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We theoretically explore the tunability of optomechanically induced transparency (OMIT) phenomenon and fast-slow
light effect in a loop-coupled hybrid optomechanical system in which two optical modes are coupled to a common mechan-
ical mode. In the probe output spectrum, we find that the interference phenomena OMIT caused by the optomechanical
interactions and the normal mode splitting (NMS) induced by the strong tunnel coupling between the cavities can be ob-
served. We further observe that the tunnel interaction will affect the distance and the heights of the sideband absorption
peaks. The results also show that the switch from absorption to amplification can be realized by tuning the driving strength
because of the existence of stability condition. Except from modulating the tunnel interaction, the conversion between slow
light and fast light also can be achieved by adjusting the optomechanical interaction in the output field. This study may
provide a potential application in the fields of high precision measurement and quantum information processing.

Keywords: hybrid optomechanical system, optomechanically induced transparency and absorption, normal

mode splitting, fast light and slow light
PACS: 42.50.—p, 42.50.Nn, 42.50.Ct, 42.50.Md

1. Introduction

A cavity optomechanical system (COMS),!!?! which de-
scribes the interaction between the mechanical resonator and
the light via radiation pressure, has brought significant de-
velopment in many different areas of physics. It is widely
acknowledged that the COMS possesses diverse potential
applications, such as quantum entanglement,># NMS,5-71
ground-state cooling of mechanical modes, ®'!! electromag-

12-17] and optomechan-

netically induced transparency (EIT),!
ically induced absorption (OMIA)['8 phenomena, etc. To a
large extent, it promotes the development of photon transmis-
sion and quantum information processing. OMIT is a typical
example of light-control light via mechanical motion. [>-1%-20]
Analogous to EIT, the OMIT resulting from the destructive
interference of the anti-Stokes scattering field and the weak
probe field plays an essential part in quantum information

24

and communication processes.!>'~>*! In theory Agarwal and

Huang have discovered that the optomechanical system be-
comes transparent to a weak detection field at resonant point
when a strong pump field is applied to drive the optical

[25-27] Furthermore, it has been also sequentially con-

[28,29

cavity.
firmed in experiments I and has received much attention
in a hybrid COMS, 7! a quadratically coupled COMS, 2630l
a spinning COMS, 3" and in a parity-time symmetric micro-

DOI: 10.1088/1674-1056/acOcda

cavity system, 32331 ¢tc. Physically the phenomena of OMIA
is also predicted in a hybrid optomechanical system.[!8]

Due to the narrow transparency window accompanying
with the abnormal dispersion, the most outstanding applica-
tion of OMIT is considered as storage and light delay.+37]
In the last few years, what has interested us extremely is the
study on fast—slow light effect.[**~*!] Various techniques have
been developed to realize fast—slow light. One method is the
use of the EIT technology, a quantum interference effect that
can produce the dramatic change of the absorption and disper-
sion properties. Thus, the nonlinear susceptibility is enhanced
and slow light is generated.[*>*! Akram et al.!*! have stud-
ied the fast and slow light effects in a hybrid COMS based on
EIT technology. Another application among these ways is to
control the group delay 7 of light pulses,*! resulting in slow
light (7 > 0) and fast light effects (7 < 0). Many schemes for
studying fast—slow light have been proposed in the COMS. For
instance, Zhan et al.[*3 have observed that slow light can be
achieved over an extensive range of parameters even at high
temperature such as 200 K in a quadratically coupled COMS.
Akram et al.[** have found that adding atom—field coupling
into the hybrid system can further enhance the fast light effect
obtained by single optical-mechanical coupling. Additionally,
the conversion between fast light and slow light has been done
under the action of an external force.[*! It is reported that the
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transmitted probe beam can be delayed as much as 4 ps and
can be easily controlled by the power of the pump beams in
a two-mode COMS. 7! More recently, Macke et al. (48] have
found that both slow and fast light can be obtained by select-
ing particular phase components of the transmitted field in a
zero-dispersion configuration. And Chen et al.!*’! have ob-
served that a tunable and controllable fast-to-slow light prop-
agation can be achieved by controlling the driving amplitudes
and phase of the phonon pump. In parallel, the research of the
multiple-mode optomechanical systems has attracted much at-
tention and many quantum phenomena have been studied in
recent years. Xu et al.’% have found that the EPs periodically
emerge and the sidebands’ spectrum can be modified signif-
icantly by tuning the relative positions of the nanotips. Hao
et al.P!! have indicated that the controllable amplification of
the probe light can be achieved, which is induced by the con-
structive interactions of photon, atom, and phonon. It has been
determined that tuning the OPA parameters can considerably
suppress quantum back-action noise and enable the device to
reach sub-SQL sensitivity. 1521 Furthermore, the sensitive im-
pacts of the dark mode effect on the optical properties in a
three-mode loop-coupled optomechanical system have been
proposed in Ref. [53]. Besides, Liu ez al.'>*! have investigated
the squeezing transfers from a squeezed vacuum injected in
one cavity to the output spectrum of the other cavity in the

1.153) have found

two-cavity optomechanical system. Lai et a
that the ground-state cooling of the two mechanical resonators
can be realized simultaneously under the optimal driving de-
tuning and in the resolved-sideband regime.

Motivated by these developments, we theoretically
consider a circular hybrid model, 3% where two optical
cavities are coupled to a common mechanical resonator
identically.’’=% At the same time, the two optical cavities
interact with each other through photon-coupled paths. The
present work has the following distinct features: Firstly, the
photon coupling strengths and related parameters can be pre-
cisely adjusted to realize controllable photon transmission.
Secondly, we propose a pump—probe optical method to de-
tect tunnel coupling strength. Thirdly, the conversion between
slow light and fast light can be achieved by adjusting a variety
of paths, which provides an excellent platform for the modu-
lation of fast light and slow light.

The main research content is as follows: In Section 2 we
give out the model of the hybrid COMS considered in our
work and calculate the amplitude of the output correspond-
ing to the weak probe analytically. In Section 3, we discuss
the OMIT (OMIA) and give the explicit explanation for the
mechanism. Furthermore, we study the influence of different
factors on OMIT. A conversion between OMIT and OMIA ad-
justed by related parameters is emphasized. In Section 4, the
group delay of the output field is also investigated. Finally, we

present our conclusions in Section 5.

2. Theoretical model and solutions

As shown in Fig. 1, the loop-coupled hybrid optomechan-
ical system under consideration here consists of a mechanical
resonator coupled to two optical cavities, which are coupled to
each other with the tunneling strength J. A strong driving laser
with frequency @, and field amplitude E, = \/2P,k; /hayp,
and a weak probe laser with frequency @, and amplitude
E; = \/2P,xi /ho; are applied to this system. Here, P, (FP;)
is the pump (probe) light power, and x; (i = 1,2) is the field

decay of the i-th optical cavity. "]

By wp

Erwr‘(\/\/’if \44‘

Fig. 1. Schematic diagram of the loop-coupled hybrid optomechanical sys-
tem composed of two optical cavities coupled to the same mechanical res-
onator. The two cavities are coupled directly with intercavity coupling
strength J. The system is driven by a strong pump laser and a weak probe
laser.

Introducing the rotating wave approximation at the
pump frequency @y, the effective Hamiltonian of the system

reads!61:62]
H = Hy+ H; + Hp, (1a)
Hy = hAlaTal +hA2a;a2 +honb™h, (1b)

Hy = —hMalaQ—hlas a0+ J (a3 +afaz), (lc)
Hp = ih (Epal — Ejar) +ih (Eral+ e 1% _ Era ei&) (1d)

with 6 = o, — @p. Here, Hy represents the free Hamiltonian
of the system, where a; and b are the annihilation operators
describing the optical fields and the mechanical resonator, re-
spectively. The frequency of the mechanical resonator is Wy,
and A; = @; — @, gives the detuning between the cavities (@;)
and the optical drive () frequencies. The second term Hi de-
fines the interaction Hamiltonian. Cavity fields are coupled to
the mechanical resonator via the linear optomechanical cou-
pling A; (i = 1,2). J is the coupling strength between the two
cavities. The final term Hp describes the interaction Hamilto-
nian between the optomechanical system and the control field
as well as the probe field.

Based on the Hamiltonian in Egs. (1a)—(1d), the Heisen-
berg equations including the corresponding noise and damping
terms can be given by (A= 1)

da1

W = —(iAl —|—K1)a1 —|—i7L]a1Q

—iJay +EP+Ere_i5’, (2a)
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d

T"tz = —(id+K)ar +idarQ—iJay, (2b)
do .

R G 20
d? d

FzQ + w:0+ ymd—? =20nhial a) +20mAa3 az, (2d)

where Y, is defined as the decay rate of the mechanical res-
onator. The following ansatz is adopted to solve the Eqgs. (2a)—
(2b):

ay (t):a10+a1+e_i5’+a1,ei5’, (3a)
az(t):a20+a2+efi5’+a2_ei5’, (3b)
0(1)=Qo+Qre ¥ +0 e, (30)

Substituting Egs. (3a)—(3c) into Egs. (2a)—(2d) and ignor-
ing all the small-terms multiplication as well as the second-

order terms, we obtain

ErCO

alL = 7 4
" (o 4. g2) _ D2+ Da> 4 D5+ DeJ* @
03 D1 —D3J2
where
By = innp1a1@n, By = inny1a;@n,
B3 = inNnp1a30n, By = innpaon,
Co=—-16+ (iAr +12) — 1420,
Ci=—-i6— (iAl — K]) +1iA10Q,
C = —id — (iA2 — K‘2) + i),on,
C3= —i6+ (iA] + K']) — illQo,
Cy = —(id +K2) +1A42Qo,
Cs = (—idr + 1K)+ Qo,
D = C5 (CoC1Cr+B1CoCr — B4C1C),
D2231C§C1C2C5,
BrCiCr + B3C5Cy + B3C4C
p, = 220G+ BsCsGo+BsGCo (g oo
Cy
B3CyCCC
D = B3CoCiCotBIGHCs + =
4
C1CyBy+CyCsB
Ds = ByCo+ 1C2B2+CoCs 3’
Cy
B
Dg = —, 5
6=, Q)
with
20} 20}
2 2 i
np1 = lai|”, np=laxnl", o =—7-, 0=—F,
P P @ e e
o — 2112,2 . (1)31
T T S it

Besides, it is worth noting that we consider the system
under the condition of Wy > k;,[%] so that the NMS can
be detected. By utilizing the standard input—output relation:

aout (1) = ain (t) — V2ka (t),!%4 the component of the output

field oscillating at the probe frequency @, can be obtained

from

V2Kia 4
E.

In general, the real part Re (&) represents the absorp-

(6)

Eout =

tion behavior and the imaginary part Im (&) describes the
dispersion properties of the probe field.!%>! Furthermore, for a
COMS, the rapid phase dispersion can cause the transmission
group delay in the region of the narrow transparency window,
which is confirmed as

(90 (1 28], o

dr, tp d @y,

where ¢ (@) = arg [1, (@p)] (Refs. [34,66]) is the phase of
transmitted field. Correspondingly, the magnitude of group
delay is bound up with the rapid phase change in the trans-
mitted probe field. The negative magnitude of the group de-
lay corresponds to fast light propagation, whereas the positive
magnitude of the group delay represents slow light propaga-
tion. Consequently, it is obvious that the high phase dispersion
is always advantageous, causing intensively altered group ve-
locity in the group delay.

3. Optomechanically induced transparency and
absorption in the loop-coupled hybrid op-
tomechanical system

In the previous section, we derive the analytic results of
the system evolution. In what follows, we numerically illus-
trate the dependence of the absorption properties of the probe
field on the probe—cavity detuning for different system param-
eters. In order to better comprehend the response of the system
to the probe field, the parameters realizable experimentally
are chosen as!'"! @, = 27 x 947 kHz, 0, = 0wy = 1.77 ¥
10'2 kHz, in = 27 x 0.14 kHz, k = kj = k» = 27 x 215 kHz,
and A = A; = A, =250 Hz.

First of all, we seriously discuss the absorption of the
probe field affected by different tunnel coupling strengths in
Fig. 2. If two passive optical cavities are weakly coupled for
J < K, the photon exchange rate is slower than the cavity fields
decay rate and there only appears a shallow transparency win-
dow around A; = 0. At this time, the absorption spectrum
behaves like OMIT characteristic in a single-mode COMS,
where the normal modes are not split and the absorption spec-
trum of the probe field is mainly caused by the optomechanical
interactions. Specifically, the sideband absorption peaks de-
crease with the increase of tunnel coupling strength /. When
the coupling strengths are increased up into the strong regime,
i.e.,J > |k + Ka| /2 = K, the photons exchange before the cav-
ity field decays. We obtain that the absorption of the probe
spectrum becomes distorted and splits into two normal modes.

094205-3
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This is due to the fact that with the increase of J, the inter-
action between the two cavities plays a dominant role, which
disturbs the absorption spectrum. Compared with Fig. 2(a), it
should be pointed out that there exists a rapid transition from
absorption dip to peak and at the resonant point in Fig. 2(b).
We achieve double transparency windows which are produced
by the strong tunnel coupling and the effective optomechanical
coupling strengths between the two cavities and the mechani-
cal resonator. Our numerical results also show that the absorp-
tion profile reverses from the peak to the dip at A, = 0 when
the tunnel coupling is satisfied J = 4k. This indicates that the
conversion from absorption to amplification can be achieved
by adjusting tunnel coupling strength. Specifically, the side-
band peaks of absorption appear respectively on the two sides
of A, = 0. The distance of the sideband peaks depends lin-
early on the tunnel coupling J while the heights of them show
inversely proportional to J as illustrated in Fig. 3. Therefore, it
provides a simple and effective method to measure the tunnel
coupling strength by just measuring the distance between the

two sideband peaks.

1.5 0.8
(a) (b)

1.0 Al 061 A

~ ~ FARY AR

=1 i =1 R MATRSN]

: AR 2 04 A L[V
Y05 i w S RN VA A
& / ||'| \'\ = 02/ \'\“ Inl// “\\\

| — . 3 N
0 0 lF'
—0.5 _
1 0 1 0277775 1
A,-/wm Ar/wm

Fig. 2. The real part of the output field Re(&yy) as a function of the probe—
cavity detuning A,/ @y, with different tunnel coupling values. (a) The weak
tunnel coupling is given by J = 0.4k (green solid line), J = 0.6k (blue dashed
line), J = 0.8k (red dashed-dotted line). (b) The strong tunnel coupling is set
as J = 2k (green solid line), J = 3k (blue dashed line), J = 4k (red dashed-
dotted line). The corresponding parameter is E, = 471 kHz.

0.4
—0.15 @) (b)
0.2
Q
= s
% —0.20 R
Q n
2 2
= © —0.2
& _0.25 &
—0.4
~0.30 —0.
0 2 0.6 2 4
J J

Fig. 3. (a) The logarithm of the heights of two side peaks of absorption
varies with the tunnel coupling strengths. (b) The logarithm of the distance
between the two side peaks of absorption as a function of the tunnel coupling
strength. Other parameters are the same as those in Fig. 2.

In the following, we shall research the effects of the
strong pump field with different values when the tunnel cou-

pling is chosen as J = 2k. As we known, the effective op-

tomechanical coupling can be enhanced by increasing the driv-
ing strength, which can lead to the increase of the mean pho-
ton number. In Fig. 4(a), there are two asymmetric sideband
peaks. Moreover, the left absorption peak is higher than the
right one. Besides, the heights of the two asymmetric ab-
sorption peaks is proportional to the driving strength. When
the driving strength becomes larger, the left absorption peak
moves further away from the resonant point, whereas the right
one becomes closer to the point of resonance. In the case of
the resonant point, we can see clearly that the absorption is
turned into amplification slightly as the driving strength in-
creases. This can be explained by the interaction between pho-
tons and phonons. And the quantum interference between the
Stokes field and the detection field results in the amplification
effect. When the driving amplitude continues to increase, the
switch from absorption to amplification appears. As shown
in Fig. 4(b), it keeps absorption state for £, = 17.08 kHz but
turned into amplification for E, = 17.1 kHz. Due to the sta-
bility condition, there exists a critical value for the driving in-
tensity. Further, the absorption properties are very sensitive to
the driving strength at A, = —@y. This boundary point gives
an idea to get unilateral models for amplifiers.

0.8
0.6} ! L ]

0.4r1 VAL ) g 1

Re(eout)

0.2}

)
I
'
|

B LR EEEEEEL Py
]
i
]
!
]
i
.
¢
!
'
f
'
!
'

0.5
Ar/wm

—60 :

—1.5 —0.5 1.5

Fig. 4. The real part of the output field Re(&y) as a function of probe-cavity
detuning A;/@y for different driving strengths: (a) E, = 47 kHz (green
solid line); E, = 87 kHz (blue dashed line); E, = 12w kHz (red dashed-
dotted line); (b) E, = 17.087 kHz (black dashed line); E, = 17.17 kHz (pink
dashed-dotted line).

Next, we plot the probe absorption spectrum as a func-
tion of A;/®y, for different decay rates of cavities in Fig. 5.
It is found that the distance between the two sideband of the

absorption peaks gets larger with the increasing of the cavity
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decay. Meanwhile, the sideband peaks of absorption decrease.
Likewise, amplification phenomenon can still be found and
becomes more obvious with the increase of decay rate.

1.0
g I’:“‘ I‘/\‘I
L 0.5 SO oo
& LAY N
S0RSEAL N
/ ! M . AN
/'_’_ 1 ~_:\
e i | i -
—1 0 1
Ar/wm

Fig. 5. The real part of the output field Re (&) as a function of probe—cavity
detuning A;/®n with different k: k = 7 x 215 kHz, k¥ = 27 x 215 kHz,
Kk = 37 x 215 kHz for green solid line, blue dashed line, and red dashed-
dotted line, respectively. The other parameters are the same as those in Fig. 2.

4. The fast—slow light effects in the loop-coupled
hybrid optomechanical system

We have investigated the optomechanically induced trans-
parency and absorption of the loop-coupled hybrid optome-
chanical system. In what follows, we illustrate the group delay
of the probe light as a function of the probe—pump detuning &
with different tunnel coupling J, using the same parameters
as in the previous section. Now, we consider the phase dis-
persion curves of the output probe field. The rapid phase dis-
persion can generate the transmission group delay. It can be
seen clearly from Fig. 6(a) that there is a transparency win-
dow combined with a steep negative phase dispersion at the
resonant point, which will result in a tunable group delay of
the transmitted probe beam.*”! From Fig. 6(b), we obtain that
the group delay is positive with a maximum value of 0.57 ms
when the tunnel coupling strength is J = 1.5k. Further, in the
region J > 2.5k, the group delay T becomes negative. The
reason for these interesting phenomena is that the fast—slow
light effects of the transmitted probe field depend on the phase
dissipation of the transmitted probe field, and the phase of the
transmitted probe field suffers a fast shift with the change of
the tunnel coupling strengths. Therefore, as long as the ap-
propriate value of @y, is selected and the value of J is slightly
changed, the regulation of fast and slow light can be realized.

Then, in order to further investigate the effect of optome-
chanical coupling strengths A on the fast light and slow light,
we present the group delay in Fig. 7. It can be seen by dashed
(A =250 Hz) and dashed-dotted (A = 375 Hz) curves that the
switch between fast light and slow light will occur at the reso-
nant point. Also, the group delay can be further enhanced with
different optomechanical coupling strengths and the optimal
location moves to left with the increase of the optomechani-
cal coupling strengths. In the hybrid optomechanical system,
the pulse advancement can be increased by continuously in-
creasing the optomechanical coupling under a constant tunnel

coupling. Hence, we can achieve the high phase dispersion
which leads to the higher pulse advancement by employing
both coupling parameters.

5
(a)
10 AN
Jo ‘*‘I . [
0 0 Do d\ .o |
£ b ‘. S
A~ s [ | i
[~2- o {
—10F S | J
B 0 1 2
6/wrn
0.6
(b)
0.4 E
)
E o2 1
=
0:::::__-_-_':_./-«__'::.';'_"_'.';‘
_02 L L N
0.90 0.95 1.00 1.05 1.10
0/wm

Fig. 6. (a) Phase of the transmission and (b) group delay 7 as a function
of 8/wn for different tunneling amplitudes: J = 1.5k (green solid line),
J = 2.5k (blue dashed line), J = 3.5k (red dashed-dotted line). We use the
other parameters A = 250 Hz, k = 27 x 215 kHz.

010 :
~~ _\’
0.05 \ o :
P T 2 T
E O \l'l 27 3
- |
—0.05 V/ ]
~0.10 : - :
0.90 0.95 1.00 1.05 1.10
0/wm

Fig. 7. Group delay 7 as a function of 6/, for different optomechanical
coupling strengths: A = 125 Hz (green solid line); A = 250 Hz (blue dashed
line); A = 375 Hz (red dashed-dotted line). Other parameters are the same as
those in Fig. 6 besides J = 2.5k.

Next, it is natural to wonder how this group delay behaves
when A; # A,. Here, we define £ = A, /A,. Figure 8 shows that
the output of the probe field maintains slow light in the region
of 1 < & < 4, but a conversion from slow light to fast light
appears at & = 4.45. Our numerical results also manifest that,
when & > 6, the influence of & on group delay gradually sta-
bilized. Meanwhile, the fast light manifests more obviously.
From this figure, we can see that the effect of £ on group de-
lay is mainly concentrated in 4 < & < 6. Therefore, the tunable
slow and fast light effects can be easily realized by adjusting
the optomechanical coupling strengths in this optomechanical

system.
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2 4 6 8 10

Fig. 8. The maximum (black line) and minimum (pink line) of group delay ©
as a function of & in the region of &~ @y,. Other parameters are the same as
those in Fig. 7.

Finally, it would be interesting to study the influence of
the driving strengths E;, on the output field group delay which
is induced by the mechanical resonator. In Fig. 9, we can see
clearly that the group delay converts from positive to nega-
tive values and tends to be stable when 8/wy > 1.05. We
find that the group delay dip becomes shallower and narrower
with the decrease of driving strengths. As the driving strength
increases, the group delay dip moves further from the reso-
nant point and the group delay is enhanced. At this time, it
is accompanied by the transition between fast and slow light.
So the adjustability of group delay caused by quantum inter-
ference between the probe field and the anti-Stokes field!®’]
can be dynamically adjusted by controlling the driving field

strengths.
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0.4t 1
— N
7 .
E o2p ]
= \\‘~_‘ /"
NN e
\ - P
0 NN T ]
Ny
0.2 L~ .
0.90 0.95 1.00 1.05 1.10
0/wm

Fig. 9. Group delay 7 as a function of &/, for different driving strengths:
E, = 47 kHz (green solid line); E, = 87 kHz (blue dashed line); E, =
127 kHz (red dashed-dotted line). The other parameters are the same as
those in Fig. 6 besides J = 2.5k.

5. Conclusion

In conclusion, we have investigated the optomechanically
induced transparency of the loop-coupled hybrid system that
composes of two optical cavities coupled to a common me-
chanical resonator for different tunnel couplings. Both OMIT
generated by optomechanical interactions and NMS caused by
the strong photonic coupling can be observed in this study.
We also observed that the amplification phenomenon can oc-
cur under the combined action of the optomechanical coupling

and the strong tunnel coupling. Furthermore, the intensity and
distance of the sideband absorption peaks can be controlled
by selecting appropriate parameters. Our research indicates
that the conversion between slow light and fast light can also
be achieved by modulating optomechanical coupling strengths
appropriately. Moreover, the group delay can be enhanced by
manipulating the optomechanical coupling strengths. These
optical response characteristics can be used to realize the fab-
rication of optical devices such as the full-photon switch and
have a broad application prospect in high-precision measure-

ment and macro-quantum phenomenon research.
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