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Tunable optical nonreciprocity
in double-cavity optomechanical
system with nonreciprocal coupling

Mian Mao, Hongmei Jiang, Cui Kong™ & Jibing Liu

We propose a double-cavity optomechanical system with nonreciprocal coupling to realize tunable
optical nonreciprocity that has the prospect of making an optical device for the manipulation of
information processing and communication. Here we investigate the steady-state dynamic processes
of the double-cavity system and the transmission of optical waves from opposite cavity directions.
The transmission spectrum of the probe field is presented in detail and the physical mechanism of the
induced transparency window is analyzed. It is found that the nonreciprocal response of the probe
field transmission appears at two different coupling strengths between two cavities, which breaks
the spatial symmetry to lead to optical nonreciprocal transmission. In addition, through analytical
calculations, we have given the conditions for nonreciprocal effects, and the optimally nonreciprocal
effects can be controlled by adjusting both the coupling strengths and the dissipation rates of cavity
fields. Due to the simplicity of the device, this study may provide promising opportunities to realize
nonreciprocal structures for optical wave transmission.

Cavity optomechanics, as a unique platform to explore the radiation-pressure interaction, has attracted extensive
experimental and theoretical interests owing to its wide applications in various classical and quantum information
processing, weak signal measurement, and development of new devices!~’. All kinds of optomechanical systems
have been proposed and manufactured to research abundant physical phenomena and applications, such as
entanglements®!%, optomechanical chaos'"'2, high-order sideband generation!*'7, cooling of mechanical
oscillators'®-2%, optomechanically induced transparency (OMIT)?!-2%. Due to the sharp transmission features of
OMIT regulated by the control laser beam, it makes many applications ranging from force sensor to quantum
communication possible. In recent years, except for the simple cavity optomechanical systems, various hybrid
optomechanical systems have been proposed to study OMIT in numerous different physical mechanisms, such
as parity-time symmetric OMIT?%%, nonlinear OMIT?#? and double OMIT?*3!. Compared to the conventional
OMIT, double and multiple OMIT*? own many favorable features except multichannel transparency windows,
including extensive integration and performance. Moreover, OMIT in integrated resonators provides us with a
practical method for achieving optical nonreciprocity.

Optical nonreciprocity is a phenomenon in some devices that only allows optical signals to be transmitted
in one direction, but prevents their transmission in the opposite direction, which is essential in a wide range
of applications such as stealth or noiseless information processing. In the early days, breaking reciprocity or
time-reversal symmetry is usually achieved through the magneto-optical effects**~*, but its disadvantage were
large, high cost, and not suitable for on-chip integration. With the development of nanophotonics as well as
the improvement of nano-fabrication techniques, non-magnetic approaches for realizing optical nonreciprocity
have been extensively studied with significant advances, such as nonlinear effect**~38, parametric modulation®-4!
and optomechanical coupling**~*¢. Until now, nonreciprocal effects have been studied extensively in the context
of optomechanical systems, such as by tuning the phase difference between the two optomechanical coupling
rates to breaking the time-reversal symmetry of the system?”*, by optically pumping the ring resonator®® or by
resonant Brillouin scattering®®>! to enhance the optomechanical coupling in one direction and suppress in the
other one, by breaking of the algebraic duality symmetry™ to give rise to different behaviors between the forward
and the backward transmissions, and so on.

In this paper, a scheme about optical nonreciprocal phenomena in a double-cavity optomechanical system
with nonreciprocal coupling is proposed. First, we investigate the steady-state dynamic processes of the double-
cavity system in the red-detuning regime by using the perturbation method. We find that the system gives rise
to bistability due to the strong optomechanical interaction driven by the control field, and the coupling strengths
between two cavities have a regulating effect on the number of photons, which plays an important role in the
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subsequent study of optical nonreciprocal transmission. Second, we show the transmission spectrum of the
probe field and analyze the physical mechanism of the induced transparency windows in detail. It is found
that the coupling strengths play a decisive role in the nonreciprocal response of the probe field transmission,
which breaks the spatial symmetry to lead to optical nonreciprocal transmission. Finally, the effects of the
parameters including the coupling strengths and the dissipation rates of cavity fields on the nonreciprocal
response of the system are discussed numerically, and with selecting the appropriate parameters, we can achieve
tunable optical nonreciprocity. The theoretical scheme to realize optical nonreciprocal transmission in double-
cavity optomechanical systems provides a theoretical basis for applications of optical circulators, isolators and
directional amplifiers and so on.

The paper is organized as follows. In Sec. 2, we describe the model of the double-cavity optomechanical
system and present the corresponding Hamiltonian. Based on the Hamiltonian, we introduce the linearization
of the optomechanical interaction, and give the steady state of optomechanical dynamics. In Sec. 3, we show the
transmission spectrum of the probe field with different characteristics, and discuss the optical nonreciprocity
adjusting by both the coupling strengths and the dissipation rates of cavity fields. In Sec. 4, a conclusion of the
results is summarized.

Theoretical model and equations

Here, we study the optical nonreciprocal transmission based on the optomechanically induced transparency
in a double-cavity optomechanical system. As shown in Fig. 1, we consider the two cavities consisting of an
optomechanical cavity and an empty cavity. It is worth noting that the coupling strength between two cavities in
our proposal is nonreciprocal (A1 7# A2), which can be achieved by making use of an imaginary gauge field>>>*,
impurity®®, or an auxiliary nonreciprocal transition device®*>°. In addition, we provide a possible method for
achieving nonreciprocal coupling in the Appendix 5. We demonstrate that coupling two cavities to a common
additional mode and adiabatic elimination of the additional mode can result in the unequal coupling (A1 # A2)
expressed in Eq.(1). The double-cavity optomechanical system is driven by a strong control field with frequency
wc input from cavity a1, and two weak probe fields with frequency w,, input from both cavity a1 and cavity a2. In
case one (as forward direction), the probe field is only input from cavity a1, and the output field is obtained from
cavity a2. In case two (as backward direction), the probe field is only input from cavity a2 and the output field
is obtained from cavity a;. We will next study the anti-Stokes field (probe field) output from the two opposite
directions. The total Hamiltonian of the system can be written as follows®:

H :hwui]ifll + Wz&;dz + ﬁmeTi) + h)\lfllflg =+ 77)\2&1&2]L

e (1)
— hgalay(b" + b) + Hariven,

where a1 2 (&172) indicates the annihilation (creation) operator of the cavity mode with resonance

frequency wi,2, and b (lA)T) denotes the annihilation (creation) operator of the mechanical oscillator
mode with vibration frequency wrn.. A1 and A2 are the coupling strengths between the two optical
cavities respectively, and g 1s the smgle photon coupling rate. Hdrwen is the dr1v1ng term, and in case one
) Hdm,en = zh\/ﬁac al —iwet _ gy e“”ct +zh\/771715p a1 —iwpt _ g, ewrt ), and in case two,
Hariven = ihy/MmEiec(al et — a1ect) + ihy/MaRaep(ale™rt — a2e™?t). The amplitudes of the
control field and the probe field are e. = P./hw. and g, = /Py /hwy, respectively, where P is the power

of the control field, and Py, is the power of the probe field. 1 and k2 are the total dissipation rates of cavity a1
and cavity as. We have furthermore used the coupling parameter 71,2 = Kex /(Ko + Kew) Where K, denotes the
intrinsic loss rate, which depends on the Q factor of the cavity and ke is the external loss rate (i.e. wave guide
coupling). Experimentally, the parameter 7 2 can be continuously adjusted by tuning the taper-resonator gap®!.
Here the coupling parameter is chosen to be the critical coupling 1/2.
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Fig. 1. Schematic of a double-cavity optomechanical system that consists of two cavities, in which one of
cavities combines with a mechanical oscillator to form an optomechanical cavity. The coupling strengths
between the two cavities represent A1 and A2. The system is driven by a strong control field with frequency w,
input from cavity a1, and two weak probe fields with frequency w,, input from both cavity a1 and cavity as.
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In the rotating frame of the frequency wc, by introducing the dissipations, the dynamic behavior of the system
can be described by the following Heisenberg-Langevin equations:

a1 =[—iA1 +ig(b' +b) — k1/2)ar —iMiaz

+ V/K1/2(ec + epe” M) + \/K1/201in, )

o (033 — 2/2)ia — o + v/ By ®
+ \/k2/2642.in,

b =(~iwm — Y /2)b + igalar + /Y /2bim, (4)

where A; = w; — we (i = 1, 2)isthefrequencydetuningofthe controlfield fromthe cavityfield,andQ = w, — we
is the frequency detuning of the control field from the probe field. The dissipation rate of the mechanical oscillator
is Ym. In addition, G1.in, G2.in, and bin represent the quantum noise of the two cavity fields and the thermal noise
of the mechanical oscillator, respectively, and they are characterized by the following temperature-dependent
correlation functions: (a1.in(t)a ;,(¢)) = [nen(w1) + 1)8(t — ), <a;m(t)a1,m (t)) = [nen(w)]o(t —t)
, (a2 (t)ab () = [nen(w2) + 13t =), (@ (a2 (t)) = [ng(w2)]o(t — )
, {(bin (1)}, () = [ben (wm) + 1]6(t — ¢), (bl ()bin () = [ben (wm)]6(t — 1). Here,

nep(wie) = [exp(zg‘q%) —1)7" and bin(wm) = [exp(ﬁ‘*’—ﬁ,) —1]7" are the equilibrium average thermal

photon and phonon number respectively, where K s is the Boltzmann constant and T'is the ambient temperature.

In this work, we focus on the mean response of the system, and thqs the evolution of the system operators can
be reduced to their expectation values, viz. (41) = a1, (G2) = a2, (b) = b. Moreover, the quantum and thermal
noise terms ((@1.in (%)), (@2.in(t)), (bin(£))) can be dropped safely because their expectation values are zero in
the semiclassical approximation. Therefore, the mean value equations can be further written as follows:

a1 :[*Z‘Al =4 ig(b* =4 b) — m/Q]al — i\1a2

i (5)

+\/k1/2(ee + epe” ),
az =(—iA2 — K2/2)az — il2a1 + \/@spe*mt7 (6)
i) :(_iwm - '.)’m/2)b + igafal. (7)

Here, we consider the control field is significantly stronger than the probe field, and thus the perturbation
approach can be used to deal with the above equations of motion. The influence of the control field on the
system can be regarded as a steady state, and the probe field is treated as a perturbation of the steady state
due to the relatively weak probe field. Based on this research method, we can reformulate the operators as:
a12 = a2 + 0a1,2, aj 2 = G 2 + 0aj 2, b= b+ 0b, b" = b" + 6b". By substituting the redefined operators
into Egs. (5)-(7), the steady-state solutions of the system can be obtained as:

iA1a2 — \/ li1/2€c 8)

—iA; +ig(b* +b) — k1 /2’

R T EL @
P 2 10

According to Egs.(8-10), we have a third-order nonlinear equation for the photon number |a1|?,
tsla|® + t2la1]* + t1las]? —di =0, (11)

with

ts =g"wh, (A3 + £3), (12)
ta =29%wm (Wi + Y /4)[2( + A A2) Az — Bra], (13)
tr =[(s + M 2)® + B (Wi + v /4)?, (14)
di =(wm + Vi /4)" (A + K3 /4) el /2, (15)

in which ¢ = k1k2/4 + J> — A1As, B = A1k2/2 + Azk1/2. In this way, we can easily obtain the photon
number |@1 |?, and further obtain the photon number |@z2|* and the phonon number |b|?.
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Through the above Eqs.(8-10), we find that the coupling strengths A1 and A2 between the two cavities are closely
related to the photon number of the two cavities. Then, we plot Fig. 2 to show the steady-state average photon
number |a@1|? varies with the power P. of the control field and the coupling strength A;. It is obvious that the
steady-state photon number |a1|* increases with the increase of the power of the control field, and when the
power reaches the range of around 1.95 mW to 5.08 mW, three solutions exist and the middle part is an unstable
solution, where the system gives rise to bistability in this case. The result is consistent with the bistable properties®
caused by the optomechanical interation in a general optomechanical system. In addition, it is found that when
the power is small, the coupling strength A1 has almost no modulation effect on the photon number, but with the
increase of the power, the coupling strength begins to modulate the number of photons. The coupling strength
A2 has a similar regulatory function. Here, we focus on the low-excitation regime where the control field is too
weak to induce bistability (the power of the control field is kept below 1.95 mW throughout the analysis to avoid
any bistability in the system).

Next, we further consider the perturbat1ons generated by the probe field on the system. Submitting the
expressions ai,2 = G1,2 +da12, aj o =aj+dajs b=0b+3db, b" = b* 4+ 6b* into Egs. (5)-(7), the
equations of fluctuation terms can be written as:

d ) P .
a&al =[—iA1 +ig(b" +b) — kK1/2]da1 — iAidaz 16)
it

+ig(6b* + 6b) (a1 + da1) + /K1 /2epe” ",
d

aéaz (—iAz — /-@2/2)6a2 —iX20a1 + £/ K2/2€p€_int, (17)
%51) =(—iWm — Ym/2)db + ig(aidai + a1dal + daidal). (18)

When we consider the nonlinear terms ig(6b* + 6b)da1 and igda;daj, some interesting effects appear, one of
which is a series of spectroscopic sideband with frequency w. £ n{2. In this work, we mainly focus on the first-
order sideband generation, and the spectral components of second-order and h%h order sidebands are 1gn0red
so the perturbatlon solutions can be further ansatz as: da; = A”e " 4+ Ate™™ §ay = B~ ¥ 4 Bte'

,0b = C~e M 4 CTe™, where Q = w, — we. The frequency components with —( and + represent the
upper and lower first-order sideband generation, respectively, corresponding to the anti-Stokes field and Stokes
field. In what follows, we solve Egs. (16)-(18) by using above ansatz and give the amplitudes of the first-order
sideband, leading to six algebraic equations:

(i) — ©)A™ =ig[C™ + (C1)|a1 — i\ B~ + /K1 /2¢p, (19)
(i1Q — ©)AT =ig[CT + (C7)* a1 — i BT, (20)
(=i — D)B™ = — iX2A™ + \/K2/2¢p, 1)
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Fig. 2. Three dimensional functional diagram of coupling strength A1, pump power P and average
photon number |@1 |? of cavity a;. The parameters are A2 = A1, Ym /27 = 410 KHz, k1 /27 = 50 MHz,
Wi /27 = 100 MHz, g = 1.2 X 10" wom, A1 = Ag = Q = Wy, k2 = K1 and €, = 0.05¢., which are
adopted from recent relevant studies®? and are available in the experiments.
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(i — D)BT = —ixa AT, (22)
(—iQ — B)C™ =ig[A~a; + (A7) ai], (23)
(iQ — E)Ct =ig[ATa; + (A7) @], (24)

where © = —iA; +ig(b* +b) — k1/2, D= —ilAs — k2/2, E = —iwm — Ym/2. AT represents the
amplitude of the lower (upper) first-order sideband of cavity a1; BT represents the amplitude of the lower
(upper) first-order sideband of cavity a2 and C* represents the amplitude of the lower (upper) first-order
sideband of the mechanical oscillator. In order to study the optical response of light transmission when the probe
field enters the cavity field from two opposite directions (forward and backward directions), we divide them into
two cases in the following discussion:

In case one (as forward direction), the probe field is input from the left cavity a1 and we study the optical response
output from right cavity a2. Here A} represents the amplitude of the upper first-order sideband of cavity a1, and
By represents the amplitude of the upper first-order sideband of cavity az. The sideband amplitudes in this case
can be obtained by solving Eqs.(19-24) where 1/ k2/2¢,, is dropped:

A= — AQ(iQ2 + D) \Y K1/2¢ep (25)
Y TAE — dw2gtan |4 (iQ + D) (—i — D*)’

B — 1AQA2+\/K1/2¢ep 7 (26)
A= — 4w? g*|a1 |4 (iQ + D) (=i — D¥)

where Q= (ym/2 —iQ)? + w2, E=Q(—i2 — 0)(iQ + D) — QA1 A2 — 2iwmg*|a1[*(iQ + D),
A = Q(—i2 — ©*) (=i — D*) 4+ QM A2 + 2iwmg?|a1|*(—iQ — D).

In case two (as backward direction), the probe field is input from the right cavity a2 and we study the optical
response output from left cavity a1. Here A5 represents the amplitude of the upper first-order sideband of cavity
a1, and B; represents the amplitude of the upper first-order sideband of cavity az. The sideband amplitudes in
this case can also be obtained by solving Eqs.(19-24) where 4/ k1/2¢, is dropped:

A7 - iAQ}\ly/l{Q/QEP (27)
2 T AE — 4w2,g% a1 [4(iQ + D)(—iQ2 — D*)’

By = — \/k2/2e,(i + D)

AQ)\l)\z (ZQ + D)\ / HQ/QEP (28)
AE - duwdgla (i + D) (=i - D7)’

According to the standard input-output notation®>®4, the total output in the forward and backward directions (in
case one and in case two) at the probe field frequency w,, can be obtained as:

cp =—\/K1/2By, (29)
Cpy = — /K2 /245 . (30)

In addition, we define t,, and t,, as the corresponding transmission amplitudes:

Cpa
= —, tp, = —.
e, ) (31)

Here |tp, |* and |tp,|? are dimensionless, as the efficiency of the upper first-order sideband (the probe field)
process. In what follows, we will present a detailed discussion of the transmission characteristics of the probe
field.

The features of optical nonreciprocal transmission

In this section, we discuss in detail the transmission characteristics of the probe field output from cavity a2 (in
case one) and cavity a1 (in case two). The transmission efficiency |t,, | and |¢,, |? of the probe field as a function
of the driven frequency €2/wy, are shown in Fig. 3 under different coupling strengths (A; and A2) and powers
P. of the control field. When the coupling strength is weak, seeing in Fig. 3(a) (A1 = A2 = 0.4k1), a Lorentzian
curve appears in the transmission spectrum of the probe field. The Lorentzian peak in the transmission
spectrum represents an absorption of the probe field, because the transmission amplitude is actually the case of
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Fig. 3. Calculation results of |¢,|? (including |¢p, |* and |t,, |?) are plotted as functions of Q/wy, under
different powers P and coupling strengths A (including A1 and A2). We use A1 = Ay = 1.5wyy, in panels (c)
and (d), and the other parameters are the same as in Fig. 2.

the probe field in the cavity. However, by increasing the coupling strength to 1.2k, a transparency window with
a certain width (a dip corresponds to a transparent window) starts appearing, as shown in Fig. 3(c). The reason
for the result is that the strong coupling strength of two cavities leads to the splitting of the two cavity modes,
thus forming two absorption points (two peaks presented in this work). Moreover, the transparency dip of the
transmission spectrum of the probe field will increase with increasing the coupling strength.

When we consider the driving field (control field) applied to the optomechanical cavity, the effective
optomechanical coupling constant g begins to play a major role in the probe field transmission process, as shown
in Fig. 3b, where the power of the control field is 100 #W. It is found that there is a transparent window near the
resonance condition {2 = w,, and as the power increases, the transparent window will be more obvious and
much deeper, which is similar to the contents of previous studies?. Its physical essence is that when the resonant
condition of the mechanical oscillator is the same as that of the cavity, the destructive interference between
the input probe field and the sideband excitations of the control field occurs, leading to a tunable transparent
window. Therefore, the transparent windows in Figs. 3(b) and 3(c) are caused by different physical mechanisms.
Further, when we use A1 = A2 = 1.2k; and Pc = 100 W in Fig. 3d, the result was predictable that there are
double transparent windows, one of which is induced due to the strong coupling strength of two cavities, and the
other of which is caused by the effective optomechanical interaction.

In order to investigate the nonreciprocal transmission of the probe field along two opposite directions,
we plot Fig. 4. Based on Figs. 3(b), 3(c), and 3(d), we have only changed 2 to 0.5+1 in Figs. 4(a), 4(b), and
4(c). In contrast to Fig. 3, Fig. 4 shows obvious nonreciprocal transmissions of the probe field, but upon closer
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inspection, there are no significant change in the overall graphical characteristics. From the point of view of
the transmission amplitudes, the value of |t,, |? is significantly increased, while the value of |t,,|? is relatively
reduced. For example, when Q = wyy,, the amplitudes of both |t,,|* and |t,,|* are about 0.03 in Fig. 3(b),
but the amplitude of |¢,, |? is 0.09 and the amplitude of |¢,, |? is about 0.02 in Fig. 4(a), which shows a clearly
nonreciprocal response of the probe field transmission. Especially for the comparison of Fig. 3(c) and Fig.
4(b), in the absence of the optomechanical interaction (P. = 0 uW), the optical nonreciprocal transmission
is also obtained by changing the dissipation rate of cavity az. This indicates the algebraic duality symmetry
does not rely on the specific optomechanical interaction. However, the drawback is that in Figs. 4(a), 4(b) and
4(c), although we can intuitively see the difference between the amplitudes of |¢,, |? and |¢p, |, the ratio of the
amplitude difference does not change with the change of the driven frequency €2/ws,,, that is to say, 2/w, can
not modulate the optical nonreciprocal transmission.

We define a dimensionless quantity I to describe the optical nonreciprocal transmission in the optomechanical
system:

‘CP1|2
leps |2

|t |*
[tp2]?

1=10 =10

log;, log;, ) (32)

where the unit of I is dB. We label the dimensionless quantity I as the isolation rate to describe the degree of
nonreciprocal transmission of the forward and backward input of the probe field. By judging the value of I,

AL = A2 =.0.4I€1 (a)
P, = 100pw

. 0.6 T
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Fig. 4. The transmission efficiency |t,, | (blue solid curve) and |t,, |? (red dashed curve) are plotted

as functions of the € /w,, under different powers P and coupling strengths X (including A1 and A2) in
panels (a), (b) and (¢) with k2 = 0.5x1. In panel (d), the isolation ratio I of the probe field nonreciprocal
transmission is plotted as a function of the k1 /2. The other parameters are the same as in Fig. 3.
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we can determine the degree of the optical nonreciprocal transmission. When |t,, |?/|tp,|*> = 1, that is T = 0
, indicating that the transmission of first-order sidebands (the probe field output) in two opposite directions is
reciprocal. Conversely, a nonzero I presents the optical nonreciprocal transmission, and the greater the value of
I the higher the degree of nonreciprocity of the transmission. For example, I > 1, the transmission coeflicient
in one direction is at least 10 times that of the other direction, which indicates a strong nonreciprocity in the
optical transmission along two opposite directions. By substituting Eq. (31) into Eq. (32), then the isolation rate
can be further simplified as:

(33)

According to Eq. (33), we find that the isolation rate is independent of the driven frequency /wm,, but related
to the coupling strengths and the dissipation rates of cavity fields. Therefore, in Figs. 4(a), 4(b), and 4(c) it can be
found that the nonreciprocal transmission of the probe field occurs, but the corresponding isolation rate remains
constant with the change in frequency, because the dissipation rate changes only once. For the sake of further
observing the influence of the dissipation rates on the isolation rate, we draw Fig. 4(d) to show the value of I as
functions of the 1 /k2. It can be observed that the isolation rate I varies linearly with the dissipation rate x1 /2

. When A1 = A2 = 0.4k in Fig. 4(d), the value of I becomes 10‘2 logyo 1+ ‘, which is perfectly consistent with

the evolution of image features. Especially when the value k1 /2 is smaller, not only the value of I is significantly
improved, but also it enables us to obtain a high isolation rate (> 20 dB)®.

On the basis of Eq. (33), we can know that in addition to the dissipation rates of cavity fields, the coupling
strengths A1 and A2 between two cavities also affect the nonreciprocal transmission of the probe field. We give
the numerical simulation of the transmission efficiency in Fig. 5, with different A>. We make the power value 0 p
W in Fig. 5, and therefore, the curve formed in the figure has nothing to do with the optomechanical interaction.
When A1 = 0.4k1 and A2 = 0.5k1 in Fig. 5(a), there are two Lorentz curve lines. Using Eq. (33), the value of

, and once Az is unequal to A1, I # 0. These two transmission curves are inevitably

I becomes 10’2 log,, i—f

unequal, as shown in Fig. 5(a). With the increase of A2, the amplitude value of the transmission efficiency |t,, |
remains increasing, as shown in Figs. 5(b), 5(c), 5(d), and when the value of A2 reaches 1.2x1 in Fig. 5(c), the
blue solid curve due to the strong coupling strength begins to split sharply and a transparent window is formed.
However, the amplitude value of the transmission efficiency |t,, |* does not change much because the coupling
strength A1 keeps constant. The variation of these two curves with respect to the coupling strengths can be
concluded from Egs. (26)-(27). Such a result can also be seen in Fig. 5(d). According to the above exhibition
of the nonreciprocal transmission of the probe field regulated by the frequency detuning §2/ws, shown in Figs.
4 and 5, it is found that the essentially achieving non-reciprocity originates from the the dissipation rates of
cavity fields and the coupling strengths between two cavities. If you want to realize the optical nonreciprocal
transmission modulated by the frequency detuning A1 — Ao, it is needed to study the transmission of steady-
state photon number>2. In this work, we consider the transmission of the probe field under the linear effect of
the optomechanical interaction, so the frequency detunings Q/w,, and A; — Az have no regulating effect on
the nonreciprocal transmission.

Therefore, for the sake of achieving the regulation of nonreciprocal transmission, we try to change other
variables, ie., the coupling strengths (A1 and A2). Figure 6 shows the isolation ratio I of the probe field
nonreciprocal transmission as a function of the coupling strengths A\; and A2. As shown the yellow color parts in
Fig. 6, the smaller the value of A1 or A2, the greater the value of the isolation rate I. In order to effectively raise the
isolation ratio I of the optical nonreciprocal transmission, we make x2 equal to 0.5 times x1, or we can increase

, so the value of I is still a

the ratio further. According to Eq. (33), the value of I here becomes 10’2 log,, %

linear relationship to the ratio between A2 and A\1. When Az is equal to 0.5 times A1, I = 0, as shown by the black
line in the figure, indicating reciprocal transmission. However, as the ratio of A1 to A2 increases, we can obtain
a high isolation rate I, which is clearly shown in the small plot in Fig. 6. This is the same as the result in Fig. 4
(d), since the isolation rate is linear with the coupling strengths and the dissipation rates, and with appropriate
parameter selection, the isolation ratio I of optical nonreciprocal transmission can be significantly improved.

Conclusions

In summary, we study the optical nonreciprocal transmission of the probe field in a double-cavity optomechanical
system with nonreciprocal coupling, and find that the tunable optical nonreciprocity can be obtained by adjusting
the dissipation rates of cavity fields and the coupling strengths between two cavities. Using the linearization of
the Heisenberg-Langevin equations, we have discussed the steady-state dynamic behavior of the system, and
shown the transmission spectrum of the probe field with different characteristics, and their corresponding
physical interpretation is also given. There are two different types of transparent windows, one of which is due to
strong coupling strengths and the other is due to the optomechanical interaction. It is found that the dissipation
rates and the coupling strengths play a decisive role in the optical nonreciprocal transmission, which is exactly
consistent with the results of theoretical calculations. The greater the ratio of K12 to k2A1, the higher the
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Fig.5. The transmission efficiency |¢,, |* (blue solid curve) and |, |* (red dashed curve) are plotted as

functions of the /w,, under different coupling strengths A2. We use P. = 0uW, A\ = 0.4k1, and the other
parameters are the same as in Fig. 2.

isolation rate I obtained. The weak tunability of the driven frequency €2/wp, is the disadvantage of the present
mechanism, which can be transformed by studying the steady-state photon number. The double-cavity system
with nonreciprocal coupling has been proposed in many other studies®® and we hope that this theoretical study

can provide some guidance for the construction of non-reciprocal devices, such as optical isolators, diodes, and

transducers.
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Fig. 6. The isolation ratio I of the probe field nonreciprocal transmission is plotted as a function of the
coupling strengths A1 and A2. We use Pc = OuW, k2 = 0.5k1, and the other parameters are the same as in
Fig. 2.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

A.The implementation of two cavity modes with nonreciprocal coupling

Here, we assume that there are three modes a1, a2, and m. Eliminating the m mode by adiabatic approximation,
we can obtain that the coupling of a1 mode and a2 mode is nonreciprocal.

In this sense, the original Hamiltonian can be written as follows (2 = 1):

H =wialan + woadas + wmmm + (Galas + Graral)

+ Gralm + Giaim' + Gealm 4+ Giaam. M

The dynamic behavior of the system can be described by the following Heisenberg-Langevin equations:
a1 =(—iw1 — k1/2)ar — iGaz — iGim + /K1a1,in, ()
az =(—iwa — K2 /2)as —iG" a1 — iGam + \/K2a2,in, (3)
m =(—iwm — km/2)a1 —iGlar — iG5a2 + \/KmMin. (4)

Eq.(4) can be derived as:
m(t) :e(fiw’”f'im/z)tm(O) + e(Tiwm=rm/2)t

©)

t
: / [~iG} a1 (1) — iG5az(T) + /Fmmin (1)) T5m/ 27 qr,
0

Under conditions of large dissipation (km > {K1, k2}), it can be obtained e(Tiwm—rm/2)t _ () gq Eq.(5) can
be further written as:

t
m(t) :e(_i‘“m_“’"/Q)t[—iG’l‘al — iG3as + \/%mm]/ eliwmtrm/DT g
0

. o (6)
_ —iGTar —iG3a2 + /EmMin
N twm + £m /2
Substitute Eq.(6) into Egs.(2)and (3), respectively:
2
dl :[77,'(4)1 — 51/2 — %]al — i)\laz (7)
iGh/.‘Qm
+ VK141, in + /me T Km/2m1n7
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G 2
as :[—’LUJQ - K2/2 - m]GQ - i)\2a1 (8)
_iGQ\/ Rm
+ VK2a2,in + mmzm
where
. « iz —i0; 02
Ny TiGGE o e (G (Cole
W, + Hm/2 \V4 W%L + K%L/ZLQW’ ( )
9
—Gy GGl icorton-5-0)
Wi, + K2, /4
and
v iz 61 —i0y
Ao g 4o ZGlGQ - + e "2 |G1|6 |Gz|6
W + Km /2 W, + K3, /dei® (10)
10
_qr NG1Gol  ier-02-5-),
w2, + k%, /4
Here, we assume G is a real number, and tan ¢ = 2:—7:‘ We set 01 — 02 = 0, when
—9—%—@:(2]61-1—1)71‘, kie ”Z (11)
9—%—(,022]6271'. ko € Z
If we assume 6 = 7 and ¢ = 0, Eq.(9) can be simplified to
G1G
WS 15/ | (12)
w2, + k2, /4
and similarly, Eq.(10) can also be further reduced to
G1G
N =G 4 1G] (13)

2 2 /4
Wm + Km /4

Consequently, from Egs.(12) and (13), it can be deduced that A1 # Ao.
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