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Abstract: Multimode optomechanics exhibiting several intriguing phenomena, such as coherent
wavelength conversion, optomechanical synchronization, and mechanical entanglements, has gar-
nered considerable research interest for realizing a new generation of information processing devices
and exploring macroscopic quantum effect. In this study, we proposed and designed a hetero-
optomechanical crystal (OMC) zipper cavity comprising double OMC nanobeams as a versatile
platform for multimode optomechanics. Herein, the heterostructure and breathing modes with high
mechanical frequency ensured the operation of the zipper cavity at the deep-sideband-resolved
regime and the mechanical coherence. Consequently, the mechanical breathing mode at 5.741 GHz
and optical odd mode with an intrinsic optical Q factor of 3.93 x 10° were experimentally demon-
strated with an optomechanical coupling rate gy = 0.73 MHz between them, which is comparable
to state-of-the-art properties of the reported OMC. In addition, the hetero-zipper cavity structure
exhibited adequate degrees of freedom for designing multiple mechanical and optical modes. Thus,
the proposed cavity will provide a playground for studying multimode optomechanics in both the
classical and quantum regimes.

Keywords: hetero-optomechanical crystals; zipper cavity; multimode optomechanics

1. Introduction

Cavity optomechanics focuses on the interaction between mechanical oscillators and
light in optical cavities, and is a promising architecture for the research of macroscopic
quantum effect and realizing a new generation of information processing devices [1,2].
Recently, significant progress has been achieved in cooling the mechanical oscillator into
the quantum ground state [3,4], phenomena of optomechanical induced transparency [5,6],
strong optomechanical coupling effect [7,8], and optomechanical sensing [9-12] to explore
the interaction between single optical cavity mode and single mechanical mode.

Further, this optomechanical interaction has been investigated in a more general
form containing multiple mechanical and optical modes. The multimode optomechanical
model causes several intriguing phenomena beyond the description of the “minimum
model”, namely, the coherent wavelength conversion [13,14], optomechanical synchroniza-
tion [15,16], the topological energy transfer [17,18], the nonreciprocal dynamics [19], and
mechanical entanglement [20]. Despite these advancements, multimode optomechanical
platforms including microdisk cavities [21], silicon nitride membranes [22], plasmonic
nanoresonators [23-25], and semiconductor nanowires [26] still focus on the mechanical
modes with low frequency that limit the coherence of the optomechanical system. It
is noticed that the confinement of the optical and mechanical modes in a wavelength
scale via photonic and phononic quasiperiodic structures enables optomechanical crystals
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(OMCs) to provide high-frequency mechanical modes at the GHz-scale, long decoherence
time, and strong optomechanical coupling rate [27]. However, conventional architectures
based on a single nanobeam OMC are not appropriate candidates for studying multimode
optomechanics as they lack the flexibility to design the properties of multiple modes.

In this study, we focused on the GHz-scale multiple mechanical modes and proposed
the hetero-OMC zipper cavity as a versatile platform. The zipper cavity comprised double
nanobeam OMC cavities with heterostructures [28], which are advantageous for realizing
high mechanical frequency and maintaining the coherence of mechanical modes simul-
taneously. Here, the optomechanical coupling rate and the optical quality factor were
optimized for designing the zipper cavity. Subsequently, both the optical and mechanical
properties of the fabricated device which operates at the deep-sideband-resolved regime
were characterized using a blue detuned pump light. The experimental results show that a
mechanical breathing mode at 5.741 GHz and an optical odd mode with the intrinsic optical
Q of 3.93 x 10° were coupled to each other at a high optomechanical coupling rate g of
0.73 MHz. Based on the design flexibility of the hetero-OMC zipper cavity and its high
performance, the proposed cavity offered tremendous possibilities as a versatile platform
for studying multimode optomechanics in both the classical and quantum regimes.

2. Methods
2.1. Design of Hetero-OMC Zipper Cavity

The hetero-OMC zipper cavity is presented in Figure 1a, comprising two identical
OMC nanobeams which can be divided into OMC unit cells, as depicted in Figure 1b.
Accordingly, a heteroregion and a defect region can be characterized. The P-I and P-II
quasiperiodic regions with different constant structure parameters and bandgaps constitute
the heterostructure. They act as the photonic mirror and the phononic mirror, respec-
tively [10,28]. For the defect region, the radius of the air hole r; and the distance d; between
the adjacent holes gradually increase from the center toward the exterior, and the optical
and mechanical modes with discrete resonant frequencies were formed in this effective
potential well.
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Figure 1. (a) Top view of the hetero-optomechanical crystal (OMC) zipper cavity. (b) Structural
parameters in OMC unit cell.

Among these resonant modes, the optical modes were symmetrically distributed on
the two nanobeams of the zipper cavity, which can be further classified into two types:
optical even modes and odd modes. As illustrated in Figure 2a, the electric fields tend to
concentrate in the zipper gap for the even modes and are located farther from the zipper
gap for the odd modes. These even and odd modes result from the coupling between the
degenerate optical modes in each nanobeam. On the contrary, there is no direct mechanical
coupling between the mechanical modes in two nanobeams because the two nanobeams of
the zipper cavity are independent of each other.
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Figure 2. (a) Normalized amplitude of electric field |E| for various orders of even and odd optical
modes. (b) Normalized electric field component Ey, of first-order optical odd mode. (c) Normalized
amplitude of displacement field of 5.635 GHz mechanical breathing mode in an arm of zipper cavity.
(d) Strain tensor component Sy, for mechanical breathing mode. (e) Optical resonant wavelengths of
the first-order even and odd mode versus gap length s. (a—e) Both the mechanical modes and the
optical modes are simulated via the finite element method.

Notably, as the two nanobeams of the zipper cavity are independent, the zipper
cavity structure provides the flexibility for designing multiple optical and mechanical
modes. In this architecture, the near-degenerate optical and mechanical modes, which are
essential for multimode optomechanics, are easy to be obtained. In addition, in combination
with the heterostructure, this structure gives the freedom for manipulating the loss of the
mechanical and optical modes independently [10,28]. Meanwhile, the optomechanical
interaction between the optical and mechanical modes, which is determined by the profile
of the optical and mechanical modes, can also be adjusted effectively in the zipper cavity
with a suitable geometrical design of the defect region.

For this zipper cavity, the optomechanical interaction strength can be primarily char-
acterized using the optomechanical coupling rate gp, which was defined as the resonant
frequency shift of an optical mode resulting from the zero-point motion of a mechanical
mode in one of the nanobeams [1]. Thus, the strong optomechanical coupling rate g
enables the investigation and utilization of novel optomechanical effects. As an OMC, the
optomechanical coupling rate of the zipper cavity is contributed by the photoelastic effect
and moving boundary effect [28-30], where the mechanical motion altered the refractive
index and geometry of the zipper cavity, respectively. The optical quality factor constitutes
another vital parameter in the optomechanical coupling process. High optical quality factor
ensures the long lifetime of cavity photons and improves the ability to control mechanical
modes via enhancing one of the photon-phonon coupling processes (stokes or anti-stokes
process) in light scattering [1,2]. Therefore, in this study, we designed the hetero-OMC
zipper cavity with both high optomechanical coupling rate gg and high optical quality
factor Q.

Specifically, the overlapping of the optical and mechanical modes in the defect region
should be enhanced to attain a high g9. Meanwhile, the high-quality factor of the optical
modes requires the suppression of the mode-leaking via the waveguide as well as the
mode-scattering into free space. Accordingly, these targets are fulfilled by designing the
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geometric parameters of the OMC unit cell illustrated in Figure 1b. In the current design,
the radius of the air hole 7; and the distance d; between the adjacent holes were the design
variables following Equation (1), whereas the thickness of the device layer (t = 220 nm) and
the gap between two nanobeams (s = 200 nm) were fixed as constants.

(%) _ () ,
ri = rpr+ (ry — rpr) X 5 zr 7 (1<i<8)
)R
i = rp1 (9 <i< 14) r; = P11 (15 <i< 19) 1
P2 2
(57" —(m) ,
di = lPI+(ll—lPI)><eldz—g;z X (ri+riy1) (1 <i<8)
I PRt Y
d; = dpp (9 <i<14) d; = dpyr (15 < i < 18)

In Equation (1), r; and d; of the defect region were determined using six parameters
(Ny, Ng, r1, rp1, 11, Ip1). The Gaussian function controlled by parameters (N, N;) was used
to ensure adequate freedom for designing the structure and parameters (I1, Ip;) was used to
determine the ratio between d; and r;. In addition to r; and d;, the width of the nanobeam
W was varied for the geometry design. Therefore, we could alter seven parameters (N,
Ny, r1, rp1, 1, Ipr, W) in total to optimize gy and Q. Here the properties of optical modes
and mechanical modes were simulated based on the finite element method. In addition,
the overlap integral between the optical modes and mechanical modes were calculated to
acquire the optomechanical coupling rate gy [30]. Subsequently, we used the results of gg
and Q as the optimization target to design the structure parameters with the simulated
annealing algorithm [31]. In the current design, the structure parameters N, Ny, 11, rpp, 1,
Ip1, and W were optimized as 4.56, 4.79, 99 nm, 143 nm, 1.68, 1.73, and 472 nm, respectively.
Thereafter, the P-Il region can be independently designed to inhibit the mechanical radiation
loss, and the hole radius and distance were designed as rpy; = 85 nm and dpy; = 391 nm.

For the proposed zipper cavity, the first-order optical modes and mechanical breathing
mode exhibited excellent performance after the optimization process, and thus, were
considered as the target modes. The high-order optical modes with the extended mode
profile were not considered, because their resonant wavelengths were proximate to the
edge of the bandgap of the unit cell in the P-I region, which considerably degraded their
optical quality factors. For the first-order optical odd mode, it resonated at A,3; = 1542 nm
with the corresponding quality factor at Quzy = 5 x 10° in our simulation. The electric field
of the first-order optical odd mode was primarily distributed at the center of the defect
region, and the dominant component Ey is presented in Figure 2b, wherein the electric
fields in the adjacent unit cells were out-of-phase, because the wavenumber of the excitation
modes in the unit cell of the cavity center was proximate to the X point and situated farther
from the light line [28].

The mechanical breathing mode in one of the nanobeams with the intrinsic resonant
frequency O, = 5.635 GHz is presented in Figure 2c, and it can interact with the even
or odd optical mode. As depicted in Figure 2d, the optomechanical coupling was further
characterized based on the main component of the strain tensor Sy, for this mechanical
breathing mode. The Sy, components were in-phase in the adjacent unit cells of the cavity
center, which appropriately overlapped with the electric field E, shown in Figure 2b.
Therefore, the photoelastic effect strongly contributed toward the optomechanical coupling

rate, considering its contribution gy, o f P11Syy ‘ E, ’2d V in this condition [28-30], where
p11 denotes one of the photoelastic coefficients. Ultimately, the simulation results indicate
that a strong optomechanical coupling rate g = 0.65 MHz was obtained in this design with
a contribution of 0.5 MHz from the photoelastic effect and 0.15 MHz from the moving
boundary effect.

After completing the cavity design, the influence of the zipper gap length s on the
optical modes was discussed, as illustrated in Figure 2e. This is because the optical resonant
frequencies and frequency splitting of the first-order optical modes for this zipper cavity
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architecture can be effectively tuned by varying s. As can be observed from Figure 2e, the
resonant wavelength increased (decreased) for the even (odd) mode for a decreasing s. This
shift in the trend of wavelength can be explained as the moving boundary effect [28-30], as
the dominant component Ey, is focused in the gap for the even mode, whereas the opposite
is true for the odd mode. Similarly, the wavelength shift was larger for the same amount
of variation in s in case of a small s for the even mode, because a stronger electric field E,
exists in the middle of the gap in case s is reduced further. This tunability of the optical
resonant frequency might be available to realize a reconfigurable OMC device. For instance,
the optomechanical-induced transparency (OMIT) phenomenon can be feasibly used for
information processing and storage [32] at a wide frequency range with the introduction of
microelectromechanical systems (MEMS)-driven scheme [33].

2.2. Fabrication and Measurements

Upon determining the parameters of the zipper cavity, this structure was fabricated
on a silicon on insulator (SOI) chip. First, the designed pattern was defined on the electron
beam photoresist coating present on the top of this SOI chip by using electron beam lithog-
raphy (EBL). Thereafter, this pattern was transferred to the silicon layer using inductively
coupled plasma (ICP) etching, and the photoresist was removed. Subsequently, the buried
layer with a thickness of 3 um was removed by the buffered hydrofluoric acid [34]. Lastly,
the fabricated OMC zipper cavity is presented in Figure 3a, wherein the oblique view of
the scanning electron microscopy (SEM) image indicated the suspension of the structure.
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Figure 3. (a) Oblique view of scanning electron microscopy (SEM) image of a hetero-OMC zipper cav-
ity. (b) Optical microscope image of a zipper cavity with a tapered fiber attached on top. (c) Schematic
of experimental setup. VOA: variable optical attenuator; PC: polarization controller; PM: power
meter; PD: photodetector; ESA: electric spectrum analyzer. Green and red lines represent path of
electric signal and light path, respectively.

To experimentally characterize the fabricated OMC zipper cavity, the setup of the
experiment is illustrated in Figure 3c. Concretely, a pump laser with frequency wy, passes
through the variable optical attenuator (VOA) and polarization controller (PC) to control
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the power and polarization of pump light, respectively. Subsequently, as depicted in
Figure 3b, the laser with power P;, at port A was transmitted into a tapered fiber with
1.5 um diameter, which was attached on the OMC zipper cavity to excite the optical modes
with a resonant frequency wegy. In this cavity, the information of the mechanical oscillation
was mapped onto the optical signal owing to the optomechanical coupling. Ultimately, the
optical signal output from port B was detected by the electric spectrum analyzer (ESA) to
analyze the mechanical spectrum, whereas the power meter (PM) at the output port was
used to monitor the optical power. In addition, the dashed line indicated an alternative light
path in which port B is regarded as the input channel and port A is the output channel. This
path is used for calibrating the intracavity photon number #4, as described in Section 3.

3. Results and Discussion

Based on the fabricated structure and the experimental setup discussed earlier, the
normalized optical transmission spectra at low input power are represented in Figure 4a,
where the first-order optical odd (even) mode resonated at 1548.9 nm (1555.6 nm), and
they were consistent with the simulation results. In addition, a high intrinsic optical
quality factor of Q%% = 3.9 x 10° (Q;*" = 3.7 x 10°) was obtained for the odd (even)
mode. Thus, this system operates in the deep-sideband-resolved regime, wherein the
optical dissipation rate k,z;/27 = 0.538 GHz (keyen /27 = 0.58 GHz) is much smaller than the
intrinsic mechanical resonant frequency (i /27 (~5.7 GHz) [35].

T T T T T
(a) ~0:A (b) _ 115 | =mm—Excite the odd optical mode ]
03 Excite the even optical mode
0.5 AN ~—120 F 4
e N
-071Qodd =39 x 105 ™ 2_125 i |
-0.9 : E
1548.844 1548.849 1548.855 1548.860 1548.866 1548.871 %7130 - 1
TN tapy, e )

140}

///
Y
PSP

Normalized transmission (dB)

_ool Qfven=3.7 x 10° \\./ 1 =145 i
1555.609 1555616 1555622 1555629 1555636 5,6I70 5_6I91 5.7I12 5.7,33 5.7l54
Wavelength (nm) Frequency (GHz)

Figure 4. (a). Transmission spectra of first-order optical odd and even modes. (b). Power spec-
trum density (PSD) of mechanical spectrum analyzed by ESA for exciting odd and even optical
modes, respectively.

Subsequently, the optical odd and even mode were separately excited to interact with
the mechanical modes under identical input power P;,. The power spectrum density (PSD)
of the electric signals carried the mechanical information and was detected by the ESA, as
illustrated in Figure 4b. The peak of the spectra at the vicinity of 5.7 GHz and 5.74 GHz
corresponded to the mechanical breathing modes in each arm of the zipper cavity. The PSD
peak of the higher (lower) frequency mechanical mode was larger when exciting the odd
(even) optical mode, and it indicated that the optical odd (even) mode tended to interact
with the 5.74 (5.7) GHz mechanical mode. This was caused by the asymmetrical optical
field distribution for two nanobeams of the fabricated zipper cavity that were not identical.

Further, the calibration of the intracavity photon number 7., was essential prior to
analyzing the influence of the pump light on the properties of mechanical modes. In this
experiment, we used the thermo-optic effect to calibrate the optical loss in the two sections
of the tapered fiber [3,36], which included the optical loss L from port A to the coupling
region and the optical loss L from the coupling region to port B. As illustrated in Figure 5a,
upon sweeping from the blue to the red side of the cavity resonance with high pump power,
the optical resonant frequency initially shifted toward the long wavelength as the effective
temperature of the cavity increased with the intracavity photon number #¢4,. Accordingly,
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the detuning A = wp— wey and the optical transmission gradually varies. However, a
further increase in the wavelength of the pump laser will shift the laser wavelength away
from the cavity resonance, and consequently, decrease the intracavity photon number 1.4, .
Therefore, the effective temperature of the cavity will reduce and cause a blue shift of the
cavity resonance. This positive feedback related to the bistable state [37] contributed toward
the dramatic variation of the transmission and cavity detuning. In addition, as the pump
power increases, the thermo-optic effect is enhanced and the bottom of the transmission
spectrum shifts toward the long wavelength.
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Figure 5. (a). Normalized optical transmission spectra swept from short to long wavelength under
high input power P;,, from port A to port B with P;,, = —13 dBm, —10 dBm, and —6 dBm, respectively.
(b). Wavelength at bottom of transmission spectra versus input laser power with blue (red) points
representing experimental data in case A (B) is input port.

As the thermal optical effect is relevant to 7., the corresponding wavelength at the
bottom of the transmission spectrum is distinct for a laser input from port A or port B when
the loss Lp and Lp are not identical. Accordingly, the variation in the asymmetric frequency
shift with the input power is presented in Figure 5b. For the same amount of frequency
shift, the light power needed from port A and port B are different, and the difference of light
power corresponds to the difference of loss Ly — L. As a result, the loss Lo and Lg can be
obtained in case the total optical loss in the tapered fiber is known. In our measurement,
La and Lg were 0.5 dB and 3.2 dB, respectively.

The PSD detected by the ESA was analyzed to characterize the mechanical properties,
which can be expressed as Spp(Q2) = H(A)S o (Q2) [38], where H(A) denotes the transduction
function depending on the detuning A, and S, represents the spectrum of the cavity
resonance frequency fluctuations, expressed as:

Sww(Q) = 2 Yillp 2
( ) gO(Q—Qm)Z—}—(%)Z ()

where ; denotes the intrinsic dissipation rate of the mechanical mode and n;, represents the
average phonon occupancy at frequency ()/27. Consequently, the frequency fluctuations
Swew can be fitted to obtain the experiment results of the mechanical linewidth /27 and
resonant frequency (), /27. Theoretically, they can be expressed as Equation (3), where the
mechanical frequency and linewidth were controlled using the blue detuned pump light
via the optical spring effect and anti-damping effect, respectively [11].

O~ O 2 A+Qpi A=y
m S i +g°ncav<(A+Qm)2+(§)2 * (A-0m)?+(§)*

®)

Y =i +g%ncav k - _k

(A+Qmi)2+(§)2 (A—le)er(g)2
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Thus, the mechanical properties were primarily determined by the intracavity photon
number #¢4, and the cavity detuning A. Nevertheless, the detuning A was undetermined
owing to the thermal-optic effect that shifted the cavity resonant frequency [10]. In the
current analysis, the detuning A was deduced from the transduction function H(A) because
H(A) relies on A. In detail, we obtained H(A) from the amplitude of mechanical spectra
and deduced the detuning A. Ultimately, the resonant frequency ), /27 and mechanical
linewidth /27 versus A and 7, can be obtained in the current experiment. Accordingly,
the mechanical frequency and linewidth of the mechanical breathing mode (with intrinsic
frequency ~5.741 GHz) versus the detuning A are displayed in Figure 6, in case of coupling
with the optical odd mode at a fixed pump power P;;, = —0.34 dBm. As observed from
Figure 6a, the optical spring effect was dominant in case A was situated farther from
Opi. In contrast, a strong anti-damping effect was observed and the intrinsic mechanical
dissipation 7y; was compensated in case A was proximate to (),;, as indicated in Figure 6b.
Furthermore, the mechanical linewidth /27 was almost zero and the phonon lasing effect
was observed [10] when the pump power increased by approximately 2 dB. Based on
these experimental data, the fitted system parameters can be described as follows: intrinsic
mechanical resonant frequency Qp,; /27 = 5.7412 GHz, intrinsic mechanical quality factor
Omi = 1503 (7y;/2m = 3.82 MHZz), and optomechanical coupling rate gy/27 = 0.73 MHz. In
addition, the optomechanical coupling rate between another lower frequency mechanical
mode and the optical odd mode was g1 /27 = 0.51 MHz.
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Figure 6. (a). Mechanical resonant frequency ()/27m and (b). mechanical linewidth y /27 versus cavity
detuning A for input power P;;, = —0.34 dBm.

The essential parameters for the cavity were compared with the reported struc-
tures [39-42] to evaluate the performance of the proposed device, as listed in Table 1.
Although the performance of the proposed device was inferior to the reported result as
compared with the single-beam OMC [39], the hetero-OMC zipper cavity structure offered
adequate degrees of freedom for designing multiple optical and mechanical modes. This
degree of freedom is vital for the research of multimode optomechanics. For instance, the
near-degenerate mechanical modes are required in the experiment of mechanical synchro-
nization [15,16]; however, its realization for single-beam OMC is challenging. In addition,
the ability to control the loss of multiple modes is essential for the investigation of non-
Hermitian physics in optomechanical systems [43,44]. In context, the loss of multiple optical
and mechanical modes can be independently designed based on separate heteroregions in
each nanobeam. Besides, the flexibility of designing the resonant frequency of multiple op-
tical modes by varying the gap length s enables tunable nano size optomechanical devices.
As compared with the recent report of zipper cavity [40,41,45] and slot mode OMC [42],
this research focuses on mechanical breathing modes with a higher resonant frequency.
Thus, the average phonon occupancy of mechanical modes was lower. In addition, the high
optical quality was obtained and this system functioned in the deep-sideband-resolved
regime. Although the intrinsic mechanical quality factor Qy,; is limited by the material
loss at room temperature, the material loss can be ignored at low temperature [39]. There-
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fore, this structure might be available for cooling multiple mechanical oscillators into the
quantum ground state and further studying the quantum multimode optomechanics.

Table 1. Comparison with various optomechanical crystal (OMC) cavities.

Q; go/2m Qmil2 Qmi
Silicon hetlz; ii?g;fgﬁgper cavity 3.9 x 10° 0.73 MHz 5.7412 GHz 1.5 x 10® (Room temperature)
Silicon Siigefe[i?am OMC 1.22 x 106 1.1 MHz 5.1 GHz 6.8 x 10° (6 K)
Silicon op:?:;l[i?}lper cavity 2x10° - - -
Silicon Oﬁeé [Zi]per cavity 1.14 x 10° 0.725 MHz 28 MHz 1.66 x 10° (16 K)
Ref [42] 3.2 x 10* 0.32 MHz 3.49 GHz 2.4 x 103 (Room temperature)

Silicon nitride slot mode OMC

4. Conclusions

In this study, we proposed and designed a hetero-OMC zipper cavity for multimode
optomechanics, wherein the mechanical coherence was ensured by the heterostructure
and high-frequency mechanical modes. Besides, the optical quality factor and optome-
chanical coupling rate were simultaneously optimized by varying geometric parameters.
Consequently, the optomechanical coupling rate ¢ = 0.73 MHz between a mechanical
breathing mode proximate to 5.741 GHz and an optical odd mode with the dissipation rate
k/27 = 0.538 GHz was experimentally reported at the deep-sideband-resolved regime. The
proposed hetero-OMC zipper cavity with high flexibility of design and state-of-the-art op-
tomechanical properties offered a reliable platform for demonstrating various experiments
for multimode optomechanics.
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