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Abstract

We investigate a hybrid multi-cavity optomechanical system with interference
from a two-level atomic ensemble. The system is composed of three optical cav-
ities and two nanomechanical resonators. A two-level atomic ensemble is filled
into the middle optical cavity. The optical cavity located in the middle has two
interaction forces with the two outermost optical cavities. What is more, the sys-
tem also includes various types of interaction relations, which are the couplings
of optical cavities with mechanical resonators and the coupling of optical cavity
with two-level atomic ensemble. In order to study the optical response of optome-
chanically induced transparency, we modulate the interaction intensity within the
system to obtain different eletromagnetic induced transparent phenomena. It has
been found that under the influence of different parameters, the number of trans-
parent windows and the width of transparent windows increase with an increase
in the coupling of the optical cavities with atomic ensemble. In addition, as the
system parameters change, the transparency points also move. The position of
the two outermost transparent points becomes farther apart when the coupling
of optical cavity with mechanical resonators increases. Our approach provides a
great flexibility for controlling electromagnetically induced transparency. It will
have the great potential applications for quantum information processing.

Keywords: Optomechanically induced transparency, Multi-cavity optomechanical
system, Nanomechanical resonators, Hamiltonian, Langevin equations



1 Introduction

Cavity optomechanics (COM) (Bhattacharya et al.2008; Wu et al.2021; Kharel et
al.2022; Arregui et al.2023; Ling et al.2021) as a breakthrough in the direction of
quantum information in the new era, it has received extensive attention from many
reseachers. For instance, intermittent chaos induced by radiation-pressure nonlinear-
ity (Zhang et al.2020), the transport of thermal phonons (Wu et al.2021), optical
bistability (Sarma et al.2016). It uses the energy of radiation pressure to influence
the interaction between the cavity field and the charged mechanical resonator (Lai
et al.2018). Recent studies have shown that COM has applications such as quan-
tum interference (Zeng et al.2019) and optomechanical force-sensing (Gebremariam
et al.2020). Optomechanically induced transparency (OMIT) (Yan et al.2020; Lai et
al.2020; Hao et al.2022; Zhang et al.2018; Lu et al.2018) is a common physical phe-
nomenon in quantum information. It is an optical response caused by interference
cancellation of the system. It can be used to control the speed of light (Safavi et
al.2011; Chen et al.2011; Akram et al.2015), generate quantum entanglement (Zhang
et al.2021a; Pan et al.2020), signal amplification (Lu et al.2019) and other directions
(Zhang et al.2012; Agarwal et al.2012). Moreover, OMIT provides a new way to study
the quantum characteristics of the optical cavity.

As we know, two-level atomic ensemble (Lembessis et al.2021; Jing et al.2021;
Vlasiuk et al.2023; Liu et al.2022) has become an important part of the development of
cavity dynamics. Through the scientific research of quantum states of two-level atomic
ensemble, the phenomenon of spontaneous radiation of atoms ensemble has been well
explained (Kien et al.2017). The spontaneous radiation intensity of a single atomic
ensemble is relatively weak (Kuraptsev et al.2014), and it only has a strong atomic
ensemble radiation phenomenon when it is coupled with the cavity field. In addition,
quantum effects between optical cavities and two-level atomic ensemble under the
condition of full quantization are the focus of current research. Hisaki et al. (Oka
et al.2005) proposes a quantum phase gate model with two-level atomic ensemble.
They use the finite-difference time-domain method and the optical Bloch equation to
perform a semi-classical analysis of the optical response obtained by the model system.
The Fano resonance and slow light phenomena in two-level atomic ensemble coupled
opto-mechanical systems are discussed (Jiang et al.2017). They found that the group
delay of the transmitting probe field is inversely related to the decay rate of the qubit.

In recent years, the exploration of OMIT has become a hot spot in the development
of quantum theory. OMIT and traditional EIT (Zhang et al.2021b; Zheng et al.2023;
Oliveira et al.2021; Yang et al.2022) have many similar nonlinear characteristics, and
they are the main embodiments of nonlinear optical effects. The research scope of
scholars is not limited by OMIT, the attention of double-OMIT (Ma et al.2014; Lu et
al.2019; Gu et al.2014) and multiple-OMIT (Lai et al.2020; Huang et al.2014; Xiao et
al.2015) are also increasing. Ma et al. (Ma et al.2014) observed the double-OMIT effect
by controlling the intensity of Coulomb action. They also studied the relationship
between Coulomb intensity and transparent window splitting. Lai et al. (Lai et al.2020)
introduced dark mode effect of opto-mechanical system to simulate multiple-OMIT.
The research results have certain reference significance for information storage in the
optical communication process.



In this work, we propose a model of a multi-cavity optomechanical system with two-
level atomic ensemble. In this system, there are interaction relations between optical
cavity a; and optical cavity as, between optical cavity as and optical cavity as. The
coupling strengths between them are J; and Js. For optical cavity as, it is driven by
a strong pump and a weak probe field (Hamedi et al.2022), and the two-level atomic
ensemble is also coupled with it. At the same time, under the influence of radiation
pressure, the optical cavity a; on the left is coupled with the charged mechanical
resonator bi. The optical cavity ag is coupled to the charged mechanical resonator bs.
By adjusting the coupling parameters inside the system, multiple-OMIT phenomena
can be observed from the output spectral.

2 Model and Hamiltonion
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Fig. 1 A schematic diagram of a cavity opto-mechanical system driven by a strong pump field and
a weak probe field.
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Figure 1 shows the multi-cavity optomechanical system. The system consists of
three optical cavities and two nanomechanical resonators. And the two-level atomic
ensemble is introduced into the cavity as that is simultaneously driven by a strong
pump field with frequency w. and a weak probe field with frequency w,. Here, |e) and
|f) represent atomic ensemble in the ground state and exited state, respectively. And
wfe = Wy — we is the energy level frequency spacing. Firstly, the optical cavity as



is driven by the red detuning effect (Chen et al.2019), and A describes the coupling
strength between the cavity field and two-level atomic ensemble. Secondly, the coupling
parameter of the optical cavity a; and the charged mechanical resonator b; is ¢;.
Furthermore, the coupling constant between the optical cavity as and the charged
mechanical resonator by is go. Last but not least, we consider the dipole approximation
and spin wave approximation (Watanabe et al.2009), the Hamiltonian of the whole
system is the sum of three terms

H = HO + Hint + Hdr;
Hy = hwlaial + hwgagag + 77,(,03&;0,3 + ﬁwmlb];bl
N
+ hwmablbs + 7Y wreoly,
n=1
Hip = th(aIag + agal) + th(agag + agag)
+ hglaial(bi + b1) + hggag;ag(b; + bg)

N
+ hA Z(GQJ;Z) + aéag)),

n=1
Hy = iﬁac(age_i“’ct — age™et)
+ ihsp(agefiwpt — age™rt). (1)

The total Hamiltonian of the system is divided into three parts Hy, H;pn, Hg-. The
term Hj represents the free Hamiltonian of the cavity fields, the charged mechanical
resonators and the two-level atomic ensemble. We introduce the creation (annihilation)
operators (Kumar et al.2013), a} (aj,7=1,2,3) and bI (b, i = 1,2), which correspond
to the cavity fields and the mechanical modes. The frequencies of the three cavity
fields and the two charged mechanical resonators are denoted by wy, ws, w3, w1, and
wma, respectively. H;,; represents the interactions of the system. The first and second
parts are the interaction energy between the cavity fields and the cavity fields, and
the third and fourth parts are the coupling energy between the cavity fields and the
charged mechanical resonators. The sum formula gives the energy transfer during the
transition of atomic energy levels. The last line Hy, reflects the Hamiltonian between

the pump field and the probe field in the system. The amplitudes of the two external

2ko P, 2K2 Pp
hw, hwp,

fields are e, = and e, = , and the cor-responding powers are P, and P,

respectively. Considering cavity field noise and damping oscillation (Alford et al.2019),
we make the assumptions Ay = wy — we, Ag = wWpe — we, and G4 = AV N. In the
large N limit, we utilize a collective low-energy excitations of the atomic ensemble to

N
represent the coupling between the atoms and the cavity field A = \/iﬁ > O‘S;), which
n=1

satisfies the bosonic commutation relation [A, AT] = 1. Considering the fluctuation
factors of each part, the quantum Langevin equations can be written as

éll = 7(/11 + iwl)al — iJ1a2 — iglal(bi + bl),



ag = —(Kka + 1A1)as — iJ1a1 — iJaas
—iGAA+ e, + gpe B0

as = — (k3 + iwsz)asz — iJoas — iggag(bg + b2),

b1 = —(Ym1 + iwm1)by — ngiala

by = —(Yma + iwma)ba — igratas,

A= —(y+iA2)A —iGaas. (2)

When e. > ¢, the Heisenberg operators can be expressed in the form of the steady-
state mean values plus its small fluctuations, i.e., a1 = ais + da1, as = ass + das,
a3z = azs +90asz, by = big+ b1, bo = bog + by, and A = A, +A. Defing x15 = b-li_ + by,
Tos = by +bay Ay = wi + g1215, and Az = w3 + gawas. The steady-state values of the
equations are

iJlag
Ay = ————————,
1s —(Kjl T ZAl)
Ec
A2s = . J2 J2 G? ’
(k2 +iA1) + =Pxs + Griay T 77as)
iJQCLQ
a = =,
3s —(KJ3 + ’LAS)
b — —iglaJ{al
1s — — .
Ym1 + Wwm1
; T
7292(130,3
by = —————. 3
° TYm2 + W2 ( )

In order to improve the convenience of calculation, the higher order terms in the
operation process can be ignored, and the analytical equations after linearization are
as follows

K1+ iA1)8ay — iJi0as — iG1(6b] + 8by),
Ko + iA1)5a2 - iJ15a1 - iJQ(SCLg - ZGA&A,
—(R3 + z&;)éag) - Z'JQ(SCLQ - ’LGQ((SZ)E + 5()2),

iy = —(
(
(
by = — (Y1 + iwm1)db1s — i(Giday + Gydal),
(
(

0ae = —

0as

Oby = —
SA =—

Ym2 + 1wm2)0bas — i(Ghdas + Godal),
v +iAg)8A — iG sdas. (4)

We make the substitution 60; — 60;e~**»! and bring it into the calculation pro-
cess da; — dare "Art Jay — Sage et Sag — daze Art. §by — SbietAwt
dby — dbre” iBpt - and A — bAe” iBpt Con81der1ng G1 = giais, Gy = ggags,
Al = wq +gl(b1§ + bls) AQ = w3 + 92(1)29 + b2g) Wgl = Al — Ap, Weo = A1 — A



Waz = Ao — Ay, wp1 = W1 — Ap, wWp2 = Wiz — Ay, wa = Ag — Ay, Wa1 = Wa2 = Wez =
Wp1 = Wp2 = wa = 0.
And we find the steady-state solution of the above equations, i, e., when (da;) =

(8as) = () = <5bl> - <5b2> - <5A> — 0, we obtain

€
6@2 = N 5 N le : !122 N Gi . (5)
Ko +1 \
2 L N L
Employing the input-output relationship
Eout,p = 2K20a2 — £p. (6)

After a straightforward calculation, the transmitted probe field can be redefined as

ET = Eout,p/€p + 1 = 2K20a2/€p

2&2
= : (7)
g + 06 + —1 %2 =+

— + 3 =5

3 Multi-OMIT in the output field

In this part, according to the above analytical expressions, we select appropriate
parameters to study the behavior of OMIT. By observing the absorption and dis-
persion spectral lines, we can draw many conclusions about OMIT in multi-cavity
systems.

In Fig. 2(a), we manipulate all the coupling parameters in the hybrid system so
that their values are not zero, which means five interference pathway forms between
the pump field and the probe field. In the following, we can see that there are five
transparent points in the output spectral line, so the number of OMIT is five, and
they are distributed symmetrically in the image. The five OMIT displays that the
optomechanical system becomes simulta-neously transparent to the signal field at five
different frequencies. The results are the same as those of Sohail et al (Sohail et
al.2016).

In Fig. 2(b), we plot the absorption Re(er) of the output field. We can observe
three transparent points in the absorption spectrum. Obviously, the optical response
of OMIT corresponds to three transparent windows, which has been proven in (Wu et
al.2016). What is more, the coupling parameter between cavity field a; and mechanical
vibrator b; in the multi-cavity system is zero (g1 = 0). Thus, the internal and external
interference factors on the overall properties of the optomechanical system are four.

In Fig. 2(c), three OMIT indicates three OMIT depressions can be generated in
the system. And it is consistent with the results of OMIT which was studied by Xiao
et al (Xiao et al.2020). In addition, the figure reveals that there are three transparent
points appearing in the output spectral line. In the hybrid system, except for the



coupling of the cavity field a3 and the mechanical oscillator by disappears (g2 = 0),
other optical couplings have not effect on the behavior of the transparent windows.
In Fig. 2(d), when the atomic medium in a photomechanical system is absent
(Ga = 0), one can easily notice that there are four transmission windows. Compared
to the case where all the couplings are present, the absence of atoms reduces the
transparency window by one, and the transparent window also widens. These results

Fig. 2 The figure depicts absorption spectrum Re(er) (solid line) and dispersion spectrum I'm(er)
(dashed line) in relation to frequency detuning &/wm,. (a)g1 = 27 x 24 x 103Hz, go = 27 x 14 x 10°Hz,
Ga =27 x8x 10%Hz, J1 = 27 x 8 x 106Hz, J3 = 27 x 8 x 106Hz; (b)g1 = OHz, go = 27 x 14 x 103Hz,
Ga =271 x8x 108Hz, J1 = 27 x 8 x 106Hz, J3 = 27 x 8 x 106Hz; (c)g1 = 27 x 24 x 103Hz, g2 = 0Hz,
Ga = 21 x 8 x 10%Hz, J; = 27 x 8 x 10Hz, Jo = 27 x 8 x 10Hz; (d)g1 = 27 x 24 x 103Hz,
g2 = 27 x 14 x 103Hz, G4 = 0Hz, J; = 27 x 8 x 10%Hz, Jo = 27 x 8 x 105Hz; (e)g1 = 27 x 24 x 103Hz,
g2 = 27 x 14 x 103Hz, G4 = 27 x 8 x 105Hz, J1 = 0Hz, J2 = 27 x 8 x 10%Hz; (f)g1 = 27 x 24 x 103Hz,
g2 = 27 x 14 x 103Hz, G4 = 27 x 8 x 10%Hz, J; = 27 x 8 x 10%Hz, Jo = 0Hz; For all plots,
m = 20ng, wm = 27 X 60 x 109Hz, k1 = 27 x 12 x 105Hz, k2 = 27 x 4 x 103Hz, k3 = 27 x 4 x 103Hz,
v =271 x 8 x 103Hz, Q = 6700, A = 1 X Wi, Ym1 = Ym2 = wm/Q, P =3 x 1073W.



are consistent with early studies as reported in (Pan et al.2021). The output spectral
lines are symmetrically distributed, and the two transparent windows in the middle are
wider. So the existence of the two-level atomic ensemble will benefit our observation
of the multi-OMIT phenomenon.

In Fig. 2(e), when the coupling between the cavity fields a; and aq is switched
off (J1 = 0), the characteristics of OMIT also change significantly. We can clearly
see three OMIT, and the two outermost transparent windows are the same width.
The three transparent windows indicate that the system becomes transparent to the
detection field at three different frequencies at the same time. And the pump field and
the detection field produce four interference paths (Xiao et al.2020).

In Fig. 2(f), the characteristics of OMIT are similar to the case of J; = 0, both of
them have three OMIT, the absorption line of the probe field presents three dips. But
by contrast, it can be noticed that the two spectral lines at J; = 0 are wider and more
dispersed in this system. It has been demonstrated that the spectral responses of the
detection fields corresponding to different coupling effects are obviously different.

4 Tunable multiple-OMIT controlled by system
parameters

In order to further find the influence of different coupling parameters on the absorption
spectrum of the probe field, we take three different sets of data for each coupling
factor, and then draw the real part curve of the probe field, which is function of §/w.,.

In Fig. 3(a), we simulates the effect of changing coupling strength g; between
optical cavity a; and the charged mechanical resonator b; on transparent behavior.
When the coupling strength ¢; is not zero, the two outermost transparent windows will
split into four. As the coupling increases, the width of the four transparent windows on
both sides will gradually increase, and the new transparent points will move outward.
Whether ¢, is zero or not, the transparent point in the middle doesn’t move, but the
width of the transparent window in the middle will change.

In Fig. 3(b), it is found that the overall curve is arranged in an axisymmetric
manner. When the coupling between the optical cavity az and the charged mechan-
ical resonator bs is switched off, that is, go = 0, the curves displays three OMIT
phenomenon. Particularly, increasing go does not change the position of the middle
transparent point, but it makes the middle transparent window wider. Regardless of
the value of go, the width of the transparent window width only reaches its maximum
value when go = 0, and it is located in the middle of the image.

In Fig. 3(c), we investigate the effect of atomic ensemble on OMIT in cavity
optomechanical system and change the coupling strength between the atomic ensem-
ble and the cavity field. The number of transparent windows is changed from four to
five under the interference of two-level atomic ensemble. This is because the middle
transparent window is divided into two. In other words, the two-level atomic ensem-
ble contributes a transparent window to the cavity opto-mechanical system (Ma et
al.2014), and the quantum interference occurs between different energy level paths
of atoms. More importantly, no matter how the parameters change, all transparent
points don’t move.
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Fig. 3 The image describes the output spectral lines of three sets of data taken by coupling param-
eters g1, g2, G4, J1 and Ja ,respectively. We use the control variable method so that each image
corresponds to the given parameter one by one. The rest of the datas are the same as in Fig. 2. (a)
g1 = OHz (green dashed line), g1 = 407 x 103Hz (blue solid line), g1 = 607 x 103Hz (red dashed-
dotted line); (b) g2 = 0Hz (green dashed line), g2 = 287 x 103Hz (blue solid line), go = 807 x 103Hz
(red dashed-dotted line); (c) G4 = OHz (green dashed line), G4 = 87 x 105Hz (blue solid line),
G = 24m x 10%Hz (red dashed-dotted line); (d) J; = 0Hz (green dashed line), J; = 167 x 106Hz
(blue solid line), J; = 247 x 10Hz (red dashed-dotted line); (e) J2 = OHz (green dashed line),
Jo2 = 127 x 108Hz (blue solid line), Jo = 207 x 105Hz (red dashed-dotted line).



In Fig. 3(d), when J; = 0, three transparent windows are displayed in the image.
As the coupling becomes stronger, two new absorption peaks appear in the output
field. Specifically, we noticed that the curves of the middle three transparent windows
overlap highly and almost do not change with the parameters. As the parameter
increases, the width of the two outermost transparent windows will increase, they will
also move further and further away from the center. It has been verified by (Pan et
al.2021).

In Fig. 3(e), we plot the real part curves of the transmission probe spectrum. It
presents the variation of OMIT with §/w,, for different coupling strengths J between
the optical cavity ao and the optical cavity as. The existence of the coupling strength
Jo induces the splitting effect of the transparent window. We can clearly see the middle
window split into three. The width of the absorption peaks of the three spectral lines
also changes. At the same time, the position of the two newly emerged transparent
points in the middle is greatly affected by the coupling effect.

5 Conclusion

In this paper, the physical model of the multi-cavity system is based on the J-C
model, and both the cavity field and two-level atomic ensemble are fully quantized.
In addition, we have also investigate the influence of various factors on OMIT. When
the intensity of one of the coupling actions in a multi-cavity optomechanical system
changes, the optical response characteristics of OMIT will also change. The specific
expressions are the amount and width of OMIT, and the position of transparent
points. When some of interactions disappear, the number of transparent windows
will decrease. To bring out prominently the effect of atomic ensemble, we specifically
manipulate the coupling constant between the atomic ensemble and the cavity field.
The introduction of atomic ensemble contributes a transparent window to the system.
We use the quantized model and method to effectively promote the deep integration of
photons, phonons, and two-level atomic ensemble. The application of these methods
makes phonon storage more flexible and reliable, and also plays a key role in photon
information transmission.
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