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Coherent Pulse Echo in Hybrid Magnonics with Multimode Phonons
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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 echoes, opening opportunities for both fundamental studies and practical
applications of hybrid magnonics.
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Hybrid magnonics has been undergoing rapid develop-
ments in the past few years. With a focus on studying
the coherent interactions between magnons—quantized
collective spin excitations known as spin waves—and
other degrees of freedom such as electromagnetic waves,
hybrid magnonics enables coherent information exchange
among different physical platforms and therefore is of great
importance for both fundamental research and practical
applications [1–9]. For instance, the coherent interaction
between magnons and cavity microwave photons can far
exceed their dissipation rates because the interaction can
be significantly enhanced by the large spin density of mag-
netic materials such as yttrium iron garnet (YIG) [1–5].
Such strong coupling has been widely studied in different
device configurations, opening a broad variety of applica-
tions ranging from nonreciprocal signal routing [10–12],
non-Hermitian physics [13–15], and 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
because of their unique properties such as long lifetime
and compact 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 processing, there is renewed inter-
est in hybridizing magnons and phonons [9]. Recent
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experimental and theoretical demonstrations of phonon-
magnon coupling on macroscopic YIG sphere devices
have revealed its great potential for functionalities includ-
ing ground-state cooling [44], magnon-phonon entangle-
ment [45], nonreciprocal phonon propagation [46,47], etc.
However, these spherical phonon modes are limited by
their low resonance frequencies (typically in the megahertz
range), which are not favorable for future quantum appli-
cations because of the extremely low temperature required
to suppress the thermal noise.

High-overtone bulk acoustic wave resonances (HBARs)
represent another type of phonon mode supported by thin-
film YIG devices [48–51]. With frequencies covering the
gigahertz range, they can directly couple with magnon
resonances through the magnetoelastic effect [52]. One dis-
tinct feature of HBARs is that multiple evenly distributed
resonances can be supported on a single resonator, but
this multimode nature has been rarely explored so far.
In this Letter, we show that by hybridizing a magnon
resonance, a microwave resonance, and multiple HBAR
phonon modes, coherent pulse echoes can be observed on
a YIG thin-film device. Such a configuration takes advan-
tage 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 1(a) 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
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[Fig. 1(b)] at frequency ωa = 2π × 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 × 0.9 mm2 rectangle on a
527-μm-thick single-crystal gadolinium gallium garnet
(GGG) [111]-oriented substrate. A bias magnetic field is
applied by a permanent magnet along the out-of-plane (z)
direction to support forward volume magnetostatic wave
magnons, whose dynamic magnetization m(t) = [mx(z) +
imy(z)]e−iωmt rotates in the x-y plane with mx (my) being
the x (y) component [54]. The resonance frequency of
the fundamental magnon mode can be approximated as
ωm = γ

√
H(H + Ms), where γ = 2π × 28 GHz/T is the

gyromagnetic ratio and Ms = 0.175 T is the saturation
magnetization of YIG. The bias field H can be tuned
by moving the magnet position (z) to sweep the magnon
frequency.

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. 1(c)]. Because of the sim-
ilar mechanical properties of YIG and GGG, the stand-
ing waves are 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 simulation results in Fig. 1(d) (magnon-
phonon interaction not considered). Considering the large
wavelength in the lateral direction, uniform lateral phonon
distribution can be assumed for simplicity. The displace-
ment of transverse phonons [54] is mainly in plane uin =
[ux(z) + iuy(z)]e−iωbnt, where ux (uy) is the x (y) displace-
ment and ωbn is the frequency of the nth-order mode, while
their z displacement can be neglected. From the simulated
spectrum [Fig. 1(e)], multiple phonon resonances can be
observed, with an even spacing of 3.40 MHz. This agrees
with the theoretical calculation of the free spectral range
(FSR) �f = cs/2d = 3.32 MHz, where d is the chip thick-
ness and cs = √

E/[2(1 + ν)ρ] is the propagation speed of
transverse elastic waves (E is Young’s modulus, ν is Pois-
son’s ratio, and ρ is the density). All parameters used here
are for GGG (Table I), while the YIG layer is ignored in
calculation because of its ultrasmall thickness and similar
mechanical properties.

Under the rotating wave approximation, our system can
be described by the Hamiltonian

Ĥ = ��aâ†â + ��mm̂†m̂ + �

∑

n

�bnb̂†
nb̂n

+ �
√

κ0Ein(â − â†) + Ĥint, (1)

H

y

x

z

(a)

RSRR

x
y

x

rf

Substrate
rf

Copper

GGG YIG

(b)

ℎ
( a

rb
. u

ni
ts

)

0

1

(c)

GGG

YIG

GGG

527 µm

in (arb. units)
0.2–0.2

52
7 

µm

1 mm

(d)
HBAR phonon

Magnon
200 nm

(e)

105

107

109

9.29 9.30 9.31
Frequency (GHz)

Ad
m

i�
an

ce
 (a

rb
. u

ni
ts

)

 

…
…

+1

−1

(f)

z

FIG. 1. (a) Device schematics showing a YIG/GGG chip flipped (YIG side facing down) atop a copper RSRR. The device has
a single input and output port for reflection measurements. A bias magnetic field H is applied along the z direction. (b) Simulated
microwave magnetic field h distribution of the RSRR resonance, with the field localized around the short inductor wire. (c) Simulated
in-plane displacement (uin) of the transverse HBAR in the YIG/GGG chip. (d) Enlargement of the phonon in-plane displacement,
which is distributed across the whole chip thickness and laterally confined by the YIG boundaries. 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.
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TABLE I. Mechanical properties of YIG and GGG.

Young’s
modulus

Poisson’s
ratio Density Thickness

E (Pa) ν ρ (kg/m3) d (μm)

YIG [55] 0.2 × 1012 0.29 5170 0.2
GGG [56] 0.222 × 1012 0.28 7080 527

where â† (â), m̂† (m̂), and b̂†
n (b̂n) are the creation (annihila-

tion) operators of the microwave photon, the magnon, and
the nth overtone phonon mode, respectively. In addition,
κ0 is the cavity external coupling rate and Ein = √

P/�ω0
is the time-dependent input field with P and ω0 being its
power and frequency, respectively. The detunings of the
three modes are given as �a = ωa − ω0, �m = ωm − ω0,
and �bn = ωbn − ω0, respectively. In our experiments, we
have on-resonance condition �a = �m = 0.

The interaction term of the Hamiltonian is

Ĥint = �gma(m̂†â + m̂â†) + �

∑

n

gmb(m̂†b̂n + m̂b̂†
n), (2)

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

UME = B2

Ms

(
mx

∂ux

∂z
+ my

∂uy

∂z

)
, (3)

where UME represents the magnetoelastic energy density
(only the dominant first-order effects are considered) and
B2 is the magnetoelastic constant of YIG. Accordingly, the
magnon-phonon coupling strength gmb ∝ ∫

UMEdV can be
optimized by maximizing the integral over the device vol-
ume V. Assuming a uniform magnon distribution along
the thickness direction [58], an optimal coupling can
be obtained when the phonon wavelength λ/2 = dYIG =
0.2 μm. Using the transverse phonon speed in YIG,
c′

s = 3910 m/s, an optimal operation frequency ω =
2πc′

s/λ = 2π × 9.8 GHz is obtained, approximately cor-
responding to the 2960th 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 is shown below, the coupling can
still exceed the extremely low phonon dissipation in GGG.

The photon-magnon-phonon interaction is studied by
measuring RSRR reflections around ωa using a vector
network analyzer (VNA), considering that the optimal
magnon-phonon coupling frequency is near the RSRR

resonance. Figure 2(a) plots the typical spectra of the
device reflection when a continuous-wave microwave tone
is sent to the device, revealing an anticrossing feature as
the magnon mode is swept across the RSRR resonance.
Numerical fitting gives a coupling strength gma = 2π ×
23 MHz, which is less than the microwave dissipation
rate κa/2 = 2π × 59 MHz but exceeds the magnon dis-
sipation κm/2 = 2π × 1.2 MHz, leading to a cooperativity
C = 4g2

ma/κaκm = 7.5.
Additional anticrossing features can be observed from

the enlarged spectra at low VNA powers [Fig. 2(a), inset],
corresponding to the coupling between HBAR phonon and
magnon modes. Numerical fitting shows that the magnon-
phonon coupling is gmb = 2π × 0.75 MHz, smaller than
the magnon dissipation but larger than the extracted
phonon dissipation κb/2 = 2π × 0.3 MHz, resulting in
a cooperativity C = 4g2

mb/κmκb = 1.6. At elevated VNA
powers, the phonon features become more prominent, as
indicated by the fine horizontal lines in Figs. 2(b) and
2(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 frequen-
cies when swept at high VNA powers [Figs. 2(d) and
2(e)]. Therefore, the magnon-phonon coupling can be read
out in a broader frequency range. These spectra give a
phonon FSR of �f = 3.31 MHz, which agrees well with
theoretical and simulation results.

Spectral analysis shows that our triply resonant system
resembles 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, exhibiting a comblike spectrum, which
leads to pulse echoes when excited by a microwave pulse.
The temporal response of our system can be described by
the Heisenberg-Langevin equations (in the matrix form):

v̇ = M · v + vin, (4)

where vector v = {a, m, b1, b2, . . . , bn, . . .}T collects all the
system modes, vin = {√κ0Ein, 0, 0, 0, . . .}T describes the
input modes, and M is the dynamical matrix

M =

⎛

⎜⎜⎜⎜⎝

−κa/2 igma 0 0
igma −κm/2 igmb igmb . . .

0 igmb i�b1 − κb/2 0
0 igmb 0 i�b2 − κb/2

...
. . .

⎞

⎟⎟⎟⎟⎠
.

(5)

Since our system operates in the classical regime, the
hats on the operators can be dropped to represent their
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FIG. 2. Measured microwave reflection spectra of the RSRR with VNA powers of (a) −30 dBm, (b) 0 dBm, and (c) 5 dBm as
the magnon frequency is swept by the magnet position. Inset: enlarged magnon-phonon anticrossing 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, smears out at 5 dBm, and disappears at 10 dBm. Phonon
features become more prominent at 5 and 10 dBm, revealing a phonon FSR of �f = 3.31 MHz.

classical average values. The system dynamics can be
solved as

v(t) = Z(t)C + Z(t)
∫ t

0
Z−1(τ )vindτ , (6)

where C is a constant column vector determined by the
initial condition, Z(t) = UeDt with U representing a uni-
tary transform that diagonalizes the dynamical matrix,
D = UMU−1.

To measure the pulse echo, a microwave pulse centered
at ω0 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. 3(a)]. Fourier transform shows that such a microwave
pulse has a full width at half maximum of 74 MHz, cov-
ering around 23 HBAR phonon modes [Fig. 3(b)]. The
reflection signal, separated from the input 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 μs.

Figure 4(a) plots the measured pulse echo process.
Following the microwave pulse input at time t = 0, the
microwave signal is coupled to multiple phonon modes
through a magnon-mediated process. After the phonon
modes become populated, they start to dephase because
of the frequency difference among HBAR modes, lead-
ing to the disappearance of the pulse. After evolving for
t = 304 ns, all the phonon modes 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 t = 605 and 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.
4(b)], with the observed echo period agreeing with theory
prediction: δt = 1/�f = 303 ns. The additional fringes on
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�ma = ωm − ωa after a triangular pulse input at t = 0, show-
ing three echo pulses at 304, 605, and 902 ns. The detuning is
controlled by the magnet position [Mag. Pos. in (a)]. (c) Line
plot comparison of the measured (thick gray line) and calcu-
lated (solid black line) echo signal for zero magnon detuning
(�ma = 0). Dashed black line: calculated exponential echo decay
caused by phonon dissipation. (d) Calculated height of the first
echo peak versus the magnon-phonon coupling strength gmb/2π

for two different phonon dissipation rates: κb = 2π × 0.55 MHz
(solid line) and κb = 2π × 0.055 MHz (dashed line).

the spectra can be attributed to interferences with crosstalk
and additional high-order magnon modes, which is con-
firmed by the numerical simulation and suppressing these
noises is beyond the scope of this work. This storage mech-
anism utilizes the multimode nature of the phonon modes,
and therefore can be extended to the echo of multiple input
pulses [63].

Figure 4(c) 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 κb
[dashed line in Fig. 4(c)]. Further enhancement of the echo
can be expected through improved design and characteri-
zation approaches. For instance, stronger echo peaks can
be obtained by increasing the magnon-phonon coupling
strength [Fig. 4(d)]. This can be achieved by improv-
ing the magnon-phonon mode overlap using a substrate
with a thicker YIG layer or thinner GGG layer. Alterna-
tively, reduced phonon linewidths also help improve the
echo peak height, which can be realized via cryogenic
operations or comprehensive device engineering.

In summary, we experimentally observe the coherent
coupling between microwave photons, magnons, and mul-
timode HBAR phonons, and demonstrate coherent pulse

echoes on the hybrid photon-magnon-phonon system. We
have also developed a complete theory for modeling the
Hamiltonian and dynamics of our system. Currently our
device performance 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 multimode memories for magnons.
Most importantly, our work utilizes the multimode nature
of HBAR phonons as an important resource for magnon-
based coherent information processing, opening opportu-
nities 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 μm, and
the lateral dimension of the YIG film is 800 to 900 μm.
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)
directions. Although these dimensions are comparable, it
is worth noting that the wavelengths are completely differ-
ent along both directions. Along the out-of-plane direction,
the high-overtone phonons have a wavelength of around
400 nm (determined roughly as twice the YIG film thick-
ness), while along the in-plane direction the wavelength
is around 4000 times longer (approximated as twice the
YIG lateral dimensions for the low-order standing waves
along that direction). Therefore the wave vectors 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 confine-
ment and assume uniform mode distribution along lateral
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directions for simplicity when analyzing phonon properties
such as FSR.

APPENDIX B: LONGITUDINAL ACOUSTIC
PHONONS

On the YIG/GGG device, the high-overtone phonon res-
onances 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 longitudi-
nal HBAR phonons can be calculated as �fLA = cp/2d =
6.01 MHz, where cp = √

E(1 − ν)/ρ(1 + ν)(1 − 2ν) =
6331 m/s is the propagation speed of the longitudinal elas-
tic waves in GGG. Clearly this FSR is much larger than
that of the transverse acoustic phonons, making it possi-
ble to identify the longitudinal phonons from the measured
spectrum.

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

ULA
ME = 2B2

Ms

(
mx ε̄xz + my ε̄yz

)
,

where ε̄xz = 1
2 (∂ux/∂z + ∂uz/∂x) and ε̄yz = 1

2

(
∂uy/∂z+

∂uz/∂y). Ideal longitudinal phonons have displacements
only along the z direction (uz �= 0) while the in-plane dis-
placements are all zero (ux = uy = 0, and accordingly,
∂ux/∂z = ∂uy/∂z = 0). In addition, since the phonon dis-
tribution can be considered as nearly uniform along
lateral directions, we have ∂uz/∂x = ∂uz/∂y = 0. As a
result, ULA

ME = 0, leading to a vanished coupling strength
(gLA

mb ∝ ∫
ULA

MEdV = 0) between magnons and longitudinal
phonons.
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