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We systematically investigate the four-wave mixing (FWM) spectrum in a dual-cavity hybrid optomechanical system,
which is made up of one optical cavity with an ensemble of two-level atoms and another with a mechanical oscillator. In
this work, we propose that the hybrid dual-cavity optomechanical system can be employed as a highly sensitive mass sensor
due to the fact that the FWM spectrum generated in this system has a narrow spectral width and the intensity of the FWM
can be easily tuned by controlling the coupling strength (cavity—cavity, atom—cavity). More fascinatingly, the dual-cavity
hybrid optomechanical system can also be used as an all-optical switch in view of the easy on/off control of FWM signals
by adjusting the atom-pump detuning to be positive or negative. The proposed schemes have great potential applications in

quantum information processing and highly sensitive detection.

Keywords: four-wave mixing, dual-cavity optomechanical system, atomic ensemble

PACS: 42.50.Ct, 42.50.—p, 42.65.—k

1. Introduction

In the past few decades, the nonlinear optical effects!!!
caused by the interaction between light and matter have been
a striking research topic and optomechanical systems, >~ as
a good platform for studying nonlinear optical effects, have
received a great deal of attention. The most typical op-
tomechanical system is composed of an optical cavity with
a mechanical resonator. Recently, researchers have extended
single-cavity optomechanical systems to hybrid cavity op-

s!'=18] by coupling more optical or me-

tomechanical system:
chanical modes, such as an atomic ensemble, a quantum well,
a Kerr medium or other media with optomechanical cavi-
ties. More optical effects, such as electromagnetically in-

(19261 optical bistability,[*73!1 slow light

duced transparency,
effects’®>=37] and so on, have been extensively explored in
these hybrid systems.

Currently, the four-wave mixing (FWM) effect, 374" one
of the classic nonlinear effects, is widely studied in optome-
chanical systems. Jiang et al.’’! investigated how to con-
trol the FWM process in a two-mode cavity optomechani-
cal system. In a three-mode optomechanical system with
atom—cavity mirror coupling, Wang and Chen*®! confirmed
that the FWM response can be well enhanced. In a compos-
ite photonic-molecule optomechanical system, Chen et al. 0]

studied the process of normal mode splitting in the FWM spec-

DOI: 10.1088/1674-1056/abd695

trum under different parameter and driving conditions. Li et
al.™! realized multimode FWM in an unresolved sideband
optomechanical system.

Inspired by the above work, we explore the FWM pro-
cess in a hybrid dual-cavity optomechanical system with cav-
ity A containing an ensemble of two-level atoms and cavity
B coupling a mechanical oscillator. We mainly pay attention
to the FWM effect in cavity B and investigate the dependence
of the FWM on system parameters such as pump power, cou-
pling strength, detuning, etc. Here, we propose a scheme in
which this optomechanical system can serve as an optical mass
sensor and an all-optical switch based on measurement of the
FWM spectrum. These schemes are important for potential
applications of this hybrid system in quantum information pro-
cessing or highly sensitive detection. The structure of this pa-
per is as follows: In Section 2, the theoretical model and the-
oretical calculation of the equation are introduced. Section 3
focuses on the analysis and discussion of the results. Section 4

presents a summary.

2. Theoretical model

As depicted schematically in Fig. 1, the dual-cavity hy-
brid optomechanical system considered in this paper is com-
posed of optical cavity A containing an atomic ensemble and
cavity B interacting with a mechanical oscillator.

*Project supported by the National Natural Science Foundation of China (Grant Nos. 11504258, 61775043, and 11805140) and the Natural Science Foundation

of Shanxi Province, China (Grant Nos. 201801D221021 and 201801D221031).
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Fig. 1. Schematic of a dual-cavity hybrid optomechanical system, where
two cavities have identical lengths L and mode frequencies @.

These two cavities are coupled with each other via an
evanescent field and the coupling strength is denoted as J. In
addition, cavity A is driven by a strong pump light with fre-
quency @y and amplitude &,;, while a strong pump light with
frequency @y and amplitude &y, as well as a weak probe light
with frequency @, and amplitude &, are applied to cavity B.
For simplicity, the frequency @, is chosen to be the same as
@2, and cavities A and B are assumed to have the same mode
frequency @.. In a frame rotating at @, the Hamiltonian of
this system can be written as follows:

H = hAd a+hADb b+1J(a'b+b'a)

1 ;
+5hwm(x2+p2) +hgob' bx

N . N . . .
+Y naol +ng, Y, (a0 +a'oll)
i=1 i=1
+inhgy (' —a) +ihepn (b’ —b)

+ihey(bTe 1 —peld). 1)

In Eq. (1), the first three terms, respectively, represent the
energy of cavities A and B, and their coupling interactions.
Here, Ac = @, — @y is the cavity-pump detuning. a (b) and
a’ (b") are, respectively, the annihilation and generation op-
erators of cavity A (B), satisfying the commutation relation
[a,a"] =1 and [b,b"] = 1. The fourth and fifth terms, respec-
tively, give the energy of the mechanical oscillator and its cou-
pling interaction with cavity A, where @y, is the frequency of
the mechanical resonator, x and p are dimensionless displace-
ment and momentum operators, and go = (®c/L)+/h/mon, is
the coupling strength between the cavity with the length L and
the mechanical resonator with mass m. The sixth and sev-
enth terms, respectively, show the energy of the atomic en-
semble and its interaction with cavity B, where A, is a single
atom-pump detuning and g, is the coupling strength between
the atomic ensemble and cavity modes. The last three terms
describe the interactions of the cavity field with the external
driving field &, where & = \/2kP;/ha;, (i = pl,p2,pr), K is
the cavity decay rate, and § = @y — @y is the probe-pump
detuning.

In the case where the total number of atoms N is large
enough and all the atoms can be considered as a whole, a

collective atomic operator can be defined as A = ﬁ Yy, Gg(é)

satisfying the bosonic commutation relation [A,A"] =1 with
Gg(é) = |g), (e| symbolizing the ith atomic transition operator.
With the introduction of the collective atomic operator A, the
Hamiltonian can be expressed as

. 1

H = hAa'a+hAb b+1J(a'b+b'a)+ 5hwm(x2 +p%)
+hgob bx + hAATA+hG(aAT +a’A)+ihey (a —a)
+inepn (bt —b)+iligy(bTe % —peld), 2)

where G = g,\/N signifies the coupling strength between the
cavity and the total atoms, which can be modified through
changing the number of atoms. Here, we mainly focus on the
mean response of the probe field to the hybrid dual-cavity op-

tomechanical system. According to the Heisenberg equations
dA _ 1
dr ~in
we can obtain the equations for the mean value of the opera-

[A(),H] and the corresponding commutation relation,

tors x, p, a, b, A as follows by using the same method as the

references: 29211

X = WOmp,

p = —Onx+g0b'b—Yup,

a = —iAca—iJb—iGA+ & — Ka,
b 10t

h = —iAch—iJa—igobx+eye ' + gy — Kb,

A

—(14a +7)A —iGa. A3)

In Eq. (3), we phenomenologically add the cavity decay rate
K, the atomic coherence decay rate 7y, and the damping rate
of the mechanical oscillator ,, and ignore quantum and ther-
mal noise terms. To solve the above equations, we make the
following ansatz:

x = xo+xpe O 4y el¥
p=potpie ¥ 4pe?,
a=ay+are O 4q el
b =by+bie 4 p_el¥
A=Ag+Ae LA 4)

where xg, po, ao, bo, Ao are, respectively, the steady-state so-
lutions of x, p, a, b, A. By substituting Eq. (4) into Eq. (3) and
solving these equations, we can get

_ _ golbol®
a)rn b
po =0,
&1 — 1iJbo — 1GAy
ap = ; ,
1A+ K
—iG
A = ' 0 )
Yo+ 14,
&2 —iJag
b() = = N )
1Ac +1igoxo + K
B
b — 1€pr (5)

- (D] +E; —|—B()) (Dz—&—Ez—B())—FB]BQ*7

054209-2



Chin. Phys. B Vol. 30, No. 5 (2021) 054209

with

B — Omg0>|bol
0 (fm+16) 6 — i3’

Bl — Omgo>bo*
Yt id)6— i’

2, 2

[0 b

Bz _ m&0~ 00

(—Ym+16)8+i2’
Dy = 16 —i(Ac+goxo) + K,
Dy = 16 +1i(Ac+ goxo) + K,

J2
El: . . G2 ’
—IAC+15+K+(m)
12
By = — ©
IAC+15+K+<m)

Here, b_ denotes the amplitude of the FWM generated in

this dual-cavity hybrid optomechanical system, which we are

interested in. Utilizing the input—output relationship!>%->!l

bout(t) = bin(t) — V2Kb(t). The output field from cavity B
can be given by

bou(t) = (&p/V2K — V2Kbg)e @2
+(&pr/ V2K — V2Kb, e (o)
_V2xh_eid=op)
= (gp2/ V2K —V2Kbg)e ¥
+(&pr/ V2K — V2Kb )e 1O
—V2Kh_e 120wt ()

where the first two terms in Eq. (7), respectively, describe the
output fields at frequencies @y and @, while the last term
depicts an output field of FWM.

A relative output field intensity of FWM from cavity B
can be defined in terms of the probe field as follows:

2
; —/2kb_ ‘21(19_
FWM = =
&/ V2K

2

®)

Epr

3. Results and discussion

In order to reveal the FWM process more concisely, we
choose the realistic experimental parameters of the dual-cavity
hybrid system!®73% as 4 = 1064 nm, [ = 1.5 mm, m = 10 ng,
On =27 x 10 MHz, k =27 x 1 MHz, Y%, = 27 x 100 Hz,
Yo =2 x5MHz, A, = —1.00, Ac = 1.00p,.

Figure 2 shows the FWM intensity Ipwn as a function
of the probe-pump detuning &/, for two different pump
schemes. As is shown in Fig. 2(a), when the left pump laser
is off (F,1 = 0) but the right one is on, two strong peaks ap-
pear at 6 ~ +@y, in the FWM spectrum, which exactly cor-
respond to the vibrational frequency of the mechanical oscil-

lator. Most interestingly, for the opposite pump schemes, i.e.,

the left pump laser on and the right one off (P, = 0), the two
FWM peaks at § ~ +m, become much narrower as shown
in Fig. 2(b), while their intensity only suffers a small reduc-
tion. These important results demonstrate that this dual-cavity
hybrid optomechanical system can be used as a sensitive quan-
tum sensor, for example as a mass sensor, > when it is only
driven by a left pump laser. It is well known that, for a quan-
tum sensor, the spectrum width is an important factor affecting
its sensitivity.’>! The narrower the spectral width is, the more
high resolution of the sensor will be. Taking the mass sen-
sor proposed in the reference>?! as an example, its sensitivity
and resolution could be significantly enhanced by introduc-
ing a plasma into the system as the probe spectrum width was

modulated effectively.

(a) P,=0, (b) P, =10 mW,
10 i 10 _
Py =10 mW P,=0
S s ]
o o
Al —
— 6 ~ 6
z z
E 4 E 4
~ ~
2 2
0 0
-15-1.0-05 0 05 1.0 1.5 —15-1.0-05 0 05 1.0 1.5

8/ wy, 0/w,
Fig. 2. The FWM intensity Ipwwm as a function of the probe-pump detuning
&/ o, for the case: (a) Py; =0 and By = 10 mW, (b) P,; = 10 mW and Py, =
0. The other parameters are taken as A = 1064 nm, [ = 1.5 mm, m = 10 ng,
WOy =27 x 10 MHz, Kk =27 x 1 MHz, %, =27 x 100 Hz, 7, = 27 x 5 MHz,
Ay =—1.00y, Ac = 1.00y, G =21 x5 MHz, J =21 x | MHz.
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_ 0.02}
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&
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0.03} (b) —J =27X1.0 MHz 0.03}F () — J =27%x1.0 MHz
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Fig. 3. (a) The FWM intensity Irwwm as a function of the probe-pump detun-

ing 8/, for the case that P,y = 10 mW and P, = 0 with different cavity

coupling strength J =27 x 1.0, 27 x 3.5, and 27 X< 6.0 MHz. (b) and (c) are,

respectively, the enlarged images of the left and right peaks in (a). Other

parameters used are the same as in Fig. 2.

—1.002

In the following discussions, we mainly consider the case
that only the left pump laser is opened. Figures 3 and 4, re-
spectively, present the dependence of the FWM signal on the
cavity—cavity coupling strength J and on the atom—cavity cou-
pling strength G for this pump scheme. In Fig. 3(a), the FWM
intensity Irww is plotted as a function of the probe-pump de-

tuning 6/my, for different coupling strength J. Figures 3(b)
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and 3(c), respectively, show the enlarged images of the left
FWM peak and the right one in Fig. 3(a). It is obvious that
with the increase of the coupling strength J both the left and
the right peak in the FWM spectrum rise sharply, i.e., the
FMW signal is significantly enhanced, and at the same time
both peaks suffer a small shift. This phenomenon can be ex-
plained as follows. With the increase of the coupling strength
between cavity A and B, it will be more and more easy for
the pump photons to enter into cavity B, and thus the number
of pump photons entering cavity B per second will increase,
which will promote the process of FWM generated in cavity B
as a result. Moreover, it is well known that increasing the pho-
ton number in the cavity can effectively shift the mechanical
frequency, so as result the FWM peaks are shifted as well.

S
0-05F ) — G =2wx5.0 MHz
oo0ak Ve G = 2mx7.0 MHz H
— — G =2mx9.0 MHz
2 0.03F
=
~' 0.02f
0.01}
0 T T T
-15 ~1.0 —0.5 0 0.5 1.0 1.5
/Wi
~
0.0 (b) ——G = 27x5.0 MHz 0.0 © ——G = 27x5.0 MHz
0.04 "‘ ----- G = 27X7.0 MHz 0.04 N G = 27X7.0 MHz
: [} = -G =2mx0.0 MHz : 41— =G = 27X9.0 MHz
= 0.03 HY = 0.03
2 [E z
= <)
~ 0.02 I ~0.02
0.01 0.01
0 0
—1.002 —0.998 —0.994 0.996 1.000  1.004  1.008
0/wy, 0/ W

Fig. 4. (a) The FWM intensity Irpwwm as a function of the frequency detuning
O/, for different atom-cavity coupling strength G =27 % 5.0, 27 x 7.0,
and 27 x 9.0 MHz. (b) and (c) are, respectively, the enlarged images of the
left and right peaks in (a). Here, J = 27 x 6.0 MHz, P,; = 10 mW, P, =0,
and other parameters used are the same as in Fig. 2.

0.05F (a) — A, = —1.0w,
----- A, = —1dw,
0.04+ ——A, = —1.8uw,
£ 0.03f
<
~" 0.02f+
0.01F
0
—1.5

0.05
0.04
0.03

I}«'W\[

0.02
0.01

0
—1.003

—1.000 —0.997 0.999 1.001 1.003
&/wy 3/ W,

Fig. 5. The FWM intensity /rwym as a function of the frequency detuning
8/, for atom-pump detuning A, < 0. (b) and (c) are, respectively, the en-
larged images of the left and right peaks in (a). Here J = 27 x 6.0 MHz,
G =271 x9.0 MHz, P,; = 10 mW, By, = 0, and other parameters used are the
same as in Fig. 2.

Figure 4 depicts the FWM intensity Irwnp as a function
of the probe-pump detuning §/wy, for different atom—cavity

coupling strength G. This figure clearly shows that the FWM
signal generated in cavity B can be significantly strengthened
via increasing the atom—cavity coupling strength G in cavity
A. In addition, it is obvious that the FWM peaks also have
some shift. The phenomena can be attributed to the indirect
modulation of cavity A to cavity B. As the atoms interact with
the cavity, the distribution of the field intensity in cavity A will
be adjusted by the atom—cavity coupling strength. Indirectly,
the field intensity of cavity B can also be affected, and as a
result the FWM signal generated in cavity B is modulated ef-
fectively by the atom—cavity coupling strength.

—A,=1.0
0025t v T A, = 1.4
--A,=138
0.020}
= 0.015}
=
£
0.010}
0.005}
—-1.5 —1.0 —-05 0
6/("}111

Fig. 6. The FWM intensity /rwn as a function of the frequency detun-
ing 8/®y, for atom-pump detuning A, > 0. Other parameters used are
the same as in Fig. 5.

Figures 5 and 6 illustrate the FWM intensity Ipwnm as a
function of the probe-pump detuning 8 /cwy, for two opposite
detuning case, i.e., A, < 0 and A, > 0. Figure 5 shows that
the FWM signal is not sensitive to the atom-pump detuning
A, for the blue detuning case, i.e., A, < 0. However, in the
opposite case, it is a completely different situation. As shown
in Fig. 6, for the red detuning case, i.e., A, > 0, the FWM in-
tensity is enhanced significantly with the increase of the atom-
pump detuning A,. Most interestingly, at the resonant region,
i.e., 6 ~ 0, a prominent peak appears in the FWM spectrum.
These phenomena can be easily understood as follows. When
the beat frequency & between the probe and the pump light is
approximately equal to the frequency of the mechanical res-
onator, i.e., 8§ ~ £y, the mechanical mode starts to oscillate
coherently, which will induce the generation of FWM.[?!l As
a result, two strong FWM peaks appear at 6 ~ @y, and — Oy,
respectively, as shown in Figs. 5 and 6. However, at § ~ 0, it is
the resonance between the pump light and the probe light that
induces the generation of the FWM. In addition, strong pump
light is also needed. It is well known that for A, < 0, the pump
light is strongly absorbed by the atoms, *! so the photon num-
bers in cavity B is not enough to induce the FWM generation.
For A, > 0, the absorption of the atoms is reduced, >>! so more
pump photons can enter into cavity B, and as a result the FWM

process at & ~ 0 is opened for this case as shown in Fig. 6.
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0.020

0.015

I FWM

0.010

0.005

5/0‘}1‘0

Fig. 7. The FWM intensity Irwn as a function of the frequency detun-
ing &/ wn, for different pump power P, = 10, 20, and 30 mW. Here,
Ay =1.40n,J =27 x 6.0 MHz, G =27 x 9.0 MHz, By, = 0, and other
parameters used are the same as in Fig. 2.

20

15t A, = 1.4w,,
1 ________________
= 10
=
< 5F

A, = —1.4w,
0

—0.05 —-0.04 —0.025-0.01 0 0.01
6/wn

0.025 0.04 0.05

Fig. 8. The FWM intensity Irwm versus the frequency detuning 6/
for different atom-pump detuning A,. Here, Fy; = 30 mW, B, =0,
J =271 x6.0 MHz, G = 27 x 9.0 MHz, and other parameters used are
the same as in Fig. 2.

In Fig. 7, the influence of the pump power on the FWM
intensity Ipwwm for the red detuning case is considered, and the
FWM intensity Ipwy is plotted as a function of the frequency
detuning 8/, for different pump power with A, = 1.4@y,.
From this figure, it can be clearly observed that as the pump
power rises the FWM intensity is largely increased. Impor-
tantly, it is obvious that the resonant peak of the FWM inten-
sity at 6 ~ 0 is highly sensitive to the pump power, so it is
largely improved by the increasing pump power.

The results of Figs. 5—7 show us that this hybrid two-
cavity optomechanical system can serve as an all-optical
switch. 13341 To illustrate this idea clearly, Fig. 8 is plotted,
which presents the FWM intensity Irww versus the frequency
detuning & / @y, for two different atom-pump detunings. When
A, = —1.4y, as is shown in Fig. 8, there is no FWM signal
generated in this hybrid system at the resonant region (i.e.,
0 ~ 0). However, when the atom-pump detuning A, is tuned
to 1.4y, a prominent FWM signal appears at 6 ~ 0. There-
fore, this system can act as an all optical switch, and the FWM
signal at the resonant region can be easily opened or closed by

tuning the atom-pump detuning to be positive or negative.

4. Conclusion

In conclusion, we have theoretically analyzed the FWM

effect in a dual-cavity hybrid optomechanical system. First,

we propose a mass sensor plan based on this hybrid system for

its narrow FWM spectrum, and the numerical results show that

the sensitivity and accuracy of the sensor can be improved by

adjusting the cavity—cavity or atom—cavity coupling strength.
Secondly, we find that the FWM effect at the resonant region

can be modulated by controlling the atom-pump detuning to be

positive or negative. For this reason, we put forward that the

hybrid dual-cavity optomechanical system can be used as an

all-optical switch. Finally, we hope that the proposed scheme

can be proved experimentally in the near future.
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