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The hybridization of magnons and phonons is playing a critical role in the emerging field of hybrid magnonics
because it combines the high tunability of magnetism with the long lifetime of mechanics for comprehensive
coherent information processing. Recently there has been increasing interest in thin-film bulk acoustic waves
because of their long lifetimes at high frequencies. However, the unique multimode nature of such phonon
modes has not been exploited as an important resource for coherent information processing. In this Letter we
study the simultaneous hybridization of multiple high-overtone bulk acoustic resonances with a magnon and
a microwave mode. The demonstrated multimode hybridization allows us to observe coherent pulse echos,
opening opportunities for both fundamental studies and practical applications of hybrid magnonics.

Hybrid magnonics has been undergoing rapid develop-
ments in the past few years. With a focus on studying the
coherent interactions between magnons — quantized collec-
tive spin excitations known as spin waves — and other degrees
of freedom such as electromagnetic waves, hybrid magnonics
enables coherent information exchange among different phys-
ical platforms and therefore is of great importance for both
fundamental research and practical applications [1-9]. For
instance, the coherent interaction between magnons and cav-
ity microwave photons can far exceed their dissipation rates
because the interaction can be significantly enhanced by the
large spin density of magnetic materials such as yttrium iron
garnet (YIG) [1-5]. Such strong coupling has been widely
studied in different device configurations, opening a broad va-
riety of applications ranging from non-reciprocal signal rout-
ing [10-12], non-Hermitian physics [13—15], microwave-to-
optical transduction [16, 17], to dark matter detection [18, 19]
and quantum magnonics [20-22].

Among various excitations that can hybridize with
magnons, mechanical phonons are of particular interest be-
cause of their unique properties such as long lifetime and com-
pact footprint [23-26]. The interaction between magnons and
phonons has been employed for decades in classical signal
processing [27—43]. With the recent development of hybrid
magnonics for coherent or even quantum information pro-
cessing, there is renewed interest in hybridizing magnons and
phonons [9]. Recent experimental and theoretical demon-
strations of phonon-magnon coupling on macroscopic YIG
sphere devices have revealed its great potential for functional-
ities including ground state cooling [44], magnon-phonon en-
tanglement [45], non-reciprocal phonon propagation [46, 47],
etc. However, these spherical phonon modes are limited by
their low resonance frequencies (typically in the MHz range),
which are not favorable for future quantum applications be-
cause of the extremely low temperature required to suppress
the thermal noise.

High-overtone bulk acoustic wave resonances (HBARs)
represent another type of phonon modes supported by thin-
film YIG devices [48-51]. With frequencies covering the
GHz range, they can directly couple with magnon resonances
through the magnetoelastic effect [52]. One distinct feature

of HBARs is that multiple evenly distributed resonances can
be supported on a single resonator, but this multimode na-
ture has been rarely explored so far. In this Letter, we show
that by hybridizing a magnon resonance, a microwave res-
onance, and multiple HBAR phonon modes, coherent pulse
echos can be observed on a YIG thin film device. Such a con-
figuration takes advantage of not only the multimode nature
of the phonon modes but also their long lifetimes, enabling
more functionalities for magnon-based coherent information
processing.

Figure 1a shows the schematics of our planar device that
simultaneously supports microwave, magnon and HBAR
phonon resonances. A rectangular split-ring resonator
(RSRR) is fabricated together with a coupling microstrip on
a printed circuit board (model TMM10i [53]). It supports a
microwave resonance (Fig. 1b) at frequency @, = 27 x 9.32
GHz (with the YIG chip loaded). The compact RSRR design
ensures a highly focused distribution of the microwave field,
which enhances the coupling between microwave photons and
magnons in the YIG film.

A magnonic device is placed atop the RSRR with the
YIG side facing down. The 200-nm-thick epitaxial YIG film
is patterned into a 0.8 x 0.9 mm? rectangle on a 527-um-
thick single-crystal gadolinium gallium garnet (GGG) [111]-
oriented substrate. A bias magnetic field is applied by a per-
manent magnet along the out-of-plane (z) direction to sup-
port forward volume magnetostatic wave magnons, whose dy-
namic magnetization m(t) = [my(z) + imy(z)]e"'®n" rotates in
the x-y plane with m, (im,) being the x (y) component [54]. The
resonance frequency of the fundamental magnon mode can
be approximated as @,, = y/H (H + M), where y = 27 x 28
GHz/T is the gyromagnetic ratio, and My = 0.175 T the sat-
uration magnetization of YIG. The bias field H can be tuned
by moving the magnet position (z) to sweep the magnon fre-
quency.

In addition to magnon resonances, our device also sup-
ports HBAR phonons. Transverse elastic waves can prop-
agate along the thickness (z) direction and form high-order
standing waves between the top and bottom surfaces of the
YIG/GGG structure (Fig. 1c). Because of the similar me-
chanical properties of YIG and GGG, the standing waves are
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FIG. 1. a. Device schematics showing a YIG/GGG chip flipped (YIG side facing down) atop a copper rectangular split-ring resonator (RSRR).

The device has a single input/output port for reflection measurements.

A bias magnetic field H is applied along z direction. b. Simulated

microwave magnetic field / distribution of the RSRR resonance, with the field localized around the short inductor wire. ¢. Simulated in-plane
displacement (u;,) of the transverse high-overtone bulk acoustic resonance (HBAR) in the YIG/GGG chip. d. Zoom-in of the phonon in-plane
displacement, which is distributed across the whole chip thickness and laterally confined by the YIG boudnaries. Spatial overlap of HBAR
phonons with magnons in YIG is also indicated. e. Simulated HBAR spectrum, revealing the evenly distributed multimodes. f. Energy level

diagram of our photon-magnon-phonon hybrid system.

distributed across both layers along the thickness direction.
In the lateral direction, the phonon modes are confined by
the YIG boundaries, as indicated by our COMSOL simula-
tion results in Fig. 1d (magnon-phonon interaction not con-
sidered). Considering the large wavelength in the lateral di-
rection, uniform lateral phonon distribution can be assumed
for simplicity. The displacement of transverse phonons [54]
is mainly in-plane i, = [uy(z) + iy (z)]e "' @', where u, (uy)
is the x () displacement, and @y, is the frequency of the n-
th order mode, while their z displacement can be neglected.
From the simulated spectrum (Fig. le), multiple phonon res-
onances can be observed, with an even spacing of 3.40 MHz.
This agrees with the theoretical calculation of the free spec-
tral range (FSR) Af = ¢;/2d = 3.32 MHz, where d is the chip
thickness, ¢, E/(2(14v)p) is the propagation speed of
transverse elastic waves, E is Young’s modulus, v is Poisson’s
ratio, and p is the density, respectively. All parameters used
here are for GGG (TableI), while the YIG layer is ignored
in calculation because of its ultra-small thickness and similar
mechanical properties.

Under rotating wave approximation, our system can be de-

TABLE I. Mechanical properties of YIG and GGG

Young’s modulus Poisson’s ratio  Density Thickness

E (Pa) v p (kg/m®) d (um)
YIG [55] 0.2x 102 0.29 5170 0.2
GGG [56] 0.222x 102 0.28 7080 527

scribed by the Hamiltonian

A = nAa"a+ nAi i 1Y Ayblb,
n (D
+h/KoEin(a — a%) + Hin,

where a' (a), m" (%), and b} (b,) are the creation (annihila-
tion) operator of the microwave photon, the magnon, and the
n-th overtone phonon mode, respectively. In addition, Ky is
the cavity external coupling rate, and Ej, = /P/hay is the
time-dependent input field with P and @y being its power and
frequency, respectively. The detunings of the three modes are
given as A, = @, — wy, A, = Oy — 0y, and Ay, = @p, — Oy,
respectively. In our experiments, we have on resonance con-
dition A, = A, = 0.
The interaction term of the Hamiltonian is

Hing = Tigma (' a+1ma") + 1Y g (1 by +10b}),  (2)
n

as illustrated by Fig. 1f, where g, (gm») is the coupling
strength between magnon and photon (phonon) modes. In
addition to the widely-studied magnon-photon coupling, co-
existing phonons and magnons in YIG interact with each other
via the magnetoelastic effect [57]

U B> du, + 8uy
=—|my—=—+my—=—
ME Ms X aZ y aZ )

where Uy represents the magnetoelastic energy density (only
the dominant first-order effects are considered), and B, is the

3)
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FIG. 2. Measured microwave reflection spectra of the RSRR with (a) -30 dBm, (b) 0 dBm, and (¢) 5 dBm VNA powers, respectively, as the
magnon frequency is swept by the magnet position. Inset: zoomed-in magnon-phonon anti-crossing feature when the magnon is off-resonance
from the RSRR resonance. d. Measured RSRR reflection spectra for a fixed magnon frequency (initially on-resonance with the RSRR) versus
the VNA power. e. Line plots for different VNA powers. Pure RSRR resonance is observed when there is no magnon. The magnon-photon
normal mode splitting appears at -30 dBm power, smears out at 5 dBm, and disappears at 10 dBm. Phonon features become more prominent

at 5 dBm and 10 dBm, revealing a phonon FSR Af = 3.31 MHz.

magnetoelastic constant of YIG. Accordingly, the magnon-
phonon coupling strength g, < [ UmedV can be optimized
by maximizing the integral over the device volume V. As-
suming a uniform magnon distribution along the thickness di-
rection [58], an optimal coupling can be obtained when the
phonon wavelength A /2 = dyjg = 0.2 um. Using the trans-
verse phonon speed in YIG ¢, = 3910 m/s, an optimal op-
eration frequency @ = 27c¢, /A = 27 x 9.8 GHz is obtained,
approximately corresponding to the 2960-th overtone phonon
resonance. Our measurements are taken within a small span
around this frequency, and therefore the coupling strengths
for all phonon modes are considered identical. Although the
phonon modes occupy the whole YIG/GGG thickness, they
only interact with magnons in the thin YIG layer. The small
mode overlap limits the obtainable magnon-phonon coupling
strength. But as will be shown below, the coupling can still
exceed the extremely low phonon dissipation in GGG.

The photon-magnon-phonon interaction is studied by mea-
suring RSRR reflections around ), using a vector network an-
alyzer (VNA), considering that the optimal magnon-phonon
coupling frequency is near the RSRR resonance. Figure2a
plots the typical spectra of the device reflection when a contin-
uous wave microwave tone is sent to the device, revealing an
anti-crossing feature as the magnon mode is swept across the
RSRR resonance. Numerical fitting gives a coupling strength
8gma = 27 X 23 MHz, which is less than the microwave dis-
sipation rate /2 = 27 x 59 MHz but exceeds the magnon
dissipation K, /2 = 27 x 1.2 MHz, leading to a coopperativity
C =4g%,/Kakm =1.5.

Additional anti-crossing features can be observed from the

zoomed-in spectra at low VNA powers (Fig. 2a, inset), corre-
sponding to the coupling between HBAR phonon and magnon
modes. Numerical fitting shows that the magnon-phonon cou-
pling is g,up = 27 x 0.75 MHz, smaller than the magnon dissi-
pation but larger than the extracted phonon dissipation xj/2 =
27 x 0.3 MHz, resulting in a cooperativity C = 4g,2nb /K Kp =
1.6. At elevated VNA powers, the phonon features become
more prominent, as indicated by the fine horizontal lines in
Figs. 2b,c. In fact, the magnon resonance exhibits a foldover
[59, 60] because of the intrinsic magnon nonlinearity, caus-
ing the magnon frequency to shift towards higher frequencies
when swept at high VNA powers (Figs. 2d,e). Therefore, the
magnon-phonon coupling can be read out in a broader fre-
quency range. These spectra give a phonon FSR Af = 3.31
MHz, which agrees well with theoretical and simulation re-
sults.

Spectral analysis shows that our triply resonant system re-
sembles atomic frequency combs [61, 62]. Such an effect
is absent when the magnon is tuned off-resonance from the
microwave resonance, where only a single phonon mode can
be read out near the narrow magnon resonance. When the
magnon is hybridized with the large-linewidth photon mode,
the resulting hybrid modes interact more efficiently with, and
hence read out, phonons in a broader frequency range, ex-
hibiting a comb-like spectrum, which will lead to pulse echos
when excited by a microwave pulse. The temporal response
of our system can be described by the Heisenberg-Langevin
equations (in the matrix form)

V=M-:V+ Vi, “)
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FIG. 3. a. Setup configuration for time-domain characterization. The
signal generator and pulse generator outputs are mixed by the mixer
to produce the input microwave pulse. The device reflection is sepa-
rated from the input by a circulator and recorded by an oscilloscope.
DUT: device-under-test. b. Fourier transform of the input triangu-
lar pulse versus frequency detuning. Dashed vertical lines indicate
phonon resonance frequencies.

where vector v = {a,m,by,by,...,b,,...} T collects all the sys-
tem modes, Vi, = {/K0Ein,0,0,0,...}T describes the input
modes, and M is the dynamical matrix

—Ka/2  igma 0 0
igma  —Km/2 i8mb i8mb
M= 0 igmp 1Ap — K‘b/z 0
iApy — K5 /2

0 i8mb 0

&)
Since our system operates in the classical regime, the hats on
the operators can be dropped to represent their classical aver-
age values. The system dynamics can be solved as

v(t) = Z(t)C+Z(1) / [ Z7 ' (1)vipdr, (6)
0

where C is a constant column vector determined by the initial
condition, Z(t) = Ue™ with U representing a unitary trans-
form that diagonalizes the dynamical matrix, D = UMU ™.

To measure the pulse echo, a microwave pulse centered at
@y with a -10 dBm peak power, which is obtained by mixing a
microwave tone with a triangular pulse (12 ns for the rise and
fall edges each), is sent to the RSRR (Fig. 3a). Fourier trans-
form shows that such a microwave pulse has a full width at
half maximum of 74 MHz, covering around 23 HBAR phonon
modes (Fig. 3b). The reflection signal, separated from the in-
put signal by a circulator to avoid unnecessary interference,
is sent to a high-speed sampling oscilloscope to monitor the
device response. The pulsed measurements are repeated with
a repetition time of 2 us.

Figure 4a plots the measured pulse echo process. Following
the microwave pulse input at time ¢ = 0, the microwave sig-
nal is coupled to multiple phonon modes through a magnon-
mediated process. After the phonon modes become popu-
lated, they start to dephase because of the frequency differ-
ence among HBAR modes, leading to the disappearance of
the pulse. After evolving for # = 304 ns, all the phonon modes
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FIG. 4. Measured (a) and calculated (b) amplitude of the cav-
ity reflection as a function of time at various magnon detunings
Ama = O, — @, after a triangular pulse input at r = 0, showing three
echo pulses at 304, 605, 902 ns. The detuning is controlled by the
magnet position [Mag. Pos. in (a)]. ¢. Line plot comparison of
the measured (thick gray line) and calculated (solid black line) echo
signal for zero magnon detuning (A,,; = 0). Dashed black line: cal-
culated exponential echo decay caused by phonon dissipation. d.
Calculated height of the first echo peak versus the magnon-phonon
coupling strength g,,,;, /27 for two different phonon dissipation rates:
Kp = 27 x 0.55 MHz (solid line), and k3, = 27 x 0.055 MHz (dashed
line), respectively.

become in phase again, generating a sharp echo pulse at the
RSRR output via another magnon-mediated process. Second
and third echo pulses are also observed at around ¢ = 605 and
t = 902 ns, respectively, because of the long lifetime of the
HBAR phonons. Coherent pulse echoes can be observed when
the magnon frequency is tuned in a broad range by varying the
bias magnet position.

The measured device dynamics qualitatively matches the
theoretical calculation with 18 phonon modes (Fig. 4b), with
the observed echo period agreeing with theory prediction 8¢ =
1/Af =303 ns. The additional fringes on the spectra can be
attributed to interferences with crosstalk and additional high-
order magnon modes, which is confirmed by the numerical
simulation and suppressing these noises is beyond the scope
of this work. This storage mechanism utilizes the multimode
nature of the phonon modes, and therefore can be extended to
the echo of multiple input pulses [63].

Figure 4c shows that in addition to the period, the rela-
tive amplitudes of the echo pulses also match the theoreti-
cal prediction based on the measured phonon dissipation kj
(dashed line in Fig. 4c). Further enhancement of the echo can
be expected through improved design and characterization ap-
proaches. For instance, stronger echo peaks can be obtained



by increasing the magnon-phonon coupling strength (Fig. 4d).
This can be achieved by improving the magnon-phonon mode
overlap using a substrate with a thicker YIG or thinner GGG
layer. Alternatively, reduced phonon linewidths also help im-
prove the echo peak height, which can be realized via cryo-
genic operations or comprehensive device engineering.

In summary, we have experimentally observed the coher-
ent coupling between microwave photons, magnons and mul-
timode HBAR phonons, and demonstrated coherent pulse
echos on the hybrid photon-magnon-phonon system. We have
also developed a complete theory for modeling the Hamilto-
nian and dynamics of our system. Currently our device perfor-
mance is limited by the finite magnon-phonon coupling rate
and the finite phonon lifetime. Since our phonon lifetime is
much longer than both the magnon and photon modes, our
demonstration can potentially be extended to develop multi-
mode memories for magnons. Most importantly, our work
utilizes the multimode nature of HBAR phonons as an impor-
tant resource for magnon-based coherent information process-
ing, opening opportunities for a broad range of applications
including quantum magnonics.
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Appendix A: Lateral confinement of HBAR phonons

Our YIG/GGG device has a thickness of 527 um, and
the lateral dimension of the YIG film is 800 to 900 pm.
These dimensions determine (and can actually be roughly
considered as) the spatial extension of the HBAR phonons
along both the out-of-plane (z) and in-plane (x and y) di-
rections. Although these dimensions are comparable, it is
worth noting that the wavelengths are completely different
along both directions. Along the out-of-plane direction, the
high-overtone phonons have a wavelength around 400 nm
(determined roughly as twice of the YIG film thickness),
while along the in-plane direction the wavelength is around
4000 times longer (approximated as twice of the YIG
lateral dimensions for the low order standing waves along
that direction). Therefore the wavevectors of the HBAR
phonons are mainly along the z direction, with a negligibly

small component along the in-plane directions. As a result,
we can ignore the effect of the lateral confinement and
assume uniform mode distribution along lateral directions
for simplicity when analyzing phonon properties such as FSR.

Appendix B: Longitudinal acoustic phonons

On the YIG/GGG device, the high-overtone phonon reso-
nances can be formed by either transverse acoustic waves or
longitudinal acoustic waves. Although they can coexist in the
same frequency range, the longitudinal modes can be easily
distinguished from the transverse HBAR phonons because
of their distinctively different FSR. Similar to the transverse
HBAR phonons, the FSR for the longitudinal HBAR phonons
can be calculated as Afia = ¢,/2d = 6.01 MHz, where

% = 6331 m/s is the propagation speed

of the longitudinal elastic waves in GGG. Clearly this FSR
is much larger than that of the transverse acoustic phonons,
making it possible to identify the longitudinal phonons from
the measured spectrum.

Cp:

However, in our experiment such longitudinal phonon
modes are not observed. This can be explained by their van-
ished coupling strength with the magnon mode. Following
Eq. (17) in Ref. [57] which leads to our Eq. (3), and keeping
only the first-order terms, the magnetoelastic energy for the
longitudinal acoustic phonons can be obtained as

2B, _ _
Ul%/l% = YA (my &y, + myeyz) )
S

P Jduy Jdu e Juy Jdu
where & = 1 ( 7 +%) and &, = %(8—2’4—3—@). Ideal

longitudinal phonons have displacements only along z direc-
tion (u, # 0) while the in-plane displacements are all zero

(ux = uy = 0, and accordingly, aa”; = aa—uz‘ = 0). In addition,
since the phonon distribution can be considered as nearly uni-

form along laterial directions, we have %—"x = aa';f =0. As

a result, Upfp = 0, leading to a vanished coupling strength

(g!;;; < [ Ul\ljfédv = 0) between magnons and longitudinal

phonons.

* Corresponding author: xufeng.zhang@anl.gov

[1] H. Huebl, C. Zollitsch, J. Lotze, F. Hocke, M. Greifenstein,
A. Marx, R. Gross, and S. Goennenwein, “High Cooperativ-
ity in Coupled Microwave Resonator Ferrimagnetic Insulator
Hybrids,” Phys. Rev. Lett. 111, 127003 (2013).

[2] X.Zhang, C.-L. Zou, L. Jiang, and H. X. Tang, “Strongly Cou-
pled Magnons and Cavity Microwave Photons,” Phys. Rev. Lett.
113, 156401 (2014).

[3] Y. Tabuchi, S. Ishino, T. Ishikawa, R. Yamazaki, K. Usami, and
Y. Nakamura, “Hybridizing Ferromagnetic Magnons and Mi-



crowave Photons in the Quantum Limit,” Phys. Rev. Lett. 113,
083603 (2014).

[4] L. Bai, M. Harder, Y.P. Chen, X. Fan, J.Q. Xiao, and C.-M.
Hu, “Spin Pumping in Electrodynamically Coupled Magnon-
Photon Systems,” Phys. Rev. Lett. 114, 227201 (2015).

[5] M. Goryachev, W.G. Farr, D.L. Creedon, Y. Fan, M. Kostylev,
and M.E. Tobar, “High-cooperativity cavity QED with magnons
at microwave frequencies,” Phys. Rev. Appl. 2, 054002 (2014).

[6] X.Zhang, N. Zhu, C.-L. Zou, and H. X. Tang, “Optomagnonic
Whispering Gallery Microresonators,” Phys. Rev. Lett. 117,
123605 (2016).

[7]1 A. Osada, R. Hisatomi, A. Noguchi, Y. Tabuchi, R. Yamazaki,
K. Usami, M. Sadgrove, R. Yalla, M. Nomura, and Y. Naka-
mura, “Cavity Optomagnonics with Spin-Orbit Coupled Pho-
tons,” Phys. Rev. Lett. 116, 223601 (2016).

[8] J. A. Haigh, A. Nunnenkamp, A. J. Ramsay, and A. J. Fergu-
son, “Triple-Resonant Brillouin Light Scattering in Magneto-
Optical Cavities,” Phys. Rev. Lett. 117, 133602 (2016).

[9] X. Zhang, C.-L. Zou, L. Jiang, and H. X. Tang, “Cavity mag-
nomechanics,” Sci. Adv. 2, e1501286 (2016).

[10] Y.-P. Wang, J. W. Rao, Y. Yang, P.-C. Xu, Y. S. Gui, B. M. Yao,
J. Q. You, and C.-M. Hu, “Nonreciprocity and Unidirectional
Invisibility in Cavity Magnonics,” Phys. Rev. Lett. 123, 127202
(2019).

[11] X. Zhang, A. Galda, X. Han, D. Jin, and V. M. Vinokur,
“Broadband Nonreciprocity Enabled by Strong Coupling of
Magnons and Microwave Photons,” Phys. Rev. Appl. 13,
044039 (2020).

[12] N. Zhu, X. Han, C.-L. Zou, M. Xu, and H. X. Tang, “Magnon-
photon strong coupling for tunable microwave circulators,”
Phys. Rev. A 101, 043842 (2020).

[13] D. Zhang, X.-Q. Luo, Y.-P. Wang, T.-F. Li, and J.Q. You, “Ob-
servation of the exceptional point in cavity magnon-polaritons,”
Nat. Commun. 8, 1368 (2017).

[14] M. Harder, L. Bai, P. Hyde, and C.-M. Hu, “Topological prop-
erties of a coupled spin-photon system induced by damping,”
Phys. Rev. B 95, 214411 (2017).

[15] X. Zhang, K. Ding, X. Zhou, J. Xu, and D. Jin, “Experimental
Observation of an Exceptional Surface in Synthetic Dimensions
with Magnon Polaritons,” Phys. Rev. Lett. 123, 237202 (2019).

[16] R. Hisatomi, A. Osada, Y. Tabuchi, T. Ishikawa, A. Noguchi,
R. Yamazaki, K. Usami, and Y. Nakamura, “Bidirectional
conversion between microwave and light via ferromagnetic
magnons,” Phys. Rev. B 93, 174427 (2016).

[17] N. Zhu, X. Zhang, X. Han, C.L. Zou, C. Zhong, C.H. Wang,
L. Jiang, and H.X. Tang, “Waveguide cavity optomagnonics for
broadband multimode microwave-to-optics conversion,” Optica
7, 1291 (2020).

[18] G. Flower, J. Bourhill, M. Goryachev, and M.E. Tobar, “Broad-
ening frequency range of a ferromagnetic axion haloscope with
strongly coupled cavitymagnon polaritons,” Phys. Dark Uni-
verse 25, 100306 (2019).

[19] T. Trickle, Z. Zhang, and K. M. Zurek, “Detecting Light Dark
Matter with Magnons,” Phys. Rev. Lett. 124, 201801 (2020).

[20] Y. Tabuchi, S. Ishino, A. Noguchi, T. Ishikawa, R. Yamazaki,
K. Usami, and Y. Nakamura, “Coherent coupling between a
ferromagnetic magnon and a superconducting qubit,” Science
349, 405-408 (2015).

[21] D. Lachance-Quirion, S. Piotr Wolski, Y. Tabuchi, S. Kono,
K. Usami, and Y. Nakamura, “Entanglement-based single-shot
detection of a single magnon with a superconducting qubit,”
Science 367, 425-428 (2020).

[22] S. P. Wolski, D. Lachance-Quirion, Y. Tabuchi, S. Kono,
A. Noguchi, K. Usami, and Y. Nakamura, “Dissipation-Based

Quantum Sensing of Magnons with a Superconducting Qubit,”
Phys. Rev. Lett. 125, 117701 (2020).

[23] M. Li, W. H. P. Pernice, C. Xiong, T. Baehr-Jones,
M. Hochberg, and H. X. Tang, “Harnessing optical forces in
integrated photonic circuits,” Nature 456, 480—484 (2008).

[24] S. Weis, R. Riviere, S. Deleglise, E. Gavartin, O. Arcizet,
A. Schliesser, and T. J. Kippenberg, “Optomechanically in-
duced transparency,” Science 330, 1520-1523 (2010).

[25] J. D. Teufel, T. Donner, D. Li, J. W. Harlow, M.S. Allman,
K. Cicak, A. J. Sirois, J. D. Whittaker, K. W. Lehnert, and
R. W. Simmonds, “Sideband cooling of micromechanical mo-
tion to the quantum ground state,” Nature 475, 359-363 (2011).

[26] J. Chan, T. P. Mayer Alegre, A. H. Safavi-Naeini, J. T. Hill,
A. Krause, S. Groblacher, M. Aspelmeyer, and O. Painter,
“Laser cooling of a nanomechanical oscillator into its quantum
ground state,” Nature 478, 89-92 (2011).

[27] C. Kittel, “Interaction of Spin Waves and Ultrasonic Waves in
Ferromagnetic Crystals,” Phys. Rev. 110, 836 (1958).

[28] Ernst Schlomann, “Generation of Phonons in HighPower Fer-
romagnetic Resonance Experiments,” J. Appl. Phys. 31, 1647
(1960).

[29] J. R. Eshbach, “SpinWave Propagation and the Magnetoelas-
tic Interaction in Yttrium Iron Garnet,” J. Appl. Phys. 34, 1298
(1963).

[30] E. Schlomann and R. I. Joseph, “Generation of Spin Waves in
Nonuniform Magnetic Fields. III. Magnetoelastic Interaction,”
J. Appl. Phys. 35, 2382 (1964).

[31] R. W. Damon and H. van de Vaart, “Dispersion of spin waves
and magnetoelastic waves in YIG,” Proc. IEEE 53, 348-354
(1965).

[32] B. A. Auld, J. H. Collins, and H. R. Zapp, “Adiabatic Time
Domain Conversion Of Hybrid Magnetoelastic Waves In YIG,”
Appl. Phys. Lett. 10, 186 (1967).

[33] R. L. Comstock and N. Kusnezov, “Magnetoelastic-Elastic
Wave Scattering,” J. Appl. Phys. 38, 3740 (1967).

[34] S. M. Rezende and F. R. Morgenthaler, “Magnetoelastic Waves
in TimeVarying Magnetic Fields. 1. Theory,” J. Appl. Phys. 40,
524 (1969).

[35] T. Yukawa and K. Abe, “FMR spectrum of magnetostatic waves
in a normally magnetized YIG disk,” J. Appl. Phys. 45, 3146
(1974).

[36] R. E. Camley, “Magnetoelastic waves in a ferromagnetic film
on a nonmagnetic substrate,” J. Appl. Phys. 50, 5272 (1979).

[37] G. Komoriya and G. Thomas, “Magnetoelasticsurface waves on
YIG substrate,” J. Appl. Phys. 50, 6459 (1979).

[38] B. D. Zaitsev, A. V. Ermolenko, and V. A. Fedorenko, “Magne-
toacoustic SAW interaction in YIG films,” EEE Trans. Ultrason.
Ferroelectr. Freq. Control 45, 356 (1998).

[39] Yu. A. Filimonova, G.T.Kazakova, Yu. V. Khivintseva, 1. M.
Kotelaynskiib, and A. V. Maryachinc, “Nonlinear properties of
magnetoelastic Rayleigh waves in ferrite films,” J. Magn. and
Magn. Mater. 272, 1009 (2004).

[40] D. A. Bozhko, P. Clausen, G. A. Melkov, V. S. Lvov,
A. Pomyalov, V. I. Vasyuchka, A. V. Chumak, B. Hillebrands,
and A. A. Serga, “Bottleneck Accumulation of Hybrid Magne-
toelastic Bosons,” Phys. Rev. Lett. 118, 237201 (2017).

[41] L. Lisenkov, A. Jander, and P. Dhagat, “Magnetoelastic para-
metric instabilities of localized spin waves induced by traveling
elastic waves,” Phys. Rev. B 99, 184433 (2019).

[42] R. Verba, V. Tiberkevich, and A. Slavin, “Wide-band nonre-
ciprocity of surface acoustic waves induced by magnetoelastic
coupling with a synthetic antiferromagnet,” Phys. Rev. Appl.
12, 054061 (2019).

[43] P. J. Shah, D. A. Bas, I. Lisenkov, A. Matyushov, N. X. Sun,



and M. R. Page, “Giant nonreciprocity of surface acoustic
waves enabled by the magnetoelastic interaction,” Sci. Adv. 6,
eabc5648 (2020).

[44] M.-S. Ding, L. Zheng, and C. Li, “Ground-state cooling of a
magnomechanical resonator induced by magnetic damping,” J.
Opt. Soc. Am. B 37, 627-634 (2020).

[45] J. Li and S.-Y. Zhu, “Entangling two magnon modes via mag-
netostrictive interaction,” New J. Phys. 21, 085001 (2019).

[46] X.Zhang, G. E. W. Bauer, and T. Yu, “Unidirectional Pumping
of Phonons by Magnetization Dynamics,” Phys. Rev. Lett. 125,
077203 (2020).

[47] M. Xu, K. Yamamoto, J. Puebla, K. Baumgaertl, B. Rana,
K. Miura, H. Takahashi, D. Grundler, S. Maekawa, and
Y. Otani, “Nonreciprocal surface acoustic wave propagation via
magneto-rotation coupling,” Sci. Adv. 6, eabb1724 (2020).

[48] C.L. Ordonez-Romero, O.V. Kolokoltsev, N. Qureshi V. Gri-
malsky, and R. Ortega, “Observation of indirect parallel pump-
ing of magneto-elastic modes in layered YIG/GGG structures,”
Solid State Commun. 141, 33 (2007).

[49] N. L. Polzikova, S. G. Alekseey, L. I. Pyataikin, I. M. Kotelyan-
skii, V. A. Luzanov, and A. P. Orlov, “Acoustic spin pumping in
magnetoelectric bulk acoustic wave resonator,” AIP Advances
6, 056306 (2016).

[50] P. Chowdhury, A. Jander, and P. Dhagat, “Nondegenerate Para-
metric Pumping of Spin Waves by Acoustic Waves,” IEEE
Magn. Lett. 8, 3108204 (2017).

[51] K. An, A. N. Litvinenko, R. Kohno, A. A. Fuad, V. V. Naletov,
L. Vila, U. Ebels, G. de Loubens, H. Hurdequint, N. Beaulieu,
J. Ben Youssef, N. Vukadinovic, G. E. W. Bauer, A. N. Slavin,
V. S. Tiberkevich, and O. Klein, “Coherent long-range trans-
fer of angular momentum between magnon Kittel modes by
phonons,” Phys. Rev. B 101, 060407(R) (2020).

[52] F. Vanderveken, F. Ciubotaru, and C. Adelmann, “Magnetoe-
lastic waves in thin films,” arXiv:2003.12099 (2020).

[53] https://www.rogerscorp.com/ .

[54] M. Ye and H. Dotsch, “Magnetoelastic instabilities in the ferri-

magnetic resonance of magnetic garnet films,” Phys. Rev. B 44,
9458 (1991).

[55] N. S. Sokolov, V. V. Fedorov, A. M. Korovin, S. M. Su-
turin, D. A. Baranov, S. V. Gastev, B. B. Krichevtsov, K. Yu.
Maksimova, A. I. Grunin, V. E. Bursian, L. V. Lutsev, and
M. Tabuchi, “Thin yttrium iron garnet films grown by pulsed
laser deposition: Crystal structure, static, and dynamic mag-
netic properties,” J. Appl. Phys. 119, 023903 (2016).

[56] V. V. Vitko, A. A. Nikitin, A. V. Kondrashov, A. A. Nikitin,
A. B. Ustinov, P. Yu Belyavskiy, B. A. Kalinikos, and J. E.
Butler, “Microwave filter based on Lamb modes for optoelec-
tronic generator,” J. Phys.: Conf. Ser. 661, 012049 (2015).

[57] C. Gonzalez-Ballestero, D. Hummer, J. Gieseler, and
O. Romero-Isart, “Theory of quantum acoustomagnonics and
acoustomechanics with a micromagnet,” Phys. Rev. B 101,
125404 (2020).

[58] L. S. Maksymov and M. Kostylev, “Broadband stripline ferro-
magnetic resonance spectroscopy of ferromagnetic films, mul-
tilayers and nanostructures,” Physica E 69, 253 (2015).

[59] Y.K. Fetisov and C.E. Patton, “Thermal microwave foldover
and bistability in ferromagnetic resonance,” IEEE T. Magn 40,
473 (2004).

[60] P. Hyde, B. M. Yao, Y. S. Gui, Guo-Qiang Zhang, J. Q.
You, and C.-M. Hu, “Direct measurement of foldover in cavity
magnon-polariton systems,” Phys. Rev. B 98, 174423 (2018).

[61] N Timoney, B Lauritzen, I Usmani, M Afzelius, and N Gisin,
“Atomic frequency comb memory with spin-wave storage in
153Eu3+:Y2Si05,” J. Phys. B: At. Mol. Opt. Phys. 45, 124001
(2012).

[62] M Gundogan, M Mazzera, P M Ledingham, M Cristiani, and
H de Riedmatten, “Coherent storage of temporally multimode
light using a spin-wave atomic frequency comb memory,” New
J. Phys 15, 045012 (2013).

[63] Xufeng Zhang, Chang-Ling Zou, Na Zhu, Florian Marquardt,
Liang Jiang, and Hong X. Tang, “Magnon dark modes and gra-
dient memory,” Nat. Commun. 6, 8914 (2015).



