spin-wave interference between two different inputs. (c)
Truth table of the XNOR operation.

1. Truth table for the XNOR operation

Figure 7(a) shows an encoding scheme for the Y-shaped
gate [Fig. 7(a)]. The gate possesses two inputs (A and
B) and one output (O). For example, for given inputs
A = A4sin(wf) and B = 4sin(wf) where 4 and w/27 are spin-
wave amplitude and frequency, respectively, the output is
expected to be O = 24sin(wt). Assuming that “0” and “1”
are encoded using phase information, the output should be
O =0 when the inputs are represented as A=A sin(wt)
and B=4 sin(wt+ 7). If the output “1” is defined as
V> Vmax/2 and the output “0” is defined as V' < Viax/2, as
shown in Fig. 7(b), the Y-shaped sample acts as an XNOR
gate, as shown in Fig. 7(c). It is important to note that while
the inputs are initially encoded using phase information,
the output is encoded using the amplitude. As a result, the
sample could be called a phase-amplitude converter.
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