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Hybridized Propagation of Spin Waves and Surface Acoustic Waves in a
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Coherent coupling in magnon-based hybrid systems has many potential applications in quantum
information processing. Magnons can propagate in magnetically ordered materials without any motion
of electrons, offering a unique method to build low-power-consumption devices and information chan-
nels free of heat dissipation. In this paper, we demonstrate the coherent propagation of hybridized
modes between spin waves and Love surface acoustic waves in a multiferroic BiFeO; and ferromag-
netic Lag ¢7S1r9.33MnO3-based heterostructure. The magnetoelastic coupling enables a giant enhancement
of the strength of the hybridized mode by a factor of 26 compared to that of the pure spin waves.
A short wavelength down to 250 nm is demonstrated for the hybridized mode, which is desirable for
nanoscale acoustomagnonic applications. Our combined experimental and theoretical analyses represent
a step towards the coherent control in hybrid magnonics, which may inspire the study of magnon-phonon
hybrid systems for coherent information processing and manipulation.
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I. INTRODUCTION

Coherent coupling between fundamental excitation
attracts tremendous interests for information processing
and quantum manipulations [1—6]. Quantum information
can be conveyed from one platform to another through dif-
ferent media excitations, such as photons, phonons, and
magnons. Magnons, as quanta of spin waves, are collec-
tive spin excitations in magnetic materials [7—14]. Spin
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waves are considered as potential candidate for the next
generation of information carriers beyond CMOS technol-
ogy for low-power-consumption computing architectures
because they can occur with no charge transport [15-20].
Spin waves, with a typical frequency range from GHz to
THz and wavelengths from micrometer to nanometer, are
promising for designing faster and smaller devices beyond
the conventional computing paradigm. Hybrid magnonic
quantum systems [21-24] enable coherent magnon inter-
actions with microwave and optical photons [25-28],
phonons [29-34], between superconducting qubits [4,35],
and magnons themselves [36-—38], offering further oppor-
tunities to develop quantum technologies for information
processing. Surface acoustic waves (SAWSs) are mechan-
ically excited phonons, which have been widely used as
sensors and resonators [39]. Full quantum control is also
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demonstrated based on SAWs [40], harnessing various
phononic devices [41—43].

Recently, the coherent coupling between spin waves
and SAWs has seen a surge of interest [44—48]. The the-
oretical study of the parametric excitation of magnetic
and elastic plane waves has a rich history exhibiting the
methods of generation, amplification, and conversion of
elastic and electromagnetic waves [49]. Elastically driven
ferromagnetic resonance has been studied in lithium-
niobate- (LiNbO3) based devices such as Ni/LiNbO;3 [44]
and CopoFegoB2o/LiNbO; [45] by exciting Rayleigh-type
SAW, and the magnetoelastic coupling is most efficient
when the angle between the wave vector and the magneti-
zation is at 45°. However, in this configuration, the spin-
wave dispersion is flat in the dipolar energy-dominated
regime and the spin-wave propagation is suppressed [50].
Love SAWs are in-plane polarized shear phonons [51]
propagating transverse to the wave vector, which are differ-
ent from the predominantly longitudinal surface acoustic
waves, such as Rayleigh waves. The latter is observed
in most studies of acoustic ferromagnetic resonance. Fer-
roelectric BiFeO; (BFO) is recently found to host GHz
coherent shear phonons’ propagation with an efficiency
much higher than in any metals and semiconductors due
to a giant shear strain [52]. Although the shear strain
cannot directly correspond to Love waves, it may indi-
cate the possibility of studying the hybridization between
Love SAWs and spin waves in BiFeOj3/Lag ¢7Sr)33MnO3
(BFO/LSMO) heterostructures. The magnetoelastic cou-
pling between horizontal shear SAWs and spin waves was
recently demonstrated [53—55] and in contrast to Rayleigh
SAW, the coupling strength reaches a maximum at 0
and 90°. However, the phase-coherent propagation of the
hybridized mode between Love SAWs and spin waves has
not been reported yet, which can be an essential building
block for acoustomagnonic logic devices and circuits.

In this work, we experimentally demonstrate the coher-
ent propagation of hybridized mode between spin waves
and Love SAWs in a composite system of BFO/LSMO het-
erostructures with phase-resolved propagating spin-wave
spectroscopy. The BFO/LSMO heterostructure has been
widely investigated in terms of its magnetoelectric prop-
erty [56—62]. Spin waves at microwave frequencies propa-
gate in ferromagnetic LSMO thin film and are coupled with
Love SAWs at the interface with a multiferroic BFO layer
via a magnetoelastic hybridization. The phase-coherent
hybridized modes are observed when the dispersions of
spin waves and phonons cross with each other. The signal
strength of the magnetic field-dependent hybridized mode
is enhanced by a factor of 26 compared to the amplitude
of the pure spin-wave mode at the same wavelength. The
shortest wavelength of the magnon-SAW hybridized mode
is experimentally observed as 250 nm at around 12 GHz.
Microwave antenna are very inefficient in exciting short-
wavelength spin waves and phonons [44,45]. Instead, by

taking advantage of the magnetoelastic effect, we success-
fully realize hybrid propagation with a wavelength down to
250 nm. Furthermore, as the magnetoelastic coupling fol-
lows a cos26 dependence, where 6 is the angle between
the magnetization direction and the x axis as shown in
Fig. 1(a), the magnetoelastic coupling reaches its maxi-
mum in the Damon-Eshbach (DE) and backward volume
(BV) geometries, which is more attractive than the magne-
toelastic coupling provided by Rayleigh waves [55]. The
observed hybridization of Love SAWs in BFO and spin
waves in LSMO is accounted for by a theoretical model,
which includes an interfacial magnetoelastic coupling.

II. RESULTS AND DISCUSSION

Figure 1(a) illustrates the principle of the experi-
ment. The BFO/LSMO heterostructure is deposited on
the NdGaO; (001) substrate by KrF excimer pulsed-laser
deposition with the energy of 1.5 J cm™2, a repetition rate
of 5 Hz, and a wavelength of 248 nm. 80-nm-thick LSMO
is first deposited at 780 °C with an oxygen partial pres-
sure of 25 Pa. 20-nm-thick BFO is then deposited on top
of LSMO at 700 °C with an oxygen partial pressure of 20
Pa. The annealing procedure is at 2 x 10* Pa oxygen par-
tial pressure for 20 min and then cooling down to room
temperature. The high-angle annular dark field image of
the BFO/LSMO heterostructure near the interface is shown
in Fig. 1(b). The characterization of energy-dispersive
x-ray spectroscopy from selective elements is shown in
Fig. S1 within the Supplemental Material [63]. Two iden-
tical nano-CPWs are patterned on top of the bilayer struc-
ture, with the width of signal and ground line equal to
130 nm and the gap in-between of 640 nm. The scanning
electron microscope image of the nano-CPW is shown in
Fig. S2 within the Supplemental Material [63]. The center-
to-center distance s between two nano-CPWs is 4 um. The
k vectors of the excited spin waves depend on the design
of the antennas and can be obtained by a Fourier transfor-
mation of the spatial magnetic excitation field distribution,
and three prominent peaks marked by ki, k», and k3 are
observed. The wave vector is along the in-plane pseudocu-
bic (110) direction of the BFO film in the experiment. The
all-electrical spin-wave measurement is conducted with
an in-plane external magnetic field. By connecting the
microwave antenna via microwave probes to a vector net-
work analyzer (VNA), a rf current can be injected into
the antenna. In order to improve the signal-to-noise ratio
and remove the background drift signals, we present AS1,
[Figs. 1(d) and 1(e)], which is the difference in the imag-
inary part of the VNA transmission spectra Sj, taken at
successive magnetic fields [64], as a function of puoH and
f atf = 0° and 90°. In Fig. 1(d), the field-dependent mode
marked by a yellow arrow is the k; spin-wave mode in fer-
romagnetic LSMO film directly excited by the nano-CPW
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(a) Schematic of hybridized mode propagation in BFO/LSMO heterostructures. Microwaves are injected via nanoscale

coplanar waveguides (CPWs) patterned on top of the sample. (b) Atomically resolved interface of BFO/LSMO by annular dark-field
image. The scale bar is 2 nm. (c) Illustration of the isostrength contour of the magnetoelastic coupling between spin waves and Love
SAWs. The blue arrow indicates the direction of the magnetization M and the black arrow shows the wave-vector direction. (d) The
imaginary part of the spin-wave transmission spectra S, at § = 0°, namely the DE configuration. Two distinct modes are marked in
the figure by blue and yellow arrows. (¢) The imaginary part of the spin-wave transmission spectra S, at & = 90°, namely the BV
configuration. (f) Single line cuts extracted from (d),(e) at 140 and 250 mT, respectively. Two separated modes are marked with blue

and yellow arrows.

[Figs. 2(a) and 2(b)] [65]. The spectrum shows an asymme-
try behavior at negative and positive fields due to the spin-
wave nonreciprocity in the DE mode configuration [14].
Another mode beyond the k; spin-wave mode is observed
and marked by blue arrows. Its phase oscillation extracted
from the imaginary part of the transmission spectra shows
a completely different behavior compared to the spin-wave
mode. This mode is also found to be dependent on the field
orientation and could be attributed to a mode hybridized
between spin waves and another wave at higher wave
vecotors than k. The perpendicular standing spin waves
of the LSMO films resonate at frequencies > 13 GHz at
around 200 mT and are not relevant for the additional mode
marked by blue arrows[50]. Since BFO is a multiferroic
material with a giant shear strain [52,66], this higher &
wave corresponds to the acoustic waves. The strength of
the hybridized mode reaches a maximum at § = 0° and
90°, which corresponds to the angular dependence of the
magnetoelastic coupling between spin waves and Love
SAWs [55] [Fig. 1(c)]. A theoretical model of the mode

hybridization is presented below, which quantitatively
describes the hybridized propagation of spin waves and
Love SAWSs. When their dispersions cross, they hybridize
with each other. At 6 =0°, the DE mode frequency
increases with the wave vector [50] and the frequency
of the hybridization between spin waves and SAWs is
higher than the &; spin-wave mode observed with the same
antenna. Instead, in the BV configuration [Fig. 1(e)], the
hybridized mode is below the k; spin-wave mode. The
hybridized mode is also observed at around 10 GHz when
acoustic-wave mode crosses with k3 spin-wave mode. The
spin-wave frequency decreases with increasing wave vec-
tor in the BV configuration [50], resulting in a lower fre-
quency of the hybridized mode than &; spin-wave modes.
Two linecuts extracted from the transmission spectra of
Figs. 1(d) and 1(e) illustrate that the amplitude of the
hybridized mode and the pure spin-wave mode are of the
same order of magnitude. If the BFO layer is removed and
the nano-CPWs are only patterned on the LSMO thin film,
the hybridized mode vanishes, indicating that the BFO is
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FIG. 2. (a) The SAW dispersion relation with the frequency

extracted from the transmission spectra and the wave vector
obtained from the Fourier transformation of nano-CPWs [see
Fig. S2(c) within the Supplemental Material [63]]. (b) Linecuts
extracted from the transmission spectra Sy, atf = 90°, at 225 mT
(with hybridized mode) and 185 mT (without hybridized mode),
respectively. (c),(d) Theoretically calculated eigenfrequencies of
the spin waves and SAWs as functions of the wave vector at
6 = 0° and 90° at 140 and 225 mT, based on Eq. (1).

essential for the generation of the mode hybridization (see
Fig. S3 within the Supplemental Material[63]).

Due to the discrete wave-vector distribution k| =
4.1 rad/pwm, k, = 12.2 rad/pm, and k3 = 20.3 rad/pm
generated by the antenna, a linear fitting of the SAW dis-
persion could be performed, allowing us to extract the
frequency of the magnon-SAW hybridized mode, as shown
in Fig. 2(a). These three data points are extracted at the
frequency of the hybridized modes at different magnetic
fields in Fig. 1(d). The velocity of SAW from the linear
dispersion yields a value of 3 km/s, which is much larger
than that of spin waves in LSMO thin film [65]. In addi-
tion, the coherent hybridized mode excited by nano-CPWs
exhibits finite wave-vector distribution, and the propaga-
tion over some distance accumulates a phase difference
of A¢p = Ak s, where s is the center-to-center distance
between two nano-CPWs. Using the corresponding phase
oscillation Af", which indicates the phase accumulation of
A¢ = 2m, the group velocity could be estimated as [67]

o 2nAf
9k 2m)s

Af -s. )

Vg

The group velocity of the hybridized mode at 10 GHz
is calculated to be 1.2 km/s for DE configuration and
1.0 km/s for BV configuration, smaller than the veloc-
ity of pure SAWs due to the mode hybridization. At the

crossing point, the signal strength is found to be dramat-
ically increased compared to k3 spin-wave mode, shown
in Fig. 2(b). Two linecuts at different magnetic fields
are presented with (225 mT) and without (185 mT) the
mode hybridization. The signal strength of k3 spin-wave
mode almost vanishes due to the low excitation effi-
ciency of the nano-CPW. However, when the k3 spin-wave
mode hybridizes with Love SAWs, the signal strength is
enhanced by a factor of 26. This large signal enhancement
could be attributed to the field-independent SAW mode
directly driven by the high-frequency electric field from
the nano-CPWs, as presented in Fig. S4 within the Supple-
mental Material [63]. Note that the strength of hybridized
mode is also larger than the CPW excited SAWs due to
the mode hybridization. To further understand these exper-
imental results, we investigate a theoretical model based
on the interaction between spin waves and SAWs owing
to a magnetoelastic coupling. We could observe from the
experiment that at 6 = 0° and 90°, the appearance of
the magnon-SAW hybridized mode is completely differ-
ent from the magnetoelastic coupling resulting from the
longitudinal acoustic wave where the coupling vanishes
at & = 0° and 90°. The hybridization reflects the contri-
bution of the Love SAWs. In this work, we consider the
effective magnetoelastic coupling gives rise to the anti-
crossing behavior. The eigenfrequencies of the spin waves
and Love SAWs are functions of the wave vector that can
be expressed as [50,55]

2
F\F.
<C2k2 + Y ”2 ZZ)
M
2 _ N

22— vl
M.S% 4)/2Fzz|k|3dbeff 2
+ + 3 cos?20,
2 pPM;
(2)

where ¢ is the velocity of the SAW, y is the gyromag-
netic ratio, p is the mass density, My is the saturation
magnetization of LSMO, d is the magnetic film thick-
ness, F = ptoMsHex + oMz (1 — 1 — e /kd) + AK* —
Kcos20 and F,, = uoMgsHey + MOMszl — e M /kd + AK?
— Ksin®0 with 4 as the exchange constant and K as the
uniaxial magnetic anisotropy. beg is set as 2 x 10° J/m’
for the effective magnetoelastic coupling. The theoret-
ically calculated transmission spectra mostly reproduce
the experimental results [Figs. 1(d) and 1(e)] including
both the pure spin-wave mode and the hybridized mode
between spin waves and Love SAWs, as shown in Fig. S6
within the Supplemental Material [63]. The magnetoelas-
tic coupling is maximized at 8 = 90° and 0°, owing to the
cos260 dependence, which is illustrated in Fig. 1(c). The
thin-film approximation is applied with the ferromagnetic
film whose thickness is much less than the wavelength
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(a)«(d) Experimentally obtained transmission spectra with & = 0°, 45°, 60°, and 90°, respectively. The in-plane magnetic

field is rotated with respect to the wave vector. The external magnetic field is swept from 90 to 300 mT with the step of 1 mT.
(e)—(h) Theoretically calculated transmission spectra with 6 = 0°, 45°, 60°, and 90°.

and also much less than the thickness of the elastic body,
where the SAW is considered localized. The detailed the-
oretical calculations can be found in Fig. S7 within the
Supplemental Material [63].

The calculated eigenfrequencies of spin waves and
SAWs as a function of the wave vector are shown in Figs.
2(c) and 2(d) for DE and BV configuration, respectively. In
Fig. 2(c), the external magnetic field is fixed at 150 mT and
one could observe that the crossing between the spin-wave
branch and acoustic-wave branch is at around 10 GHz.
The dispersion of BV mode spin waves possesses a neg-
ative slope in the dipolar regime, and the frequency of the
spin-wave mode with smaller wave vector is higher than
the crossing point. The anticrossing behavior between two
coupled modes is not prominent due to the weak magne-
toelastic coupling. Detailed calculation based on different
coupling strength is shown below.

The angular-dependent measurements are presented in
Fig. 3. According to Eq. (1), the magnetoelastic cou-
pling between spin waves and Love waves follows a
cos26 dependence. Figures 3(a)-3(d) show the experi-
mental transmission spectra from 6 = 0° and 90°. One
can observe that when the angle deviates from 0° to
90°, the signal strength of the hybridized mode becomes
weaker. At 45°, the coherent hybridized mode vanishes,
indicating the absence of magnetoelastic coupling. The
angular-dependent behavior of magnetoelastic coupling
is completely different from the coupling that originated
from longitudinal SAWs, which have been commonly

observed in LiNbOj3-based hybrid systems [44]. At45°, the
spin-wave dispersion is flat compared to 0° or 90°, imply-
ing that spin waves have a very small group velocity
and the propagation is suppressed. The angular depen-
dence found in our experiments is therefore attractive
for alternative applications based on coherent magnon-
SAW hybridized waves considering the optimized prop-
agating properties in contrast to the Rayleigh-wave-based
hybridization. One could observe a prominent magnetic-
field-dependent mode at 45°, which could be attributed to
the incoherent magnon-phonon mode without the phase
oscillation, and has been discussed in Ref. [48]. The other

(a) (b)
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FIG. 4. (a) The transmission spectra S, at & = 90° measured
by NSL antenna. (b) Theoretically calculated eigenfrequencies
of the spin waves and SAWs as functions of the wave vector
at & = 90° at 330 mT based on Eq. (1). The white dashed line
indicates the highest wave vector observed in the experiment.
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(a)c) Enlarged images of the theoretically calculated eigenfrequencies of the spin waves and SAWs as functions of

the wave vector at 6 = 90° at 250 mT, with b = 2 x 10* J/m>, 2 x 10° J/m?, and 1 x 10° J/m?, respectively. (d)~(f) Calculated

transmission spectra at & = 90°, corresponding to the (a)—(c).

angular-dependent measurements with different angles can
be found in Fig. S8 within the Supplemental Material [63].
The theoretical calculations in Figs. 3(e)-3(h) reproduce
well the angular dependence of the hybridized mode in
the experiment and the hybridized modes are prominent
at & = 0° and 90°. One could also observe the reduction of
the pure propagating spin-wave signal in the spectra at 45°
due to the flatness of the spin-wave dispersion [50].

In the following, we replace the nano-CPW antenna
by the nanostripline (NSL), which provides the excitation
over a broadband wave-vector range (see Fig. S9 within
the Supplemental Material for the Fourier transformation
of NSL [63]) . The width of the NSL is 100 nm and the
separation distance between two NSLs is fixed at 4 pum.
Figure 4(a) shows the measured transmission spectra with
6 = 90°. An apparent broadband excitation of propagat-
ing spin-wave mode is observed, without discrete modes
depending on the wave-vector distribution of NSLs. The
magnon-SAW hybridized mode is also observed to exist
in all frequency bands. The theoretically calculated spec-
tra corresponding to Fig. 4(a) is shown in Fig. 5(e). With
increasing the external magnetic field, the frequency of
spin-wave mode also increases following [50]:

2 1 —e M
W\sBVW = WH |:")H + wm (T)} > 3)

with wy, = yueMs and wy = y oHex. The frequency of
the crossing point between spin waves and SAWs also
increases with respect to the external magnetic field. In
the experiment, when the external magnetic field is fixed
at 330 mT, the magnon-SAW hybridization appears at
12 GHz, corresponding to a wave vector of 25.6 rad/pm
and a wavelength of 250 nm as shown in Fig. 4(b). Here,
the magnetoelastic coupling is not in the strong coupling
regime, therefore, the anticrossing behavior is not obvi-
ous. The wavelength of the observed short-wavelength
magnon-SAW coupled waves is much smaller than that
from the LiNbOj-based systems with the microwave
antenna of interdigital transducers (IDT) [44,45]. In addi-
tion, the wave vector here is beyond the resolution limit
of Brillouin light scattering (BLS) systems, a technique
widely used for studying spin waves [68].

Finally, the effective magnetoelastic coupling strength
b for tuning the magnon-SAW hybridized mode is inves-
tigated in Fig. 5. The theoretical analysis is based on the
NSL antenna with a broadband wave-vector distribution.
When the effective coupling b = 2 x 10* J/m® is weak
as shown in Fig. 5(a), one could observe that the anticross-
ing behavior at the crossing point is not prominent, and
the two modes are not effectively coupled. The calculated
transmission spectra also show the absence of the magnon-
SAW hybridized mode [Fig. 5(d)]. However, if the effec-
tive magnetoelastic coupling strength by is increased to
2 x 10° J/m?, although the anticrossing is still not evident
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due to the relatively high dissipation rate of the magnon,
the spin wave and the acoustic-wave modes settled as
distorted at the crossing point. Here, the Gilbert damping
of LSMO is set as 1.2 x 1073 [48]. The system is in the
weak-coupling regime nevertheless the mode hybridiza-
tion is evident in transmission, as shown in Fig. 5(e).
The theoretical calculation results with beg = 2 x 10° J/m?
are very close to the experimental observation [Fig. 4(a)].
Furthermore, when the effective magnetoelastic coupling
strength by is increased to the value of 1 x 10° Jm’3,
the anticrossing between two coupled modes is very dis-
tinct and the system is in the strong coupling regime. The
anticrossing gap also arises in the calculated transmission
spectra, while such highly effective magnetoelastic cou-
pling is unable to correspond to the experimental results.
Note that we consider the effective magnetoelastic cou-
pling shows an anticrossing behavior. Recently, the level
attraction originated from the dissipative coupling exhib-
ited in a magnon-photon hybridized system [69]. If instead,
we consider the coupling type of level attraction, the
phase oscillation behavior is different from the experimen-
tal results, as shown in Fig. S10 within the Supplemental
Material [63].

ITI. CONCLUSION

In conclusion, we experimentally observe the coher-
ent propagation of the hybridization mode between spin
waves and Love waves in a multiferroic-ferromagnetic het-
erostructure composed of BFO and LSMO, respectively.
The hybridization appears when the dispersions of spin
waves and Love SAWs cross with one another. In con-
trast to the typical magnon-phonon coupling involving the
Rayleigh waves, the hybridization with Love waves fol-
lows a cos26 dependence, thus presenting a maximum
strength in DE and BV configurations. Furthermore, the
hybridized mode exhibits much larger intensity than the
spin-wave mode directly excited by CPWs. The shortest
wavelength of 250 nm is observed when mode hybridiza-
tion takes place. A mode of such a small wavelength
would be very difficult to excite with our antennas if the
BFO layer and its Love mode were not coupled to the
spin-wave modes in LSMO. This enhancement is a crit-
ical feature that paves the way for nanoscale-integrated
magnetoacoustic devices.
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