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Chiral microwave nonreciprocity demonstrated via Rayleigh and Sezawa modes
supported in an Alj sgScy.42N/4H-SiC platform
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Chirality plays a crucial role in the helicity mismatch between surface acoustic waves and magnetic
spin waves, leading to nonreciprocal transmission of acoustic power for coupled magnetoacoustic modes.
Acoustic modes with both longitudinal and shear strain exhibit elliptical particle displacements, making
them chiral, and different acoustic modes can exhibit different helicities of this elliptical particle displace-
ment. Here, we study chiral acoustic modes with different helicities supported on the same piezoelectric
platform and their interaction with magnetic spin waves. Our study demonstrates that the nonreciprocal
transmission of acoustic power is driven by the helicity mismatch effect and, specifically, that the handed-
ness of the nonreciprocity is based on whether the surface acoustic wave has retrograde (Rayleigh mode)
or prograde (Sezawa mode) elliptical particle displacement with respect to the propagation direction. We
found the transmission nonreciprocity to be significant, with 7.3 dB/mm for the retrograde particle dis-
placement (Rayleigh mode at 2.358 GHz) and 3.3 dB/mm for prograde particle displacement (Sezawa
mode at 3.112 GHz). This work highlights that piezoelectric platforms can be engineered to support
acoustic modes with opposite helicities to enable frequency-selective nonreciprocal radiofrequency and
microwave components, such as isolators and circulators, through coupled acoustic spin wave interactions.
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I. INTRODUCTION

Chirality is a fundamental property observed when an
object cannot be superimposed onto its mirror image
through rotation and translation alone [1], such as the right-
handed helical structure of DNA [2,3], chiral structure
of proteins comprised of L-amino acids [4,5], electro-
magnetic chirality of circularly polarized light [6,7], etc.
Surface acoustic wave (SAW) modes with both longi-
tudinal and shear strain have elliptical particle motion,
for example, a Rayleigh wave, and this ellipticity defines
a chirality or handedness that is perpendicular to the
wave’s propagation direction [8]. For linear, time-invariant
media, SAW propagation is reciprocal [9]. Magnetic spin
waves, on the other hand, are inherently achiral, and
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their propagation is also reciprocal. However, if symme-
try is broken out-of-plane through interfacial effects or
asymmetric exchange interactions, magnetic spin waves
with in-plane propagation become nonreciprocal [10]. In
the case of acoustic-driven magnetic resonance (ADMR),
whereby SAWs interact with magnetic spin waves to form
hybridized magnetoacoustic modes, there is one inherent
source of nonreciprocity driven by the differing helici-
ties that cause the waves to have relatively weaker or
stronger coupling depending on the propagation direc-
tion [11]. This is referred to as the helicity mismatch
effect and has been experimentally observed in a variety
of systems, including coupling between a Rayleigh mode
and magnetic spin waves in Ga-doped Y;FesOp, [12], Ni
[13], and Ta/CoFeB/MgO systems [14]. Figure 1 shows
a schematic of the anticipated magnetic absorption pattern
and nonreciprocity driven by the helicity mismatch effect.
In certain systems, the strength of the nonreciprocity was

© 2025 American Physical Society
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not fully described by the helicity mismatch effect driven
only by magnetoelastic coupling. Rather, it also required
the contribution of magnetorotational coupling, where
the rotational motion couples with the magnetization via
magnetic anisotropies. This was originally predicted by
Maekawa and Tachiki and, more recently, experimen-
tally demonstrated by Xu et al. in a Ta/CoFeB/MgO
system with perpendicular magnetic anisotropy [14—16].
Disentangling individual contributions such as magnetoro-
tational coupling [15,16], spin-rotational coupling [17,18],
and gyromagnetic coupling [19] poses a challenge due to
their overlapping symmetries with respect to the magne-
toelastic driving field [11].

Recently, there has been heightened attention on SAW-
spin-wave coupled devices due to this observed microwave
nonreciprocity [11,20,21]. While the helicity mismatch
between the SAWs and magnetic spin waves leads to
nonreciprocity, greatly enhanced nonreciprocity can be
achieved through the integration of magnetic heterostruc-
tures with strong asymmetry in their spin wave disper-
sion, i.e., synthetic antiferromagnetic heterostructures, and
those with interfacial Dzyaloshinskii-Moriya interactions
[22—28]. This results in both nonreciprocal acoustic power
transmission and phase accumulation [24]. Figure 1 dis-
plays a schematic highlighting the anticipated magnetic
absorption and nonreciprocal transmission for ADMR
devices, where the nonreciprocity is dominated by asym-
metric spin wave dispersions. Of course, in a physical
system with the nonreciprocity driven primarily asymmet-
ric spin wave dispersions, there will also be some minor
contribution from the helicity mismatch effect. SAW-
asymmetric spin-wave-coupled devices show promise for
radiofrequency front-end components, such as isolators
and circulators [28]. Thus, the study of nonreciprocal
coupling between SAWs and magnetic spin waves is of
significant technological relevance.

Here, we specifically engineered a piezoelectric plat-
form of a 1-pum AlyssSco4N (AlScN) film on 4H-SiC
to support two acoustic modes with opposite helicities,
specifically a Rayleigh mode and a Sezawa mode, that
are excited with the same transducer. This acoustic plat-
form has several unique advantages. It has (1) a high
piezoelectric transduction efficiency for the Sezawa acous-
tic mode, (2) isotropic acoustic propagation in the plane
(which eases on-chip design compared with anisotropic
platforms, e.g., LiNbOj3), and (3) high thermal conduc-
tivity, which is necessary for any rf transmitter operation
that generally uses hundreds of milliwatts or even watts
of power [29,30]. This platform also has high resistivity,
low tf losses, and low acoustic propagation losses [29—
31]. The velocity contrast between 4H-SiC and AIScN
for all Sc-doping concentrations has been shown to sup-
port strongly guided slab modes [29,30,32,33], and the
high acoustic velocity of the strongly electromechanically
coupled modes of the stack support operation at higher

frequencies than typical materials using LiNbOj;. In addi-
tion, this platform is of increasing technological relevance
as acoustoelectric amplifiers with a gain of 500 dB/cm
have recently been demonstrated [34].

II. MAGNETIC HETEROSTRUCTURE
CHARACTERIZATION

Magnetic heterostructures for ADMR should have high
magnetostriction to optimize the strain coupling with the
piezoelectric film, low magnetic damping for low coupled
losses, and high magnetization such that lower applied
magnetic fields are required for resonance [21]. For this
study, we selected (Feg;Gaj9)gsB1o (FeGaB), specifically
a heterostructure of FeGaB/SiO,/FeGaB, due to its high
saturation magnetostriction of 70 ppm, narrow ferromag-
netic resonance linewidth of <20 Oe in the X-band, and
high saturation magnetization (14 500 Gauss) [35-37]. To
assess the magnetization of each respective FeGaB layer
in our heterostructure and to ensure we did not have
interfacial chemical mixing, we conducted polarized neu-
tron reflectometry at the Spallation Neutron Source at
Oak Ridge National Laboratory [38]. Polarized neutron
reflectometry (PNR) is a technique that provides through-
thickness depth profiles of the nuclear (real pn and imag-
inary pn,) and magnetic (om) scattering length densities
(SLD), referred to as nuclear SLD and magnetic SLD,
respectively, within the heterostructure [39]. The real part
of the nuclear SLD depends on the material’s density and
composition, while the imaginary part is associated with
the absorption SLD and the magnetic SLD is directly asso-
ciated with the net in-plane magnetization [38—41]. From
a fitting of the PNR data, the depth-resolved informa-
tion on the composition, density, and magnetization of the
heterostructure is obtained [39—41]. Measurements were
performed in ambient conditions with an electromagnet
to apply a magnetic field. For the PNR measurement, a
spin-polarized neutron beam with a wavelength band A
(2.5-8.5 A) was incident on the sample at a grazing inci-
dence angle, 6, while a spin flipper was used to alternate
the incoming neutron spin state. The spin-dependent neu-
tron reflectivity spectra, R+ and R—, were measured as a
function of the wavevector transfer, Q = 4 sin(6)/A, along
the direction normal to the film surface. The measurements
were collected at 300 K with an in-plane magnetic field
of 1 T, far exceeding the saturation of the sample [35].
The PNR samples were fabricated on a silicon substrate
with a 10 mm x 10 mm cross-sectional area to reduce
the neutron count time required for high-Q measurements.
The data was fit using the Refl-1D software package [42].
The PNR reflectivity, spin asymmetry, and the nuclear
and magnetic SLDs are given in Figs. 2(a)-2(c). The
PNR analysis revealed the respective FeGaB layer thick-
nesses were 167.72(35) and 149.34(32) A, respectively,
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FIG. 1. A conceptual diagram of the two main drivers of nonreciprocal transmission for acoustic-driven magnetic resonance
(ADMR) devices, where f is defined as frequency, k is the propagation vector, and H is the dc magnetic field. (a) Rendering of a
surface acoustic wave (SAW) delay line coupled to a magnetic film. In this diagram, the SAW propagation axis (+k and —k) is defined
along the y-axis. The vector magnetic field is applied in the xy-plane (components Hx and Hy). The coupling between the SAW-spin
wave (SW) can be understood via the SAW-SW dispersion relation. Note that the SAW dispersion is linear and symmetric and the
SW dispersion varies based on the applied magnetic field bias field (represented here as curves from light green to light purple).
(b) Diagram of the SAW-SW dispersion (SAW labeled in green and SW labeled in light purple) in the case of an asymmetric spin
wave dispersion. The asymmetric spin wave dispersion could result from strong interlayer coupling or an antisymmetric exchange
interaction. (c),(d) Anticipated magnetic absorption as a function of the applied in-plane magnetic field (Hx, Hy). Here, the resonance
field required for the SAW-SW coupling is different for the same operation frequency based on the SAW propagation direction (+k
versus —k). If the nonreciprocity is caused purely by the asymmetric spin wave dispersion, and the SAW dispersion remains linear
and symmetric, the interaction can be nonreciprocal but not necessarily chiral. (¢) Diagram of the SAW-SW dispersion given in the
case of a symmetric spin wave dispersion (SAW labeled in green and SW labeled in light purple). (f),(g) Corresponding anticipated
behavior for nonreciprocity driven primarily via helicity mismatch effect, which would be the case here. (d) Example of the dispersion
relation for reciprocal spin-wave and SAW, but the coupling is stronger or weaker for +k or —k based on the helicity mismatch effect
for a particular applied field magnetic field shown in (e),(f). Note that these diagrams are conceptual and exaggerated to emphasize the
differences between the two drivers of nonreciprocity in ADMR. In the case of the helicity mismatch effect in (e)—(g), the magnetic
absorption pattern lacks rotational symmetry due to the asymmetric coupling strengths and, therefore, is chiral.

and the SiO, spacer thickness was 37.96(18) A. The sen-  densities of 3.173(20) x 106 and 3.421(20) x 1076 A2,
sitivity of neutrons to boron due to its absorption cross  respectively, corresponding to 1111 kA/m (13 971 Gauss)
section is an additional advantage and allows precise  and 1198 kA/m (15063 Gauss)—these magnetic scatter-
determination of the depth profile of the boron distribu-  ing length densities were uniform through the respective
tion. We found FeGaB layers with magnetic scattering  layer thicknesses. This high magnetization is close to the
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FIG. 2. (a) Reflectivity normalized by the theoretical reflectiv-

ity of a Si substrate for both spin-up and spin-down neutrons
along with their model fit, (b) Spin asymmetry along with the
model fit. In (a),(b), the error bars represent 1 standard devia-
tion. (¢) Model profile for nuclear and magnetic scattering length
density.

approximate 1153 kA/m (14 500 Gauss) expected for 12%
B-content, the desired FeGaB composition [35].

We also performed broadband ferromagnetic resonance
(FMR) measurements to better characterize the magnetic
loss of the magnetic heterostructure. FMR measurements
were performed with a swept bias field that yielded differ-
ential absorption spectra at each frequency, f, where the
derivative peak corresponds to the main resonance uni-
form mode. The measurements were taken in a transverse
pumping geometry to favor the acoustic mode [43]. The
measurement frequency varied from 2.5 to 31 GHz, and
the sample temperature was held at 298 K. The FMR
spectrum is shown in Fig. 3(a). One uniform mode was
observed until approximately 12 GHz, where the mode
begins to split into two resonances—see Fig. 3(b). The
split resonances indicate there may be a variation between
the effective magnetizations, likely due to variations in
the magnetic layer magnetizations and anisotropies. The
variation in magnetization between the FeGaB layers is

consistent with the PNR measurements and analysis. To
account for this in our analysis, we fit the derivative of
a single Lorentzian to our data below 12 GHz while,
for above 12 GHz, we fit the derivative of the sum of
two Lorentzians to effectively capture the individual layer
resonances. The effective in-plane magnetization and gyro-
magnetic ratio were extracted from the FMR data using the
Kittel equation, i.e.,

f = |V/27T|\/Hres(Hres + 477Meff)’ (1)

where Hs is the resonance field, y is the gyro-
magnetic ratio, and 47 M.y is the effective in-plane
magnetization.

The results of the Kittel fit are shown in Fig. 3(d). The
gyromagnetic ratio is higher than the expected 28 GHz/T
value, likely due to inhomogeneity in the FeGaB films
as evidenced by the different magnetization values and
inhomogeneity-induced FMR peak broadening, which
shows up only in the low-field regime (this is not present
at frequencies >12 GHz and the corresponding higher
applied magnetic field). The Gilbert damping constant and
inhomogeneous broadening were extracted from a linear
fit of the full-width half-maxima of the Lorentzian as a
function of frequency. We limited this analysis to below
10 GHz to ensure that we were only fitting to a single reso-
nance. We extracted this quantitative information using the
following expression:

AHrwavm = AHp + 2710(/)/ (2)

where AHpwum is the uniform mode linewidth, AH,
is the inhomogeneous linewidth broadening, « is the
Gilbert damping constant, and y is the gyromagnetic ratio
(extracted from the Kittel equation).

The results for the Gilbert damping fit are shown in
Fig. 3(e). Overall, the FMR measurement and analysis
indicate that there is a high effective magnetization (i.e.,
approximately 13 000 and 12 700 Gauss for the two FeGaB
layers), negligible inhomogeneous broadening (1.62 Oe),
and low damping (6.10 x 1072) and, therefore, ultralow
magnetic loss.

1. PIEZOELECTRIC PLATFORM DESIGN AND
OPTIMIZATION

Most ADMR devices to date have focused on Rayleigh
modes [21], which have both longitudinal and vertical
shear components, creating a retrograde elliptical motion
of surface particles relative to the SAW propagation direc-
tion [4446]. A Sezawa mode, a higher-order Rayleigh
wave, is supported in multilayered structures, typically
when a lower-velocity piezoelectric layer is deposited on
a higher-velocity substrate [29,30,34]. This requirement
makes forming a guided structure with AIN or AIScN
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FIG. 3. (a) Raw ferromagnetic resonance characterization from 2.5 to 31.0 GHz in the transverse pumping geometry; thus, these

are the acoustic mode resonances. (b) 5-GHz raw data with a single Lorentzian derivative fit and (c) 20-GHz raw data with a double
Lorentzian derivative fit to fully capture the slight difference in resonance fields between the two respective FeGaB film layers. (d)
Kittel fit considering slight variation in the resonance fields for the two respective films in the bilayer at higher frequencies with fitted
values displayed. (e) Resonance linewidth (full-width half-maximum) versus frequency below the resonance splitting with the Gilbert

damping fit plotted and values displayed.

challenging because these piezoelectric materials have a
high acoustic velocity. However, 4H-SiC has longitudi-
nal and shear velocities of approximately 13 and 7 km/s
[47], respectively, that have sufficiently high velocities
to support a guided mode with the AIScN piezoelectric
film. The Sezawa mode is confined to the surface while
still interacting with the substrate interface and exhibits
a prograde elliptical trajectory of surface particles rela-
tive to the SAW propagation direction [46]. While the
Rayleigh mode has been extensively studied in the con-
text of coupling with magnetic spin waves, the Sezawa
mode has not received as much attention in this field
[48,49]. In this work, we have engineered our AIScN/SiC
heterostructure specifically to support both the Rayleigh
(retrograde ellipticity) and Sezawa (prograde ellipticity)
modes by tuning the layer thickness and velocity mis-
match, enabling us to access different SAW helicities in
our ADMR experiments. To our knowledge, nonreciproc-
ity enabled by SAW-spin-wave helicity mismatch has not
been studied on the AIScN/SiC platform to directly probe
the effect of two SAW polarizations, i.e., the Rayleigh
(retrograde ellipticity) and Sezawa (prograde ellipticity)
modes.

The 1-um AIScN films were deposited on SiC sub-
strates, as reported previously [29,30], and the films are of
high crystalline quality, which is evident by the full-width

half-maximum of the x-ray diffraction rocking curve of
1.05° for the AIScN (0002)-peak (refer to Supplemental
Material 1) [50]. Based on the anticipated magnetic field
required for SAW-SW coupling in this system (see Sup-
plemental Material 2) [50,51] and the maximum magnetic
field on our probe station, we required a target operation
frequency of 3 GHz for the Sezawa mode. We performed
an eigenmode simulation using COMSOL finite element
modeling of the Rayleigh and Sezawa mode, assuming
a l-um AIlScN film on SiC—see Fig. 4. Assuming a
wavelength of 2.222 um, the simulation revealed that the
Sezawa mode supported on our piezoelectric platform has
a phase velocity of approximately 6666 m/s. We ran our
simulation for several wavelengths and calculated the fre-
quency of the Rayleigh and Sezawa eigenmodes and were
able to map out the dispersion of the modes—see Fig.
4(c). The phonon dispersion of both the Rayleigh and
Sezawa modes is linear in the relevant wavelength regimes
presented here.

A SAW delay line device consists of metal interdigi-
tal transducers (IDTs) on a piezoelectric film or substrate.
The electrical energy applied to the IDTs is converted into
an acoustic wave via the inverse piezoelectric effect. The
SAW wavelength (Asaw) is determined by the periodicity
of the IDTs and the frequency of operation is approxi-
mated by the ratio of the acoustic wave velocity to the
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form in the transducer region. (c¢) Simulated dispersion for the
Rayleigh and Sezawa modes.

SAW wavelength (v,/Asaw)—noting that v, is dependent
on wavelength and thickness. Using the results from the
eigenmode simulation, we used a wavelength of 2.222 um
to design our bidirectional IDTs, where the transducer fin-
ger width and spacing were targeted to be Asaw/4. We
optimized the SAW device IDT design experimentally
through a parameter sweep of the number of transducer
finger pairs and the transducer aperture (refer to Supple-
mental Material 3) [50]. Apertures of 50isaw and 75Asaw
with 1050 transducer finger pairs and a delay length
of 50 pm yielded a Sezawa mode with close to 6 dB
of insertion loss, which is the absolute minimum possi-
ble with bidirectional IDTs and indicates very low excess
loss from our design. We experimentally determined the
average propagation loss for the Sezawa mode by mea-
suring the minimum insertion loss across delays of 50,
250, 500, and 750 um as a function of the device aperture
and found a loss of 8.48 dB/mm for 25 saw, 8.15 dB/mm
for 50Asaw, and 7.28 dB/mm for 75Asaw. These propa-
gation losses are higher than the previously reported loss
of 5.9 dB/mm for AlgssScy4N/4H-SiC, which may be
a result of surface roughening in our devices [29]. Based
on these results, a device aperture of 75 saw was selected
for our acoustic-driven magnetic resonance experiments.
Using a representative SAW device, we calculated the
electromechanical coupling coefficient, k2, as 4.47% and
1.79% for the Sezawa and Rayleigh modes, respectively,

which effectively agrees with the 4.38% and 1.11% deter-
mined from the COMSOL simulations (the corresponding

data and analysis can be found in Supplemental Material
4) [50,52].

IV. ADMR DEVICE FABRICATION AND
PERFORMANCE

Following the characterization and optimization of
the SAW delay line devices based on the Rayleigh
and Sezawa modes cosupported in the AIScN/SiC
piezoelectric platform, we deposited magnetic strips of
the FeGaB/Si0,/FeGaB heterostructure with an in-situ
magnetic bias field at 45° relative to the SAW device prop-
agation axis (fabrication details can be found in Supple-
mental Material 5) [50]. A representative ADMR device is
shown in Fig. 5. Following a scanning electron microscopy
inspection, the fabricated devices were found to be close to
the desired periodicity with a wavelength of 2.210 um.

The SAWs are generated through an applied microwave
signal via rf probes in a ground-signal-ground configura-
tion to the interdigital transducers. As the SAWs propagate
through the magnetic heterostructure, the lattice oscil-
lations and strain induce an effective rf magnetic field.
Under a static in-plane magnetic field (H,, H,), spin
waves are excited, resulting in magnetoacoustic transduc-
tion that produces both SAW attenuation and delay. We
applied the static magnetic field via nested Helmholtz coils
with bipolar power supplies to produce an in-plane vec-
tor magnetic field. Following a short, open load, through
two-port calibration, we used a vector network analyzer
to measure attenuation through scattering parameters Sy,
and S, characterizing the transmission of SAWs travel-
ing in the +k and —k directions. The difference between
the magnitude of the S»; and S;, (dB) defines the trans-
mission nonreciprocity present. The difference between
the S,; phase and the S}, phase defines the phase accu-
mulation. Here, we characterized ADMR devices based
on FeGaB/SiO,/FeGaB grown on an AlIScN/SiC plat-
form, specifically with an aperture of 75isaw and delay
lengths of 50, 250, 500, and 750 pm. The magnetic absorp-
tion plots calculated from S;; and S;,, which represent
the SAW-induced magnetic resonance as a function of
the magnetic bias field (see Fig. 6 for the results for the
500-pum device, where all the plots are provided in Supple-
mental Materials 6 and 7) [50]. The magnetic absorption
plots for the characterized devices had asymmetry because
of the uniaxial anisotropy induced during the deposition
under the applied magnetic field, which is consistent with
previous findings of FeCoSiB with uniaxial anisotropy on
Y-cut LiNbO;3 [53]. The magnetic absorption symmetries
were four-lobed with narrow resonance linewidths similar
to FeGaB on Y-cut LiNbO;3 [53]. The four-lobed absorp-
tion symmetry is to be expected for a Rayleigh-like mode
due to the in-plane effective ac magnetic field dependence

034058-6



CHIRAL MICROWAVE NONRECIPROCITY DEMONSTRATED ...

PHYS. REV. APPLIED 23, 034058 (2025)

(a) (b)

FIG. 5.

(c)
El

applied

SAW//

(a) Representative scanning electron microscopy image of the ADMR device. (b) Representative scanning electron

microscopy image of the SAW bidirectional interdigital transducers. (c) Representative optical microscopy image of an ADMR device
on AlScN/SiC with the geometry of the ADMR experiments overlaid on the image.

on sin ¢g cos ¢y, as shown by the following expression

[11]:

heﬁ(x, t) — < hout—of—plane )

hin-plane

_ 3 (b28xz + MTT)Meffa)xz) Cos ¢0 e—i(kx—wt)
o b1&y sin ¢y cos ¢y ’

3)

In Eq. (3), uo is the permeability of free space, b,
and b, are the magnetoelastic constants for cubic crys-
tal, M.y is the effective magnetization, ¢ is strain, and
¢o is the angle between the propagation direction, £,
along the x-axis, and the equilibrium magnetization direc-
tion. Note, for a Rayleigh-like mode, the elliptical lattice
motion leads to nonzero strain &, # 0 and &,, # 0, and
y; # 0. The maximum magnetic absorption experimen-
tally determined from S,; for the Rayleigh mode was
26.4+£2.5 dB/mm and 9.5+ 1.7 dB/mm for the Sezawa
mode, which is shown in Fig. 7(a). The ADMR delay
lines demonstrated significant transmission nonreciproc-
ity, approximately 7.3 & 0.8 dB/mm for the Rayleigh mode
and 3.3 +0.6 dB/mm for the Sezawa mode, as shown in

(a) (b)
Delay length = 500 um, 3.112 GHz

Fig. 6 (just the 500-um device is shown), Fig. 7 (plot-
ted with maximum nonreciprocity as a function of delay
length and the corresponding fit), and Fig. 8 (all nonre-
ciprocity data). This nonreciprocity seems to arise from
the helicity mismatch effect, as evidenced by the fact that
the absorption symmetry pattern in terms of the mag-
netic field resonance fields was consistent for S,; and
S12, whereas if our nonreciprocity were a result of an
asymmetric spin wave dispersion, then one propagation
direction would have a lower resonance field than the
opposite propagation direction—an example of the dif-
ferent origins of ADMR nonreciprocity is shown in Fig.
1. The nonreciprocity observed here is also chiral based
on the acoustic mode polarization. For an object to be
chiral, the object cannot be superimposed onto its mirror
image through rotation and translation alone. Here, while
the uniaxial anisotropy can be compensated through trans-
lation, if you rotate the absorption patterns in Figs. 6(a)
and 6(b), then the lobes labeled 1 and 2 cannot be super-
imposed onto the lobes labeled 3 and 4. Therefore, they
do not have 180° rotational symmetry and the effect is
chiral. In further support of the observed chiral nonre-
ciprocity being driven by the helicity mismatch effect is
the fact that the handedness of the observed nonreciprocity

(c)

100 - 100

50 4 50 4

Hy (Oe)
o
N

-
Magnetic absorption (dB)
Hy (Oe)

o

=501 =501

—100 4 —100 4

Delay length = 500 um, 3.112 GHg

Delay length = 500 um, 3.112 GHz1 5

100 A

o

-100 -50 O 50 100
H, (Oe)

50 100

~100 -50 0
H, (Oe)

@
z
) >
= £
p= 8
S 50 5
28 _ S
= f [
2 € o 00 £
] > 2
o= =

s
v 50 7
= 4
g N
= ~100 A 2
0 -15 8

~100 =50 0 50 100
H, (Oe)

FIG. 6. Magnetic absorption pattern with numbered lobes for the 500-um delay length device calculated from (a) S21 and (b) S12.
(c) Transmission nonreciprocity, $21-S12 (dB), as a function of the in-plane applied dc magnetic field for the 500-pm delay length

device.
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FIG. 7. Experimentally determined (a) maximum magnetic absorption, S21(Hx, Hy)-S21(0, 0), for the ADMR delays of varying
length, (b) maximum transmission nonreciprocity, |S21-S12|maximum, for the ADMR delays of varying length, and (c) maximum
phase accumulation, |¢S21—¢S21|maximum, for ADMR delays of varying length.

is switched based on the retrograde versus prograde ellip-
tical particle displacement, which is shown in Fig. 8. In
this context, chirality refers to the intrinsic elliptical polar-
ization (particle displacement and velocity spatial pattern)
of the acoustic waves, where the propagation direction
determines the handedness of the coupled SAW-spin wave
interaction. The Rayleigh mode exhibits a retrograde ellip-
tical particle displacement, while the Sezawa mode has
a prograde elliptical displacement. This acoustic wave
polarization is central to the helicity mismatch effect that
depends on the relative orientation of the wavevector and
the external magnetic field. In addition to the observed
chiral and nonreciprocal transmission of acoustic power,
there was a notable phase accumulation (maximum phase
accumulation defined as |¢s21 — @21 |maximum) for these two
acoustic modes: 48.6 +9.3°/mm for the Rayleigh mode
and 24.8 £1.5°/mm for the Sezawa mode (see Fig. 7
and Supplemental Material 8) [50]. A three-element phase
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(c)
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interference-based circulator relies on achieving a 180°
round-trip phase difference, which ensures that signals
constructively interfere in the forward direction while can-
celing out in the reverse direction, thereby enabling nonre-
ciprocal circulation of the acoustic wave between the ports.
For implementing a three-element phase-interference-
based circulator, a phase accumulation of 60° per element
is necessary, which corresponds to a length of 1.233 mm
per nonreciprocal element for the Rayleigh mode. Given
this required interaction length, an interaction-related loss
of 33 dB per element would be expected; however, this
loss could potentially be offset using an integrated acous-
toelectric amplifier [34,54]. Increased phase accumulation
per interaction length, which would reduce the size and
loss of a proposed interference-based circulator, could be
achieved through optimized synthetic antiferromagnetic
heterostructures with tuned interlayer dipolar coupling
strength [24].

(d)
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Transmission nonreciprocity, S21-512 (dB), as a function of the in-plane applied dc magnetic field (Oe) for the Sezawa

mode with a delay length of (a) 50 um, (b) 250 pm, (c¢) 500 pm, and (d) 750 um, and for the Rayleigh mode with a delay length of (e)

50 pm, (f) 250 pum, (g) 500 pm, and (h) 750 pm.
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V. SUMMARY AND CONCLUSIONS

In this study, we engineered a piezoelectric AIScN/SiC
platform to support two helicities of acoustic polarizations,
i.e., Rayleigh and Sezawa SAWs, and demonstrated chi-
ral nonreciprocal coupling between these SAWs and spin
waves in a FeGaB/Si0,/FeGaB heterostructure driven
by the helicity mismatch effect. The FeGaB/SiO,/FeGaB
heterostructure was thoroughly characterized using polar-
ized neutron reflectometry and broadband ferromagnetic
resonance measurements. These confirmed high-quality
FeGaB deposition with a high effective magnetization,
negligible inhomogeneous broadening, and low magnetic
damping. The SAW devices fabricated on the AIScN/SiC
platform supported both the Rayleigh and Sezawa modes
and the transducer was optimized such that the bidi-
rectional IDTs achieved a Sezawa mode insertion loss
close to the intrinsic limit of 6 dB. Scattering parame-
ters were characterized under varying in-plane magnetic
fields (H,, H,) using rf probes in a ground-signal-ground
configuration, eliminating the need for wire bonding. The
magnetic absorption spectra revealed four-lobe resonances
with slight asymmetry due to uniaxial anisotropy, con-
sistent with prior studies. Strong chiral nonreciprocity in
magnetoacoustic wave transmission was observed, marked
by a broken rotational symmetry. This arises from the
helicity mismatch between the spin wave and either the
retrograde elliptical Rayleigh mode or the prograde ellip-
tical Sezawa mode. The Rayleigh mode at 2.358 GHz
showed stronger magnetic absorption, greater nonrecipro-
cal transmission, and more significant phase accumulation
compared with the Sezawa mode at 3.112 GHz, potentially
due to the frequency-dependent behavior of the SAW-spin-
wave interaction. Further frequency-dependent studies of
the Rayleigh and Sezawa modes are required to elucidate
this fact. To further advance this research, it is essential to
develop a comprehensive model that accurately captures
the various contributions to a SAW-spin-wave coupling.
This model should include contributions such as the helic-
ity mismatch effect, spin wave dispersion engineering,
and the influence of different acoustic mode polarizations.
Such an approach could enable the ability to predict max-
imal nonreciprocity in these systems. Notably, there has
been progress in creating a COMSOL-based micromagnetic
simulation module that solves the Landau-Lifshitz-Gilbert
equation in the frequency domain, allowing for the deter-
mination of spin wave eigenmodes and their correspond-
ing dispersions [55,56]. By integrating this simulation
with the ACOUSTICS module, it would be possible to pre-
dict the coupled SAW-spin-wave eigenmodes and their
dispersion characteristics, providing a powerful tool for
harnessing these interactions in next-generation radiofre-
quency and microwave devices. In conclusion, this plat-
form, with its high electromechanical coupling efficiency,
isotropic in-plane acoustic behavior, and excellent thermal

conductivity, is ideal for compact, frequency-selective,
nonreciprocal radiofrequency and microwave components,
such as isolators and circulators.
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