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A dielectric body couples with electromagnetic fields through radiation pressure and electrostrictive forces, which mediate
phonon-photon coupling in cavity optomechanics. In a magnetic medium, according to the Korteweg-Helmholtz
formula, which describes the electromagnetic force density acting on a medium, magneostrictive forces should arise
and lead to phonon-magnon interaction. We report such a coupled phonon-magnon system based on ferrimagnetic
spheres, which we term as cavity magnomechanics, by analogy to cavity optomechanics. Coherent phonon-magnon
interactions, including electromagnetically induced transparency and absorption, are demonstrated. Because of the
strong hybridization of magnon and microwave photon modes and their high tunability, our platform exhibits new
features including parametric amplification of magnons and phonons, triple-resonant photon-magnon-phonon coupling,
and phonon lasing. Our work demonstrates the fundamental principle of cavity magnomechanics and its application as a
new information transduction platform based on coherent coupling between photons, phonons, and magnons.

INTRODUCTION

Mechanical oscillators have been recently widely studied as a transducer
mediating the coherent signal conversion between different systems (I).
Particularly, radiation force (2-13), electrostatic force (14-16), and piezo-
electric force (17, 18) have been used for coupling phonon with optical
or microwave photons. Such interaction mechanisms lead to the fast de-
velopment of a variety of cavity electro- and optomechanical systems (1),
but they all intrinsically lack good tunability. The magnetostrictive force
(19) provides an alternative mechanism to allow a different information
carrier—magnon—to couple with phonon. Magnon is a collective exci-
tation of magnetization, whose frequency can be tuned at will by adjust-
ing the bias magnetic field (20-22). The magnetostrictive interaction has
long been overlooked for information processing because it is negligibly
weak in commonly used dielectric or metallic materials. However, in
magnetic materials, the magnetostrictive force becomes dominant, which
provides a great opportunity to establish a highly tunable hybrid system
for coherent information processing (23, 24). Recent advances in ultra-
fast optics can even allow the study and application of such systems in
the picosecond time scale (25-29). Among all the magnetic materials,
the magnetic insulator yttrium iron garnet (YIG, Y3FesO;,) has excellent
material properties. For instance, YIG is well known for its rich mag-
nonic nonlinearities. Besides, YIG has very low loss for various different
information carriers, including magnon, acoustic phonon, and microwave
photon. Moreover, as a dielectric, YIG is transparent for infrared light. All
these properties would enable further integration of the magnonic
systems with opto- or electromechanical elements, providing an excellent
platform for quantum state transfer among different physical systems.
Here, we demonstrate an intriguing cavity magnomechanical system
in which magnon couples with phonon through magnetostrictive inter-
action, resulting in magnomechanically induced transparency/absorption
(MMIT/MMIA) and magnomechanical parametric amplication (MMPA).
MMIT/MMIA are hallmark coherent phenomena in analogy to the recent
optomechanical observations (2, 5, 6, 30), which have not been observed in
previous studies of parametric magnetoelastic systems (23, 24). During
such processes, uniform magnon modes (the ferromagnetic resonance
precession) are in the hybridized state with cavity microwave photons
because they are strongly coupled to each other (31-35). Therefore,
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coherent signal conversions among these three different information
carriers are realized in a single device. The magnetic field dependence
of magnon provides our system with unprecedented tunability compared
with opto- or electromechanical systems. Moreover, the great flexibility
of this system allows us to achieve triple resonance among magnon,
phonon, and photon, which drastically enhances the magnomechanical
interaction. The principles demonstrated in our room temperature ex-
periments can be readily applied to the quantum regime at millikelvin
temperature, opening up great opportunities in various applications
such as tunable microwave filter and amplifier (36), long-lifetime quantum
memories (37), and microwave-to-optics conversion (15).

RESULTS

The device used in our experiments is schematically shown in Fig. 1A.
The key component is a highly polished single-crystal YIG sphere glued
to the end of a silica fiber for supporting purpose (Fig. 1B). With an
external magnetic field H biased along the z direction, a uniform mag-
non mode resonates in the YIG sphere at frequency w,,, = YH, where y
is the gyromagnetic ratio. The YIG sphere is also an excellent mechan-
ical resonator (Fig. 1C), owing to its superior material and geometrical
properties. The varying magnetization induced by the magnon excita-
tion inside the YIG sphere causes deformation of its spherical geometry
(and vice versa), introducing the coupling between magnon and pho-
non modes (Fig. 1D). Considering the large frequency mismatch be-
tween the magnon and the phonon modes (gigahertz versus megahertz)
with our experiment parameters, a strong parametric drive is used to com-
pensate for their frequency difference. In this case, the system is described
by a radiation pressure-like, dispersive interaction THamiltonian (see the
Supplementary Materials) H = fgup i #i1(b + b ), where 7 is the re-
duced PlancK’s constant, b (1) is the boson operator of the phonon
(magnon) mode, and g, is the single magnon-phonon coupling strength.

The magnetostrictive coupling strength is determined by the mode
overlap between the uniform magnon mode and the phonon modes. In
a YIG sphere, there exist various phonon modes, each with a different
displacement profile and, consequently, a different coupling strength
with the magnon mode. Figure 2A plots the typical profiles of the lowest
order spheroidal phonon modes S; ;,,, (I and m, are the angular and
azimuthal mode numbers, respectively), among which the S; , , mode
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Fig. 1. Device schematic and measurement setup. (A) Schematic of the device that consists of a three-dimensional copper cavity (only bottom half
is shown) and a YIG sphere. The YIG sphere is placed near the maximum microwave magnetic field (along the y direction) of the cavity TEy;; mode.
A uniform external magnetic field (H) is applied along the z direction to bias the YIG sphere for magnon-photon coupling. (B) Optical image of the
highly polished 250-um-diameter YIG sphere that is glued to a 125-um-diameter supporting silica fiber. The gluing area is minimized to reduce the
contact damping to the phonon mode. Scale bar, 100 um. (C) Simulated mechanical displacement (u) of the S; ,, phonon mode in the YIG sphere
that has the strongest magnomechanical interaction with the uniform magnon mode. (D) An intuitive illustration of the magnomechanical coupling. Top
panel shows the uniform magnon excitation in the YIG sphere. Bottom panel illustrates how the dynamic magnetization of magnon (vertical black arrows)
causes the deformation (compression along the y direction) of the YIG sphere (and vice versa), which rotates at the magnon frequency. The color scale
represents the corresponding volumetric strain fields induced by the dynamic magnetization of magnon. In our experiments, we excite the magnon at
gigahertz frequencies and the phonon mode is actuated parametrically, that is, at the beating frequencies (megahertz) of two magnon modes. (E) Sche-
matic illustration of the measurement setup. VNA, vector network analyzer; SRC, microwave source for driving; AMP, microwave amplifier; BPF, bandpass
filter; PWR, microwave power meter; CIR, circulator; BSF, bandstop filter; DUT, device under test. (F) Black curve: Cavity reflection spectrum when magnon
is on-resonance with the cavity photon mode. The two dips represent the maximum hybridized modes A, = iz(airnﬁ). Red and blue vertical lines
indicate the applied drive and probe, respectively. The probe is swept across the hybrid mode resonance. Ay, two-photon (probe-drive) detuning;

Aq., drive-resonance detuning.

shows the highest coupling strength when the bias field is along the
direction of maximum displacement (Fig. 2B). Therefore, in our experi-
ments, we focus only on the S, ,, mode. Although a YIG sphere with a
smaller diameter is favorable for achieving larger coupling strengths
(Fig. 2B), it also results in a higher frequency for the phonon mode
(Fig. 2C), which in turn leads to lower responsivity to the parametric
drive, so a trade-off has to be made when choosing the sphere size. In
our experiments, a 250-um-diameter YIG sphere is used, corresponding
to a phonon frequency wy/2n = 11.42 MHz and a coupling strength
Zmb/2T < 9.9 mHz. With an external drive of 0 dBm, the linear
magnon-phonon coupling can be enhanced to around 30 kHz, which
is two orders of magnitude larger than the phonon dissipation rate, K.

Magnetostriction mediates the coupling between magnons and pho-
tons. However, to achieve coherent magnon-phonon coupling, it is fur-
ther required that the phonon mode should have a relatively long lifetime.
Single-crystal YIG has a garnet structure that is known to exhibit very low
mechanical damping and therefore supports a material-limited phonon
lifetime over a millisecond (38). The supporting fiber that is glued to the
YIG sphere reduces the phonon lifetime (Fig. 2D). In our experiments,
the measured linewidth of S;,, phonon mode with a 125-um-diameter
supporting fiber is 2k,/2n = 300 Hz, which is sufficiently small for
observing coherent magnon-phonon coupling phenomena.

Figure 1E plots the schematics of our measurement setup at room
temperature ambient condition. The YIG sphere is placed inside a
three-dimensional microwave cavity (Fig. 1A). A weak probe signal is
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sent into the cavity through a coaxial probe, and by sweeping its fre-
quency o and measuring the reflection, we can infer the interaction
among photon, magnon, and phonon inside the cavity. The YIG sphere
is positioned at the maximum microwave magnetic field of the cavity
TE¢;; mode, which resonates at w,/2n = 7.86 GHz. By controlling the
bias magnetic field, we tune the magnon close to the resonance with the
cavity photon mode. This leads to the hybridization between magnon
and photon (31-34), which shows up in the reflection spectrum as a pair
of split normal modes (Fig. 1F). Because each of the two hybrid modes
contains magnon components, it coherently couples with the phonon
modes when the cavity is parametrically driven by a strong microwave
signal at ©g.

We first study each individual hybrid mode for its coherent mag-
nomechanical coupling by applying an off-resonance microwave drive
and ignoring processes that simultaneously involve both hybrid modes.
In this case, the cavity magnomechanical system can be described by

Humb1 = figop (b + l;*)( smzeAiA + coszezz\i A (1)

where the two hybrid modes interact with the phonon mode indepen-
dently. Here, A, = cosba + sinb/m and A_ = — sinba + cosOr are
quantized boson operators for hybridized excitations constituted by

. N 2 .
the magnon and microwave photon (4), where® = % arctan 8™ varies
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Fig. 2. Analysis of the phonon modes and magnetostrictive coupling strengths. (A) Simulated displacement profiles of the low-order phonon
modes in the YIG sphere (with a small supporting fiber). S;; m, represents the spheroidal mode with a radial mode number of 1, an angular mode
number of /, and an azimuthal mode number of m,. (B) Theoretical prediction of the magnomechanical coupling strength as a function of YIG
sphere diameter for the S, (black) and S;,, modes (red and blue, corresponding to different bias field directions). Solid lines are numerical
calculations, whereas symbols are analytical fittings. (C) Phonon mode frequency as a function of the YIG sphere diameter. Solid lines are the
theoretical calculations, showing an inverse proportional dependence, whereas red circles are the measurement results. (D) Simulated phonon
linewidth due to clamping loss as a function of the supporting fiber diameter for the S; ; ,,, modes. Black dot indicates the experiment parameter,

showing an anchor loss-limited linewidth of 20 Hz.

with photon-magnon coupling strength g,,, and photon-magnon
detuning A, = 0, - ®,. In our system, both the magnon and the
cavity photon modes have a relatively narrow linewidth (2x,,/2% =
1.12 MHz and 2x,/2n = 3.35 MHz). As a result, the hybrid mode line-
width is well below the phonon frequency, leading our system deep in-
side the resolved sideband regime, by analogy with optomechanical
systems (1). In this case, the nonlinear interaction can beTconverted either
into the linear beam splitter model fz(G+AJr b + GEA.b ) or the param-
etric oscillator model 71(G.AT b + GtA.b) with the presence of an
external drive, where G, = Ai,ssgmb(1+cos29)/2 is the enhanced coupling
strength and A,  is the steady state amplitude of the hybrid mode, cor-
responding to the effective pumping of the microwave drive on magnon
due to the magnon-photon hybridization (see the Supplementary Ma-
terials). Note that A, are the shifted operators, and we use the same
symbols as the unshifted situations for clarity and simplicity.

Figure 3, A and B, plots the measured reflection spectra for a series
of bias magnetic fields with a microwave drive at a fixed frequency,
®q. To avoid the influence of the other hybrid mode, the driving sig-
nal is red (blue)-detuned for the lower (upper) hybrid mode, as
illustrated in the top insets. For the red-detuned drive, the power is held
constant at 26 dBm. In the spectra, the broad Lorentzian-shaped
resonance dip corresponds to the hybrid mode A_, whereas the very
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sharp modification of the spectra at the two-photon detuning Ay =
o}, is evidence of coherent magnomechanical interaction. The zoomed-
in spectra in Fig. 3A show that these phonon-induced resonances have
a Fano-like shape that varies with the bias magnetic field. When the
drive-resonance detuning Ay = wgq — ®_ = -y, the Fano-like reso-
nance changes into a symmetric Lorentzian-shaped transparency peak
(MMIT). In contrast, the Fano-like resonances in the spectra for the
blue-detuned drive (with a constant power of 22 dBm) show an op-
posite symmetry (Fig. 3B). When the drive is blue-detuned to Aq, =
®4 — O, = O, such a resonance becomes a Lorentzian-shaped absorp-
tion dip (MMIA).

One distinct advantage of magnon is that its frequency is deter-
mined by the external bias magnetic field and therefore can be con-
veniently tuned in a broad range. By varying A,,,, the percentage of
magnon component in the hybrid mode changes. Therefore, the hybrid
mode experiences different effective dissipation rate, external coupling
rate, and effective coupling strength with the phonon mode. As a result,
the coherent magnomechanical interaction is magnetically control-
lable, which can be quantified by the dependence of the coopera-
tivity C = G2 /k.xy on the bias magnetic field. The measured C-H
relation is plotted in Fig. 3D. For each measurement under a specific
bias condition, the drive frequency is detuned from the hybrid mode
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Fig. 3. Tunable MMIT/MMIA. (A) Measured reflection spectra near the lower hybrid mode A_ as a function of the two-photon detuning A for a
series of different bias magnetic fields. The broad dip corresponds to the lower hybrid mode resonance, whose line shape changes with bias
magnetic field because of the change in the ratio between magnon and photon components. A strong (26 dBm) microwave drive is red-detuned
with a fixed driving frequency wq. A Fano-like narrow resonance line shows up inside the hybrid mode, which turns into a Lorentzian transparency
peak when A4 = -m,. Zoom-in shows detailed spectra of the magnomechanically induced resonances [shaded area in (A)]. (B) Measured reflection
spectra near the upper hybrid mode A, with a blue-detuned strong drive (22 dBm) for various bias magnetic fields. When A4, = mp, the magnome-
chanically induced narrow resonance shows up as a Lorentzian absorption dip. Zoom-in shows detailed spectra of the shaded area in (B). (C) Reflection
spectra of the hybrid magnon-photon modes at various bias magnetic fields. The crosses indicate the drive frequency and bias magnetic field used for
each data point in (D). (D) The magnomechanical cooperativity as a function of bias magnetic field. For each measurement, the microwave drive is
detuned from the hybrid mode by A4. = twy,, while the probe is swept across the hybrid mode resonance. Red squares (blue circles) are for the red
(blue) detuning situation. Solid lines in (D) and in the zoom-in of (A) and (B) are theoretical calculations using only a single-fitting parameter gy,

by Agqs = £y, as indicated by the crosses in Fig. 3C, while the driving
power is fixed constant at 30 dBm. We observed that there exists an
optimal condition for a maximum C, as a result of the competition
between the magnon and photon components in the hybrid mode:
more magnon component yields stronger magnetostrictive coupling,
whereas more photon component leads to a higher driving efficiency.
From these measurement results, we can extract the magnon-phonon

condition, where both maximum hybridized modes simultaneously
couple with the phonon mode, as described by

Hons = %hgmb@ + 13*) (ALA_ + ALL) 2)

coupling strength g;,,/2n = 4.1 mHz, in accordance with our theore-
tical prediction (Fig. 2B).

The great flexibility of our system leads to tremendous advantages.
For instance, it allows us to work under the interesting triple-resonance
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Here, we tune the magnon mode to be on resonance with the micro-
wave cavity mode, and therefore, the two hybrid modes contain equal
amounts of magnon and photon and have equal dissipation rates (i« =
K, = k_). By adjusting the direction of bias field or the position of the
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YIG sphere inside the cavity, we can tune the hybrid mode splitting to
match the phonon frequency wy. In this case, both the drive and probe
photons can be applied on-resonance with the hybrid modes (top inset
of Fig. 4, A and B), resulting in a drastically enhanced magnomechan-
ical coupling. For the red-detuned drive, the transparency windows at
various driving powers are plotted in Fig. 4A. In addition to the red shift
of the center frequency, the linewidth of the transparency windows ex-
hibits a clear linear dependence on the driving power (Fig. 4C, red
squares). With a driving power of only 8.0 dBm, the linewidth increases
from its intrinsic value of 0.62 kHz to 2.12 kHz, corresponding to a
cooperativity C = 2.4. As a comparison, a driving power of 34 dBm is
used to achieve the same cooperativity when the drive is applied off-
resonance, indicating the drastic enhancement of the magnomechanical
interaction induced by the triple-resonance condition. The reflection
signal for the blue detuning situation is plotted in Fig. 4B at various driv-
ing powers. As the driving power increases, the center frequency of the

small phonon-induced resonance inside the hybrid mode is blue-shifted,
and its linewidth linearly decreases (Fig. 4C, blue circles).

A direct comparison of panels (A) and (B) in Fig. 4 reveals distinct-
ly different spectral line shapes of the phonon-induced resonances.
Same as with the case of the off-resonance drive, we observed MMIT
for the red-detuned drive in the triple-resonant system, with the peak
height and linewidth of the transparency window increasing with
the driving power. For the blue-detuned drive, we observed the tran-
sition from MMIA to MMIT and then to MMPA, and eventually to
self-sustained oscillation as we increased the driving power. These ob-
servations lead to a unified explanation about the modified spectral
line shape (which is not limited to the triple-resonance situation):
the coupling with phonon introduces additional dissipation and phase
shift to the hybridized modes and therefore changes their line shapes.
When the parametric drive is applied, the effective dissipation rate of
the hybrid mode is modified from « to k(1+C), which increases for the
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Fig. 4. Enhanced magnomechanical coupling in the triple-resonant system. (A) MMIT signal for a red-detuned drive at various driving powers.
(B) MMIA and MMPA signal for a blue-detuned drive at various driving powers. (C) The linewidth of the magnomechanically induced resonance as a
function of the drive power. (D) Magnomechanical interaction—-modified on-resonance reflectivity of the hybrid mode as a function of the drive power.
Shaded area indicates the instable regime. Inset: Measured power of the Stokes sideband of the driving signal. The threshold behavior indicates the onset of
phonon lasing. (E) Magnomechanical parametric gain as a function of the drive power in an overcoupled hybrid system. Inset: Measured reflection spectrum
that shows a 25-dB gain. In the main panels of (C) to (E), blue circles (red squares) are for the blue (red) detuning and solid lines are theoretical calculations.
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red-detuned drive and decreases for the blue-detuned drive. Given
a fixed external coupling rate k., the on-resonance reflectivity of the
cavity is

1#C — 2%

1+C ®)

r =

Therefore, depending on the external coupling condition and the
driving power, the reflection spectra line shape varies among MMIT,
MMIA, or MMPA (see the Supplementary Materials for more details).

The measured on-resonance reflectivity for an undercoupled hybrid
mode agrees well with our theoretical model (Fig. 4D). For the red-
detuned drive, the increasing linewidth with elevated driving power causes
the mode to be further undercoupled, and therefore, the on-resonance re-
flectivity increases. On the contrary, for the blue-detuned situation, the
decreasing linewidth first leads to critical coupling and then over-coupling
condition, yielding a dip in the reflectivity followed by a rapid increase,
which diverges as C = 1 at a driving power of 6.2 dBm. The deviation of
the measured reflectivity from the theoretical prediction can be attributed
to thermal instability or gain-bandwidth product limitation, which also
limits the highest measurable parametric gain to 3 dB. When the hybrid
mode is tuned to overcoupled, the increase of the parametric gain with
the driving power is more gradual, and therefore, a much higher param-
etric gain up to 25 dB is achieved before reaching instability (Fig. 4E).
The observed MMPA is similar to the electromechanical parametric am-
plifiers (39) but with unprecedented tunability. Further increasing the
driving power leads the system into the instable regime where the pho-
non mode experiences self-sustained oscillation. The threshold behavior
of the measured emission power from the Stokes sideband, as shown in
the inset of Fig. 4D, indicates the onset of the phonon lasing (23).

DISCUSSION

The demonstration of the coherent magnon-phonon interaction, in-
cluding the MMIT (MMIA) and MMPA, provides a versatile platform
for coherent information processing. Besides, because YIG also has great
optical properties such as low optical loss and optomagnetic non-
reciprocity, our study shows the potential for integrating different sys-
tems, including microwave, optical, mechanical, and magnonic systems,
in a single device, and realizing information interconversion among
these different information carriers. Distinguished from opto- or electro-
mechanical systems, our cavity magnomechanical system shows a high
level of tunability that allows the resonance to be externally controlled
in a wide frequency range. Moreover, such a complex system is compa-
tible with superconducting quantum circuits (40). All of these not only
are crucial for realizing long-desired functions such as microwave-to-
optical conversion (15-17, 41, 42) but also provide a flexible platform
that intrigues the fundamental study of exotic magnetic excitations.

MATERIALS AND METHODS

Device description

The device used in our experiments consists of a three-dimensional
microwave cavity and a YIG sphere (Fig. 1, A and B). The microwave
cavity is machined from high-conductivity copper. With its inner di-
mension designed as 43 x 21 x 7.2 mm”, the copper cavity supports a
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TE¢;; mode resonating at 7.8 GHz with a loaded Q factor of about
2000. A 250-um-diameter YIG sphere, serving as both the magnon
and the phonon resonator, is glued at the end of 125-um-diameter
silica fiber for mechanical support. The YIG sphere is highly polished
from pure single-crystal YIG to guarantee excellent microwave, mag-
nonic, and mechanical performances. The sphere is mounted inside
the copper cavity at the position where the microwave magnetic field
of the TEy;; mode is strongest to ensure the strong coupling between
magnon and microwave photon. A coaxial probe is used to access the
cavity microwave photon for both the input and output.

Measurement setup

Our measurement was carried out in air at room temperature. The mea-
surement scheme is shown in Fig. 1E. The device is mounted between
the two poles of a water-cooled electromagnet. The bias magnetic field is
tuned by the electric current, and a Gaussmeter is used to monitor the
applied magnetic field via a Hall probe. In our experiments, the bias field
of the YIG sphere is above its saturation magnetization (1750 Oe), which
guarantees the relatively low magnon dissipation rate and also helps to
reduce the phonon damping. The frequency of the uniform magnon
mode, which is linearly proportional to the bias magnetic field, can there-
fore be conveniently swept or precisely controlled. The probe signal, at
a very low power level (-10 dBm), comes from a VNA. The driving
signal is provided by a separate microwave source, which is first ampli-
fied and then combined with the probe signal using a directional coupler
after going through a bandpass filter to eliminate any spurs or harmonics.
A microwave power meter is used to record the drive power that is sent
to the device. The insertion losses from all components (cable, device,
directional coupler, etc.) are taken into account to calibrate the drive
power in the device. The reflection output from the device is separated
from the input signal using a circulator to avoid possible interferences
and then sent back to the VNA to measure the amplitude and phase
response of the device. A notch filter is used in front of the receiving port
of the VNA to filter out the strong drive to avoid any undesired inter-
ference or receiver saturation. By applying the drive signal detuned from
the hybrid mode by a frequency equal to the phonon frequency and by
sweeping the probe frequency near the hybrid resonance, we could
observe the coherent magnomechanical interaction.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/3/e1501286/DC1

Magnomechanical interaction through magnetostrictive forces

Magnon modes of the YIG sphere

Coherent cavity magnomechanical coupling

Thermal instability

Table S1. Definitions and meanings of symbols.

Fig. S1. Magnetically induced transparency/absorption at various drive frequencies.
Fig. S2. Magnomechanical resonance line shape and parameter space diagram.
Fig. S3. Cascade transparency/absorption.
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