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Optical nonreciprocity and optomechanical circulator in three-mode optomechanical systems
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We demonstrate the possibility of optical nonreciprocal response in a three-mode optomechanical system where
one mechanical mode is optomechanically coupled to two linearly coupled optical modes simultaneously. The
optical nonreciprocal behavior is induced by the phase difference between the two optomechanical coupling rates,
which breaks the time-reversal symmetry of the three-mode optomechanical system. Moreover, the three-mode
optomechanical system can also be used as a three-port circulator for two optical modes and one mechanical
mode, which we refer to as an optomechanical circulator.
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I. INTRODUCTION

The fundamental role of nonreciprocal transmission in
information processing has been demonstrated fully by the im-
portant application of electrical diodes in electronic informa-
tion technology with semiconductor p-n junctions. However,
optical nonreciprocity is constrained by the Lorentz reciprocal
theorem due to the time-reversal symmetry in linear and
nonmagnetic media [1]. Traditionally, optical nonreciprocity
is based on magneto-optical crystals [2] by breaking the
time-reversal symmetry with the Faraday rotation effect or
optical nonlinear systems [3] by circumventing the symmet-
rical constraint. Recently, a number of alternative schemes
based on diverse mechanisms have been proposed, such as
spatial-symmetry-breaking structures [4], indirect interband
photonic transitions [5], optoacoustic effects [6], parity-time-
symmetric structures [7], and moving systems [8]. Moreover,
for the potential applications in photonic quantum information
processing, the abilities to be integrated on a chip and operated
on a single-photon level [9] are desirable features for the
realization of nonreciprocal photonic devices in the future.

With rapidly growing interest as a new class of microscale
integrable devices, optomechanical systems have shown
enormous potential for application in quantum information
processing [10]. It has already been shown that optomechanical
systems can be used to induce nonreciprocal effects for
light [11,12]. At the beginning, the optical nonreciprocal effect
was based on the momentum difference between forward-
and backward-moving light beams in an optomechanical
system consisting of an in-line Fabry-Pérot cavity with one
movable mirror and one fixed mirror [11]. Subsequently,
a new approach for a nonreciprocal optomechanical device
was proposed by using strong optomechanical interaction
in microring resonators [12]. The nonreciprocal response is
obtained when the optomechanical coupling is enhanced in
one direction and suppressed in the other one by optically
pumping the ring resonator. In principle, the scheme shown in
Ref. [12] can be applied on a single-photon level, in spite
of the limitation induced by the up-conversion of thermal
phonons.
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We note that besides the standard optomechanics with an
optical cavity mode coupled to a mechanical mode through
the radiation pressure interaction, three-mode optomechanical
systems including two optical modes coupled to one mechani-
cal mode have drawn much attention recently. Some interesting
phenomena are found in three-mode optomechanical systems,
such as enhanced quantum nonlinearities [13], high-fidelity
quantum state transfer [14], phonon lasing [15], motional
ground-state cooling in the unresolved sideband regime [16],
and unconventional photon blockade [17].

In this paper, we propose a scheme for optical nonreciproc-
ity in a three-mode optomechanical system, where two optical
modes are linearly coupled to each other and one mechanical
mode is optomechanically coupled to the two optical modes
simultaneously. The two effective optomechanical couplings
are both enhanced by pumping the two optical modes with
different external driving fields. Most crucially, there is a
phase difference between the two effective optomechanical
couplings, which cannot be absorbed into local redefinitions
of the operators. Nonreciprocal response of the three-mode
optomechanical system is induced by this phase difference,
which is gauge invariant and is associated with the time-
reversal symmetry broken for the three-mode system [18,19].
This mechanism has been used in the circuit-QED architec-
ture [18] and phonon devices [19] for breaking time-reversal
symmetry, and photon or phonon circulator behavior [18,19]
was predicted accordingly. Thus, the present three-mode op-
tomechanical system can also be used as a three-port circulator
formed by two optical modes and one mechanical mode, which
we refer to as optomechanical circulator. This type of circulator
may serve as a suitable interface for the hybrid network
composed of optical (or microwave) and mechanical systems.

This paper is organized as follows: In Sec. II, the Hamil-
tonian of a three-mode optomechanical system is introduced,
and the spectra of the output fields are obtained formally. The
optical nonreciprocal response is shown in Sec. III, and the
optomechanical circulator behavior is discussed in Sec. IV.
Finally, we draw our conclusions in Sec. V.

II. MODEL

We consider a three-mode optomechanical system consist-
ing of two optical modes (a and b, frequencies ωa and ωb) and
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FIG. 1. (Color online) Schematic diagram of an optomechanical
system consisting of two optical modes (a and b) and one mechanical
mode (c). The optical modes and the mechanical mode are coupled
via radiation pressure; meanwhile, the two optical modes are linearly
coupled to each other.

one mechanical mode (c, frequency ωm) as shown in Fig. 1.
The optomechanical coupling rates between the optical modes
and the mechanical mode are denoted by ga and gb; two optical
modes are linearly coupled mutually at rate J and driven by
external laser sources with frequencies ωa,d = ωb,d = ωd at
rates εa and εb, respectively. The Hamiltonian of the system in
the rotating frame at the frequency of the driving fields ωd is

H = ��aa
†a + ��bb

†b + �ωmc†c + �J (a†b + ab†)

+ �gaa
†a(c + c†) + �gbb

†b(c + c†)

+ i�(εaa
†eiφa + εbb

†eiφb − H.c.), (1)

where �a = ωa − ωd and �b = ωb − ωd are the detunings
between the optical modes and the driving fields. Without loss
of generality, we assume that J , εa , and εb are real, and φa (φb)
is the phase of the laser field coupling to optical mode a (b).
This kind of Hamiltonian can be realized in the optomechanical
system with a membrane in a Fabry-Pérot cavity [20],
microtoroid optomechanical cavities [21], optomechanical
crystals [22], and electromechanical devices [23].

Substituting the Hamiltonian (1) into the Heisenberg equa-
tion and taking into account the damping and corresponding
noise terms, we get the quantum Langevin equations (QLEs)
for the operators of the optical and mechanical modes:

d

dt
a =

{
−γa

2
− i[�a + ga(c + c†)]

}
a − iJ b

+ εae
iφa + √

γaain, (2)

d

dt
b =

{
−γb

2
− i[�b + gb(c + c†)]

}
b − iJ a

+ εbe
iφb + √

γbbin, (3)

d

dt
c =

(
−γm

2
− iωm

)
c − i(gaa

†a + gbb
†b) + √

γmcin.

(4)

Here γa (γb) is the damping rate of optical mode a (b),
and γm is the mechanical damping rate. ain, bin, and cin

are the input quantum fields with zero mean values, and
the spectra of the input quantum fields sv,in(ω) are defined

via 〈ṽ†
in(ω′)ṽin(ω)〉 = sv,in(ω)δ(ω + ω′) and 〈ṽin(ω′)ṽ†

in(ω)〉 =
[1 + sv,in(ω)]δ(ω + ω′), where the term 1 results from the

effect of vacuum noise and ṽ
†
in (ṽin) is the Fourier transform of

v
†
in (vin) for v = a,b,c.

The mean values of the operators in the steady state can
be obtained from the nonlinear QLEs (2)–(4) by using a
factorization assumption like 〈ca〉 = 〈c〉〈a〉, and then

〈a〉 = α =
(

γb

2 + i�′
b

)
εae

iφa − iJ εbe
iφb(

γa

2 + i�′
a

)(
γb

2 + i�′
b

) + J 2
, (5)

〈b〉 = β =
(

γa

2 + i�′
a

)
εbe

iφb − iJ εae
iφa(

γa

2 + i�′
a

)(
γb

2 + i�′
b

) + J 2
, (6)

〈c〉 = ξ = −i(ga|α|2 + gb|β|2)(
γm

2 + iωm

) , (7)

where �′
a = �a + ga(ξ + ξ ∗) and �′

b = �b + gb(ξ + ξ ∗) are
the effective detunings including the frequency shifts caused
by the optomechanical interaction.

To solve the nonlinear QLEs (2)–(4), the operators are
rewritten as the sum of the mean values and the small quantum
fluctuation terms, i.e., a = α + δa, b = β + δb, c = ξ + δc.
When the driving fields are strong enough that δa � |α| and
δb � |β|, then we can linearize the equations by neglecting the
high-order small terms. Substituting them into the nonlinear
QLEs (2)–(4) and keeping only the first-order terms in the
small quantum fluctuation terms δa, δb, and δc, we obtain the
linearized QLEs:

d

dt
δa =

(
−γa

2
− i�′

a

)
δa − iGa(δc + δc†)

− iJ δb + √
γaain, (8)

d

dt
δb =

(
−γb

2
− i�′

b

)
δb − iGb(δc + δc†)

− iJ δa + √
γbbin, (9)

d

dt
δc =

(
−γm

2
− iωm

)
δc − i(Gaδa

† + G∗
aδa)

− i(Gbδb
† + G∗

bδb) + √
γmcin, (10)

where Ga = gaα = |Ga|eiθa and Gb = gbβ = |Gb|eiθb are the
effective optomechanical coupling rates with phase difference
θ ≡ θb − θa . Actually, the phase of Ga (or Gb) can be absorbed
into new redefinitions of the operators δa and δb, and only
the phase difference θ has physical effects. Without loss of
generality, Ga is assumed to be real in the following numerical
calculations.

For convenience, the linearized QLEs (8)–(10) can be
concisely expressed as

d

dt
V = −MV + �Vin, (11)

where the fluctuation vector V = (δa,δb,δc,δa†,δb†,δc†)T ,
the input field vector Vin = (ain,bin,cin,a

†
in,b

†
in,c

†
in)T , � =

diag(
√

γa,
√

γb,
√

γm,
√

γa,
√

γb,
√

γm) denotes the damping
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matrix, and M is the coefficient matrix

M =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

γa

2 + i�′
a iJ iGa 0 0 iGa

iJ
γb

2 + i�′
b iGb 0 0 iGb

iG∗
a iG∗

b
γm

2 + iωm iGa iGb 0

0 0 −iG∗
a

γa

2 − i�′
a −iJ −iG∗

a

0 0 −iG∗
b −iJ

γb

2 − i�′
b −iG∗

b

−iG∗
a −iG∗

b 0 −iGa −iGb
γm

2 − iωm

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

. (12)

The system is stable only if the real parts of all the eigenvalues
of matrix M are positive. The stability conditions can be given
explicitly by using the Routh-Hurwitz criterion [24]. However,
they are too cumbersome to be given here. In the following
discussions, we make sure the stability conditions are satisfied
for the used parameters.

By introducing the Fourier transform of the operators

õ(ω) = 1√
2π

∫ +∞

−∞
o(t)eiωtdt, (13)

õ†(ω) = 1√
2π

∫ +∞

−∞
o†(t)eiωtdt (14)

(for any operator o) and using the properties of Fourier
transformation, the solution to the linearized QLEs (11) in
the frequency domain is

Ṽ (ω) = (M − iωI )−1�Ṽin(ω), (15)

where I denotes the identity matrix.
As a consequence of boundary conditions, the rela-

tion among the input, internal, and output fields is given
as [25]

vout + vin = √
γvδv (16)

for v = a,b,c and γc ≡ γm. Then the output field vector in the
frequency domain is

Ṽout(ω) = U (ω)Ṽin(ω), (17)

where the output field vector Ṽout(ω) is the Fourier transform
of Vout = (aout,bout,cout,a

†
out,b

†
out,c

†
out)

T and

U (ω) = �(M − iωI )−1� − I. (18)

The spectrum of the output fields is defined by

sv,out(ω) =
∫

dω′〈ṽ†
out(ω

′)ṽout(ω)〉. (19)

By substituting the expression of Ṽout(ω) [Eq. (17)] into
Eq. (19), one can obtain [26]

Sout(ω) = T (ω)Sin(ω) + Svac(ω). (20)

Here Sin(ω) = (sa,in(ω),sb,in(ω),sc,in(ω))T , Sout(ω) = (sa,out(ω),
sb,out(ω),sc,out(ω))T , Svac(ω) = (sa,vac(ω),sb,vac(ω),sc,vac(ω))T ,
and

T (ω) =
⎛
⎝Taa(ω) Tab(ω) Tac(ω)

Tba(ω) Tbb(ω) Tbc(ω)
Tca(ω) Tcb(ω) Tcc(ω)

⎞
⎠ , (21)

where the element Tij (ω) (i,j = a,b,c) denotes the scattering
probability that corresponds to the output field of mode i

arising from the presence of a single photon (or single phonon)
in the input field of mode j . The scattering probabilities are
given as

Taa(ω) = |U11(ω)|2 + |U14(ω)|2, (22)

Tab(ω) = |U12(ω)|2 + |U15(ω)|2, (23)

Tac(ω) = |U13(ω)|2 + |U16(ω)|2, (24)

Tba(ω) = |U21(ω)|2 + |U24(ω)|2, (25)

Tbb(ω) = |U22(ω)|2 + |U25(ω)|2, (26)

Tbc(ω) = |U23(ω)|2 + |U26(ω)|2, (27)

Tca(ω) = |U31(ω)|2 + |U34(ω)|2, (28)

Tcb(ω) = |U32(ω)|2 + |U35(ω)|2, (29)

Tcc(ω) = |U33(ω)|2 + |U36(ω)|2, (30)

where Uij (ω) (for i,j = 1, . . . ,6) represents the element at the
ith row and j th column of the matrix U (ω) given by Eq. (18).
sv,vac (v = a,b,c) is the output spectrum contributing from the
input vacuum field,

sa,vac(ω) = |U14(ω)|2 + |U15(ω)|2 + |U16(ω)|2, (31)

sb,vac(ω) = |U24(ω)|2 + |U25(ω)|2 + |U26(ω)|2, (32)

sc,vac(ω) = |U34(ω)|2 + |U35(ω)|2 + |U36(ω)|2. (33)

III. OPTICAL NONRECIPROCITY

In this and the next sections, we numerically evaluate
the scattering probabilities to show the possibility of op-
tical nonreciprocal response and optomechanical circulator
behavior in the three-mode optomechanical system. The
optimal parameters for the observation of optical nonreciprocal
response are obtained according to the numerical results. The
physical origin of the optical nonreciprocal response and
optomechanical circulator behavior will be discussed in the
next section.

Scattering probabilities Tab(ω) and Tba(ω) as functions
of the frequency of the incoming signal ω for different
phase differences are shown in Fig. 2, where the parame-
ters are �′

a = �′
b = ωm = 10γ , J = Ga = Gbe

−iθ = γa/2 =
γb/2 = γm/2 = γ /2. The photon transmission satisfies the
Lorentz reciprocal theorem [e.g., Tab(ω) = Tba(ω)] on the
condition that θ = 0 or π . When θ 
= nπ (n is an integer),
the time-reversal symmetry is broken, and the three-mode
optomechanical system exhibits a nonreciprocal response. In
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(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 2. (Color online) Scattering probabilities Tab(ω) (black solid lines) and Tba(ω) (red dashed lines) as functions of the frequency of the
incoming signal ω for different phase difference: (a) θ = 0, (b) θ = π/4, (c) θ = π/2, (d) θ = 3π/4, (e) θ = π , (f) θ = 5π/4, (g) θ = 3π/2,
and (h) θ = 7π/4. The other parameters are �′

a = �′
b = ωm = 10γ , J = Ga = Gbe

−iθ = γa/2 = γb/2 = γm/2 = γ /2.

the regime 0 < θ < π , we have Tab(ω) < Tba(ω); in the regime
π < θ < 2π , we have Tab(ω) > Tba(ω). The optimal optical
nonreciprocal response is obtained as θ = π/2 [Tab(ω) ≈ 0
and Tba(ω) ≈ 1 at ω = ωm] and θ = 3π/2 [Tab(ω) ≈ 1 and
Tba(ω) ≈ 0 at ω = ωm]. The condition of Ga = Gbe

−iθ = γ /2
with ga = gb = g can be obtained approximately by setting the
amplitudes and the phases of the coupling laser fields as

εa = εb ≈ γωm

2g
, (34)

φa = φb − θ ≈ π

2
. (35)

(a) (b)

(c) (d)

FIG. 3. (Color online) Scattering probabilities Tab(ω) (black
solid line) and Tba(ω) (red dashed line) as functions of the frequency
of the incoming signal ω for different effective optomechanical
coupling rates: (a) Ga = 0.05γ , (b) Ga = 0.25γ , (c) Ga = 0.5γ ,
and (d) Ga = γ . The other parameters are �′

a = �′
b = ωm = 10γ ,

J = γa/2 = γb/2 = γm/2 = γ /2. Here we fix Gb = iGa , which
corresponds to the case of θ = π/2.

In Fig. 3, the scattering probabilities Tab(ω) and Tba(ω) are
shown as functions of the frequency of the incoming signal ω

for different effective optomechanical coupling rates Ga with
the parameters �′

a = �′
b = ωm = 10γ , J = γa/2 = γb/2 =

γm/2 = γ /2, Gb = iGa . It is shown that as the effective
optomechanical coupling is weak ({|Ga|,|Gb|} � γ ), the
scattering probability from mode b to mode a is almost the
same as the one from mode a to mode b, e.g., Tab(ω) ≈
Tba(ω). With the enhancement of the effective optomechanical
coupling rates, the optical nonreciprocal response becomes
obvious and reaches the optimal effect at about Ga = 0.5γ .

In Fig. 4, we plot the scattering probabilities Tab(ω) and
Tba(ω) for different mechanical damping rates γm with the pa-

(a) (b)

(c) (d)

FIG. 4. (Color online) Scattering probabilities Tab(ω) (black
solid lines) and Tba(ω) (red dashed lines) as functions of the frequency
of the incoming signal ω for different mechanical damping rates: (a)
γm = 0.01γ , (b) γm = 0.2γ , (c) γm = γ , and (d) γm = 2γ . The other
parameters are �′

a = �′
b = ωm = 10γ , J = Ga = −iGb = γa/2 =

γb/2 = γ /2.
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rameters �′
a = �′

b = ωm = 10γ , J = Ga = −iGb = γa/2 =
γb/2 = γ /2. It is shown that as the mechanical damping rate
γm is much smaller than the optical damping rate (γm � γ ),
the photon scattering probabilities are almost the same for the
two directions, e.g. Tab(ω) ≈ Tba(ω). With the increase of the
mechanical damping rate, the optical nonreciprocal response
becomes obvious and achieves the optimal effect for γm ≈ γ .

IV. OPTOMECHANICAL CIRCULATOR

As done in most studies on optomechanical systems, the
signals input and output from the mechanical mode were
not considered in the last section. With the development of
phonon-based systems, the phonon is another useful medium
for quantum information processing. The propagation of
phonons can be efficiently controlled by means of periodic
patterning of materials (phononic crystals), and the phonon
waveguides based on phononic-crystal structures provide a
very promising and versatile platform for realizing phonon-
state transmission [27]. Recently, a two-dimensional structure
of the optomechanical crystal has been designed to trap optical
and acoustic oscillations together and to enhance the strength
of phonon-photon interaction [22]. Phonon-photon translators
and phonon routers for phononic quantum networks were
also proposed based on the coupled photonic and phononic
crystals [19,28]. With these developments, we assume in this
section that the mechanical mode is coupled to a continuous
mode of the phonon waveguide and the phonons can be input
and output through the phonon waveguide. The scattering of
both photons and phonons in the three-mode optomechanical
system is considered in the following.

Using Eqs. (22)–(30), we now show the numerical results
of all the scattering probabilities (nine elements) in Eqs. (21).
As shown in Fig. 5, the three-mode optomechanical system
shows circulator behavior: when θ = π/2, we have Tba(ω) ≈
Tcb(ω) ≈ Tac(ω) ≈ 1 and the other scattering probabilities
equal to zero at ω = ωm, as shown in Figs. 5(a), 5(c), and 5(e);
when θ = 3π/2, we have Tca(ω) ≈ Tab(ω) ≈ Tbc(ω) ≈ 1 and
the other scattering probabilities equal to zero at ω = ωm,
as shown in Figs. 5(b), 5(d), and 5(f). That is to say, the
signal is transferred from one mode to another in either a
counterclockwise (a → b → c → a) or clockwise (a → c →
b → a) direction, depending on the relative phase θ = π/2 or
3π/2, as shown in Fig. 6.

The scattering matrix for the optomechanical circulator
in three-mode optomechanical systems can be obtained
analytically, similar to the case for photon and phonon
circulators in Refs. [18,19]. We assume that ωm ≈ � 
{J,|Ga|,|Gb|,γa,γb,γm}; then Eqs. (8)–(10) can be simplified
by the rotating-wave approximation as

d

dt
δa =

(
−γa

2
− i�′

a

)
δa − iGaδc − iJ δb + √

γaain,

(36)
d

dt
δb =

(
−γb

2
− i�′

b

)
δb − iGbδc − iJ δa + √

γbbin,

(37)
d

dt
δc =

(
−γm

2
− iωm

)
δc − iG∗

aδa − iG∗
bδb + √

γmcin.

(38)

(a) (b)

(c) (d)

(e) (f)

FIG. 5. (Color online) Scattering probabilities (a) and (b) Tva(ω),
(c) and (d) Tvb(ω) and (e) and (f) Tvc(ω) (v = a,b,c) as functions of
the frequency of the incoming signal ω for different phase difference:
(a), (c), and (e) θ = π/2; (b), (d), and (f) θ = 3π/2. The other
parameters are �′

a = �′
b = ωm = 10γ , J = Ga = Gbe

−iθ = γa/2 =
γb/2 = γm/2 = γ /2.

Thus, the effective Hamiltonian after linearization takes the
form (the effective system is shown in Fig. 6)

Heff = ��′
aa

†a + ��′
bb

†b + �ωmc†c

+ �(Jb†a + |Ga|eiθa a†c + |Gb|e−iθb c†b + H.c.).

(39)

The necessary and sufficient condition of time-reversal sym-
metry is that the gauge-invariant phase sum is an integral
multiple of π [18]. Thus, for the present Hamiltonian (39),
we need

θb − θa ≡ θ = nπ (40)

for real J , where n is an integral number [also see the
numerical results shown in Figs. 2(a) and 2(e)]. The optical

FIG. 6. (Color online) Schematic diagram of a three-mode op-
tomechanical circulator.
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nonreciprocal response and the optomechanical circulator
behavior are induced by breaking the time-reversal symmetry
(i.e., θb − θa 
= nπ ), and the optimal effect is realized halfway
between the time-reversal-symmetric points (i.e., θa = 0, θb =
θ = π/2 or 3π/2), as shown in Fig. 5.

Now we will derive the scattering matrix of the optome-
chanical circulator behavior analytically from the simplified
linearized QLEs [Eqs. (36)–(38)]. Let us transform the
linearized equations into the frequency domain,

(M ′ − iωI )

⎛
⎜⎝

δ̃a

δ̃b

δ̃c

⎞
⎟⎠ =

⎛
⎜⎝

√
γaãin√
γbb̃in√
γmc̃in

⎞
⎟⎠ , (41)

where

M ′ =

⎛
⎜⎝

γa

2 + i�′
a iJ iGa

iJ
γb

2 + i�′
b iGb

iG∗
a iG∗

b
γm

2 + iωm

⎞
⎟⎠ . (42)

In the conditions for the optimal optomechanical circulator,
i.e., ω = �′

a = �′
b = ωm and J = Ga = Gbe

−iθ = γa/2 =
γb/2 = γm/2 = γ /2, we have

γ

2

⎛
⎜⎝

1 i i

i 1 ieiθ

i ie−iθ 1

⎞
⎟⎠

⎛
⎜⎝

δ̃a

δ̃b

δ̃c

⎞
⎟⎠ =

⎛
⎜⎝

√
γ ãin√
γ b̃in√
γ c̃in

⎞
⎟⎠ . (43)

By choosing θ = π/2, the scattering matrix is given through⎛
⎜⎝

ãout

b̃out

c̃out

⎞
⎟⎠ =

⎛
⎜⎝

0 0 −i

−i 0 0

0 −1 0

⎞
⎟⎠

⎛
⎜⎝

ãin

b̃in

c̃in

⎞
⎟⎠ . (44)

By choosing θ = 3π/2, we can get the scattering matrix
through ⎛

⎜⎝
ãout

b̃out

c̃out

⎞
⎟⎠ =

⎛
⎜⎝

0 −i 0

0 0 −1

−i 0 0

⎞
⎟⎠

⎛
⎜⎝

ãin

b̃in

c̃in

⎞
⎟⎠ . (45)

Equation (44) clearly shows a perfect circulator with the
signal transferring counterclockwise (a → b → c → a) for
θ = π/2, and Eq. (45) describes an ideal circulator with
the signal transferring clockwise (a → c → b → a) for θ =
3π/2. These agree well with the numerical results shown in
Fig. 5.

Finally, we discuss the effects of the vacuum noise spectrum
sv,vac(ω) given by Eqs. (31)–(33). The vacuum noise spectrum
sv,vac(ω) (v = a,b,c) as a function of the frequency of the
incoming signal ω is shown in Fig. 7. The effects of the
vacuum noises are so small that they are insignificant even for
the input signals of the single-photon (single-phonon) level
(about 2 × 10−3 at ω = ωm = 10γ ). The physical origin of
the vacuum noise in the output spectrum is the anti-rotating-
wave interactions between the optical and mechanical modes

(a) (b)

FIG. 7. (Color online) The vacuum noise spectrum sv,vac(ω) (v =
a,b,c) as a function of the frequency of the incoming signal ω for
different phase difference: (a) θ = π/2 and (b) θ = 3π/2. The other
parameters are �′

a = �′
b = ωm = 10γ , J = Ga = Gbe

−iθ = γa/2 =
γb/2 = γm/2 = γ /2.

[included in Eq. (11)]. The suppression of the vacuum noise for
mode b (mode a) at ω = ωm as θ = π/2 (θ = 3π/2) is due
to the negligible effect of the anti-rotating-wave interaction
between the two optical modes. When all the anti-rotating-
wave interactions (between the optical and mechanical modes
and between the two optical modes) are neglected, there is
no vacuum noise in the output field, as shown in Eqs. (44)
and (45).

V. CONCLUSIONS

In summary, we have shown the optical nonreciprocity
in a three-mode optomechanical system. We demonstrated
that the nonreciprocal response is enabled by tuning the
phase difference between the optomechanical coupling rates
to induce the time-reversal-symmetry breaking of the system.
Then we showed that the three-mode optomechanical system
can also be used as a three-port optomechanical circulator
for two optical modes and one mechanical mode. Further, we
note that the three-mode optomechanical system can work in
the single-photon level and can be integrated into a chip. The
three-port optomechanical circulator might eventually provide
the basis for applications on quantum information processing
or quantum simulation [29].

Note added. Recently, we became aware of a related paper
by Metelmann and Clerk [30].
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