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Abstract: We investigate the coherent optical propagation in a photonic molecule spinning optome-
chanical system consisting of two whispering gallery microcavities in which one of the optical cavities
is a spinning optomechanical cavity and the other one is an ordinary auxiliary optical cavity. As
the optomechanical cavity is spinning along the clockwise or counterclockwise direction, the cavity
field can undergo different Sagnac effects, which accompanies the auxiliary optical cavity, together
influencing the process of the evolution of optomechanically induced transparency and its related
propagation properties, such as fast and slow light effects. The numerical results indicate that the
enhanced slow and fast light and the conversion from fast to slow light (or slow to fast light) are
determined by the spinning direction of the optomechanical cavity and the coupling of the two opti-
cal cavities. The study affords further insight into the photonic molecule spinning optomechanical
systems and also indicates promising applications in quantum information processing.

Keywords: spinning resonator; optomechanically induced transparency; slow light; coherent
light propagation

1. Introduction

Cavity optomechanical systems [1,2] have witnessed significant progress in the past
few decades, both in potential applications, including ultra-high-precision detection [3–7]
and quantum information processing [8–11], and also as ideal systems for cavity QED
experiments [1]. The optomechanical phenomena come from the radiation pressure forces
inducing phonon modes, which in turn influence the cavity optical properties, as a result
leading to distinct quantum interference effects. Then, a good deal of breakthroughs, in-
cluding squeezing [12,13], phonon lasers [14–16], nonreciprocity [17], entanglement [10,11],
and exceptional points [16,18–20], have been demonstrated in different types of cavity op-
tomechanical systems. Specifically, another interesting phenomenon related to the present
work is optomechanically induced transparency (OMIT), which was also demonstrated in
different optomechanical systems [13,21–25]. OMIT arises from the destructive interference
of two absorption channels of the probe photons and manifests significant applications in
slow light [22,26,27], sensing [28–31], information storage [32,33], and so on.

Recently, a spinning optical cavity, i.e., a whispering gallery mode (WGM) optical
cavity in the optomechanical system is rotating [34], has drawn widespread attention, and
the spinning resonator has been demonstrated in a very recent experiment [35]. When
the WGM resonator is spinning, the clockwise (CW) and counterclockwise (CCW) optical
modes in the WGM cavity will undergo different Sagnac–Fizeau shifts. Based on the
spinning resonator systems and Sagnac–Fizeau effect, many phenomena and applications,
such as phonon lasers [36], nanoparticle sensing [37], the nonreciprocal photon blockade
effect [38,39], breaking anti-PT symmetry [40], and entanglement generation [41], have
been demonstrated.

In the present article, based on the spinning WGM resonator [34,35], we further
introduce another ordinary WGM optical cavity to form the photonic molecule spinning
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optomechanical system. We aim to investigate the optical responses of the spinning WGM
resonator system with an auxiliary optical cavity, where the WGM resonator rotating
along the CW and CCW direction will experience different Sagnac–Fizeau shifts, and the
spinning directions accompanied by the auxiliary optical cavity and mechanical mode
together influence the probe field transmission. Controlling the system parameters of
the cavity–cavity coupling and the direction of rotation of the WGM cavity, OMIT in
the probe transmission spectra vary significantly. Finally, we demonstrate that the slow
light is affected by numerically calculating the group delay of the probe field around
the transparency window accompanied by the steep phase dispersion under different
parametric regimes, and the results indicate that the tunable slow and fast light effect can
be easily obtained by modulating several system parameters.

2. Model and Theory

The model to be studied is shown in Figure 1, where a rotating WGM resonator a with
resonance frequency ωa and intrinsic loss rate κa is evanescently coupled to a tapered fiber.
The cavity a is driven by a strong pump field with frequency ωp and a weak probe field
with frequency ωs where the amplitude of the pump field (probe field) is εp =

√
Pc/h̄ωp

(εs =
√

Ps/h̄ωs), where Pc (Ps) is the pump (probe) field power. Due to the radiation
pressure, the resonator supports a mechanical breathing mode with the frequency ωm.
When the WGM resonator a is spinning along the CW or CCW direction with an angular
velocity Ω, the light circulating in the cavity a experiences a Sagnac–Fizeau shift [42–44],
i.e., ωa → ωa + ∆SF, with ∆SF = ± nRΩωa

c (1− 1
n2 − λ

n
dn
dλ ) ≡ ±ηΩ, where n is the refractive

index, R is the radius of the WGM resonator, and c (λ) is the speed (wavelength) of light
in a vacuum. Generally, the dispersion term dn/dλ describing the relativistic component
is quite small [35,43]. The cavity c is an ordinary WGM optical cavity with resonance
frequency ωc and intrinsic loss rate κc, which is driven by pump field εd =

√
Pd/h̄ωp with

Pd as the pump field power.

Figure 1. Schematic diagram of the photonic molecule spinning optomechanical system, which
includes a spinning optomechanical cavity and one ordinary auxiliary optical cavity. The optome-
chanical cavity is driven by a pump field and a probe field, while the auxiliary optical cavity is
only driven by a pump field. The spinning optomechanical cavity can spin along the CW and CCW
direction, and J indicates the coupling of the two cavities.
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In the frame rotation of the pump field, the Hamiltonian of the hybrid system
is [34,45–47]

H = h̄∆a†a + h̄∆cc†c + ( p2

2M + 1
2 Mω2

mx2) +
p2

θ
2MR2 − h̄ga†ax + h̄J(a†c + ac†)

+ih̄
√

κaeεp(a† − a) + ih̄
√

κaeεs(a†e−iδt − aeiδt) + ih̄
√

κceεd(c† − c),
(1)

where ∆ = ∆a ± ∆SF = ωa −ωp ± ∆SF is the detuning of the cavity a and the pump field.
If the WGM rotates along the CW direction, ∆ = ∆a + ∆SF; and in the CCW direction,
∆ = ∆a − ∆SF. a†(a) is the creation (annihilation) operator of the optical cavity mode a,
c†(c) is the creation (annihilation) operator of the optical cavity mode c, and x and p are the
displacement and momentum operators of the phonon mode with the commutation relation
[x, p] = i. g = ωc/R is the optomechanical coupling strength; θ and pθ denote the rotation
angle and angular momentum operators with the commutation relation [θ, pθ ] = i [47]. κae
and κce are the extra losses of cavity a and cavity c, and we consider κae = κa0 and κce = κc0,
i.e., the optical loss of the cavities κ can be denoted as κa = κae + κa0 and κc = κce + κc0.
δ = ωs −ωp is the detuning of the probe field and pump field.

We then can obtain the quantum Langevin equations (QLEs) of the system as follows:

ȧ = −(i∆ + κa)a + igxa− i Jc +
√

κaeεp +
√

κaeεse−iδt, (2)

ċ = −(i∆c + κc)c + i Ja +
√

κceεd, (3)

ẍ + γm ẋ + ω2
mx =

h̄g
M

c†c +
p2

θ

M2R3 , (4)

θ̇ =
pθ

MR2 , ṗθ = 0, (5)

where γm is the mechanical mode damping rate and M is the effective mass of the resonator.
Due to the strong optical pump, we can linearize the dynamics by expanding each operator
as a sum of its steady-state value and a small fluctuation around it, i.e., ρ = ρs + δρ
(ρ indicates the operators: a, c, x), and we can obtain three steady-state equations as
(i∆′ + κa)as + i Jcs =

√
κaeεp, (i∆c + κc)cs + i Jas =

√
κceεd, and xs = h̄g

Mω2
m
|cs|2 + R( Ω

ωm
)2

with ∆′ = ∆− gxs, which together determine the intracavity photon number |as|2 and |cs|2.
Considering that the pump field is sufficiently strong, all the operators can be identified

with their expectation values using the mean-field approximation 〈Qc〉 = 〈Q〉〈c〉 [13].
After being linearized by neglecting nonlinear terms in the fluctuations, the QLEs for the
expectation values are as follows:

〈δȧ〉 = −(i∆′ + κa)〈δa〉+ igas〈δx〉 − i J〈δc〉+
√

κaeεse−iδt, (6)

〈δċ〉 = −(i∆c + κc)〈δc〉 − i J〈δa〉, (7)

〈δẍ〉+ γm〈δẋ〉+ ω2
m〈δx〉 = h̄g

M
(a∗s 〈δa〉+ as

〈
δa†
〉
). (8)

To solve Equations (6)–(8), we obtain the ansatz [48] as 〈δρ〉 = ρ+e−iδt + ρ−eiδt, substi-
tuting them into the above equations while ignoring the high-order terms and working to
the lowest order in εs but to all orders in εp; then, we obtain

a+ =
(κa − iΛ2)

√
κaeεs

(κa + iΛ1)(κa − iΛ2)− h̄2g4χ2|cs|4
, (9)
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where χ = 1/M(−δ2 − iδγm + ω2
m), Λ1 = ∆′ − δ − h̄g2χ|as|2 + Jθ1, Λ2 = ∆′ + δ −

h̄g2χ|as|2) + Jθ2, θ1 = −i J/[i(∆c − δ) + κc], and θ2 = −i J/[−i(∆c + δ) + κc]. Using the
standard input–output relation [49] aout(t) = ain(t)−

√
2κaa(t), where aout(t) is the output

field operator, the transmission rate of the probe field is [21–23,50]

T = |t(ωs)|2 =

∣∣∣∣ aout(t)
ain(t)

∣∣∣∣2 =

∣∣∣∣1− √κaea+
εs

∣∣∣∣. (10)

In order to investigate the group delay, we introduce group delay τg, which is de-
fined by

τg =
dφt

dωs
=

d{arg[t(ωs)]}
dωs

, (11)

where φt = arg[t(ωs)] is the phase dispersion. Theoretical research has demonstrated that
a positive group delay (i.e., τg > 0) indicates slow light, while the negative delay group
(i.e., τg < 0) refers to fast light, respectively.

3. Numerical Results and Discussion

Here, we reference the experimentally feasible parameters [51]: the effective mass of
the resonator M = 20 ng, the frequency of the resonator ωm = 200 MHz, the mechanical
damping rate γm = 0.2 MHz, the wavelength of light λ = 1.55 µm, the refractive index
n = 1.44, the speed of light in a vacuum c = 3× 108 m/s, the resonance frequency of WMG
a ωa = 193.5 THz, the quality (Q) factor of optomechanical cavity c Q = ωa/κa = 3× 107,
R = 0.25 mm, the pump power of cavity a Pc = 0.01 W, the pump power of cavity c
Pd = 0.001 W, and ∆a = ∆c = ωm. In Figure 2a,b, we give the transmission T(ωs) and
the phase φt of the probe light as a function of probe-cavity detuning ∆s for different
parameter regimes, i.e., (Ω = 0, J = 0), (Ω = 10 kHz, J = 0), (Ω = 0, J = 0.5 κa), and
(Ω = 10 kHz, J = 0.5 κa), respectively. In the case of Ω = 0 and J = 0, the WGM resonator
a is stationary and without considering the auxiliary optical cavity c, which is a familiar
case, and the transmission of the probe field shows the well-known phenomenon of OMIT,
which displays symmetrical mode splitting. Then, a transmission window appears around
∆s = 0 due to the destructive interference, which has been demonstrated in the WGM
optomechanical system [21]. If Ω 6= 0 (such as Ω = 10 kHz, i.e., the WGM resonator a
rotates along the CW direction), the OMIT phenomenon in the transmission spectrum will
be right-shifted, which has been demonstrated in a spinning resonator system [34,52,53]. If
we consider that the WGM resonator a is stationary but introduce an auxiliary optical cavity
c, i.e., Ω = 0 and J = 0.5 κa, the symmetrical mode splitting in the transmission spectrum
is enhanced as several photons will flow into the WGM resonator a from the auxiliary
cavity c, which was also demonstrated in the photonic molecule optomechanical system
[54]. However, we are more concerned with the case of Ω = 10 kHz and J = 0.5 κa, i.e.,
not only the WGM resonator a is rotating but also introducing an auxiliary optical cavity c;
then, the Sagnac–Fizeau effect and the cavity–cavity coupling J will together influence the
OMIT phenomenon. The numerical results show that not only the OMIT varies observably
but also the unsymmetrical mode splitting is enhanced, which accompanies the phase
around ∆s = 0 changing significantly. Figure 2c gives the group delay τg as a function of
pump power Pc for four different parameter regimes corresponding to Figure 2a,b. In the
parameter regimes of (Ω = 0, J = 0) and (Ω = 0, J = 0.5 κa), the group delay τg indicates a
slow light effect, where τg first reaches a maximum value and then reduces gradually and
finally reaches stabilization with increasing pump power Pc. Meanwhile, in the parameter
regimes of (Ω = 10 kHz, J = 0) and (Ω = 10 kHz, J = 0.5 κa), with increasing pump power
Pc, the group delay τg first reaches a minimum value and then reaches a maximum and
finally reduces gradually to stabilization, where τg experiences conversion from negative
to positive, corresponding to the the conversion from a fast light to a slow light effect.
Therefore, we can conclude that the auxiliary optical cavity c leads to slow light and the
rotation of the WGM resonator a results in the transition from fast to slow light.
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Figure 2. (a,b) The transmission and phase φt versus ∆s for different parameter regimes under the
condition of Ω > 0. (c) The group delay τg versus Pc for different parameter regimes corresponding
to (a,b). (d,e) The probe transmission and the phase φt versus ∆s for different parameter regimes in
the case of Ω < 0. (f) The group delay τg versus Pc for several different parameters corresponding
to (d,e).

In Figure 2d,e, we display the transmission T(ωs) and the phase φt of the probe light
versus the detuning ∆s for different parameter regimes, i.e., (Ω = 0, J = 0), (Ω =−10 kHz,
J = 0), (Ω = 0, J = 0.5 κa), and (Ω =−10 kHz, J = 0.5 κa), respectively. Compared
with Figure 2a, the difference in Figure 2d is that the WGM resonator a rotates along the
CCW direction, and, consequently, the OMIT spectra in the transmission spectrum will be
left-shifted, as shown in Figure 2d. Figure 2f also gives the group delay τg versus the pump
power Pc for four different parameter regimes corresponding to Figure 2d,e; the auxiliary
optical cavity c also leads to the slow light effect and the rotation of the WGM resonator
a results in the transition from fast to slow light. However, compared with Figure 2c,f,
we can find that the WGM resonator a rotating along the CW direction (i.e., Ω > 0) will
enhance the slow light, while, if the WGM resonator a is rotating along the CCW direction
(i.e., Ω < 0), the fast light effect will be enhanced. Therefore, in the following, we will
extensively investigate the Sagnac–Fizeau effect and the cavity–cavity coupling J that
together influence the OMIT phenomenon and the coherent optical propagation under
different parameter regimes.

In Figure 3, we introduce an auxiliary optical cavity c into the spinning optomechanical
system to form the photonic molecule spinning optomechanical system, where, once the
rotation of the WGM resonator a is taken into consideration, both the OMIT and the
fast–slow light will be varied significantly. In Figure 3a, we present the transmission
T(ωs) versus ∆s at fixed cavity–cavity coupling J = 0.5 κa for four different angular
velocities Ω rotating along the CW direction. When increasing the parameter Ω from
Ω = 0 to Ω = 15 kHz, the transmission spectra experience a conversion from symmetrical
splitting to unsymmetrical splitting, accompanying a right-shifted peak and increased peak
separation. Figure 3b gives the group delay τg as a function of the pump power Pc for three
velocities Ω rotating along the CW direction, and we can see that if the rotational velocity
of the WGM resonator a is small (such as Ω = 5 kHz), the group delay τg indicates that the
slow light is dominant (i.e., τg > 0), while, if we further increase the rotational velocities Ω
(such as Ω > 10 kHz), the group delay τg experiences a transition from negative to positive,
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i.e., the transition from fast to slow light. Figure 3c plots the transmission T(ωs) versus ∆s
at fixed cavity–cavity coupling J = 0.5 κa for four different angular velocities Ω along the
CCW direction, and the results are the same as in Figure 3a, while the only difference is that
the transmission peaks in Figure 3c shift to the left due to the WGM resonator a spinning
along the CCW direction. In Figure 3d, we give the group delay τg versus Pc for three
velocities Ω along the CCW direction, and the results are the same as in Figure 3b. However,
compared with the group delay τg in Figure 3b,d, for a fixed cavity–cavity coupling J, the
slow light effect is greater in the condition of the WGM resonator a rotating along the
CW direction than in the case of the WGM resonator rotating along the CCW direction.
Meanwhile, for the fast light effect, the fast light is more remarkable in the condition of
Ω < 0 than in the case of Ω > 0.
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Figure 3. (a,b) The transmission T(ωs) and the group delay τg for different angular velocities Ω
rotating along the CW direction (Ω > 0) at J = 0.5 κa. (c,d) The transmission T(ωs) and the group
delay τg for different angular velocities Ω rotating along the CCW direction (Ω < 0) at J = 0.5 κa.

On the other hand, the transmission spectra T(ωs) versus ∆s with increasing cavity–
cavity coupling J from J = 0.5 κa to J = 2.0 κa are also investigated under the WGM
resonator a spinning along the CW (Ω = 10 kHz) and CCW (Ω =−10 kHz) direction,
respectively, as shown in Figure 4a,c. When the auxiliary optical cavity c is taken into
consideration, the photons in cavity c will flow into WGM resonator a, which results in
broader transmission spectra. Accompanying the WGM resonator a spinning along the CW
and CCW direction, the transmission spectra present a right shift and left shift, respectively.
In Figure 4b,d, we plot the group delay τg for several different values of cavity–cavity
coupling J under the resonator a spinning along (Ω = 10 kHz) and CCW (Ω =−10 kHz)
directions, respectively. Obviously, for the unchanged angular velocities Ω = 10 kHz and
Ω =−10 kHz, in the case of J = 0.5 κa, the group delay τg first reduces to a minimum value
and then continuously increases until reaching a maximum value and finally decreases to
a saturated value. Thus, the rotation along the CW direction of the resonator a induces
greater slow light and the CCW rotation of the resonator a leads to an enhanced fast light
effect. When J > 1.0 κa, the group delay τg only manifests the slow light, and the slow light
effect is larger in the situation of the resonator a rotating in the CW direction than in the
condition of the CCW direction.
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Figure 4. (a,b) The transmission T(ωs) and the group delay τg for different cavity–cavity coupling
J in condition of Ω = 10 kHz. (c,d) The transmission T(ωs) and the group delay τg for different
cavity–cavity coupling J in condition of Ω =−10 kHz.

Furthermore, the group delay τg varying with the rotational velocity |Ω| spinning
along the CW direction (Ω > 0) for three different values of cavity–cavity coupling J is
shown in Figure 5a, and the results manifest that τg continuously reduces from a maximum
value and then reaches a saturated numerical value. The process indicates that τg experi-
ences a conversion from slow to fast light. When the resonator a rotates along the CCW
direction (i.e., Ω < 0), the group delay τg continuously reduces from a maximum value
and then reaches a saturated numerical value, and if we further increase rotational velocity
|Ω| along CCW, the group delay τg begins to increase and reaches a submaximal value, as
shown in Figure 5b. The results in Figure 5b manifest that the group delay τg experiences
a transition of slow–fast–slow light. In Figure 5c,d, we consider the rotational angular
velocities Ω rotating along the CW and CCW direction, respectively, and investigate the
group delay τg varying with the cavity–cavity coupling J for different Ω. It is obvious that
the group delay τg indicates slow light and continuously reduces from a maximum value
and then reaches a saturated numerical value for a fixed Ω. Compared with the slow light
effect in Figure 5c,d, for a fixed rotational angular velocity Ω, the slow light effect is more
remarkable in the situation of the WGM resonator a spinning along the CW direction than
in the circumstance of rotation along the CCW direction. Therefore, not only the spinning
direction of the resonator a but also the cavity–cavity coupling J together influence the
slow light effect.

Finally, according to the numerical results from Figures 2–5, we can obtain the follow-
ing conclusions: (1) the spinning direction of the WGM resonator a and the cavity–cavity
coupling J together determine the process of evolution of the transmission spectra; (2) if
the WGM resonator a spins along the CW direction, the slow light effect is enhanced,
while, if the WGM resonator a spins along the CCW direction, the fast light effect is more
distinct; (3) the parameters of the cavity–cavity coupling J, the Sagnac–Fizeau shift ∆SF,
and the spinning direction (Ω < 0 or Ω > 0) together determine the coherent optical
propagation properties.
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Figure 5. (a) The group delay varying with |Ω| in the case of Ω > 0 for three J. (b) The group delay
varying with |Ω| in the case of Ω < 0 for three J. (c) The group delay varying with J for different
angular velocities Ω along the CW direction (Ω > 0). (d) The group delay varying with J for different
angular velocities Ω spinning along the CCW direction (Ω < 0).

4. Conclusions

In conclusion, we have demonstrated the optical response properties in the photonic
molecule spinning optomechanical cavity, where a rotating WGM optomechanical cavity
is coupled to another ordinary optical cavity. When the optomechanical cavity rotates
along the CW and CCW direction, the cavity will undergo different Sagnac frequency
shifts, which strongly influences the transmission and the group delay of the probe field;
accompanying the role of the auxiliary optical cavity, OMIT in the transmission spectra
and its related optical propagation properties vary significantly. The results indicate that
the optomechanical cavity rotating along the CW direction results in an enhanced slow
light effect, while, if the optomechanical cavity rotates along the CCW direction, the fast
light effect is deepened. In addition, not only the spinning direction of the optomechanical
cavity but also the auxiliary optical cavity together determine the transition from the slow
light to the fast light effect.

Author Contributions: Writing—original draft, H.-J.C.; writing—review and editing, Y.-H.L. and
B.-H.X.; investigation and project administration, H.-J.C., Y.-H.L. and B.-H.X. All authors have read
and agreed to the published version of the manuscript.

Funding: H.-J.C. is supported by the National Natural Science Foundation of China (Nos. 11647001
and 11804004), China Postdoctoral Science Foundation (No. 2020M681973), Anhui Provincial Natural
Science Foundation (No. 1708085QA11), and Overseas Visiting and Training Program for Outstanding
Young Backbone Teachers of Universities (gxgwfx2021024).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data presented in this article are available on request from the corre-
sponding author.

Conflicts of Interest: The authors declare that they have no competing interests.



Micromachines 2023, 14, 655 9 of 10

References
1. Aspelmeyer, M.; Kippenberg, T.J.; Marquardt, F. Cavity optomechanics. Rev. Mod. Phys. 2014, 86, 1391. [CrossRef]
2. Metcalfe, M. Applications of cavity optomechanics. Appl. Phys. Rev. 2014, 1, 031105. [CrossRef]
3. Schliesser, A.; Arcizet, O.; Riviere, R.; Anetsberger, G.; Kippenberg, T.J. Resolved-sideband cooling and position measurement of

a micromechanical oscillator close to the Heisenberg uncertainty limit. Nat. Phys. 2009, 5, 509. [CrossRef]
4. Gavartin, E.; Verlot, P.; Kippenberg, T.J. A hybrid on-chip optomechanical transducer for ultrasensitive force measurements. Nat.

Nanotechnol. 2012, 7, 509–514. [CrossRef]
5. Krause, A.G.; Winger, M.; Blasius, T.D.; Lin, Q.; Painter, O. A high-resolution microchip optomechanical accelerometer. Nat.

Photonics 2012, 6, 768–772. [CrossRef]
6. Schreppler, S.; Spethmann, N.; Brahms, N.; Botter, T.; Barrios, M.; Stamper-Kurn, D.M. Optically measuring force near the

standard quantum limit. Science 2014, 344, 1486–1489. [CrossRef]
7. Matsumoto, N.; Catano-Lopez, S. B.; Sugawara, M.; Suzuki, S.; Abe, N.; Komori, K.; Michimura, Y.; Aso, Y.; Edamatsu, K.

Demonstration of Displacement Sensing of a mg-Scale Pendulum for mm- and mg-Scale Gravity Measurements. Phys. Rev. Lett.
2019, 122, 071101. [CrossRef]

8. Wang, Y.D.; Clerk, A.A. Using interference for high fidelity quantum state transfer in optomechanics. Phys. Rev. Lett. 2012,
108, 153603. [CrossRef]

9. Tian, L. Adiabatic state conversion and pulse transmission in optomechanical systems. Phys. Rev. Lett. 2012, 108, 153604.
[CrossRef]

10. Tian, L. Robust photon entanglement via quantum interference in optomechanical interfaces. Phys. Rev. Lett. 2013, 110, 233602.
[CrossRef]

11. Wang, Y.D.; Clerk, A.A. Reservoir-engineered entanglement in optomechanical systems. Phys. Rev. Lett. 2013, 110, 253601.
[CrossRef] [PubMed]

12. Safavi-Naeini, A.H.; Groeblacher, S.; Hill, J.T.; Chan, J.; Aspelmeyer, M.; Painter, O. Squeezed light from a silicon micromechanical
resonator. Nature 2013, 500, 185–189. [CrossRef] [PubMed]

13. Agarwal, G.S.; Huang, S.M. Strong mechanical squeezing and its detection. Phys. Rev. A 2016, 93, 043844. [CrossRef]
14. Grudinin, I.S.; Lee, H.; Painter, O.; Vahala, K.J. Phonon laser action in a tunable two-level system. Phys. Rev. Lett. 2010, 104, 083901.

[CrossRef] [PubMed]
15. Zhang, J.; Peng, B.; Ozdemir, S.K.; Pichler, K.; Krimer, D.O.; Zhao, G.; Nori, F.; Liu, Y.; Rotter, S.; Yang, L. A phonon laser operating

at an exceptional point. Nat. Photonics 2018, 12, 479–484. [CrossRef]
16. Jing, H.; Ozdemir, S.K.; Lü, X.Y.; Zhang, J.; Yang, L.; Nori, F. PT-symmetric phonon laser. Phys. Rev. Lett. 2014, 113, 053604.

[CrossRef] [PubMed]
17. Manipatruni, S.; Robinson, J. T.; Lipson, M. Optical nonreciprocity in optomechanical structures. Phys. Rev. Lett. 2009, 102, 213903.

[CrossRef]
18. Lü, H.; Ozdemir, S.K.; Kuang, L.M.; Nori, F.; Jing, H. Exceptional points in random-defect phonon lasers. Phys. Rev. Appl. 2017,

8, 044020. [CrossRef]
19. Lü, X.-Y.; Jing, H.; Ma, J.-Y.; Wu, Y. PT-symmetry-breaking chaos in optomechanics. Phys. Rev. Lett. 2015 , 114, 253601. [CrossRef]
20. Xu, H.; Mason, D.; Jiang, L.; Harris, J.G.E. Topological energy transfer in an optomechanical system with exceptional points.

Nature 2016, 537, 80–83. [CrossRef]
21. Weis, S.; Riviere, R.; Deleglise, S.; Gavartin, E.; Arcizet, O.; Schliesser, A.; Kippenberg, T.J. Optomechanically induced transparency.

Science 2010, 330, 1520–1523. [CrossRef] [PubMed]
22. Safavi-Naeini, A.H.; Alegre, T.P.M.; Chan, J.; Eichenfield, M.; Winger, M.; Lin, Q.; Hill, J.T.; Chang, D.E.; Painter, O. Electromagnet-

ically induced transparency and slow light with optomechanics. Nature 2011, 472, 69–73. [CrossRef] [PubMed]
23. Teufel, J.D.; Li, D.; Allman, M.S.; Cicak, K.; Sirois, A.J.; Whittaker, J.D.; Simmonds, R.W. Circuit cavity electromechanics in the

strong-coupling regime. Nature 2011, 471, 204–208. [CrossRef] [PubMed]
24. Dong, C.; Zhang, J.; Fiore, V.; Wang, H. Optomechanically induced transparency and self-induced oscillations with Bogoliubov

mechanical modes. Optica 2014, 1, 425. [CrossRef]
25. Liu, Y.-C.; Li, B.-B.; Xiao, Y.-F. Electromagnetically induced transparency in optical microcavities. Nanophotonics 2017, 6, 789–811.

[CrossRef]
26. Jiang, C.; Liu, H.X.; Cui, Y.S.; Li, X.W.; Chen, G.B.; Chen, B. Electromagnetically induced transparency and slow light in two-mode

optomechanics. Opt. Express 2013, 21, 12165. [CrossRef] [PubMed]
27. Zhou, X.; Hocke, F.; Schliesser, A.; Marx, A.; Huebl, H.; Gross, R.; Kippenberg, T.J. Slowing, advancing and switching of

microwave signals using circuit nanoelectromechanics. Nat. Phys. 2013 , 9, 179–184. [CrossRef]
28. Arvanitaki, A.; Geraci, A. A. Detecting high-frequency gravitational waves with optically levitated sensors. Phys. Rev. Lett. 2013,

110, 071105. [CrossRef]
29. Li, J. J.; Zhu, K. D. All-optical mass sensing with coupled mechanical resonator systems. Phys. Rep. 2013, 525, 223–254. [CrossRef]
30. Xu, X.; Taylor, J.M. Squeezing in a coupled two-mode optomechanical system for force sensing below the standard quantum limit.

Phys. Rev. A 2014, 90, 043848. [CrossRef]
31. Huang, S.; Agarwal, G.S. Robust force sensing for a free particle in a dissipative optomechanical system with a parametric

amplifier. Phys. Rev. A 2017, 95, 023844. [CrossRef]

http://doi.org/10.1103/RevModPhys.86.1391
http://dx.doi.org/10.1063/1.4896029
http://dx.doi.org/10.1038/nphys1304
http://dx.doi.org/10.1038/nnano.2012.97
http://dx.doi.org/10.1038/nphoton.2012.245
http://dx.doi.org/10.1126/science.1249850
http://dx.doi.org/10.1103/PhysRevLett.122.071101
http://dx.doi.org/10.1103/PhysRevLett.108.153603
http://dx.doi.org/10.1103/PhysRevLett.108.153604
http://dx.doi.org/10.1103/PhysRevLett.110.233602
http://dx.doi.org/10.1103/PhysRevLett.110.253601
http://www.ncbi.nlm.nih.gov/pubmed/23829736
http://dx.doi.org/10.1038/nature12307
http://www.ncbi.nlm.nih.gov/pubmed/23925241
http://dx.doi.org/10.1103/PhysRevA.93.043844
http://dx.doi.org/10.1103/PhysRevLett.104.083901
http://www.ncbi.nlm.nih.gov/pubmed/20366930
http://dx.doi.org/10.1038/s41566-018-0213-5
http://dx.doi.org/10.1103/PhysRevLett.113.053604
http://www.ncbi.nlm.nih.gov/pubmed/25126921
http://dx.doi.org/10.1103/PhysRevLett.102.213903
http://dx.doi.org/10.1103/PhysRevApplied.8.044020
http://dx.doi.org/10.1103/PhysRevLett.114.253601
http://dx.doi.org/10.1038/nature18604
http://dx.doi.org/10.1126/science.1195596
http://www.ncbi.nlm.nih.gov/pubmed/21071628
http://dx.doi.org/10.1038/nature09933
http://www.ncbi.nlm.nih.gov/pubmed/21412237
http://dx.doi.org/10.1038/nature09898
http://www.ncbi.nlm.nih.gov/pubmed/21390127
http://dx.doi.org/10.1364/OPTICA.1.000425
http://dx.doi.org/10.1515/nanoph-2016-0168
http://dx.doi.org/10.1364/OE.21.012165
http://www.ncbi.nlm.nih.gov/pubmed/23736437
http://dx.doi.org/10.1038/nphys2527
http://dx.doi.org/10.1103/PhysRevLett.110.071105
http://dx.doi.org/10.1016/j.physrep.2012.11.003
http://dx.doi.org/10.1103/PhysRevA.90.043848
http://dx.doi.org/10.1103/PhysRevA.95.023844


Micromachines 2023, 14, 655 10 of 10

32. Fiore, V.; Yang, Y.; Kuzyk, M.C.; Barbour, R.; Tian, L.; Wang, H. L. Storing optical information as a mechanical excitation in a silica
optomechanical resonator. Phys. Rev. Lett. 2011, 107, 133601. [CrossRef] [PubMed]

33. Fiore, V.; Dong, C.; Kuzyk, M.C.; Wang, H. Optomechanical light storage in a silica microresonator. Phys. Rev. A 2013, 87, 023812.
[CrossRef]

34. Lü, H.; Jiang, Y.; Wang, Y.Z.; Jing, H. Optomechanically induced transparency in a spinning resonator. Photonics Res. 2017,
5, 367–371. [CrossRef]

35. Maayani, S.; Dahan, R.; Kligerman, Y.; Moses, E.; Hassan, A.U.; Jing, H.; Nori, F.; Christodoulides, D.N.; Carmon, T. Flying
couplers above spinning resonators generate irreversible refraction. Nature 2018, 558, 569–572. [CrossRef]

36. Jiang, Y.; Maayani, S.; Carmon, T.; Nori, F.; Jing, H. Nonreciprocal Phonon Laser. Phys. Rev. Appl. 2018, 10, 064037. [CrossRef]
37. Jing, H.; Lü, H.; Ozdemir, S.K.; Carmon, T.; Nori, F. Nanoparticle sensing with a spinning resonator. Optica 2018, 5, 1424–1430.

[CrossRef]
38. Huang, R.; Miranowicz, A.; Liao, J.-Q.; Nori, F.; Jing, H. Nonreciprocal Photon Blockade. Phys. Rev. Lett. 2018, 121, 153601.

[CrossRef]
39. Li, B.-J.; Huang, R.; Xu, X.-W.; Miranowicz, A.; Jing, H. Nonreciprocal unconventional photon blockade in a spinning optome-

chanical system. Photonics Res. 2019, 7, 630–641. [CrossRef]
40. Zhang, H.; Huang, R.; Zhang, S.-D.; Li, Y. Qiu, C.-W.; Nori, F.; Jing, H. Breaking Anti-PT Symmetry by Spinning a Resonator.

Nano Lett. 2020, 20, 7594–7599. [CrossRef]
41. Jiao, Y.-F.; Zhang, S.-D.; Zhang, Y.-L.; Miranowicz, A.; Kuang, L.-M.; Jing, H. Nonreciprocal Optomechanical Entanglement

against Backscattering Losses. Phys. Rev. Lett. 2020, 125, 143605. [CrossRef]
42. Post, E.J. Sagnac Effect. Rev. Mod. Phys. 1967, 39, 475. [CrossRef]
43. Malykin, G.B. The Sagnac effect: Correct and incorrect explanations. Physics-Uspekhi 2000, 43, 1229. [CrossRef]
44. Li, W.-A.; Huang, G.-Y.; Chen, J.-P.; Chen, Y. Nonreciprocal enhancement of optomechanical second-order sidebands in a spinning

resonator. Phys. Rev. A 2020, 102, 033526. [CrossRef]
45. Xu, X.W.; Li, Y. Controllable optical output fields from an optomechanical system with mechanical driving. Phys. Rev. A 2015, 92,

023855. [CrossRef]
46. Jiang, C.; Cui, Y.; Zhai, Z.; Yu, H.; Li, X.; Chen, G. Tunable slow and fast light in parity-time-symmetric optomechanical systems

with phonon pump. Opt. Express 2018, 26, 28834. [CrossRef]
47. Davuluri, S.; Zhu, S. Controlling optomechanically induced transparency through rotation. Europhys. Lett. 2015, 112, 64002.

[CrossRef]
48. Boyd, R.W. Nonlinear Optics; Academic: Cambridge, MA, USA, 1992; p. 225.
49. Gardiner, C.W.; Zoller, P. Quantum Noise; Springer: Berlin/Heidelberg, Germany, 2000.
50. Agarwal, G.S.; Huang, S. Electromagnetically induced transparency in mechanical effects of light. Phys. Rev. A 2010, 81, 041803.

[CrossRef]
51. Guo, H.; Karpov, M.; Lucas, E.; Kordts, A.; Pfeiffer, M.H. P.; Brasch, V.; Lihachev, G.; Lobanov, V.E.; Gorodetsky, M.L.; Kippenberg,

T.J. Universal dynamics and deterministic switching of dissipative Kerr solitons in optical microresonators,. Nat. Phys. 2017,
13, 94–102. [CrossRef]

52. Chen, H.J. Phonon pump enhanced fast and slow light in a spinning optomechanical system. Results Phys. 2021, 31, 105002.
[CrossRef]

53. Chen, H.J. The fast and slow light in a hybrid spinning optomechanical system mediated by a two-level system. Results Phys.
2022, 42, 105987. [CrossRef]

54. Chen, H.J.; Chen, C.Z.; Li, Y.; Fang, X.W.; Tang, X.D. Coherent optical propagation and ultrahigh resolution mass sensor based on
photonic molecules optomechanics. Opt. Commun. 2016, 382, 73–79. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1103/PhysRevLett.107.133601
http://www.ncbi.nlm.nih.gov/pubmed/22026851
http://dx.doi.org/10.1103/PhysRevA.87.023812
http://dx.doi.org/10.1364/PRJ.5.000367
http://dx.doi.org/10.1038/s41586-018-0245-5
http://dx.doi.org/10.1103/PhysRevApplied.10.064037
http://dx.doi.org/10.1364/OPTICA.5.001424
http://dx.doi.org/10.1103/PhysRevLett.121.153601
http://dx.doi.org/10.1364/PRJ.7.000630
http://dx.doi.org/10.1021/acs.nanolett.0c03119
http://dx.doi.org/10.1103/PhysRevLett.125.143605
http://dx.doi.org/10.1103/RevModPhys.39.475
http://dx.doi.org/10.1070/PU2000v043n12ABEH000830
http://dx.doi.org/10.1103/PhysRevA.102.033526
http://dx.doi.org/10.1103/PhysRevA.92.023855
http://dx.doi.org/10.1364/OE.26.028834
http://dx.doi.org/10.1209/0295-5075/112/64002
http://dx.doi.org/10.1103/PhysRevA.81.041803
http://dx.doi.org/10.1038/nphys3893
http://dx.doi.org/10.1016/j.rinp.2021.105002
http://dx.doi.org/10.1016/j.rinp.2022.105987
http://dx.doi.org/10.1016/j.optcom.2016.07.027

	Introduction
	Model and Theory
	Numerical Results and Discussion
	Conclusions
	References

