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We investigate nonreciprocal transmission in microcavity exciton polaritons and obtain analytical conditions for
achieving unidirectional and circular transmission. The phase difference between two effective optomechanical couplings
can regulate the interference of different channels between two photon modes, and control the direction of nonreciprocity,
resulting in unidirectional forward and backward transmissions. Perfect nonreciprocal unidirectional transmission with
zero losses is realized, which depends on exciton–photon–phonon couplings. Moreover, clockwise and counterclockwise
circular transmissions are implemented by appropriately adjusting the phase of photon mode couplings. Our results open
up exciting possibilities for implementing nonreciprocal photonic devices.
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1. Introduction
As typical nonreciprocal transmission, unidirectional and

circular transmission has attracted much attention, which can
be used to implement isolators and circulators.[1,2] Tradi-
tional nonreciprocal transmission has been mainly realized by
breaking Lorentz reciprocity in strong magnetic materials.[3,4]

However, external magnetic fields and material losses result
in nonreciprocal devices incovenient to integration and mi-
cromation with low insertion loss.[5,6] Cavity optomechan-
ical systems have provided a magnetic-free and all-optical
platform for realizing nonreciprocal transmission.[7–11] Es-
pecially, hybrid optomechanical systems formed by strong
coupling between phonons, photons, and macroscopic quan-
tum matters have become a popular means to achieve opti-
cal nonreciprocity,[12,13] where various of nonreciprocal phe-
nomena have been revealed, such as nonreciprocal quantum-
state conversion,[14] single-photon frequency converter,[15]

and ground-state cooling.[16]

As a new and intriguing hybrid optomechanical sys-
tem, microcavity exciton polaritons have attracted con-
siderable interest since strong exciton–photon couplings
are experimentally realized in GaAs/AlAs quantum-well
microcavities.[17–19] Exciton polaritons inherit remarkable
properties from their excitonic and photonic components, and
demonstrate many outstanding features, such as strong non-
linear effects, low pump intensities, strong light–matter cou-
plings, low dissipation rates, non-Hermitian, and nonequilib-
rium quantum characteristics. Hence, exciton polaritons have
raised widespread interest in fundamental researches,[20–25]

and provided an ideal platform for implementing advanced

polaritonic devices.[26,27] Furthermore, strong exciton–photon
coupling enables to effectively manipulate photon transmis-
sion, as well as the implementation of dissipative couplings
between photon modes provides a possibility to regulate pho-
ton transmission along different directions. Such a photon
transmission regulation in microcavity exciton polaritons pro-
vides an avenue for achieving nonreciprocal transmission,
however, it is rarely explored so far.
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Fig. 1. (a) Schematic representation of a hybrid optomechanical sys-
tem with microcavity exciton polaritons. (b) Schematic diagram of an
equivalent four-mode hybrid optomechanical system.

In this paper, we construct a hybrid optomechanical sys-
tem with a strong exciton–photon coupling to realize optical
nonreciprocal transmission as shown in Fig. 1, and acquire
analytical conditions for unidirectional and circular transmis-
sions. We find that the phase difference between two effective
optomechanical couplings can precisely manipulate the inter-
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ference of different channels between two photon modes, and
control the direction of nonreciprocity, resulting in unidirec-
tional forward and backward transmissions. In addition, we
construct a hybrid three-mode system consisting of two photon
modes and one exciton mode by eliminating optomechanical
couplings, and design clockwise and counterclockwise circu-
lar transmissions. Our results can provide a promising means
to achieve nonreciprocal photonic devices such as isolators
and circulators.

2. Model
Motivated by experiments on microcavity exciton

polaritons,[17–19] we consider a four-mode hybrid optome-
chanical system, which is constructed by a GaAs-spacer
quantum-well microcavity consisting of two optical cavity
modes (cl and cr, frequencies ωl and ωr), a phonon mode
(b, frequency ωm), and an exciton mode (e, frequency ωe).
Each optical cavity is constructed by a fixed distributed Bragg
reflector (FDBR) a movable Bragg reflector (MDBR), and
the MDBR acts as a phonon mode which couples two cav-
ity modes. Excitons trapped in quantum wells (QWs) are
placed at the antinode of each cavity field. In the quantum-
well microcavity, strong exciton–photon coupling results in
the emergence of new Bose quasiparticles, i.e., exciton po-
laritons, which can modulate photon transmission. The left
(right) cavity is driven by an external strong pump field with
an effective intensity εl (εr) and a frequency ωdl = ωdr = ωd.
Simultaneously, a weak quantum input field cin

l (cin
r ) is inci-

dent on the left (right) cavity, while the corresponding output
quantum field cout

l (cout
r ) is monitored at the left (right) cavity.

In a rotating frame, the Hamiltonian is[28,29]

H = h̄ωmb̂†b̂+ h̄∆ldĉ†
l ĉl + h̄∆rdĉ†

r ĉr + h̄∆edê†ê

+J(ĉ†
l ĉr + ĉlĉ†

r )+ ∑
i=l,r

h̄giĉ
†
i ĉi(b̂† + b̂)

+ ∑
i=l,r

h̄Ωi(ĉiê† + ĉ†
i ê)+ ∑

i=l,r
ih̄(εi e iφi ĉ†

i −H.c.), (1)

where ĉ†
l (ĉl), ĉ†

r (ĉr), b̂† (b̂), and ê† (ê) correspond to the cre-
ation (annihilation) operators of left optical modes, right op-
tical modes, phonon modes, and exciton modes, respectively.
∆l,rd =ωl,r−ωd and ∆ed =ωe−ωd are the cavity–pump detun-
ing and exciton–pump detuning, respectively. The fifth term
describes a directly linear coupling between two optical modes
with a coupling strength J. The sixth term represents a single
photon optomechanical coupling between photons in the left
(right) cavity and phonons with a coupling strength gl (gr).
The seventh term refers to an exciton–photon coupling effect
with a Rabi coupling strength Ωi. The last term is a coherent
driven cavity field, where φl and φr are the phases of pump
fields coupled to the optical cavities cl and cr, respectively.

In experiments,[17–19,30–32] we construct a GaAs-spacer
quantum-well microcavity which can be grown by molecular
beam epitaxy on a 0.35-mm-thick GaAs substrate to realize
nonreciprocal transmission, because the GaAs microcavity has
many advantages, such as enhanced optical–mechanical cou-
plings, perfect lattice matching of its compounds, and high
fabrication compatibility with mature molecular beam epitaxy
technology. However, conventional GaAs-based planar cavi-
ties suffer from weak exciton oscillator strength, small binding
energy, as well as poor overlap between excitons and cavity
modes due to the narrow quantum well layer, which results in
the challenge of strong coupling and room-temperature opera-
tion. Interestingly, as typical wide bandgap materials, ZnO ex-
hibits remarkable advantages for room-temperature exciton–
polariton preparations due to larger exciton binding energy
and oscillator strength.[33,34] Therefore, both GaAs/AlAs and
ZnO materials can be used to construct an exciton–polariton
system for realizing the nonreciprocal transmission. More-
over, two strong pump fields and two weak input quantum
fields can be generated by picosecond light pulses deliver-
ing from a Ti:sapphire laser and split by a polarizing beam
splitter. The linear coupling between different photon modes
J is complex, which includes real and imaginary parts. The
real photon–photon coupling refers to a directly coherent
coupling and it can be induced in the presence of scatter-
ing off imperfections.[31] The imaginary photon–photon cou-
pling refers to a dissipative coupling, which can be realized
by the taper-scattering-induced dissipative backscattering.[32]

According to experiments,[17–19] the performance parameters
of microcavity exciton polaritons can be estimated as mi-
cropillar radius r = 1 µm, GaAs substrate thickness h =

0.35 mm, optical quality factor Q0 = 104, cavity mode wave-
length λc = 870 nm, QW thickness Lf = 10 nm, environment
temperature T = 100 K, pump power Ppu = 300 mW, pump
spectral width ∆λpu = 0.8 nm, κ = 1/5 ps, Ω = 0.48 THZ ∼
κ , g= 20 MHz∼ 10−5κ , ∆l,r = 210 GHz∼ 0.1κ , ∆m = 8 GHz
∼ 0.01κ , ∆e = 0.316 THz ∼ κ , γm = 1/60 ns ∼ 10−3κ , and
κe = 1/1.8 ps ∼ 2κ .

Under strong pump fields, we assume that the operator
can be written as a sum of its mean value and fluctuation, i.e.,
ô = ⟨ô⟩+ δ ô, where o = {cl,cr,b,e}. Inserting it into Eq. (1)
and neglecting higher-order quantum fluctuation terms, we can
acquire an effective linearized Hamiltonian

Hlin = h̄ωmδ b̂†
δ b̂+ h̄∆

′
ldδ ĉ†

l δ ĉl + h̄∆
′
rdδ ĉ†

r δ ĉr

+ h̄∆edδ ê†
δ ê+ h̄J(δ ĉrδ ĉl

† +δ ĉlδ ĉr
†)

+ ∑
i=l,r

(h̄Ωiδ ĉiδ ê† +H.c.)+ ∑
i=l,r

(h̄Giδ ĉi
†
δ b̂+H.c.)

+ ∑
i=l,r

Giδ ĉi
†
δ b̂†, (2)

where ∆ ′l,rd = ∆l,rd + gl,r(⟨b̂⟩+ ⟨b̂†⟩) is an effective cavity–
pump detuning and Gl,r = gl,r⟨ĉl,r⟩ represents an effective cou-

114202-2



Chin. Phys. B 34, 114202 (2025)

pling coefficient between optical modes and phonon modes.
In order to analytically obtain the optical nonreciprocity in a
four-mode hybrid optomechanical system, we introduce a uni-
tary transformation U = e iωd(δc†

l δcl+δc†
r δcr+δb†δb+δe†δe)t , and

utilize rotating wave approximation in the high frequency re-
gion, then the linearized Hamiltonian Eq. (2) can be written
as

He f f = 7h̄∆mδ b̂†
δ b̂+ h̄∆lδ ĉ†

l δ ĉl + h̄∆rδ ĉ†
r δ ĉr + h̄∆eδ ê†

δ ê

+ h̄J(δ ĉlδ ĉr
† +δ ĉl

†
δ ĉr)+ ∑

i=l,r
(h̄Ωiδ ĉiδ ê† +H.c.)

+ ∑
i=l,r

h̄(Giδ ĉi
†
δ b̂+G*i δ b̂†

δ ĉi), (3)

where ∆l = ∆ ′ld − ωd, ∆r = ∆ ′rd − ωd, ∆m = ωm − ωd, and
∆e = ∆ed−ωd. Upon substituting Eq. (3) into the Heisenberg–
Langevin equation ∂tδ ô = (i/h̄)[H,δ ô]+ 𝒩̂ , where 𝒩̂ is the
corresponding input vacuum noise operator, while using the
commutation relation [ô, ô†] = 1, the dynamical evolution of
cavity modes, phonon modes, and exciton modes can be de-
scribed by the following equations:

δ ċl =

(
− i∆l−

κl

2

)
δcl− iGlδb− iJδcr− iΩlδe+

√
κlcin

l ,

δ ċr =

(
− i∆r−

κr

2

)
δcr− iGrδb− iJδcl− iΩrδe+

√
κrcin

r ,

δ ḃ =

(
− i∆m−

γm

2

)
δb− iG*l δcl− iG*r δcr +

√
γmbin,

δ ė =
(
− i∆e−

κe

2

)
δe− iΩlδcl +Ωrδcr +

√
κeein, (4)

where cin
l,r, bin, and ein are input field operators corresponding

to cavity modes, phonon modes, and exciton modes with dis-
sipation rates κl,r, γm, and κe, respectively. For convenience,
the linearized Langevin equation (4) can be written in the fol-
lowing form:

d𝑉
dt

=𝑀𝑉 +𝛤𝑉in, (5)

where 𝑉 = (δcl,δcr,δb,δe)T is a small quantum fluctuation
vector, 𝑉in = (cin

l ,c
in
r ,b

in,ein)T is the vector of input fields, 𝛤
= diag(

√
κl,
√

κr,
√

γm,
√

κe) is the dissipation matrix, and the
matrix 𝑀 is obtained as

𝑀 =


Kl −iJ −iGl −iΩl
−iJ Kr −iGr −iΩr
−iG*l −iG*r Km 0
−iΩl −iΩr 0 Ke

 , (6)

with Kl,r,e = −κl,r,e/2 − i∆l,r,e and Km = −γm/2 − i∆m.
To calculate the transmission spectrum of optical signals,
we introduce a standard input–output relationship, i.e.,
𝑉out = 𝑉in − 𝛤𝑉 and a Fourier transform, i.e., o(ω) =∫ +∞

−∞
o(t)e iωt dt/

√
2π , then one can obtain

𝑉out(ω) = [𝛤 (𝑀 − iω)−1𝛤 − I]𝑉in(ω) = 𝑇 (ω)𝑉in(ω), (7)

where 𝑉out = (cout
l ,cout

r ,bout,eout)T. Equation (7) describes the
optical signal transmission from modes i to j, where i, j =
cl,cr,b,e and the corresponding transmission efficiency is de-
picted by the matrix element Ti j of the transmission matrix
𝑇 (ω). The specific expression of matrix elements Ti j is ob-
tained in Appendix A.

To investigate optical nonreciprocal unidirectional trans-
mission, we define the forward (backward) transmission as the
signal transmission from photon modes cl (cr) to cr (cl), and
the corresponding forward (backward) transmission efficiency
T�(ω) can be obtained as

T�(ω) = |⟨cout
r,l /cin

l,r⟩|2 = κlκr|Tcl,rcr,l |
2

= κlκr|(e±iθ GlGr/ω̃m

+ iJ+ΩlΩr/ω̃e)ω̃mω̃e/F |2. (8)

Equation (8) indicates that there are three possible chan-
nels for the signal transmission between photon modes cl and
cr: one is direct channel (cr → cl) measured by J, and the
other two are indirect channels cr → e→ cl and cr → b→ cl

measured by ΩlΩr/ω̃e and GlGr/ω̃m, respectively. The phase
difference θ between effective optomechanical couplings in-
duces different direct and indirect channel interference effects
for forward and backward transmissions, which results in un-
equal transmission efficiencies, i.e., T→(ω) ̸= T←(ω). This
effect can be used to design undirectional transmission, and
the direction can be controlled by phase differences.

Based on the difference of transmission directions, the
nonreciprocity demonstrates as unidirectional forward trans-
mission (i.e., cl → cr) and unidirectional backward transmis-
sion (i.e., cr → cl). Here, we focus on the unidirectional for-
ward transmission, where the optical signal can be only trans-
mitted from photon modes cl to cr, and the reversed transmis-
sion is blocked. To implement this nonreciprocity, the trans-
mission from modes cr to cl should be destructive interference
between direct and indirect channels, i.e., T← = 0, then, one
can obtain the analytical condition for the nonreciprocal for-
ward transmission

θ =−Arg[−iJω̃m− ω̃mΩlΩr/ω̃e]+ kπ, (9)

where k is integer. Moreover, to construct perfect nonreciproc-
ity which is an ideal physical phenomenon, optical signals
should be completely transmitted along the opposite direction
(cl→ cr) without any loss, which means the signal from optical
modes cl should be completely transmitted to optical modes cr,
i.e., T→ = 1, and there are no transmitted signals from modes
cl to modes b and e, i.e., Tclb = 0 and Tcle = 0. From Tclb = 0
and Tcle = 0, one can obtain

G2
r =
−e2iθ ω̃m(ω̃rω̃e +Ω 2

r )

ω̃e
,
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G2
l =
|ω̃m(iJω̃e +ΩlΩr)|2

|ω̃e|2G2
r

. (10)

Here, Gl,r refers to the amplitude of effective optomechanical
coupling, and it should be reals, i.e., Im Gr = 0, thus, one has
Im [ω̃m(ω̃rω̃e +Ω 2

r )/ω̃e] = 0 and θ → kπ +π/2, i.e.,

Ωr =
[
(4∆

2
e +κ

2
e )(γm∆r +∆mκr)/(4∆eγm−4∆mκe)

]1/2
. (11)

and ∆m ≪ γm[J(4∆ 2
e + κ2

e ) + 2(κe − 2∆e)ΩlΩr]/[2J(4∆ 2
e +

κ2
e )−4(κe +2∆e)ΩlΩr].

From T→ = 1, iJ(ω̃e + 2ΩlΩr) = (J2ω̃e +Λ), then, the
critical optical mode coupling strength Jc reads

J2
c = [−Λ1− (4|ω̃eΛ |2−Λ

2
1 )

1
2 ]/(2|ω̃e|2), (12)

where Λ = |(ω̃rω̃e +Ω 2
r )(ω̃lω̃e +Ω 2

l )| and ∆eω = ∆e−ω . In
order to guarantee the optical coupling strength being real,
Ωl should be restricted in a certain parameter region, i.e.,
Ωl < Ω c

l .
Here, we focus on the dependence of perfect nonrecipro-

cal transmission on the coupling between excitons and pho-
tons, and the enhancement and reduction effect of the trans-
mission efficiency with respect to the coupling between exci-
tons and photons become unimportant. Actually, the condi-
tion for perfect nonreciprocal transmission closely depends on
the coupling between excitons and photons. Equations (9)–
(12) describe analytical conditions for perfect nonreciprocal
transmission, which is clearly displayed in Fig. 2. Under the
condition of nonreciprocity [Eq. (9)], the transmission from
photon modes cr to cl is completely prohibited, i.e., T← = 0,
which means a nonreciprocal unidirectional forward transmis-
sion occurs. When Ωl < Ω c

l and J = Jc [Eq. (12)], i.e., the
condition for perfect nonreciprocity is satisfied, the photon can
be completely transmitted from photon modes cl to cr without
any losses (where T→ = 1), which means a perfect nonrecip-
rocal forward transmission occurs [Fig. 2(a)]. However, when
Ωl > Ω c

l , no matter the optical coupling strength J is, T→ is al-
ways less than one [Fig. 2(b)], i.e., the forward transmission is
always accompanied with losses. This transmission is called
as an unperfect nonreciprocal transmission. In fact, energy
losses of the system are inevitable in practical applications,
however, our system is always driven by the strong pump field
which can balance the intrinsic energy loss. Thus, the perfect
nonreciprocal transmission with zero losses is a universal phe-
nomenon and an ideal condition is not required.

The nonreciprocity can also be described by the nonrecip-
rocal contrast χ = (T→−T←)/(T→+T←). When χ = 100%,
the nonreciprocal unidirectional forward transmission appears
as shown in Figs. 2(c) and 2(d). The perfect nonreciprocity
can also be characterized by the insertion loss, and the forward

insertion loss is defined as IL =−10lg[
√

T→]. The zero inser-
tion loss indicates the emergence of a perfect nonreciprocity,
where J = Jc as shown in Fig. 2(c), and when the insertion
loss IL> 0, the nonreciprocal transmission is unperfect. When
Ωl <Ω c

l , the critical optical mode coupling strength Jc for per-
fect nonreciprocity is slowly enhanced as Ωl increases.
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Fig. 2. Nonreciprocal unidirectional transmission. Forward (backward)
transmission efficiency T→ (T←) versus J for a perfect nonreciprocal trans-
mission (a), an unperfect one (b), and the corresponding insertion loss IL
and nonreciprocal contrast χ (c)–(d). The inset (a1) depicts the critical
optical mode coupling strength Jc for perfect nonreciprocity versus Ωl.
Other parameters are ω = 0, ∆l = ∆r = 0.01κ , ∆m = 10−5κ , ∆e = 10κ ,
κl = κr = κ,γm = 10−3κ , and κe = 0.1κ .

On the other hand, the nonreciprocal transmission direc-
tion can also be controlled by the phase difference between ef-
fective optomechanical couplings. Here, the phase difference
θ depends not only on the coupling coefficients, detuning, and
dissipation rates but also on the pump field intensity εl,r and
phase φl,r. When other parameters are fixed, θ can be di-
rectly controlled by adjusting εl,r and φl,r. Conversely, if other
parameters vary, εl,r and φl,r can be precisely tuned to main-
tain a constant θ . Such adjustments can be easily realized in
experiments.[18,35] As depicted in Fig. 3, under the condition
for perfect nonreciprocity, if the phase difference θ ≈ −π/2
which satisfies the condition for nonreciprocal forward trans-
mission [Eq. (9)], Tcr→cl = 0 and Tcl→cr = 1. Namely, perfect
forward nonreciprocity is discovered. One the contrary, θ ≈
π/2, Tcr→cl = 1, and Tcl→cr = 0, which indicates that perfect
backward nonreciprocity arises.

Moreover, perfect nonreciprocity can be accurately ma-
nipulated by exciton–photon Rabi couplings, which is clearly
shown in Fig. 4. When the condition of perfect nonreciproc-
ity is satisfied, i.e., Ωl < Ω c

l and J = Jc [see Eq. (12)], an
perfect nonreciprocal forward transmission with zero losses
is observed, i.e., T→ = 1, T← = 0, IL = 0, and χ = 100% [see
Figs. 4(a) and 4(b)]. When Ωl > Ω c

l , even though J = Jc, there
are still losses in the nonreciprocal forward transmission, i.e.,
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T→ < 1, IL > 0. These results are in good agreement with an-
alytical conditions for perfect nonreciprocity. Figures 4(c) and
4(d) indicate that the region of Ωl for perfect nonreciprocity
is enlarged by increasing the effective exciton–pump detuning
∆e.
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Fig. 3. Controlling nonreciprocal unidirectional transmission direction.
(a) Forward [(b) backward] transmission efficiency Tcl→v (Tcr→v) versus θ .
Other parameters are the same as those in Fig. 2.
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and nonreciprocal contrast χ , and critical optical mode coupling strength Jc
for perfect nonreciprocity versus Ωl. (d) Forward transmission efficiency
T→ in ∆e–Ωl plane. Other parameters are the same as those in Fig. 2.

3. Nonreciprocal circular transmission
To obtain analytical conditions for circular transmission

and realize perfect circular transmission, we construct a hy-
brid three-mode system consisting of an exciton mode and
two photon modes by eliminating the single photon optome-
chanical coupling between photon and phonon modes, i.e.,
gl = gr ≡ 0. Meanwhile, weak quantum input field ein and
the corresponding output field eout are added at the side of
exciton modes as shown in Fig. 5(a). To generate clockwise
and counterclockwise nonreciprocal circular transmissions as
well as control the direction of circular transmission, we intro-
duce a dissipative coupling between two optical modes, i.e.,

J = J e iϕ . Then, the switching between clockwise and coun-
terclockwise transmissions can be regulated by the phase ϕ

(see the transmission coefficients for circular transmission in
Appendix A).

For clockwise circular transmission, optical signals are
transmitted along a clockwise direction ( i.e., cl → cr → e→
cl) and the counterclockwise transmission is completely sup-
pressed, i.e., |Tecl |2 = |Tclcr |2 = |Tcre|2 = 1 and Tcle = Tecr =

Tcrcl = 0. From Tcrcl = 0, one can obtain

ϕ = Arg[iΩlΩr/ω̃e]+ kπ, J = |ΩrΩl/ω̃e|, (13)

where k is integers. Moreover, upon inserting Eq. (13) into
Tcle = 0 and Tecr = 0, one can obtain

Ωr,l =
√

κl,rκe/4+κl,r∆
2
e /κe. (14)

Here, Ωr,l should be reals, thus, one has ∆l,r =−∆eκl,r/κe.
Equations (13) and (14) describe analytical conditions

for circular transmission along a clockwise direction. As
shown in Figs. 5(c)–5(e), when the condition of Eq. (13) is
satisfied and Ωr meets with Eq. (14), Tcrcl = Tcle = 0 and
|Tcre|2 = 1, while when Ωl is adjusted to satisfy Eq. (14),
|Tclcr |2 = |Tecl |2 = 1 and Tecr = 0, which indicates that per-
fect clockwise circular transmission occurs. Moreover, when
the condition of Eq. (14) is satisfied, the circular transmission
along clockwise and counterclockwise directions can be ma-
nipulated by the phase ϕ . As shown in Fig. 5(b), where we
define T� = (|Tcle|2 + |Tecr |2 + |Tcrcl |2)/3 and T� = (|Tecl |2 +
|Tclcr |2 + |Tcre|2)/3, clockwise circular transmission appears
for ϕ ≈ π/2 and counterclockwise transmission arises for
ϕ ≈−π/2.
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Fig. 5. Controlling circular transmission, (a) schematic diagram for circu-
lar transmission, (b) clockwise and counterclockwise transmission efficiency
T�,	 versus phase ϕ of photon mode couplings, (c)–(e) the transmission
efficiency Ti j between different modes versus Ωl. Other parameters are
∆e = 10−3κ , κl = κr = κ , and κe = 0.1κ .

4. Conclusion
In summary, we have demonstrated optical nonreciproc-

ity in a microcavity exciton–polariton system and obtained an-
alytical conditions for achieving nonreciprocal transmission
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and circular transmission. We have proven that unidirec-
tional nonreciprocity is achieved by adjusting the phase dif-
ference between two effective optomechanical couplings to
induce the breaking of time reversal symmetry and the di-
rection of nonreciprocal unidirectional transmission can be
precisely regulated. We have also realized perfect unidirec-
tional transmission with zero losses by adjusting the coupling
among excitons, photons, and phonons. Moreover, we have
presented clockwise and counterclockwise circular transmis-
sions in a three-mode system consisting of an exciton and two
photon modes by adjusting the phase of photon mode cou-
plings, which can be used to design an optomechanical circu-
lator. Although our proposed nonreciprocal transmission can
be realized in experiments under current experimental condi-
tions, there are some challenges in several critical steps,[36]

such as resonant mode matching, quality factor limitations,
and system integration complexities. We believe, however,
that such devices for nonreciprocal transmission are achiev-
able with continued advances in optics and microfabrication
technology. Our results provide a promising avenue for im-
plementing nonreciprocal photonic devices, which may have
potential applications in developing macroscopic chiral quan-
tum information and on-chip quantum communications.[37]

Appendix A: Specific representations of trans-
mission efficiency matrix elements

From Eq. (6), we can acquire

𝑇 (ω) = Γ (𝑀 − iω)−1
Γ − I

=


Tclcl Tclcr Tclb Tcle
Tcrcl Tcrcr Tcrb Tcre
Tbcl Tbcr Tbb Tbe
Tecl Tecr Teb Tee

 , (A1)

where the matrix elements Ti j (i, j = cl,cr,b,e) correspond
to the transmission coefficients of signals from modes i to j.
Here, we set Gl,r e iθl,r , i.e., the effective optomechanical cou-
pling is expressed as a function of its amplitude and phase.
Then, the specific form of the element Ti j is obtained as

Tclcl = κl[G2
r ω̃e + ω̃mZ1]/F−1,

Tcrcl =
√

κlκr[e−iθ GlGrω̃e + ω̃mZ2]/F,

Tbcl =
√

κlγm e iθr [−iGrZ2 + i e−iθ GlZ1]/F,

Tecl =
√

κlκe[iΩl + Jω̃mΩr− i e−iθ GlGrΩr]/F, (A2)

Tclcr =
√

κlκr[e iθ GlGrω̃e + ω̃mZ2]/F,

Tcrcr = κr[G2
l ω̃e + ω̃mZ4]/F−1,

Tbcr =
√

κrγm e iθl [−iGlZ2 + i e iθ GrZ4]/F,

Tecr =
√

κrκe[iZ5Ωr− i e iθ GlGrΩl + Jω̃mΩl]/F, (A3)

Tclb =
√

κlγm e−iθr [−iGrZ2 + i e iθ GlZ1]/F,

Tcrb =
√

γmκr i e−iθl [−iGlZ2 + i e−iθ GrZ4]/F,

Tbb = γm[J2
ω̃e + ω̃rΩ

2
l −2iJΩlΩr + ω̃lZ1]/F−1,

Teb =
√

γmκe e−iθr [GrZ6 + e iθ GlZ7]/F, (A4)

Tcle =
√

κlκe[iZ3Ωl− i e−iθ GlGrΩr+ Jω̃mΩr]/F,

Tcre =
√

κeκr[iZ5Ωr + Jω̃mΩl− i e−iθ GlGrΩl]/F,

Tbe =
√

κeγm e iθr [GrZ6 + e−iθ GlZ7]/F,

Tee = κe(G2
r ω̃l +G2

l ω̃r + ω̃mZ8−2i cosθGlGrJ)/F−1,
(A5)

where ω̃l = κl/2+ i(∆l−ω), ω̃r = κr/2+ i(∆r−ω), ω̃m =

γm/2+ i(∆m−ω), ω̃e = κe/2+ i(∆e−ω), θ = θr−θl, Z1,4 =

ω̃r,lω̃e +Ω 2
r,l, Z2 = iJω̃e +ΩlΩr, Z3,5 = G2

r,l + ω̃r,lω̃m, Z6,7 =

ω̃l,rΩr,l− iJΩl,r, Z8 = J2 + ω̃lω̃r, and F = G2
r (ω̃lω̃e +Ω 2

l )+

G2
l (ω̃rω̃e + Ω 2

r ) + ω̃m[J2ω̃e + ω̃rΩ
2
l − 2iJΩlΩr + ω̃l(ω̃rω̃e +

Ω 2
r )]+2GlGr(−iJω̃e−ΩlΩr)cosθ .

For nonreciprocal circular transmission, transmission ef-
ficiency matrix elements are obtained as

Tclcl = κl(−ω̃rω̃e−Ω
2
r )/ f −1,

Tclcr =
√

κlκr(i e−iϕ Jω̃e +ΩlΩr)/ f ,

Tcle =
√

κlκe(iω̃rΩl + e−iϕ JΩr)/ f , (A6)

Tcrcl =
√

κlκr(i e iϕ Jω̃e +ΩlΩr)/ f ,

Tcrcr = κr(−ω̃lω̃e−Ω
2
l )/ f −1,

Tcre =
√

κrκe(e iϕ JΩl + iω̃lΩr)/ f , (A7)

Tecl =
√

κlκe(iω̃rΩl + e iϕ JΩr)/ f ,

Tecr =
√

κrκe(e−iϕ JΩl + iω̃lΩr)/ f ,

Tee = κe(−J2− ω̃lω̃r)/ f −1, (A8)

where f = J2ω̃e + ω̃lω̃rω̃e + ω̃rΩ
2
l −2iJΩlΩr cosϕ + ω̃lΩ

2
r .

Acknowledgments
Project supported by the National Natural Science Foun-

dation of China (Grant Nos. 12104374, 12164042, and
12264045) and the Natural Science Foundation of Gansu
Province, China (Grant No. 20JR5RA526).

References
[1] Xia K Y, Nori F and Xiao M 2018 Phys. Rev. Lett. 121 203602
[2] Tang L, Tang J S, Chen M Y, Nori F, Xiao M and Xia K Y 2022 Phys.

Rev. Lett. 128 083604
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