Chin. Phys. B 35, 104208 (2026)

Multiple optomechanically induced transparency in the hybrid
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We investigate the optomechanically induced transparency in a hybrid optomechanical system, which consists of
two optical cavities and a mechanical resonator. The two-level and three-level atomic ensembles are trapped in the two
optical cavities, respectively. We focus on the changes in the number and width of transparency windows and the position
of transparent points under different conditions influenced by various interactions. Five transparency windows can be
observed when all the interactions are on. The introduction of two-level and three-level atomic ensembles can increase the
number of transparency windows and also provide better flexibility for controlling the width of the transparency windows.
Specifically, the two-level and three-level atomic ensembles contribute one and two transparency windows, respectively.
The stronger coupling results in the larger transparency windows and movement of the transparent points. Moreover, we
also study the slow/fast light phenomenon through the variation of phase and group delay. These results may contribute to
the research of nonlinear optics and have potential applications in optical signal processing and communication.
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1. Introduction

Optomechanics!!~??! describes the coupling between the
optical degree of freedom and the mechanical one through the
radiation pressure interaction. Its rapid development provides
a broader scope for research in quantum physics. Recently, a
series of intriguing optical phenomena have been intensively
explored in the cavity optomechanical system such as phonon
squeezing,[23] slow and fast light, [24] Kerr effect,[?®! normal

[26] and signal amplification. >’ Optomechan-

mode splitting,
ically induced transparency (OMIT) is a phenomenon similar
to electromagnetically induced transparency, arising from the
interference cancellation of different paths in the optomechan-
ical system. The OMIT effect plays a crucial role in quan-
tum technology and has a rich variety of applications, includ-

281 quantum sensing,?”! single-

131

ing steady-state entanglement, |

photon routers, 3% signal processing, *!) quantum ground state

cooling,¥?! controlled photon propagation,*3! and charge

measurement. 4]

Double-OMIT[*-#2! has been intensively studied in the

L [35

cavity optomechanical system. Jiang et al.!3! proposed a
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model in which N mechanical modes were coupled to a
common optical mode. They systematically demonstrated
the mechanism of double-transparency windows and found
that adjusting the amplitude and phase of the external field
could affect the absorption of the probe field. This laid the
foundation for the following research. Subsequently, more
diverse physical platforms and coupling mechanisms have
been explored. For example, some researchers extended the
coupling mechanism to the parity-time-symmetric optome-
chanical system.3®! By calculating the transmission rate of
the probe field, they specifically analyzed the influence of
Coulomb coupling on the double optomechanical induced ab-
sorption. More interestingly, some researchers investigated the
tunable optomechanical induced transparency phenomenon in
a new three-mode ring coupling system. 383! They achieved
the double-OMIT phenomenon by introducing phonon ex-
change interactions related to the phase. By introducing mul-

43-48] are gener-

tiple coupled fields or atoms, multiple-OMIT!
ated on the optical response spectrum, significantly enhancing
the control ability over the propagation behavior of light. For

instance, Xiao er al.1*3! theoretically investigated the OMIT
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phenomenon in the single-cavity optomechanical system and
N-cavity optomechanical system. The results showed that
the output field of the system could have at most N trans-
parency windows. Furthermore, the coupling between atoms
and cavity fields also provides a new way for the formation of
multiple-OMIT. For an N-cavity optomechanical system that
is doped with a pair of Rydberg atoms, the coupling between
the two Rydberg atoms and cavity field will result in the ap-
pearance of two additional transparency windows.!**! The al-
teration of the quantum interference path will also have an
impact on the OMIT. Furthermore, the cavity optomechani-
cal system acting on the pump field and probe field of differ-
ent cavities provides a new method for generating multiple-
OMIT.[*]

The introduction of the atomic ensemble into optical cav-

ities leads to many nonlinear effects and related applications
50]

52]

such as quantum entanglement, ! single photon emission, |
quantum chaos,®! cavity subradiance and superradiance, !
and cavity sideband cooling.’*! However, the OMIT phe-
nomenon in the hybrid cavity optomechanical system contain-
ing two different types of atomic ensembles has not received
much attention. The effect of atomic media will enrich the
characteristics of the system.

Here in our system, the two-level atomic ensemble is
trapped in the optical cavity a;, while the three-level atomic
ensemble is trapped in the optical cavity ap. In contrast to

previous studies, >+

our model incorporates both the two-
level and three-level atomic ensembles into the system simul-
taneously. The increased coupling effect leads to more trans-
parency windows appearing in the output spectrum and pro-
vides more possibilities for effectively regulating the OMIT
phenomenon. In addition, two optical microcavities are cou-
pled to each other through the common waveguide and the op-
tical cavity a; is coupled to a mechanical resonator b under
the radiation pressure. Different interactions within the system
on OMIT lead to the changes in the number and width of trans-
parency windows and also change the position of transparent
points. These interactions include the action of the two-level
atomic ensemble on the cavity field a;, the action of the three-
level atomic ensemble on the cavity field a;, the coupling be-
tween the two optical cavities, and the coupling between the
optical and mechanical modes.

2. Model and solutions

As depicted in Fig. 1, we consider an optomechanical
system consisting of two optical cavities (a;, a2) and a me-
chanical resonator (b1). The optical cavity a; with frequency
@, and the optical cavity a, with frequency @, are coupled
via a distant waveguide with hopping rate J. Meanwhile, the
two-level atomic ensemble is trapped inside a; and the A-type
three-level atomic ensemble is trapped inside a>. The nanome-
chanical resonator b; with frequency @y is coupled to a; via

radiation pressure. a; is coherently driven by a strong con-
trol field & with frequency @. and a weak probe field g, with
frequency .
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Fig. 1. Schematic diagram of the cavity optomechanical system. It in-
cludes two cavities a; and a, with the interactive coupling strength J
and a mechanical resonator b; coupling to a, with the coefficient g.
The two-level and three-level atomic ensembles are placed inside two
cavities, respectively.

In the rotating frame at the frequency @, the Hamiltonian
of the systemis described as!36:4436:57]

H = _Hy+ Hin + Har,
Hy = hAla'l"al +hA2a;a2+ha)m1b1Lb1

N N . ;
+h Z] wfeO'](c;) +n Z{EZI%(IZ) +E310'3(’3),
n= i=
Hpy = hJ(afaz + a;al) + hga;az(bI +b1)

N .
+hh Y (a0l +ajoly)

n=1

N . .
+hAy Z (a; G](g) “+ar 0'3(’]) )
=1

N . . . o
+hQ Z(e_‘wctcélz) + e‘“’ctcz(;)),
i=1

Hy = ihec(d] —ar) +ihgy(ale 74" —arei®’). (1)
Here Hy is the free Hamiltonian of the optomechanical sys-
tem, which includes the two cavities, mechanical resonator,
two-level and A-type three-level atomic ensembles. Here,
aj (a;7 j=1,2) and b (b}L) are the annihilation (creation)
operators.[SS] A} = o) — @, and Ay = @, — o, represent the
frequency detunings between the control field and the two cav-
ity fields. 6(%, = |a>(i)<a| (a,a’ =e, f) is the spin opera-
tor of the atom, |e¢) and |f) are the ground and excited states
of the two-level ensemble, respectively. The frequency @y,

represents the energy level spacing between |e) and |f). The

different energy levels within the three-level atomic ensemble
can be represented as |1), |2), and |3) with the correspond-
ing atom spin operator 6[(;23, = |[3>(i) (Bl (B,B’=1,2,3). The
frequencies E»| and E3; represent the energy level spacing be-
tween the different energy levels. Hj,, describes the interac-
tion Hamiltonian, in which the first line shows the coupling
energy between two distant cavities and the interaction energy
between the optical and mechanical modes. The next two lines
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represent the interaction energies between the two atomic en-
sembles and the two cavity fields with the corresponding cou-
pling coefficients A; and A,. The last line represents the in-
teraction between the atomic ensemble and the classical laser
field with the coupling strength . Hy; is the driving term of
two external light fields. The amplitude of the control (probe)
field is & = ,/ZKIP‘ ( 2K1Pp
power F. (Bp). Ap = @p — @) is the detuning between the probe
and pump fields.

Under the condition that the number of atoms is very large
and in a low excited state, the atomic ensemble can be consid-

) with the corresponding

ered as a whole and represented by the collective atom oper-
ator. We assume that the collective quasi spin operator of the

o)

two-level atomic ensemble is A = f ): C,f and the col-

lective quas1 spin operators of the three level atomic ensemble

are B) = \F Y¥, o 3) and B, = f v, 012 They satisfy the
bosonic commutation relations [A,AT] =1, [B1,B) ] =1, and
[B2,ByT] = 1.

Considering the dissipation and fluctuation terms of the
optomechanical system, we get the quantum Langevin equa-

tions
a1 = — (K1 +141)a; —iJay —iG4A
+8c+8peimpt+fu1a
dy = —(Ka+142)a, — iJa; — igaz(b-}l_ +by)
—1GgB; +fa27

bi = — (Y1 + iOm1)b1 — igabar + fiys

A = —(p+iAa)A—iGaar + fa,
By = —(y8, +14p)B1—iGga, —iQBy+ fp,,
By = — (13, +iE21)B> — iQBy + f3,, )

where G4 = A1V/N and Gg = L VN. A4 = ©f — @ and
Ap = 31 — @ are the detunings. K1, K2, ¥m1, Y4, ¥5,, and ¥z,
are the decay rates of the two optical modes, mechanical mode,
and atoms, respectively. fu,, fu,» fo,» fa, fB,, and fp, are the
corresponding environmental noises, [26-36-51
condition (f(z)) = 0:

In the case of & > g,, we assume the dynamical vari-

which satisfy the

ables as the 'sum of their steady-state values with small
fluctuations, ! ie., a; = ais + 8a1, a» = ars + Sas, by =
bis+0b1,A=As+ 8A, By = Bis+ 6By, and B, = Bys+ 8B;.
The steady-state values are considered to behave as

&
als — ’
. J2
(K‘] + 1A|)+ - o2 e
K +idy)+ L +-—4
( Tg +idg+ 92 YA +144
1 }’32+1E21
iJals
ays = — ) )
Y G
(k2 +i42) + b
R T
. 2
1g|a25|
bis = ————7—,
Y1 4 10m1

Grdie
A = _%7

Ya+1A4

iG

Bls = - 1B )

VB + 14p+ 5 Y8, +1E21

1Q2B

By = —— 3)

Y8, +1E2

The detuning has the form A, = A, + gxs, in which x, =
bis +bj,. While we neglect the high-order small terms of the
fluctuation parts during the operation, we ¢an get the linearized

quantum Langevin equations for the operators

da; = — (k1 +1i41)day —iJ5a2—iGA5A_|_8pe—iApz’

iy = —(ky+idy)8ay= ilSa; —1G(8b] + 8by)
—iGdBy,

8b1 = —(Yiml i 0m1) by — i(G*8az + Gdal),

SA = —(ya+1A4)8A — iGabay,

8B) = —(vs, +iAp)8B) —iGpSas — 1Q8B,,

8By = —(yg,+1FE»)6B, —iQ6B;, ()

where G = gays. Assuming that the pump field is applied
to drive the system at the mechanical red sideband with
Ay =X = 0On = Ay = Ap = En
transformations in the interaction picture, da; — daje
6612 — 6612 eiiApt, 6b] — 6b] eiiAPt, SA — 6AeiiAPt, 5B] —
8Bie 1% and 6B, — 8Bye i,
Eq. (4), the steady state solution is equal to zero, #4611 j e
(8ay) = (8ay) = (8by) = (SA) = (8B ) = (8B, ) =0, one

can ignore the fast oscillating terms e*'4»’. We then get the

= ,, we make some
7iApt’

After plugging them into

following equation

&
5(11 = P

&)

J2 ’
Gp? + G/ZA
Q2 Yp+id
Vg, T19

K| +16 +

Kyig+ - L15+

’)’Bl+i5+

where 6 = On — Ap.
The response of the system can be derived by the input-
output relation!®?! as follows:

Eoutp = 2K10a; — &. 6)

We redefine the transmitted probe field as

er = Eup/&+1=2K16a;/¢,
2K
= — G
K1 +16 + 5
oot A0l G, G
2710 s Y Yp+id

B, +id+ sz+i5

3. Multiple-OMIT phenomena in the optome-
chanical system

In the following, we investigate the multiple-OMIT phe-
nomena with interactions between the optical modes and

two atomic ensembles. The experimental values are from
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Ref. [63]. The relationships between the absorption and dis-
persion of the probe field with different coupling parameters
and the effective detuning are shown in Fig. 2.

Figure 2(a) displays the absorption Re(éer) and the dis-
persion Im(éer) of the probe field as a function of 6/ ®y,. Here
all four coupling actions work. That is to say, not only are two
atomic ensembles coupled into the cavities, but the two optical
cavities are coupled to each other. Also, the mechanical oscil-
lator b; interacts with the cavity a;. The spectral lines of the
probe field present five dips, which means the system becomes
transparent to the probe field at five different frequencies. 4

In Fig. 2(b), we consider the case where the coupling be-
tween the two-level atomic ensemble and the cavity field a;
does not work, i.e., the effective coupling G4 = 0. It is found
that the probe field has four transparency windows, i.e., four-

OMIT. In other words, the two-level atomic ensemble con-
tributes a transparency window to the optomechanical system.
This is consistent with the result in Ref. [64].

Figure 2(c) shows the case that the three-level atomic en-
semble has no coupling relationship with the optical mode a,
(Gp = 0). Thus, three coupling effects left in the optomechan-
ical system will act on the output response, which corresponds
to the triple-OMIT. Note that the behavior of the output field
can also be explained by the expression of ‘€, which changes
significantly from Eq. (7). It has the expression as follows:

21('1

er = e , (8
62 G
Ym1+i5 7A+i5

K1 + i0 +
K416+

corresponding to three transparency windows.

2 2

Re(er), Im(eT)
Re(et), Im(er)

|
—

-2 -1 0 1 2
6/wm

2 2

Re(er), Im(er)
Re(er), Im(eT)

0
8/ wm 0/wm

Fig. 2. Absorption and dispersion spectra of the probe field as a function of detuning 8 /@, (a) G4 = 27 x 8 x 10 Hz, Gg = 27 x 8 x 10° Hz;
(b) G4 =0, Gg = 2w x 8 x 10° Hz; (¢) G4 = 27 x 8 x 106 Hz, Gg=0; (d) G4 = 0, G = 0. For all plots, the system parameters are
m=20ng, Om =27 x 25 x 10% Hz, Q = 6700, Y1 = 0m/0, 1o =27 x 8 x 10° Hz, ¥, =27 x 8 x 10° Hz, 3, = ¥3,, kK1 = 27 x 14 x 10° Hz,
K =2rx14x10°Hz, P=3x 103 W, g =27 x 1.5 x 103 Hz, J = 27 x 12 x 10° Hz, Q = 27 x 8 x 10° Hz.

In Fig. 2(d), neither the two-level atomic ensemble nor
the three-level atomic ensemble is considered in the system,
i.e., G4 = 0 and Gp = 0. The phenomenon of induced trans-
parency comes from the two optical modes and the mechanical
mode. The output field behavior of the hybrid system exhibits
two transparency windows. Here, et is changed to

ér = 21('1
Ki +1i0 + % ,
Ky+id+ 16|

€))

Ym1+id

which is a standard form for the double-OMIT. 54!

The multiple-OMIT can be understood by the quantum
interference paths between different energy levels within the
hybrid cavity optomechanical system as shown in Fig. 3.
When the coupling effect between the two-level atomic en-
semble and the cavity field a; disappears, i.e., G4 = 0, the
number of transparency windows will decrease by one as the
interference path decreases. This is the four-OMIT. If Gg =0
and G4 # 0, although the two-level atomic ensemble cou-
pling still exists, the interference path between the three-level
atomic ensemble and the cavity field a; is blocked. So the
output field behaves as triple-OMIT. Furthermore, when the
coupling effects between the atomic ensembles and the cav-
ity fields disappear, the quantum interference path only exists
between the cavity field a; and cavity field a,, and between

the cavity field a, and the mechanical resonator b;. Then the
output field manifests itself as the double-OMIT.

‘m‘,szrl,n,,e,S)

|m|+15mz>”15f51> .o...

A1

|m,+1,mz,n‘,e,l> J |m‘,m2+l,n,,e,1>

Wp

|m,,mz,nl+l,e‘1>
‘ml,mg,nl,eJ)

Fig. 3. Energy-level diagram of the system with @, = @n. |m1), [m2),
and |n;) denote the number states of two cavity modes and mechanical
mode, respectively.

4. Coupling effects on the multiple-OMIT

Now we turn to explore the characteristics of the OMIT
arising from the interactions of the internal components within
the system. The absorption Re(ér) as a function of 8 /@y, for
four different coupling effects demonstrates the influence of
changing coupling strength on the behavior of the probe field.

Figure 4(a) shows the simulation of the coupling effect
between the optical mode and the mechanical mode on the
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OMIT. For a coupling parameter of g = 0, it can be clearly seen
that the OMIT behaves as three transparency windows. As the
coupling appears, the transparency window in the middle splits
and evolves into three transparency windows.>>! However, if
the coupling strength increases to g = 27 x 15 x 103 Hz, there
is only one single transparency window left in the system.

In Fig. 4(b), the absorption Re(éer) is associated with the
coupling coefficient J between the two cavity fields. It is easy
to find that the system will add four new transparency win-
dows if the first cavity is coupled with the second cavity. The
variation of width in the transparency window is mainly in-
duced by the J, i.e., the distance of the outermost transparency
windows will widen with the increase of J.

2

2

Re(er)
Re(er)

Re(er)
Re(er)

0
0/wm

Fig. 4. Absorption spectra Re(er) as functions of 6/0m: (a) g =0
(dashed line), g = 27 x 1.5 x 103 Hz (solid line) and g = 27 x 15 x
10% Hz (dashed-dotted line). (b) J.=0. (dashed line), J = 27 x 12 x
10° Hz (solid line) and J = 27 x 15 x 10° Hz (dashed-dotted line).
(c) G4 = 0 (dashed line), Gy = 27 x 4 X 10° Hz (solid line) and
G4 = 27 x 8 x 10° Hz (dashed-dotted line). (d) Gz = 0 (dashed line),
Gp =27 x 8 x 10° Hz (solid line) and Gp = 27 x 12 x 10° Hz (dashed-
dotted line). Other parameters are the same as those in Fig. 2.

Figure 4(c) demonstrates the coupling effect G4 of the
two-level atomic ensemble on the absorption of the probe field.
When G4 = 0, the behavior of the probe field is four-OMIT.
When the two-level atomic ensemble is coupled to the opti-
cal mode, the single transparency window in the middle splits
into two, which leads to the occurrence of five-OMIT. More-
over, the change of G4 also results in the small movement of
the transparent points.

Figure 4(d) presents the variation of the absorption
Re(er) for different Gp values between the three-level atomic
ensemble and the optical mode a;. Remarkably, the trans-
parency windows in the probe field are split from three to five
owing to the coupling relationship being established. In other
words, the three-level atomic ensemble contributes two trans-
parency windows, which has also been proved in Ref. [54].
The width of the outermost transparency windows can be ex-
panded by increasing Gp, and the corresponding transparent
points will also move further away.

5. Fast/slow light of the probe field

To investigate the slow/fast effect, we consider the depen-
dence of the phase and group delay on the frequency detuning
0/ . The transmission of the probe field is related to the fre-
quency of the output field and the frequency of the input field,
which has the following form:

& —21('15611 21('1561]
t(@p) = = e =1- .
P &
The action of the external control field results in a rapid phase

dispersion ¢ (@) = arg|[t, ()], which isassociated with the
65=67]

(10)

group delay of the transmissiont

o d0(@y)  dfargi(wp)]}
day dop

By tuning the phase, we can change the value of 7. A posi-

an

tive (negative) group delay 7 > 0 (7 < 0) corresponds to slow
(fast) light propagation. !53] A5 shown in Figs. 5(a) and 5(b),
the phase ¢ and the group delay 7 of the probe field are plotted
as a function of the detuning &/, respectively. Figure 5(a)
shows that the spectrum of the phase can be changed by ma-
nipulating the detuning. The five steep changes correspond to
the five group delays. In Fig. 5(b), there are two parts where
the group delay 7 > 0, meaning that the system exhibits slow
light phenomena. The fast light phenomena correspond to the
points where the group delays are negative (7 < 0). Thus, we
can transform the probe field from slow light to fast light by
controlling detuning.

2 12
(a) [ )
gLk o o I
1 e
4F 0s 09 LI 4
ot 20 '
<
= 41
-1t _gl
12}
-2 . . . . . .
0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0

6/wm 6/wm

Fig. 5. (a) Phase of the probe field as a function of the normalized
frequency 6/wm. (b) Group velocity delay 7 as a function of the nor-
malized frequency 6/@my. The parameters used for the simulation are
the same as those in Fig. 2.

6. Conclusion

We investigate the optical response of the probe field
in the two-cavity optomechanical system containing both the
two-level and three-level atomic ensembles. The relation-
ship between the characteristics of transparency windows and
system parameters is explored. Generally, the system ex-
hibits five transparency windows in the probe field spectrum.
The absence of the two-level atomic ensemble induces four
transparency windows. Furthermore, removing the three-level
atomic ensemble, the number of transparency windows will

be reduced to three. The output field spectrum behaves as two
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transparency windows when the hybrid system contains only
two optical cavities and one mechanical resonator. We also
demonstrate that the width of the transparency windows can
be broadened as the coupling strength increases and transform
the probe field from slow light to fast light by adjusting the
detuning. These results are beneficial to the study of nonlinear
optical effects and promising applications such as the manip-
ulation of optoelectronic devices.
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