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Phonons and magnons are engineered by periodic potential landscapes in phononic and magnonic
crystals, and their combined studies may enable valley phonon transport tunable by the magnetic field.
Through nonreciprocal surface acoustic wave transmission, we demonstrate valley-selective phonon-
magnon scattering in magnetoelastic superlattices. The lattice symmetry and the out-of-plane magneti-
zation component control the sign of nonreciprocity. The phonons in the valleys play a crucial role in
generating nonreciprocal transmission by inducing circularly polarized strains that couple with the
magnons. The transmission spectra show a nonreciprocity peak near a transmission gap, matching the
phononic band structure. Our results open the way for manipulating valley phonon transport through
periodically varying magnon-phonon coupling.
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Periodic potential landscapes can modify the coupling
between two quasiparticles, leading to various emergent
phenomena. For example, moiré superlattices can support
superconducting [1,2] or quantum anomalous Hall states
[3,4] by coupling two layers and forming entangled spin and
valley. Bosonic excitations, such as phonons and magnons,
are important quasiparticles in solids and have inherent
coupling [5–8]. The band structure and wave function of
phonons and magnons can be tailored by periodic land-
scapes in phononic [9–12] and magnonic crystals [13–16].
Similar to the electronic valleys in transition metal dichal-
cogenide [17,18], honeycomb phononic crystals also have
the valley degrees of freedom [19,20]. With the broken
inversion symmetry, the phononic valleyHall effect [20] and
phononic topological edge states [19,21–23]were observed.
Based onmagnon-phonon coupling, theoretically, topologi-
cal chiral phonons have been proposed [24–26]. However,
an experimental demonstration of valley phonon transport
manipulated by magnon-phonon coupling has yet to be
achieved.
Phonons at different valleys are time-reversal pairs.

Since magnetism breaks the time-reversal symmetry, mag-
nons may interact differently with the phonons in the two

valleys. As shown in Fig. 1(a), for a honeycomb phononic
crystal with sites A and B in the unit cell, there is a pair of
valleys K, K0, in the Brillouin zone. When the spatial
inversion symmetry is broken by inequivalent A and B

FIG. 1. (a) Unit cell of the honeycomb superlattice and the
corresponding Brillouin zone. (b),(c) Schematic of the phonon
bands and the magnon bands at the K and K0 valleys in a
symmetry-breaking honeycomb superlattice under an upward
magnetic field (b) and a downward magnetic field (c). (d) Honey-
comb superlattice made of Nið20Þ=Tið15Þ in the measurement
setup. Magnetic field H is tilted 3° from the out-of-plane z
direction in the xz plane, and SAW is excited along the Y 0 axis of
the 128° YX LiNbO3 substrate, defined as the x direction.
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sites, and an out-of-plane magnetic field component
also breaks the time-reversal symmetry, a valley-selective
magnon-phonon interaction can emerge, as presented in
Figs. 1(b) and 1(c); under a suitable downward magnetic
field shifting the magnon energy close to the phonon
energy, the phonon in the K valley interacts with the
magnons, while that in the K0 valley does not. The situation
reverses when a magnetic field of the same magnitude
and opposite direction is applied, with the magnetization in
the opposite direction, and the interaction exists only in the
K0 valley.
In this Letter, we report the valley-selective phonon-

magnon scattering inmagnetoelastic superlattices [Fig. 1(d)].
For forward and backward surface acoustic waves (SAW),
phonons fall into different valleys and are scattered by
the magnetization with different amplitudes, leading to
different SAW transmissions, namely nonreciprocal trans-
mission [27,28]. We proposed a circular polarization of the
strain field (hereafter strain polarization), which couples with
the magnons through magnetoelastic coupling. The strain
polarization possesses opposite chirality for the two valleys,
resulting in different magnon-phonon coupling strengths,
allowing the valley-selective phonon-magnon scattering. Our
results demonstrate the manipulation of valley phonon trans-
port via magnon-phonon coupling and provide a new avenue
for the coupling between out-of-plane magnetization and
SAW [29,30].
We fabricated mirror-symmetry-breaking honeycomb-

shaped superlattices using Ni ð20 nmÞ=Ti ð15 nmÞ bilayer
film on a 128° Y-cut LiNbO3 substrate, as shown in
Fig. 1(d). The edge length is 770 nm, and the SAW
wavelength corresponding to the K or K0 point is 2 μm.
Details of the superlattice geometry are shown in
Supplemental Material (SM), Sec. 1 [31]. The SAW,
excited by interdigital transducers (IDT), travels along
the substrate Y0-axis for more efficient hybridization at
the valleys (SM, Sec. 2) [31]. While scanning a magnetic
field H, the transmission parameters S12=S21 are mea-
sured by a vector network analyzer with a time gating
technique. The z axis is normal to the substrate, and the
SAW propagation direction is the x axis. If not specified,
the applied magnetic field is 3° tilted from the out-of-plane
z axis in the xz plane. Superlattice orientation dependence
is studied by patterning rotated superlattices while fixing
the SAW propagation direction on the substrate.
Figure 2 shows the transmission measurement results. To

compare results in different devices, we normalize the
transmission in each device using the transmission at
μ0H ¼ 0.6 T, where no magnetization-related SAW
absorption exists. In the K-oriented device (KD), þk
SAW propagates along the K direction [Fig. 2(a)], whose
transmission is represented by S12 (red), and −k SAW
along the K0 direction, represented by S21 (black). The
magnetic hysteretic responses are obtained by scanning the
external field between 0.6 and −0.6 T. An absorption peak

appears at ∼0.3 T, as indicated by the blue arrow. The
transmission signal S12 is larger than S21, showing a
nonreciprocity between the þk and −k SAW propaga-
tions. At the negative field side, the absorption peak
appears at ∼ − 0.3 T, with S12 < S21, showing a non-
reciprocity with an opposite sign. These absorption peaks
and nonreciprocity show no difference in positive-to-
negative and negative-to-positive field scans. Absorption
peaks at low fields below 0.3 T show butterfly-shaped
hysteresis and no nonreciprocity. This may be related to
the magnetic resonance under the superlattice-induced
anisotropy field in the sample (SM, Sec. 3) [31]. We
hereafter focus on the high-field peaks. When the super-
lattice is rotated by 180°, the þk SAW is along the K0
direction, and the −k SAW in the K direction. We name it
the K0-oriented device (K0D) [Fig. 2(b)]. Nonreciprocal
absorption peaks appear in the same field but with
S12 < S21 at positive and S12 > S21 at negative fields.
The nonreciprocity signal takes an opposite sign in the
K0D compared with the KD, revealing that the superlattice
geometry governs the nonreciprocity.

FIG. 2. (a),(c) Normalized transmission parameters S12 (red)
and S21 (black) as functions of magnetic field μ0H for the
honeycomb lattice in K-orientated (a), K0-orientated (b), and
M-orientated (c) devices. (d) Nonreciprocal absorption ΔPn ¼
ðΔPþ − ΔP−Þ=P as a function of magnetic field μ0H along
K (red), K0 (blue), and M (green) directions. (e) The geometry of
the square lattice with lateral inversion symmetry breaking.
(f) ΔPn for R (red) and L (blue) zigzaglike lattices with opposite
symmetry.
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As a control experiment, we rotated the superlattice
by 90° so the SAW propagates along the M direction
(M-oriented device, MD). In this configuration, the lattice
preserves the mirror symmetry about the xz plane. The S12
and S21 are nearly identical, showing no noticeable non-
reciprocity in this configuration. Honeycomb lattice with
identical A and B sites also shows no nonreciprocity (SM,
Sec. 4) [31]. The normalized nonreciprocal absorption
ΔPn ¼ ðΔPþ − ΔP−Þ=P, where ΔP� is the SAW
absorbed power for �k (SM, Sec. 1) [31] and P is the
transmission power at 0.6 T, is plotted in Fig. 2(d). Under
the negative field, ΔPn is negative in KD (red), positive in
K0D (blue), and close to zero in MD (green). The −k
phonons in KD and the þk phonons in K0D are both in the
K0 valley, and both have stronger phonon scattering,
represented by the more significant SAW attenuation.
The K valley phonons, corresponding to the þk phonons
in KD and the −k phonons in K0D, have a weaker phonon
scattering. Nonreciprocity is absent in the M direction,
which respects the mirror plane symmetry. When the
magnetic field is opposite, ΔPn reverses its sign for both
KD and K0D, showing that the þk phonons in KD and −k
phonons in K0D attenuate more significantly due to a more
pronounced phonon scattering in the K valley than the K0
valley. The observed nonreciprocity thus originates from a
valley-selective phonon-magnon scattering, where the
magnetic field direction controls the selectivity over the
K and K0 valleys.
To further clarify the role of the honeycomb lattice in the

observed nonreciprocity, we design a zigzaglike lattice with
mirror symmetry breaking [Fig. 2(e)]. The L and R lattices
have broken mirror symmetry about the xz plane, which
allows the zigzaglike lattice to have nonreciprocity.
However, as shown in Fig. 2(f), ΔPn in both R (red)
and L (blue) lattices is more than 4 times smaller than the
honeycomb lattice. One underlying reason is that the
zigzaglike lattice has no valley degree of freedom since
its Brillouin zone corners are all equivalent. �k SAW will
excite the same phonon states at M in the square Brillouin
zone, leading to identical phonon-magnon scattering. The
nonreciprocity is then canceled when k is exactly located at
M, and exists only with a broadened k distribution. We thus
expect a small nonreciprocity regardless of the details of the
zigzaglike structure, and conclude that the broken xzmirror
symmetry is insufficient to generate large nonreciprocity.
The sizable nonreciprocity observed in the honeycomb
lattice benefits from the valley degrees of freedom.
To understand the role of magnetic structure on the

valley-selective phonon-magnon scattering, we study the
out-of-plane magnetic field angle dependence of the trans-
mission in KD. The measurement geometry is shown in
Fig. 3(a), where θH is the magnetic field tilting angle and θ
is the angle between the magnetization and the z axis.
Because of the easy-plane anisotropy of the Ni film, under
moderate magnetic field, θ can be significantly different

from θH. We focus on the θH dependence in the xz plane to
avoid additional nonreciprocity from the conventional
mechanisms, generated by the y component of magneti-
zation [27,32,41]. After scanning the magnetic field at each
θH, the peak value of ΔPn as a function of θH is plotted in
Fig. 3(b). ΔPn is almost zero at θH ¼ 0° and nearly
symmetric about θH ¼ 0°. When the field is tilted away
from θH ¼ 0°, ΔPn initially increases, peaks at approxi-
mately �3°, and then decreases gradually.
The predominant magnetic field-dependent SAW

absorption mechanism in unpatterned Ni film is magne-
toelastic coupling due to longitudinal strain εxx [33,41].
The magnon-phonon coupling due to the longitudinal strain
takes a maximum when the magnetization is directed at 45°
from the SAW wave vector, and becomes zero when the
magnetization is parallel or perpendicular to the wave
vector [33,42]. Therefore, with εxx only, the magnon-
phonon coupling would be minimized at θ ¼ 0° and peaked
when θ ¼ 45° at the resonance condition. Meanwhile,
the valley phonons can excite rotating displacements in
the xy plane [22], leading to an additional shear strain
component εxy, whose phase is shifted from εxx. Assuming
the dominant terms in magnetoelastic coupling come from
these two strain components, one gets

ΔPn ∝ b2L sin 2θ sin θ; ð1Þ

where b is the magnetoelastic coupling constant, and

L ¼ hεxxðdεxy=dtÞ − εxyðdεxx=dtÞi; ð2Þ

with the angled bracket representing time averaging. The
detailed derivation is given in SM, Sec. 4 [31]. L represents

FIG. 3. (a) Schematic of the magnetization angle θ under the
external field H and the easy-plane anisotropy. (b) Peak absolute
value of ΔPn as a function of the magnetic field tilting
angle θH . The blue and red data points correspond to negative
and positive fields, respectively. (c) Calculated sin 2θ sin θ at
resonance condition fFMR ¼ fSAW as a function of θH. Illus-
trations show the direction of magnetization M at resonance
condition for θH ¼ 0°; � 3°.
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a circular polarization of the strain field. It is odd in
frequency ω, while any physical observable of classical
wave should be even in ω, k, so that it should also be odd in
k, contributing to the nonreciprocity. Sign change in θ
results in the same sin 2θ sin θ, so that the nonreciprocity
given by Eq. (1) is symmetric about θH ¼ 0°. Equation (1)
gives a maximum ΔPn at θ ¼ �54.7°, slightly off �45°.
To find the magnetization direction θ at the resonance

condition under a given θH, we measured the saturation
magnetic field in our superlattice using the anomalous
Hall effect, and obtained saturation magnetization MS ∼
2.8 × 105 A=m (Fig. S6) [31]. Based on a marcospin
model, we calculate the magnetization direction θ at which
the ferromagnetic resonance (FMR) frequency fFMR meets
the SAW frequency fSAW; the detailed discussion is given
in SM, Sec. 5 [31]. Then sin 2θ sin θ is plotted as a function
of θH in Fig. 3(c). The curve reproduces the key features of
the experimental results in Fig. 3(b), including the dip at
θH ¼ 0°, the peak at ∼3°, and the gradual decrease when θH
becomes larger. The dip at θH ¼ 0° is due to the fully out-
of-plane magnetization M, the peaks at θH ∼�3° corre-
spond to θ ¼ �54.7°, and when jθHj > 3°, jθj gets greater
than 54.7°, causing the gradual decrease in sin 2θ sin θ, as
illustrated in Fig. 3(c). The good agreement between the
calculated curve and the experimental results supports the
magnetoelastic coupling as the primary magnon-phonon
coupling mechanism in the valley-selective phonon-
magnon scattering.
We finally study the nonreciprocal transmission spectra

and analyze their relationship with the phonon bands. We
focus on the peak condition for ΔPn at �0.28 T with
θH ¼ 3°, allowing us to use the ratio η¼ðΔPþ−ΔP−Þ=
ðΔPþþΔP−Þ as a sensible measure of nonreciprocity.
Figure 4(a) displays η in KD at �0.28 T (blue and red
points), together with the normalized transmission power
P=Pw=o at 0.6 T (green curve), as a function of SAW
frequency f. Here, P and Pw=o represent the transmission
power with and without superlattice, respectively, detailed
in SM, Sec. 1 [31]. P=Pw=o has a dip at 1.815 GHz,
characterizing the gap in the phonon frequency spectrum
induced by the lattice. The evolution of η is closely related
to this spectral gap. When f is far from the gap frequency of
1.815 GHz, η is small, but it changes dramatically across
the gap. At μ0H ¼ −0.28 T, η exhibits a negative value at
f ¼ 1.80 GHz, changes its sign at the gap center at
f ¼ 1.815 GHz, and reaches a peak at 1.82 GHz. The
sign of η is reversed when μ0H ¼ 0.28 T.
The strong correlation between the nonreciprocity and

the gap shows that the former originated from the band
structure of the superlattice. In the honeycomb lattice, the
incident Rayleigh wavewith wave vector k near theK point
is efficiently scattered into the hybridization of three
Rayleigh waves with wave vector k, k − b1, and k − b2,
where b1, b2 are the reciprocal lattice vectors [Fig. 4(b)].
Such hybridized phonon states can induce a local strain

polarization LðrÞ [Eq. (2)]. While the averaged L itself
vanishes [12,31], the A and B sites are surrounded by
different magnetic environments, i.e., the phonons experi-
ence a periodically modulated magnon-phonon coupling,
resulting in a nonreciprocity given by Eq. (1). At the same
time, the scattering leads to interference and opens a gap.
Both effects are characteristic to the perturbation of almost
degenerate wave modes occurring at the Brillouin zone
corners. Hence, the nonreciprocity is anticipated to reach a
peak around the gap in the perturbed spectrum.
Based on elastic wave scattering models [34,35],

phononic band dispersion, eigenmodes, and LðrÞ are
computed, as detailed in SM, Sec. 6 [31]. We show LA ¼
Lðr ¼ rAÞ at the high symmetry point A of each eigenmode
together with the band dispersion in Fig. 4(c). The
hybridization between k, k − b1, and k − b2 plane waves
at k ¼ kK opens gaps, where kK labels the wave vector
at the K point. The hybridization also generates nonzero
LA. When k ¼ kK, the lowest band possesses nearly
zero LA, the middle has a positive LA, and the highest a
negative LA. The hybridization decreases when k shifts
from kK, and LA reduces. By time-reversal symmetry, the
band structure at the K0 valley is the same dispersion with
the opposite L. The dashed line shows the dispersion of the
incident wave, which couples to the eigenmodes and
generates the strain polarization.

FIG. 4. (a) Nonreciprocity η ¼ ðΔPþ − ΔP−Þ=ðΔPþ þ ΔP−Þ
at the peak position as a function of SAW frequency f at positive
(red points) and negative (blue points) field. The green curve is
the normalized transmission power P=Pw=o as a function of f.
(b) Schematic of the Brillouin zones sharing the K point and the
relevant reciprocal lattice vectors. (c) Phonon band dispersion in
the plane-wave scattering model near K point. The red, blue, and
white colors represent the positive, negative, and zero strain
polarization LA at site A, respectively. The wave vector at K is
defined as kK. The incident wave is represented by the dashed
line. (d) Nonreciprocity η (blue and red) and the x component of
energy flux T (green) as functions of k calculated from the elastic
wave scattering model.
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Figure 4(d) shows the theoretical nonreciprocity η (blue
and red) and the x component of the phonon energy flux T
(green) as a function of k, which qualitatively reproduce the
tendency observed in the experiment [Fig. 4(a)]. For negative
H and f below the gap, the incident wave is scattered into the
lowest eigenmodes, which have positive LA, resulting in
negative nonreciprocity. Right above the gap, the incident
wave couples to the highest mode, which has a large negative
LA, and the nonreciprocity reaches a maximum in the whole
spectrum. Shifting frequency away from the gap leads to the
coupling with eigenmodes with smaller LA, and smaller
nonreciprocity. For positiveH, the nonreciprocity follows the
same tendency with a reversed sign. The experiment and the
calculation consistently show that in the valley-selective
phonon-magnon scattering, the nonreciprocity originates
from the strain polarization, enabled by the plane wave
hybridization in the phononic crystal.
In summary, we observed valley-selective phonon-

magnon scattering in magnetic honeycomb superlattices,
which are phononic crystals with magnon-phonon cou-
pling. The different phonon scatterings at K and K0 valleys
manifest themselves as nonreciprocal SAW transmission.
The nonreciprocal absorption maintains a similar magni-
tude but changes sign when the superlattice symmetry is
reversed. In zigzaglike lattices without valley degrees of
freedom, nonreciprocal absorption becomes four times
smaller, even with the inversion symmetry breaking. The
nonreciprocal absorption is maximized when the magnetic
field is directed at 3° from the z axis in the xz plane, which
can be explained by a strain polarization coupled to the
magnetization through the conventional magnetoelastic
interaction. The nonreciprocity spectrum shows a peak
near the transmission gap, matching with the distribution of
the strain polarization in the phonon bands. The valleys,
encoding the superlattice geometry and symmetry, are the
key to induce the nonreciprocity, whereby the observed
effect can be termed a valley-selective phonon-magnon
scattering. Different from the edge modes, our approach
provides a way to apply valley phonon in the bulk transport
regime. It demonstrates the periodically modulated mag-
non-phonon coupling as a new tool for controlling the
valley phonon transport.
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