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We propose a scheme for achieving twofold nonreciprocal optomechanically induced transparency (OMIT)
in a three-cavity optomechanical system. In this system, an optical microring resonator is evanescently coupled
to two microring optomechanical resonators simultaneously, and a beam splitter is utilized to establish two
distinct optical paths. By utilizing a strong control laser and a weak probe laser to drive the resonators, a
twofold nonreciprocal OMIT phenomenon can be observed. Specifically, the distinct propagation direction of the
control laser will result in nonreciprocal OMIT in the two different paths, respectively. In contrast to two-cavity
optomechanical systems, the OMIT can be significantly enhanced through indirect coupling, resulting in an
∼23.4% increase at the frequency resonance. This unique structure of a three-cavity system renders it an ideal
optical single-pole double-throw (SPDT) switch or an ideal optical SPDT-like isolator, which can play an pivotal
role in optical communication networks and present exciting opportunities in quantum technologies.
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I. INTRODUCTION

Cavity optomechanics [1], which investigates the interac-
tion between light fields and mechanical motion, has received
increasing attention for the broad applications in testing
macroscopic quantum physics, high-precision measurements,
and quantum information processing [1–5]. Various systems
have been proposed for investigating such interactions, such
as Fabry-Pérot cavities [6,7], whispering-gallery microcav-
ities [8–10], membrane-in-the-middle systems [11–14], and
superconducting circuits [15,16]. In these optomechanical
systems, the radiation pressure forces induce mechanical
modes, which in turn affect the optical properties, result-
ing in remarkable quantum effects, such as the ground-state
cooling of mechanical modes [17–22], quantum entan-
glement [23–26], normal mode splitting [27–29], chaotic
dynamics [30–32], optomechanically induced transparency
(OMIT) [33], etc.

OMIT, a significant characteristic in cavity photomechan-
ics, can be considered as an analog to the electromagnetically
induced transparency (EIT) observed in atomic systems.
The physical mechanism underlying this phenomenon can
be described as follows: The optomechanical interaction
induces control light to scatter Stokes and anti-Stokes pho-
tons. Within a resolved-sideband regime, Stokes scattering
is strongly suppressed due to its high off-resonance with
the optical cavity. As a result, only an anti-Stokes field ac-
cumulates within this cavity. The destructive interference
between anti-Stokes photons and probe photons effectively
hinders the accumulation of probe photons within the cav-
ity. Therefore, the transmission spectrum of the probe light
appears as a transparent window near the frequency reso-
nance. The phenomenon was initially theoretically predicted
by Agarwal and Huang [33], and subsequently experimentally
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demonstrated by Weis et al. [34]. Since then, relevant schol-
ars have embarked on extensive research into this physical
property. In the process, nonreciprocal OMIT has emerged
as a prominent research area due to its unique ability to
unidirectionally manipulate light-matter interactions [35,36].
Hafezi et al. studied the nonreciprocal transmission based
on OMIT in a microring resonator by using a unidirectional
optical pump [37]. Liu et al. discussed the nonreciprocal
transmission and the fast-slow light effects in the cavity op-
tomechanical system with different parameter conditions [38].
Xu et al. propose the creation of optical nonreciprocity in a
three-mode optomechanical system, consisting of two linearly
coupled Fabry-Pérot cavities with a membrane in the node
of one of the optical cavities or a photonic crystal cavity
with an optomechanical crystal [39]. They have also con-
ducted a comprehensive numerical analysis to investigate the
effects of the parameters on the nonreciprocal response of
the system. The aforementioned research primarily focused
on the design of various single- or double-cavity systems to
investigate the nonreciprocal OMIT phenomenon, which can
play an important role in optical information processing by
serving as optical diodes, isolators, etc. Inspired by these
studies, in this paper, we propose an approach of twofold
nonreciprocal OMIT in a three-cavity system, in which the
transmission characteristics of the two subpaths can be manip-
ulated simultaneously by changing the propagating direction
of the control light. In addition, the three-cavity system out-
performs the two-cavity system in terms of the phenomenon
of OMIT. The proposed system exhibits functionality akin to
that of a single-pole double-throw (SPDT) switch or an ideal
optical SPDT-type isolator, rendering it highly suitable for
deployment as an optical switch within intricate networks of
optical information processing. It holds potential applications
in quantum information processing.

The remainder of the paper is organized as follows: In
Sec. II, we introduce the model of the three-cavity op-
tomechanical system and provide its Hamiltonian and the
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FIG. 1. Schematic diagram of our proposed model in mode I.
Three WGM microresonator cavities support the CW circulating
mode and the CCW circulating mode. Both of the two-cavity modes
(b1, b2) couple with the mechanical mode via the radiation pressure,
while cavity a is considered as a pure optical cavity. The control
fields and probe fields couple with the cavity modes by an optical
fiber. The antisymmetric transmission: The probe field is transmitted
in path L2, while the probe field is blocking up in path L1.

corresponding Langevin equations. We discuss the feasibil-
ity of the proposed model and numerical results in Sec. III.
Finally, a conclusion is given in Sec. IV.

II. MODEL AND THEORY

We consider a three-cavity optomechanical system in
Fig. 1, consisting of three whispering-gallery-mode (WGM)
microresonators a, b1, and b2,which all support the clock-
wise (CW) circulating mode and the counterclockwise (CCW)
circulating mode. The optomechanical resonators b1, b2 sup-
port the mechanical breathing mode induced by the radiation
pressure with the frequency ωm and the effective mass m,
while cavity a ignores the mechanical mode due to its pure
optical cavity nature. Cavity a couples to two identical mi-
croresonators (b1 and b2), respectively. Resonators b1 and b2

are separated by a sufficient distance, ensuring that the two
cavities do not directly couple with each other. The lights are
coupled into microcavities b1, b2, and a by tapered optical
fibers L1, L2, and L3, respectively. At the junction of these
two optical fibers (L1, L2), the laser beam is split into two
separate beams by the 50:50 beam splitter, which ensures the
propagating light from the main path L to enter subpaths L1

and L2 with equal intensity and frequency. A strong control
light with frequency ωc is transmitted through L3, while a
weak probe light with frequency ωp is transmitted through L.

In our scheme, we investigate the optical response of the
probe field in the system when control light is introduced
through two distinct input ports. To enhance comprehension
of the underlying physical mechanism, we define mode I as
the scenario where the control light is input through port 1,
while mode II refers to the situation where a control light is
injected via port 2. Figure 1 shows the schematic diagram of
our proposed model in mode I, where the control light induces
CCW control photons that counterpropagate with the probe
photon in the b1 cavity and copropagate with the probe photon
in the b2 cavity. Reference [40] indicates that the copropa-
gating photons can be coherently coupled with a phonon in

an optomechanical cavity, while the coupling between coun-
terpropagating photons and the phonon is negligible due to
energy conservation and momentum matching requirements
imposed by an optomechanical interaction. In addition, it
should be noted that the impact of material manufacturing de-
fects has been ignored in our discussion. Therefore, in mode I,
the optomechanical interaction exclusively takes place within
cavity b2 while being absent in cavity b1. In essence, the b1,ccw

and b1,cw modes are decoupled from each other [41,42]. How-
ever, in mode II of the system, the optomechanical interaction
occurs solely within cavity b1, thereby leading to a reversal
of the situation. The system’s Hamiltonian remains invariant
for different modes, with only the operators’ subscripts (cw
and ccw, 1 and 2) exchanging. To simplify the analysis, we
focus on mode I, where the Hamiltonian of the system can be
written as

Ĥ = Ĥ0 + Ĥint + Ĥdr,

Ĥ0 = h̄ωaâ†
cwâcw + h̄ωb1 (b̂†

1,cwb̂1,cw + b̂†
1,ccwb̂1,ccw)

+ h̄ωb2 b̂†
2,ccwb̂2,ccw +

∑
n=1,2

(
p̂2

n

2mn
+ 1

2
mnω

2
mn

x̂2
n

)
,

Ĥint =
∑

n=1,2

h̄Jn(â†
cwb̂n,ccw + âcwb̂†

n,ccw)

+
∑

n=1,2

h̄Gnb̂†
n,ccwb̂n,ccwx̂n,

Ĥdr = ih̄
√

ηκa(εcâ†
cwe−iωct − H.c.)

+ ih̄
√

ηκb1 (εpb̂†
1,cwe−iωpt − H.c.)

+ ih̄
√

ηκb2 (εpb̂†
2,ccwe−iωpt − H.c.), (1)

where âcw and b̂n,cw (b̂n,ccw) denote the bosonic operators of
the CW (CCW) optical mode, and x̂n and p̂n are the position
and momentum operator of the resonator bn. ωa (ωbn ) and
ωmn are the frequencies of the cavity and mechanical modes,
respectively. Jn is the effective interaction strength between
cavity modes acw and bn,ccw, which can be tuned by changing
the distance between them. Gn is the optomechanical coupling
rate of cavity bn. The strong control field with frequency ωc

and a weak probe field with frequency ωp are used to drive the
optical cavities, and the amplitude of the pump field (probe
field) is εc = √

Pc/h̄ωc (εp = √
Pp/h̄ωp), where Pc (Pp) is the

control (probe) field power. The optical mode is characterized
by a total loss rate κ = κi + κe and the cavity coupling param-
eter η = κe/(κi + κe) (κ is specifically manifested κa and κbn ),
where κi and κe denote the intrinsic and external loss rate [34].

In the frame rotating at the drive frequency ωc, the quan-
tum Langevin equations of the three-cavity optomechanical
system can be obtained as

˙̂acw = −
(

i�a + κa

2

)
âcw − iJ1b̂1,ccw − iJ2b̂2,ccw

+ √
ηκaεc + √

κaâcw,in,

˙̂b1,ccw = −
(

i�b1 + κb1

2

)
b̂1,ccw − iJ1âcw

+ iG1x1b̂1,ccw + √
κb1 b̂1,ccw,in,
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˙̂b1,cw = −
(

i�b1 + κb1

2

)
b̂1,cw + √

ηκb1εpe−i�t

+ √
κb1 b̂1,cw,in,

˙̂b2,ccw = −
(

i�b2 + κb2

2

)
b̂2,ccw − iJ2âcw

+ iG2x2b̂2,ccw + √
ηκb2εpe−i�t + √

κb2 b2,ccw,in,

¨̂x1 + γm1
˙̂x1 + ω2

m1
x̂1 = h̄G1

m1
b̂†

1,ccwb̂1,ccw + ξ̂1

m1
,

¨̂x2 + γm2
˙̂x2 + ω2

m2
x̂2 = h̄G2

m2
b̂†

2,ccwb̂2,ccw + ξ̂2

m2
, (2)

where �a = ωa − ωc, �bn = ωbn − ωc, and � = ωp − ωc is
the detuning caused by the probe and the control field. γmn

and κa (κbn ) are the mechanical damping rates and the de-
cay rates of the cavities. âcw,in and b̂n,ccw,in (b̂1,cw,in) are the
input vacuum noise operators with zero mean value, and
their only nonzero correlation functions are 〈ĉin(t )ĉ†

in(t ′)〉 =
δ(t − t ′) (where ĉin denotes all input vacuum noise oper-
ators) [43]. ξ̂n is the Brownian stochastic force with zero
mean value and its correlation function is 〈ξ̂n(t )ξ̂n(t ′)〉 =
mnh̄γmn

∫ dωmn
2π

e−iωmn (t−t ′ )ωmn [coth( h̄ωmn
2kBT ) + 1] (where n de-

notes 1,2) [44].
Since the control field is strong enough and this strong

interaction can be transmitted between the intracavity fields
through intercavity coupling, we can employ a linearization
approach in quantum optics for analytical comprehension.
Equation (2) could be linearized by expanding each operator
as a sum of its steady-state mean value and a small fluctuation,
i.e., ρ̂ = ρs + δρ̂ (ρ̂ indicates the operators âcw, b̂1,ccw, b̂1,cw,
b̂2,ccw, x̂1, x̂2). The dynamical behaviors of the system can be
obtained by solving the equation of motion for the fluctuations
around their steady-state parts. The steady-state averages can
be obtained by setting the derivatives of the mean-field motion
equations to zero as

acw,s = −iJ1b1,ccw,s − iJ2b2,ccw,s + √
ηκaεc

i�a + κa
2

,

b1,ccw,s = −iJ1acw,s

i�′
b1

+ κb1
2

,

b1,cw,s = 0,

b2,ccw,s = −iJ2acw,s

i�′
b2

+ κb2
2

,

x1,s = h̄G1

m1ω2
m1

b∗
1,ccw,sb1,ccw,s,

x2,s = h̄G2

m2ω2
m2

b∗
2,ccw,sb2,ccw,s, (3)

where �′
bn

= �bn − Gnxn,s is the effective cavity-laser de-
tuning. In this paper, we mainly investigate the case of an
optomechanical system that is driven around the red sideband
regime (i.e., �a ≈ ωm). Since the probe field is much weaker
than the control field, i.e., εp 	 εc, it can be treated as a
steady-state disturbance. Therefore, we consider the probe
field as part of the perturbation term (δb̂1,cw and δb̂2,cw).
The manifestation of the OMIT effect is determined through

the average response of the probe field. Consequently, we
associate all fluctuation operators with their corresponding
expectation values while disregarding vacuum and thermal
noise, which have zero expectation values. Then, by ignoring
the high-order nonlinear terms of the fluctuation parts, the
Langevin equations for the expectation values (δρ) of the
fluctuations (δρ̂) can be given as

δȧcw = −
(

i�a + κa

2

)
δacw − iJ1δb1,ccw − iJ2δb2,ccw,

δḃ1,ccw = −
(

i�′
b1

+ κb1

2

)
δb1,ccw − iJ1δacw + iG1δx1b1,ccw,s,

δḃ1,cw = −
(

i�b1 + κb1

2

)
δb1,cw + √

ηκb1εpe−i�t ,

δḃ2,ccw = −
(

i�′
b2

+ κb2

2

)
δb2,ccw − iJ2δacw

+iG2δx2b2,ccw,s + √
ηκb2εpe−i�t ,

δẍ1 + γm1δẋ1 + ω2
m1

δx1

= h̄G1

m1
(b∗

1,ccw,sδb1,ccw + δb∗
1,ccwb1,ccw,s),

δẍ2 + γm2δẋ2 + ω2
m2

δx2

= h̄G2

m2
(b∗

2,ccw,sδb2,ccw + δb∗
2,ccwb2,ccw,s). (4)

To solve Eq. (4), we make the ansatz as δρ = ρ+e−i�t +
ρ−ei�t [34]. To discuss OMIT in the present optomechanical
systems, we need only investigate the response of the probe
field. Each operator can be expanded into multiple Fourier
components by using the ansatz, and the higher-order terms
are neglected under the limitation of a weak probe field. We
have

acw,+ = −iJ1b1,ccw,+ − iJ2b2,ccw,+
i�a + κa

2 − i�
,

acw,− = −iJ1b1,ccw,− − iJ2b2,ccw,−
i�a + κa

2 + i�
,

b1,ccw,+ = −iJ1acw,+ + iG1x1,+b1,ccw,s

i�′
b1

+ κb1
2 − i�

,

b1,ccw,− = −iJ1acw,− + iG1x1,−b1,ccw,s

i�′
b1

+ κb1
2 + i�

,

b1,cw,+ =
√

ηκb1εp

i�b1 + κb
2 − i�

, b1,cw,− = 0,

b2,ccw,+ = −iJ2acw,+ + iG2x2,+b2,ccw,s + √
ηκb2εp

i�′
b2

+ κb2
2 − i�

,

b2,ccw,− = −iJ2acw,− + iG2x2,−b2,ccw,s

i�′
b2

+ κb2
2 + i�

,

x1,+ = h̄G1(b∗
1,ccw,−b1,ccw,s + b1,ccw,+b∗

1,ccw,s)

m1
(− �2 − i�γm1 + ω2

m1

) ,

x1,− = h̄G1(b∗
1,ccw,+b1,ccw,s + b1,ccw,−b∗

1,ccw,s)

m1
(− �2 + i�γm1 + ω2

m1

) ,
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x2,+ = h̄G2(b∗
2,ccw,−b2,ccw,s + b2,ccw,+b∗

2,ccw,s)

m2
(− �2 − i�γm2 + ω2

m2

) ,

x2,− = h̄G2(b∗
2,ccw,+b2,ccw,s + b2,ccw,−b∗

2,ccw,s)

m2
(− �2 + i�γm2 + ω2

m2

) , (5)

Due to the complete similarity of cavities b1 and b2 in the
considered three-cavity system, implying identical parameters
(ωbn , ωmn , mn, Jn, Gn, κbn , γmn ), we unify these parameters
above by removing the subscript “n.” Considering that the
optomechanical interaction is predominantly governed by the
control field, we can obtain the same x̂1 and x̂2 (i.e., �′

b1
=

�′
b2

). Solving the set of Eq. (5), we approximatively obtain

b2,ccw,+ =
√

ηκb2εp

�1 + �2 − �3
, �1 = i�′

b + κb

2
− i�,

�2 = 2J2

i�a + κa
2 − i�

,

�3 = ih̄G2 1
1−M |b2,ccw,s|2

m
(− �2 − i�γm + ω2

m

) , (6)

where M = ih̄G2/[m(−�2 − i�γm + ω2
m)(i �′

b − κb/2 +
i� + 2J2

i�a−κa/2+i� )] (�′
b denotes �′

b1
and �′

b2
).

Subsequently, we focus on the output field of the probe
laser received by the detectors. Combining with the standard
input-output relation cout(t ) = cin(t ) − √

ηκc(t ) [43]. we have

cout = (εc − √
ηκcs)e−iωct + (εp − √

ηκc+)e−i(ωc+�)t

− √
ηκc−e−i(ωc−�)t , (7)

where c denotes the modes b1,cw and b2,ccw (κ denotes κb1 and
κb2 , and κb1 = κb2 ), and the transmission of the probe field is
then given by

Tcout = |t (ωs)2| =
∣∣∣∣cout(t )

cin(t )

∣∣∣∣
2

=
∣∣∣∣1 −

√
ηκc+
εp

∣∣∣∣
2

, (8)

where c+ represents the output field at the probe frequency,
and c− shows the nonlinear generated field for control filed,
probe field and mechanical oscillator in a four-wave mixing
process, which is not displayed here.

III. NUMERICAL RESULTS AND ANALYSIS

In this section, we numerically evaluate both the trans-
mission rates Tb1,cw and Tb2,ccw, for different input ports of
the control field, to demonstrate the twofold nonreciprocal
transmissions of the probe field. Furthermore, we explore the
possibility of the three-cavity optomechanical system as an
optical SPDT switch or an optical SPDT-like isolator.

We adopt experimentally feasible parameters [45–47], i.e.,
m = 2 ng, ωm = 200 MHz, γm = 0.2 MHz, the wavelength of
the laser λ = 1.55 µm, refractive index N = 1.44, ωa = ωb =
193.5 THz. We consider �a ≈ �′

b ≈ ωm, the quality factor of
the optical resonator Q = 3 × 107, κe = κi = ω/Q (where ω

denotes ωa and ωb, η = 1/2), Pc = 10 W, r = 0.25 mm (r is
the radius of the microresonator), and G = ω/r. The system
is in the resolved-sideband regime with κ 	 ωm. The probe
field frequency for both resonators (cavities bn) is identical,
owing to the presence of the beam splitter. We set J = κ

FIG. 2. The probe transmission rate as a function of the detuning
�/ωm in (a) mode I and (b) mode II. (c) The schematic of twofold
nonreciprocity in the three-cavity system. (d) The schematic diagram
of the single-pole double-throw switch approximated by the system.

(i.e., J = 2κe), and introduce the reference unit V =
12.9 MHz for convenience. The strength of parameter J can be
controlled by altering the separation between the resonators.
Peng et al. have experimentally shown that reducing the gap
between two resonators to approximately 5 µm establishes
strong inter-resonator coupling, as reported in Refs. [47,48].

Figure 2(a) plots the transmission rate T of the probe light
as a function of the probe-control field detuning �/ω for the
resonator b1 and b2 in mode I, respectively. In the cavity b1,
the coupling of the probe light with the phonon is negligible,
which allows the cavity to maintain the absorption of the
probe light, which is displayed by the blue dashed curve. The
red solid curve presents the famous phenomenon of OMIT in
cavity b2 due to the optomechanical interaction. Additionally,
Fig. 2(b) illustrates the characterization in mode II.

As depicted in Fig. 2(c), for an effective demonstration of
the system’s nonreciprocity, we can partition this axisymmet-
ric structure into two distinct regions, A and B (region A,
where the control field propagates in the same direction as the
probe field within cavity bn, and region B, where the control
field propagates counter to the probe field within cavity bn).
In region A, a transparency window is observed for the probe
light. Conversely, in region B, strong absorption of the probe
light is exhibited. Alternatively, when the control light is input
from port 1 (mode I), L1 acts as a blocking path, whereas
when the control light is input from port 2 (mode II), L1 trans-
forms into the transmission path. The same principle applies
to L2. Based on the preceding discussion, it is evident that
our scheme exhibits nonreciprocity, denoting the asymmetric
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FIG. 3. (a) Two-cavity optomechanical system model. (b) The
probe transmission rate T as a function of the detuning �/ωm for
different optomechanical systems.

response of the transmission channel when altering the in-
jection direction of the control light [49–53]. Interestingly,
regardless of the input direction of the control light, both
L1 and L2 consistently exhibit asymmetric transmission re-
sponses. Given this inherent pairwise nonreciprocity within
our system configuration, we consider it to manifest twofold
nonreciprocity. Moreover, the structure of this system is
formally equivalent to an SPDT switch, where L1 and L2

resemble the off-state and on-state switch arms of the SPDT
switch, as depicted in Fig. 2(d).

It is noteworthy that this three-cavity system outper-
forms the two-cavity system [as shown in Fig. 3(a)].
According to the aforementioned description, enhancing
the destructive interference effect between the anti-Stokes
photons and probe photons is an effective approach for
improving the OMIT effect. In the two-cavity system, anti-
Stokes photons scattered from cavity b interfere destructively
with the probing photons. However, in the three-cavity
system, the scattering process of the control photons oc-
curs simultaneously in cavities b1 and b2, resulting in a
higher number of anti-Stokes photons compared to the
two-cavity system. Due to the indirect coupling between
cavity b1 and cavity b2 through cavity a [via the Hamil-
tonian form

∑
n=1,2 h̄Jn(â†

cwb̂n,ccw + âcwb̂†
n,ccw) in mode I or∑

n=1,2 h̄Jn(â†
ccwb̂n,cw + âccwb̂†

n,cw) in mode II], probing pho-
tons possess pathways for interfering with significantly more
photons within the three-cavity system. Therefore, the OMIT
phenomenon exhibits greater superiority in the three-cavity

FIG. 4. The probe transmission rate T as a function of the detun-
ing �/ωm for different J in cavity b2.

0.5 1 1.5
0

0.5

1

0.5 1 1.5
0

0.5

1

b2,outb1,out

FIG. 5. The probe transmission rate T as a function of the detun-
ing �/ωm with increasing loss rate κ in (a) cavity b1 and (b) cavity
b2, respectively.

system compared to the two-cavity system. As illustrated in
Fig. 3(b), the peak value of the transparent window in the
three-cavity system surpasses that of the two-cavity system
under identical initial parameters. The probe transmission rate
T increases from 0.64 to 0.79 at resonance �/ωm = 1, repre-
senting a significant enhancement of ∼23.4%.

We further investigated the impact of coupling strength on
the system (only mode I was investigated in the following
for convenience). In Fig. 4, we plot the transmission of the
probe field T versus the detuning �/ωm with different cou-
pling strengths J in the optomechanical system. By gradually
increasing the coupling strength J , the absorption properties
of cavity b2 to the probe light are weakened at the resonance,
resulting in a transparency window in the spectrum. This phe-
nomenon arises due to the enhanced cavity-cavity coupling
coefficient, enabling effective control light transmission from
cavity a to cavity b2, thereby promoting the destructive in-
terference effect between the control light and the probe field.
Hence there will be an enhancement of the OMIT phenomena.

The loss rate also exerts an influence on the system. In
Figs. 5(a) and 5(b), we display the probe transmission rate T
as a function of the detuning �/ωm with increasing loss rate
κ (set J = V). As the loss rate increases, it will lead to a large
leakage of the probe and control photons through dissipation
in cavity b2 and the transparency phenomenon of the system to
the probe light will weaken gradually in cavity b2. Meanwhile,
the leakage of cavity b1 results in a low probe transmission
rate.

As previously described, twofold nonreciprocal OMIT has
been observed in a three-cavity optomechanical system, which
is formally equivalent to a SPDT switch or SPDT-like isolator.
We propose three parameters to evaluate the nonreciprocity of

FIG. 6. (a) The SC, SD and (b) IR vs the detuning �/ωm for
J = κ = V .
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FIG. 7. The probe transmission rate T as a function of the detun-
ing �/ωm with increasing (a) coupling strength J and (c) loss rate
κ in cavity b2, respectively. The SD vs (b) coupling strength J and
(d) loss rate κ at the resonance �/ωm = 1.

the subpaths in the system (we only investigate cavity b1 in
following for convenience): switching contrast (SC), switch-
ing difference (SD), and isolation ratio (IR) [54,55]. We have

SC = TON − TOFF

TON + TOFF
= Tb1,mode II − Tb1,mode I

Tb1,mode II + Tb1,mode I

,

SD = TON − TOFF = Tb1,mode II − Tb1,mode I ,

IR = 10 log10 (TON/TOFF)

= 10 log10 (Tb1,mode II/Tb1,mode I ). (9)

Figures 6(a) and 6(b) plot SC, SD, and IR of the systems.
It is demonstrated that both SC and IR have ideal values
(SC ∼ 1, IR ∼ ∞) at � � ωm. It means that the system could
be considered as an ideal SPDT switch. We mainly investigate
SD at � � ωm, as a symbol for quantification of the switch for
later discussion.

Figures 7(a) and 7(c) show the SD against detuning �/ωm

and coupling strength J (loss rate κ), while Figs. 7(b) and 7(d)
highlight the parts of Figs. 7(a) and 7(c) at resonance � = ωm.
In Figs. 7(a) and 7(c), the regions where SD � 0.9 are high-
lighted with dashed lines. It means that an appropriate value of
the coupling strength J and loss rate κ meet our requirements.
As shown in Figs. 7(b) and 7(d), it can be observed that with
an increase of coupling strength J , the SD increases. The
SD approaches 0.9 at � = ωm, when J ≈ 1.5V , particularly.
With an increase of the loss rate κ , the SD decreases. The SD

approaches 0.9 at � = ωm, when κ ≈ 0.65V , which satisfies
our expectations for the application of this model in optical
switch systems.

IV. DISCUSSION AND CONCLUSIONS

Based on the aforementioned analysis, it is evident that a
transparent window emerges in the transmission spectrum of
the probe light influenced by the optomechanical interaction,
known as OMIT. The transparency of OMIT should be dis-
tinguished from Autler-Townes splitting (ATS) transparency.
OMIT is regarded as analogous to EIT which is based on
quantum destructive interference near the resonant frequency.
However, the transparent window of ATS is created by the su-
perposition of two separate Lorentz-like absorption lines near
the resonant frequency. Numerous studies have extensively
examined the differences between EIT and ATS phenom-
ena [56–59]. Our proposal is based on the phenomenon
of destructive interference between anti-Stokes photons and
probe photons, which arises from the optomechanical interac-
tion. Consequently, we have achieved OMIT by employing a
mechanism distinct from ATS.

In conclusion, we investigated the phenomenon of twofold
nonreciprocal OMIT in a three-cavity optomechanical sys-
tem. By manipulating the propagating direction of the driving
laser, we achieve simultaneous control over two branch paths,
enabling selective transmission along one path while con-
sistently blocking the other. This SPDT-like characteristic
enhances the performance of our system as an optical switch
compared to a conventional switch limited to controlling only
one optical path. Additionally, the optomechanical switch
demonstrates the system’s selectivity towards the frequency
of the incident light near the transparent window. The reduced
half width of the transparent window enhances the system’s
sensitivity to minute changes in frequency, thereby endowing
the switch with superior tunability and heightened sensi-
tivity. Moreover, this optomechanical switch operates based
on optomechanical interaction principles and holds potential
applications in various domains such as sensing weak force in-
teractions. This design holds great potential for applications in
optical communication networks and quantum technologies.
Furthermore, we have shown that the three-cavity optome-
chanical system exhibits a superior OMIT phenomenon to the
two-cavity optomechanical system due to indirect coupling
and excellent nonreciprocity under certain parameter condi-
tions (high coupling strength Jn and low loss rate κ).
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