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Electrostrictive Brillouin scattering provides a ubiquitous mechanism to optically excite high-frequency
(>10 GHz), bulk acoustic phonons that are robust to surface-induced losses. Resonantly enhancing such
photon-phonon interactions in high-Q microresonators has spawned diverse applications spanning
microwave to optical domains. However, tuning both the pump and scattered waves into resonance
usually comes with the cost of photon confinement or modal overlap, leading to limited optomechanical
coupling. Here, we introduce Bragg scattering to realize strong bulk optomechanical coupling in the same
spatial modes of a micron-sized supermode microresonator. A single-photon optomechanical coupling rate
up to 12.5 kHz is demonstrated, showing more than 10 times improvement than other devices. Low-
threshold phonon lasing and optomechanical strong coupling are also observed for the 10.2-GHz
mechanical mode. Our work establishes a compact and efficient paradigm to optically control bulk
acoustic phonons, paving the way toward optomechanical coupling at the single-photon level and
providing a powerful engine for large-scale integration of quantum networks in which quantum states are
massively transferred and stored.
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I. INTRODUCTION

An illuminated bulk solid resembles the simplest opto-
mechanical system, in which photons are scattered by bulk
acoustic phonons via a combination of electrostriction and
photoelastic effect [1–3]. Unlike many designated opto-
mechanical oscillators [4–13], bulk optomechanics does
not rely on the tight confinement of phonons, making it
immune to any surface imperfections. Additionally, the
phonons involved in the backward Brillouin scattering
process have frequencies over gigahertz, which can be
tuned over a broad range by adjusting the wavelength of the
optical field. Given the low thermal occupancy of high-
frequency phonons, bulk optomechanics has been regarded

as a promising candidate for economic quantum systems,
thereby easing the requirements for cryogenic setups [14].
The development of high-Q microresonators [15–18] has

enabled the application of electrostrictiveBrillouin scattering
in nanophotonics. For example, the Stokes scattering process
creates highly coherent Brillouin lasers [17,19] or phonon
lasers [18,20], which have been harnessed for microwave
synthesis [21], optical gyroscopes [22,23], high-speed com-
munications [24], and microcomb generation [25–27].
Besides, the annihilation of phonons in the anti-Stokes
scattering process has been exploited for optomechanical
cooling [28,29] and optical isolation [30,31]. These advances
are driven by the enhanced photon-phonon interaction,
which is quantified by the single-photon optomechanical
coupling rate [32]:

g0=2π ¼ 1

2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

vpvs
gBℏωpγm
4Veff

s

: ð1Þ

Here, vp and vs are the group velocities of the pump and
Stokes field, respectively, gB represents the bulk Brillouin
gain coefficient, ωp=2π is the frequency of the pump field,
and Γm=2π is the damping rate of the mechanical mode [33].
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In addition to these constants, g0 is also dependent on the
optical effective modal volume (Veff ), which is expressed as

Veff ¼
R jEpj2dV

R jESj2dVR jEpj2jESj2dV
; ð2Þ

where Ep and ES denote the electric field intensity of the
pump and Stokes fields, respectively [34]. A tightly confined
optical device supporting perfectly matched optical and
mechanical modes, thus, becomes the most ideal platform
to realize strong Brillouin optomechanical coupling.
The phase-matching condition of Brillouin optome-

chanics imposes stringent geometric requirements on the
microresonator. In the case of backward Brillouin scatter-
ing, the angular frequency difference between the pump
and scattered waves should match the mechanical fre-
quency

Ωm ≈
2nvmωp

c
; ð3Þ

where n is the refractive index and vm represents the sound
velocity. Typically, this offset is around 10 GHz for silica
[15,19] and 7 GHz for chalcogenide glasses [16,35] at
1550 nm. These two materials are widely used in the field
of Brillouin optomechanics. Figure 1(a) illustrates several
microresonator configurations to achieve simultaneous
matching of the pump and scattered waves to the cavity
modes. The most common approach is by precisely
controlling the resonator size to align the resonator’s one
or multiple free spectral ranges (FSRs) to the mechanical

frequency [15–17,19,21–23,36–40]. However, it requires
millimeter-to-centimeter-scale microresonators, which are
less efficient in achieving large g0. Moreover, Brillouin
scattering exhibits cascading effects that prohibit the
realization of high-power lasers or optomechanical strong
coupling [41], unless additional structures are introduced
to modify its resonant characteristics [39,40]. Another
approach is based on microresonators supporting many
transverse modes, which have a chance to provide a pair of
optical modes with frequencies and azimuthal numbers
satisfying the energy and momentum conservation criteria
[18,25,27,42–45]. Although this method can be imple-
mented in smaller devices without cascading effects, the
optomechanical coupling rate is limited by the reduced
modal overlaps.

II. DEVICE

In this work, we propose and demonstrate a new type of
Brillouin optomechanical microresonator which features
very large Brillouin optomechanical coupling rates. It is
based on whispering gallery mode (WGM)microresonators,
which have degenerate clockwise (CW) and counterclock-
wise (CCW) propagating modes. As shown in Fig. 1(a), by
applying a periodic modulation to the boundary in the form
of α cosð2mϕÞ (with α and ϕ representing the modulation
amplitude and azimuthal angle along the cavity boundary,
respectively), strong coupling between the two modes with
azimuthal mode number m can be induced through Bragg
scattering. As a result, the CW and CCW traveling-wave
modes are hybridized into two standing-wave supermodes
with a frequency splitting twice the coupling rate (β) [46–49].
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FIG. 1. Brillouin optomechanics in microresonators. (a) Microresonator configurations for efficient bulk Brillouin optomechanics.
The resonant structures of the microresonators are plotted on the right. (b) Top: images showing FSR-matched microresonator (left) and
supermode microresonators (right). Middle: scanning-electron-microscope image of the supermode microresonator. Bottom: enlarged
view of the microresonator boundary.
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One of the two supermodes has optical field maxima located
at themodulation peaks, while the othermode hasmaxima at
the modulation valleys. In contrast to randomized defects,
this modulation impacts only the mode with azimuthal
mode number m, thus leaving other modes unperturbed.
Controlling thevalue ofα allows for the frequency splitting to
match the frequency of the bulk acoustic phonons, which
enables efficient Brillouin optomechanical coupling in a
much smaller footprint. As shown in Fig. 1(b), the footprint
of the supermode microresonator is more than 4 orders of
magnitude smaller than FSR-matched microresonators
[15,16,19,21], despite that they are all made of silica with
similar mechanical frequency.
We first determine the frequencies of the mechanical

modes and their single-photon optomechanical coupling
rates g0=2π by finite element method (FEM) simulation
[50,51], with details presented in Appendix A and Sec. I in
Supplemental Material [52]. Figure 2(a) presents the g0=2π
for different mechanical modes for a microresonator with
a radius of r0 ¼ 20 μm.Themechanicalmode at 10.167GHz
has the largest g0=2π ¼ 11.36 kHz, with its strain distri-
bution presented in the inset. The largest g0 approxi-
mately scales with V−1=2

eff [32] as illustrated in Fig. S2 in
Supplemental Material [52]. We then design the micro-
resonators with frequency splittings between the two super-
modes matching the frequencies of mechanical modes with
the largest g0. The relationship between frequency splitting
and modulation amplitude is calculated for microresonators

with radii of 15 and 20 μm, with the results presented in
Fig. S3(a) in Supplemental Material [52].
To investigate the correlation between frequency split-

ting and modulation amplitude, we fabricate a series of
SiO2 microresonators utilizing the process outlined in
Appendix B. As illustrated in Fig. S3(b) in Supplemental
Material [52], we observe a monotonic increase in Δf with
α, which approaches 10 GHz at α ∼ 12 nm. This value is in
close proximity to the frequency of the mechanical mode
(10.167 GHz) that produces the highest optomechanical
coupling (g0=2π ¼ 11.36 kHz), as exhibited in Fig. 2(a).We
then implement α in the range of 10–14 nm andm ¼ 101 for
microresonators with 20 μm radii [Figs. S3(a) and S3(b)
[52]]. The transmission spectrum of the microresonator is
obtained through a tapered fiber coupler, which clearly
shows split resonances separated by 10.404 GHz at wave-
lengths near 1554 nm [Fig. 2(c)]. Fitting the resonances
using Lorentzian line shape yields intrinsic decay rates
κ0=2π of 85 MHz, which suggests that theQ factor exceeds
2 million.

III. PHONON LASING

Using the experimental setup shown in Fig. S9(a) in
Supplemental Material [52], we pump the higher-frequency
split mode in the CW direction to amplify the Stokes
photons and mechanical phonons. Since the damping rate
of the phonons (around 60 MHz) is smaller than that of the
photons (around 100 MHz), the Brillouin gain rises to
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FIG. 2. Supermode microresonator. (a) Simulated single-photon optomechanical coupling rate (g0=2π) of different mechanical modes
in a microresonator with 20 μm radius. The contributions from the photoelastic effect (gpe0 =2π, orange columns) and the moving
boundary effect (gmb

0 =2π, blue columns) are both indicated. (b) Transmission spectrum of a SiO2 microresonator with r0 ¼ 20 μm and
α ≈ 12.6 nm, where the target mode has an azimuthal mode number of m ¼ 101. Insets provide enlarged views of the frequency
splitting and Q factor.
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compensate for the propagation losses of phonons and lead
to phonon lasing actions [18,53]. The power of the Stokes
photons in both CW and CCW directions are simultane-
ously monitored by two optical spectral analyzers (OSAs)
[Fig. 3(b)]. Once the pump power exceeds the lasing
threshold, an appreciable amount of Stokes photons are
observed in both directions with approximately equal
power due to the strong backscattering [Fig. 3(c)]. The
lasing threshold is determined to be around 8.28 mW.
The linewidth of the phonon laser Δνm has two origins

[53], one from thermal noise (known as the Schawlow-
Townes linewidth Δνthm) and the other induced by pump
noise (Δνpm). The former is inversely proportional to the
intracavity phonon number [Δνthm ¼ γmnth=ð4πNÞ], where,
for room temperature, nth ∼ 610 is the average thermal
occupancy of Brillouin phonons and N denotes the intra-
cavity Brillouin phonon number. The latter, on the other
hand, is a constant valueΔνpm ¼ Δνp=½ð1þ κ=γmÞ2�, where
Δνp is the linewidth of the pump laser. In our experiment,
we utilize the multispectral delayed self-heterodyne tech-
nique [54–57] to measure the linewidth of the phonon
laser (see Appendix C and Sec. IV in Supplemental
Material [52]). The instantaneous phases of the pump
and Stokes lasers are measured, and the difference in these

values provides the phase evolution as well as the fre-
quency noise of the phonon laser. The frequency noise
power spectral densities of the phonon laser at four
different power levels (corresponding to four different
phonon numbers N) are plotted in Fig. 3(d). The linewidth
of the phonon laser is inferred from the white noise at
frequency offsets between 100 kHz and 2 MHz. Our results
show that the phonon linewidth is inversely proportional to
the power of the Stokes laser, decreasing from 1.5 kHz at
0.1 mW to 68.8 Hz at 5 mW [Fig. 3(e)]. The frequency of
the phonon laser is also obtained from the beat note
between the pump and Stokes lasers as 10.3 GHz. It differs
slightly from the expected frequency of the mechanical
mode at 10.167 GHz, which is suspected due to the
frequency-pulling effect [19].

IV. STRONG COUPLING

We pump the lower-frequency split mode with the
purpose of realizing optomechanical strong coupling
between the photons and the bulk acoustic phonons. As
shown in Fig. 4(a), this generates an anti-Stokes field while
satisfying momentum and energy conservation. Once
the coupling rate G >

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðκ2 þ γ2mÞ=8

p
(see Sec. V in

(a) (b) (c)

(d) (e)

FIG. 3. Observation of phonon lasing. (a) Schematics of the physical mechanisms of phonon lasing when pumping at the higher-
frequency split mode. (b) Optical spectra of stimulated Brillouin scattering (SBS) in both the CW and CCW directions when the pump
light is coupled into the higher-frequency split mode in the CW direction. (c) Stokes power in the CW direction (PCW

S ) as a function of
the pump power, revealing a threshold power of Pth ≈ 8.28 mW. Inset: the ratio of the Stokes powers in the CCW and CW directions,
which maintains approximately 1. (d) Single-sideband (SSB) frequency noise spectra of phonon lasers with different Stokes powers
coupled out of the microresonator. The green, red, orange, and blue curves correspond to the coupled out Stokes power in the CW
direction (PCW

S ) of 0.167, 0.289, 1.03, and 3.59 mW, respectively. (e) Phonon linewidth as a function of the coupled out Stokes power in
the CCW direction. Inset: electronic spectrum displaying the mechanical frequency at 10.3 GHz.
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Supplemental Material [52]), a strong coupling regime
emerges, causing the hybridization of initial optical and
mechanical modes into two photonic-phononic hybrid
modes. Such an optomechanical strong coupling phenome-
non can be interrogated through heterodyne detection (see
Appendix C and Fig. S11 [52]). The pump laser with
frequency ωpump and detuning ωpump − ω− is injected into
the microresonator in the CW direction. The probe laser is
created by phase modulating the pump laser using a vector
network analyzer. Scanning the frequency of the driving
microwave signals reveals the eigenstates at the aþ fre-
quency. Plotted in Fig. 4(b) are the results obtained at
different stages when the pump laser is tuned into the
resonance. This effectively changes the intracavity pump
power in the microresonator Pcav. At low power levels, only

one peak is observed near the aþ wavelength. Increasing
the intracavity pump power leads to two distinct and well-
resolved peaks, highlighting the presence of in-phase and
out-of-phase hybrid photonic-phononic modes. When the
intensity of these two peaks is approximately equal at stage
(iv) corresponding to Δm=2π ¼ 2.7 MHz, the frequency
splitting between them is approximately 219 MHz, which
exceeds their respective linewidths. Fitting the spectra
based on experimental parameters (κ=2π ¼ 190 MHz
and Ωm=2π ¼ 10.167 GHz) reveals the damping rate of
the mechanical mode to be γm=2π ¼ ð60.43� 8.09Þ MHz
and G=2π ¼ 100 MHz at stage (iv). Additionally, we
estimate the single-photon optomechanical coupling rate
to be g0=2π ¼ ð12.52� 2.33Þ kHz, which exceeds that of
the previous work [45] by a factor of 30.
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FIG. 4. Observation of optomechanical strong coupling. (a) Schematic illustrating the resonance structure for the anti-Stokes process.
A pump laser with frequency ωpump drives the lower-frequency split mode a−. The higher-frequency sideband of the pump laser,
generated by the EOM at a frequency of ωprobe, is used to probe the higher-frequency split mode aþ. The frequency separation between
aþ mode and the Brillouin gain peak is denoted asΔm ¼ ωþ − ωpump −Ωm. (b) Power spectra around the high-frequency split mode. As
the detuning ωpump − ω− decreases from bottom to top, the intracavity pump power (Pcav) increases, and the frequency difference
between two photonic-phononic hybrid modes first decreases and then increases, showing a trend of avoided mode crossing.
(c) Comparison of experimentally measured (top) and theoretically predicted (bottom) spectra as a function of the frequency detuning
ωpump − ω−. (d) Optomechanical coupling rate (G=2π) derived from the measured spectra, plotted as a function of the intracavity pump
power (Pcav).
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Figure 4(c) demonstrates excellent agreement between
measured and theoretically predicted evolution of the
eigenstates as a function of pump-cavity detuning. The
spectra exhibit an unambiguous avoided mode crossing,
providing clear evidence of optomechanical strong cou-
pling. Figure 4(d) illustrates the measured optomechanical
coupling rate as a function of intracavity pump power.
The system attains strong coupling when the intracavity
pump power exceeds 7.54 W. It is worth noting that most
third-order nonlinear processes, e.g., stimulated Raman
scattering and four-wave mixing, are not observed in the
experiment, due to the much higher thresholds. We observe
third-harmonic generation only when the pump power is
increased to around 800 mW, since it does not require a
threshold power to initiate (see Fig. S10 in Sec. IV in
Supplemental Material [52]).

V. DISCUSSION

Table I and Fig. 5(a) summarize the values of g0 reported
in various Brillouin optomechanical platforms primarily
driven by electrostrictive and photoelastic effects. Notably,
our device exhibits the highest g0=2π ¼ 12.52 kHz, which
is 18 times larger than the best results demonstrated in silica
microresonators [15,17,19]. Even when compared with
As2S3 microresonators, which have a 16 times larger
Brillouin gain coefficient [16], our device still demonstrates
a competitive g0. This highlights the importance of achiev-
ing both a small modal volume and perfect modal overlap.
We also calculate the single-photon cooperativity C0 ¼
ð4g20Þ=ðκγmÞ for these platforms to evaluate their potential in
quantum manipulation. Once again, our device stands out
with the largest C0 due to its significantly higher g0, as
shown in Fig. 5(b). In addition, the opticalQ factor reported
in this work is the highest among all supermode micro-
resonators using engraved nanometric gratings [58–64].
Currently, the linewidth of the optical modes is larger

than that of the mechanical modes, resulting in phonon

lasing action instead of photon lasing. However, the
achieved Q factor is still far below the Bragg-grating-
induced scatting loss limited Q factor, which is higher than
the level of 108. Further improvement of theQ factor would
enable high-density integration of compact Brillouin lasers.
The terminated cascading process also benefits the output
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by photoelastic effect. (a) Single-photon optomechanical cou-
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TABLE I. Summary of experimental parameters for various Brillouin optomechanical resonator systems that are dominated by the
photoelastic effect. � � � indicates that the data are not available.

Material Structure Ωm=2π (GHz) Footprint (mm2) gB ðmm=GWÞ g0=2π (kHz) C0 ¼ ð4g20=κγmÞ Refs.

SiO2 Disk 10.898 28.46 45 0.68a 2.803 × 10−8 [15,19]
As2S3 Ring 7.6 0.4 715 12.14a 3.05 × 10−8 [16]
Si3N4 Ring 10.93 437.42 45 0.2a 1.67 × 10−10 [17]
Si Racetrack 6.02 12.57 ∼70 1.76 1.1 × 10−8 [18]
SiO2 Sphere 11.5 3.14 × 10−2 45 � � � � � � [42]
CaF2 Rod 17.5 23.93 28 0.06a 4.5 × 10−10 [36]
SiO2 Sphere 0.095b 1.89 × 10−2 45 0.02 1.074 × 10−7 [29]
SiO2 Rod 11.0 0.39 45 0.4 2.5 × 10−9 [45]
SiO2 Disk 10.167 1.26 × 10−3 45 12.52 1.015 × 10−7 This work

aThe value shown is calculated through the related parameters according to Eq. (1).
bThe mechanical frequency in this work is significantly lower compared to other silica microresonaters, as it is forward Brillouin

scattering in this case.
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power and coherence [19]. Additionally, the bidirectional
emission of the Brillouin laser would simplify photonic
integration by eliminating the need for difficult-to-integrate
optical circulators.
Finally, it is important to note that the supermode micro-

resonator configuration is compatible with any material
platform. For instance, changing the material from silica to
chalcogenide glass could result in a 10 times stronger g0,
due to the larger Brillouin gain coefficient [16,35] and
the smaller modal volume it can achieve. It, thus, holds great
potential for ground-state cooling and coherent quantum
manipulation of bulk acoustic phonons, especially when
their lifetimes are remarkably extended at cryogenic temper-
atures [14].
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APPENDIX A: SIMULATION OF
SINGLE-PHOTON OPTOMECHANICAL

COUPLING RATES

To design the SiO2 microresonators with suitable mode
splittings, we perform FEM simulations using COMSOL

MULTIPHYSICS to obtain the field distributions of the optical
and mechanical modes (Fig. S1 in Supplemental Material
[52]). In the simulations, we employ the following param-
eters for the microresonator with a radius of r0 ¼ 20 μm.
The azimuthal mode numbers for the pump, Stokes, and
mechanical modes are 101, −101, and 202, respectively.
The refractive index of SiO2 is n ¼ 1.446, while the
density, Young’s modulus, and Poisson’s ratio are ρSiO2

¼
2260 kg=m3,ESiO2

¼ 73.1 GPa, and ν ¼ 0.17, respectively.
The single-photon optomechanical coupling rate can be
calculated using the method introduced in Refs. [50,51]
(details in Sec. I in Supplemental Material [52]), which relies
on the spatial overlap between the mechanical and optical
modes. The g0 comprises two components, one resulting
from the photoelastic effect (gpe0 ) and the other from the
moving boundary effect (gmb

0 ), with their sum yielding the
total g0, i.e., g0 ¼ gpe0 þ gmb

0 .

APPENDIX B: DEVICE FABRICATION

The devices are fabricated on 1-μm-thick thermal oxide
on silicon chips. Microresonator patterns are defined using
AR-P-6200 resist by electron-beam lithography with an
acceleration voltage of 125 kV and a current of 500 pA. In
addition, two 13-μm-long and 1-μm-wide microbridges are
patterned on both sides of the resonator to ensure stable
tapered fiber coupling, albeit at a cost of 10% optical loss
per direction. Transferring the etching mask to the oxide
layer is achieved via a combination of dry etching tech-
niques, starting with an inductively coupled plasma etching
utilizing a C4F8=Ar chemistry to etch approximately
900 nm thickness of SiO2, followed by a reactive ion
etching with a CHF3=Ar chemistry to etch the remaining
SiO2. Following the etching process, standard cleaning
techniques are employed to remove the resist and organic
materials. Finally, the silicon is isotropically etched using
xenon difluoride, creating an air-cladding WGM micro-
resonator. To suppress the mechanical oscillation of the
microdisk, particularly the low-frequency mechanical
modes at the megahertz level such as the radial breathing
mode and flapping mode, the amount of undercut during
silicon etching is set to approximately 5 μm.

APPENDIX C: DETAILED
EXPERIMENTAL SETUP

The experimental setup for phonon lasing and measure-
ment is presented in Fig. S9 in Supplemental Material [52].
A tunable continuous-wave (cw) laser is amplified using an
erbium-doped fiber amplifier and then coupled into the
SiO2 microresonator via a tapered fiber. The transmitted
light from the SiO2 microresonator, including both the
pump and Stokes light, is split into three channels. The first
channel is detected by a photodetector, and the trans-
mission spectrum of the SiO2 microresonator is measured
by an oscilloscope. The second channel is detected by
another photodetector and measured by an electronic
spectrum analyzer to obtain the phonon laser spectrum.
The third channel is directed to an OSA to obtain the SBS
spectrum. Starting from the blue-detuned side of the higher-
frequency split mode, the wavelength of the pump laser is
gradually scanned up. The phonon laser linewidth is
measured by analyzing the backscattered pump and
Stokes light from the SiO2 microresonator. Additional
details on the linewidth measurement technique can be
found in Sec. IV in Supplemental Material [52].
The experimental setup for measuring the optomechan-

ical strong coupling is illustrated in Fig. S13 in
Supplemental Material [52]. A cw laser is used to pump
the lower-frequency split mode, and its frequency ωpump is
thermally locked to the cavity resonance with a detuning of
ωpump − ω−. The transmission spectrum around the pump
mode of the SiO2 microresonator is detected by a photo-
detector and monitored by an oscilloscope, while the
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reflected light from the SiO2 microresonator is detected by
another photodetector. An electro-optic modulator (EOM)
is employed to modulate the pump light, with its modu-
lation frequency being scanned using a vector network
analyzer (VNA). When the probe light is resonant with
the higher-frequency split mode aþ, both the pump and
probe light can couple into and out of the SiO2 micro-
resonator, generating a beat note signal at a frequency of
ωprobe − ωpump that can be measured in the optical response
spectrum S21 by the VNA.
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