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Tunable optomechanically induced transparency in double quadratically coupled optomechanical
cavities within a common reservoir
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We consider the optomechanically induced transparency in the double quadratically coupled optomechanical
cavities within a common reservoir, in which the two cavities are driven by the coupling fields. It is shown
that the probe transparency is improved by increasing the coupling field (the left coupling field) applied on the
probing cavity, but the transparency position (the probe frequency of the maximal transparency) is shifted to
high frequency. The coupling field (the right coupling field) applied on the other quadratically coupled cavity
can lead to a low-frequency shift for the transparency position, which can be used to fix the transparency position
by adjusting the right coupling field. We get the quantitative findings that the transparency position is exactly
determined by the intensity difference between the two coupling fields. On the other hand, it is found that when
the two coupled optomechanical cavities interact with their common reservoir, the cross decay induced by the
common reservoir can improve the probe transparency and widen the transparency window. Finally, the effects of
the environment’s temperature on the transparency are investigated. This will be useful in cooling the membrane,

squeezing and entangling the output fields.
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I. INTRODUCTION

The interaction between electromagnetic radiation and
mechanical motion can be realized in the optomechanical
system (OMS) by using radiation pressure [1-3]. The OMS
has attracted much attention because of its many potential
applications, such as in entangling the macroscopic oscillator
and the cavity field [4], cooling the mechanical vibrations to
their quantum ground states [5—7], and producing the quantum
nonlinearities in quantum processing [8—10].

Recently, the optomechanically induced transparency
(OMIT), which was originally discovered in the multilevel
atomic system by using atomic coherence [11,12], has been
demonstrated in the OMS theoretically [13] and experimen-
tally [14,15], respectively. Many studies on OMIT in OMS
have been developed in the context of the linearization
procedure [13—15]. Subsequently, OMIT with higher-order
sidebands [16] and the nonlinear versions of OMIT without
the linearization procedure [17-19] were investigated. Ma-
nipulation of OMIT in an optomechanical cavity made by
two moving mirrors which contain a Kerr-down-conversion
nonlinear crystal was also considered [20]. To get much
more flexible controllability of OMIT, the investigation of
OMIT in single-cavity OMS has been generalized to the
case of two-cavity OMS. For example, OMIT and slow light
in a two-mode cavity optomechanical system composed of
two cavity modes interacting with a common mechanical
resonator were theoretically demonstrated [21]. The optome-
chanically induced absorption (OMIA) in the double-cavity
configurations of the hybrid optoelectromechanical systems
was predicted [22]. Also, the mechanical-mode splitting of
the movable mirror as well as OMIT in the splitting region
in the two-mode optomechanical system were investigated
[23]. Recently, we have considered the OMIT and OMIA
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accompanied by normal-mode splitting (NMS) in strongly
tunnel-coupled optomechanical cavities [24].

Besides the optomechanical systems with the linear cou-
pling between the optical field and the mechanical mode, there
exist quadratically coupled optomechanical systems in which
the optical cavity field is coupled parametrically to the square
of the position of a mechanical oscillator. The quadratic inter-
action in an optomechanical system can be realized by placing
a membrane at a cavity node (or antinode) of the intracavity
modes [25-27]. In the quadratically coupled optomechanical
systems, there appear many interesting phenomena, such as
the cooling and squeezing of a mechanical oscillator as well
as their dependencies on membrane absorption [28,29], basic
quantum characteristics [30-32], tunneling of a macroscopic
optomechanical membrane [33], single-photon emission and
scattering [34], and quantum nonlinearity [35,36]. Recently,
the single-mechanical-mode quadratically coupled optome-
chanical system has been generalized to two- or multiple-
mechanical-mode quadratically coupled optomechanics. For
example, in such generalized quadratically coupled optome-
chanical systems the hybridization of the two mechanical
modes [37], the optomechanical cooling [38], trapping and
entangled-state engineering of vibrational modes [39], and
bistability and bifurcations [40] were investigated. On the
other hand, the generalized two-optical-mode quadratically
coupled optomechanical system has been proposed. A two-
color mirror trapping and cooling in a two-cavity quadratically
coupled optomechanical system were considered [41], and
the tunneling of the photon between the two cavities and the
dynamics of the membrane were investigated [42].

In general, the dissipation or decoherence induced by the
interaction between the composite quantum system and its
surrounding environment devastates the quantum properties in
the system. However, when the coupled systems are coupled
to a common reservoir, the quantum phenomenon such as
entanglement between the subsystems can persist for a long
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time. Therefore, many quantum phenomena in the coupled
system within a common reservoir were studied. For exam-
ple, the coherence phenomenon of two coupled dissipative
oscillators within a common reservoir was comprehensively
analyzed [43]. And, a decoherence-free subspace in a cavity
quantum electrodynamics involving two modes in the presence
of a common reservoir was predicted [44]. Subsequently,
the dynamics of the entanglement between two oscillators in
the same environment was characterized [45]. Recently, the
synchronization in quantum networks of harmonic oscillators
within a common environment [46] and the heat transport in
optomechanical arrays in contact with a common bath [47]
were investigated. To our knowledge, the OMIT in the double
optomechanical cavities within a common reservoir has not
yet been investigated.

Recently, the OMIT and slow light in a single-mode
quadratically coupled optomechanical system were demon-
strated [48,49]. In such an optomechanical system, the
OMIT is improved by increasing the coupling field which
deepens and widens the transparency window. However, the
probe transparency position, i.e., the probe frequency of
the minimum absorption (or maximal transparency) value in
the transparency window, is shifted to high frequency with
increase of the coupling field. Thus, it is difficult to fix the
OMIT position at a certain frequency and simultaneously
improve the OMIT by increasing the coupling field. In the
present paper, we shall investigate the OMIT in the two-mode
quadratically coupled optomechanical system composed by
two cavities within a common reservoir, which are indepen-
dently pumped by the coupling fields. It is found that the probe
transparency window becomes deeper and the transparency
position is shifted to high frequency with increase of the
coupling field (the left coupling field) applied on the probing
cavity, while the coupling field (right coupling field) driving
the coupled cavity suppresses the transparency and leads to
a low-frequency shift for the transparency position. We get
the quantitative findings that the transparency position can be
exactly determined by the intensity difference between the
two coupling fields. Thus the application of the right coupling
field on the coupled cavity can overcome the frequency shift
of the transparency position in a single-mode quadratically
optomechanical system when increasing the coupling field to
improve the transparency. Although the right coupling field
can assist in fixing the transparency position, it suppresses
the OMIT induced by the left coupling field. Subsequently,
we consider the OMIT in the two-mode quadratically coupled
optomechanical system in which the two cavities are coupled
to a common reservoir, and investigate the effects of the cross
decay induced by the common reservoir on the OMIT. We find
that the cross decay enhances the transparency and widens the
transparency window, which can alleviate the suppressions of
the OMIT induced by the right coupling field. Additionally,
it is found that the temperature of the environment can im-
prove the OMIT in the quadratically coupled optomechanical
system.

The paper is organized as follows: In Sec. II we describe
the model and solve its dynamical equation. The OMIT as well
as its variations with the strengths of the two coupling fields
in the double quadratically coupled optomechanical cavities
are displayed in Sec. III. The enhancement of the OMIT by
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FIG. 1. Sketch of the system. Two cavities are quadratically
coupled to the displacement of a membrane suspended in the cavity.
The left fixed mirror of the optical cavity is simultaneously driven
by a strong coupling field of amplitude E; with frequency w; and a
weak probe field of amplitude E, with frequency w,. The right fixed
mirror in the quadratically coupled optomechanical system is driven
by another strong coupling field of amplitude E, with frequency w,.

the cross decay and the thermal temperature is investigated in
Sec. IV. Finally, in Sec. V we summarize our main results.

II. MODE AND DYNAMICAL EQUATION

Our optomechanical system, which is shown in Fig. 1,
consists of two partially transmitting mirrors fixed at =L, and a
membrane oscillating with a very small displacement g around
its equilibrium position between the two fixed mirrors. The
membrane separates the cavity formed by the the fixed mirrors
into two subcavities with independent optical modes a; and
a, with frequency o, (k = 1,2) and decay rate ;. The left
fixed mirror is simultaneously driven by a strong coupling field
E| = /2Pk/hw, (the left coupling field) with frequency w,;
and a weak probe field £, = /2 P,k /hw, with frequency w,,,
in which P; (I = 1, p) denotes its power. The right subcavity
is driven by another strong coupling field E; = /2 P>k, /hw;
(the right coupling field) with frequency w, and power Ps.
In the present paper, we focus on the optical response of
the probe field to the quadratic interaction by the pressure
radiations in the two-cavity optomechanical system, so we
shall neglect the linear coupling between the cavity field and
the membrane displacement by assuming that the membrane
center-of-mass position is located exactly at a node or at an
antinode of the cavity modes [41]. Then, the Hamiltonian of
the double quadratically coupled optomechanical cavities is
given by [40—42]

2
1
H=Y hiala+ g—m + —mawl g

k=1,2 2
+ h(gla;ral - gga;ag)qz + Z ith(a; —aj)
j=1.2
. T —idt i8t
+ihEy(ae —ae'’), (D

where Ay = w.x — wi (k = 1,2) is the detunings between the
cavity and the corresponding coupling field, and § = w, — w;
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denotes the detuning between the left coupling field and the
probe field. The momentum and displacement operators of the
membrane with frequency w,, and a mass m are denoted by p
and ¢, respectively.

In Eq. (1), the first term denotes the free energy of the two
optical cavities, and the free energy of the membrane is given
by the second and third terms. The applications of the left
and right coupling fields on the two fixed mirrors are given
by the second summation term, and the last term describes
the driving of the probe field on the left fixed mirror. The
quadratic couplings between the membrane and the optical
subcavities are given by the fourth term, in which the quadratic

coupling coefficient is given by g; = i’gz;"/% (k=1,2)
[41,42,48,49]. Here, c is the speed of light in a vacuum, R de-
notes the reflectivity of the membrane, and A, the wavelength
of the coupling field. It has been shown that the quadratic
optomechanical coupling constant remarkably increases with
the membrane reflectivity [41]; thus the membrane is assumed
in the limit of high reflectivity to achieve the considerable
quadratical interactions. The term with ﬁglalTalqz in Eq. (1),
which provides a positive frequency of the movable mirror,
can be realized by placing the membrane center at a node of
the left subcavity field, while the membrane center is located
at an antinode of the right subcavity field to achieve the
contribution of a negative frequency to the membrane, i.e.,
—hgzaiazqz [27]. The system shown by the Hamiltonian in
Eq. (1) is used to investigate the optomechanical trapping
and the dynamics of the membrane [41,42]. Recently, the
interference, entanglement, and correlation in the multimode
strong-coupling optomechanics via quadratic optomechanical
interactions with the same or opposite signs have been studied
[40].

To consider the case in which the two cavities in the double
quadratically coupled optomechanical system interact with a
common reservoir besides with their respective reservoirs,
we use the standard master equation approach to describe
the dynamics for the membrane and the cavity variables. By
tracing over the reservoir freedoms under the Born-Markov
approximation, the master equation of the reduced density for
the double quadratically coupled optomechanical cavities is
given by

dp

i
prie —ﬁ[H,P] + Z Ki(2ai,061,-T — a,-Tai,O — ,Oajai)

i=1,2
D>

i, j=123#))

Ki_j(aipaj‘ + a,/‘:‘)a;r - ,oaj»ai N ajaj,o)

where the normalized displacement and momentum operators
of the mechanical oscillator are given by g, = «/mw,, /hq and
Pm = /' 1/hmw,, p with the commutation relation [g,,, pn] =
i,and [...] and {...} denote commutator and anticommutator,
respectively. The terms with «; and «, in Eq. (2) describe
the individual dissipation of the cavities. And the terms with
k12 and k1, which are named as cross decays in the later
discussions, represent a communication channel between the
cavities mediated by the common reservoir, through which
the cavity field loses excitation to the other cavity. This cross
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decay channel can be realized by placing the cavities as close
as possible to each other, or by making the distance between
the cavities smaller than the mode’s wavelength [44]. The last
term describes the excitation loss of the mechanical oscillator
to its reservoir.

By using the expectation value expression (X) = Tr(pX)
and the factorization assumption (AB) = (A)(B), the dynam-
ics of the system can be described by the time evolution of the
expectation values for the variables, which are given by

d .
i;ltl) = —i(A1 + g1(g* ) a1) + (Ey + Epe™)
—Kki{a1) — ki2{az), (3a)
d
il“f) = —i(A — 22(g* @) +Ea — ka(ar)—knalar),
(3b)
dig>) 1
T n—l(qp+pq>, (3c)
APt ap) _ 2 o i (47) — 4Gy (al) (@)
dt m
— e(@) (@) @®) — vm(pg +qp),  (3d)
d{(p? ,
<dpt ) _ —[ma?, + 2h(gi (al)(ar) — g2tab)(@))]
haom,
% (Pq+aP)=27m(P)+2ym(1 + 2m)7 2‘“ .
(3e)

In Eq. (3e), the last term results from the coupling of the

membrane to the thermal environment, and n = (ef% — !
is the mean thermal photon occupation number of energy hw,,
at environment temperature 7, in which xp is Boltzmann’s
constant and y,, the damping rate of the membrane. The terms
describing the input vacuum noise for the subcavities and the
Langevin force for the membrane disappear due to their zero
mean values.

Here, the coupling fields are much stronger than the probe
field, and we can use the linearization approach of quantum
optics to get an analytical understanding. The variables of the
membrane and the cavities are divided into the steady parts
and the fluctuation ones:

a; = a;,1 + day,
a; = as + 8ay,
qp + pq = (qp + pq)s +8(gp + pq) = A; + 84, (4
P> =(p")s +8(p*) = P, + 5P,
9> = (g7 +8(g") = 0, + 40,

where we redefine the variables as gp + pg = A, p> = P,and
g? = Q. Substituting Eq. (4) into Egs. (3a)—(3¢) and setting
all the time derivations to be zero, the steady-state solutions,
which are mainly determined by the strong coupling fields, are
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obtained as
Ei\(ka +iAY) — ki Ey

ot = (k1 + i Ak + i AL) — Kk1ak21
a4y = Ex(ki +iA)) — k2 E) ’

’ (k1 + i AD(r + i A)) — K12k
A, =0, )
P, = mhw,, <n + l)

) 2

Py

0, =

9
m?wy, +2mh(gia; a5 — g2a; ,a.2)

where Al = A + g0, and A, = Ay — g, Q; are the effec-
tive cavity detunings, in which the radiation pressure effects
induced by the coupling fields produce opposite contributions
to the corresponding detunings. It is shown from Eq. (5)
that the steady kinetic energy % of the membrane is mainly
contributed from thermal photons of the environment, and the
potential energy mw? Q;/2 is dependent on the two coupling
powers besides on the thermal photons. The dependence of the
physics processes on the thermal photons and the temperature
of the environment comes from the two-phonon process shown
in Eq. (1). It is noted that the mean value of the displacement
for the quadratically coupled membranes is zero; this is
different from the case of the linear optomechanical coupling
where the mean value of the displacement is not zero and
determines the steady intracavity field [13]. Physically, in the
case of the linear coupling the radiation pressure gives a force
upon the mechanical resonator and displaces the oscillator
to a new equilibrium position. However, the steady-state
intracavity field a, ; (k = 1,2) in Eq. (5) is independent of the
quadratic coupling constant g; x; thus the quadratic coupling
from the radiation pressure will not affect the displacement
of the membrane through intercavity fields but change the
resonant frequency of the mechanical resonator, and the
thermal photons of the environment on average have no effects
on the motion of the mechanical resonator.

Correspondingly, the time evolution for the expectation
values of the fluctuations is given by

d{éa) . .
p T —(k1 +iAD{Sar) —ias181(00)
+ Epe " —Tc(dar), (6)
d{s
<d‘;2> = —(k2 +iA))(8ar) +ias»82(80)
—Ic{dar), @)
Q) 1
o = (8A), (®)
dsA) 2 ,
= —(0P) — 2mw,, (6 Q)
dt m

—4h{(g1a’ a — g2 5a52)(5Q)
+ O,lg1(at (Bar) + ay 1 (3a)))

— g2(a? ,(8az) + a; 2 (al)])
— Ym(8A), )
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d{§P)
dt

= —[ma}, +2h(g1a} 10,1 — 820} ,,2)](8A)
- 2Vm <8P), (10)

where the cross-decay rates are assumed to be equal to each
other, i.e., k12 = k31 = ['¢. Inorder to display the probe optical
properties, we make these Ansdtze as follows:

8Q) = Que ™ + 0_e",

(8A) = Ay e ™ + A_e,

(8P) = Pre ™ 4 p_¢'dt, (11)
(dar) = are™™ +a_e,

(8ar) = arye ™ + ay_e.

Substituting these Ansdtze into Egs. (6)—(10), we obtain the
following expression:

as181(8 — A)) +i(asi g1k + apgl'e)

aj; = 0
1+ Q, +
i E, (8§ — AL)) — ko E
4 B0 By — ik, (12)
Q
where
Q2,0
Q.= 222 : (13)
Q1 Dy — Q20D — Q2,0 Ds
with
Q= [(6 — ADG — AD — k1K + Fé]
+i[(8 — Adk + (8 — Akl (14)
Q= [(64+ ADG + AD — k1K + f%]
+i[(8 + Adky + (8 + Ak, (15)
Q3 =8+ 2iy,, (16)

@) = 4mhQ,[ake3(8 + A)) +af 878 + A))]
+4lthv (aszzggKl + aszlglzKZ + 2a.vlas2g1g2FC)v
17
Oy = 4mhQEp(aj,g1k2 + a;,8:T¢)
—4imhQEpal,81(8 — A)), (18)
@3 = —4mhQ,[asalgi (8 — A)) + anal, g8 — A))]
—4imhQqlasi gi(a) 8162 + aj,g:2I'¢c)
+apngra;; g1l c + aj,gk1)], (19)
Dy = 8mhd(as1af,81 — as2alsg3) +m*S (4w, — §%)
+2mynd + i[8mhyw(agal g — asalyg2)
+m?y, (4(0,2” — 82) — 2m2ym82]. (20)

Further, the output field can be derived by using the input-
output relation

—ié i§
Eout(t) = Eout0 + Eout+€ o + Eout—el t~ (21)
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The probe response to the system can be described by the
component of the output field go, = 2k1a14./E, [13,14,48],
which oscillates at the probe frequency w,. And the probe
absorption properties of the system are given by the real part
of the output field e = Re[eou+].

III. OMIT AS WELL AS ITS VARIATIONS
WITH COUPLING FIELDS

In this section, we shall focus on the dependence of the
OMIT in the double quadratically coupled optomechanical
cavities on the two coupling fields as well as their intensity
difference. The influence of the cross decay on the OMIT
will be discussed in the next section. In order to numer-
ically analyze the transparency of the probe field in the
quadratically coupled double-cavity optomechanical system,
we use the parameters in Ref. [48]: w. = wenp = 1.77 X
102 Hz, «; = kp = 27 x 10* Hz, Vm =2 x 10Hz, w, =
27 x 10° Hz, m =1 x 10?2 kg, and L; =6.7 x 1072 m.
Here, the wavelengths of the left and right coupling fields
are givenby A; = 532 x 107 m[48]and A, = 514 x 10~ m
[41], respectively. Without loss of generality, the two quadratic
coupling coefficients are assumed to be equal, g; = g2, by
setting the subcavity lengths and the wavelengths of the two
coupling fields to follow the relation A%Ll = k%Lz. At the
same time, to display the effects of the the intensity difference
between the coupling fields on OMIT we set the ratio of the
right coupling intensity to the left one as n = |E,|?/|E,|> =
P>\, / PiA;. The following discussions are developed under
the two-phonon resonance, ie., A} = A, =2w,,, and the
detuning between the left coupling and probe fields is redefined
by o0 = (6 —2w,)/w, to display the probe transparency
properties around the two-phonon resonance.

First, we investigate the effects of the left coupling field
|E1|? on the probe absorption properties in the system. In
Fig. 2, the right coupling field is fixed at P, = 20.70 u'W, and
the left coupling field is given by P, =4 uW, 20 uW, and
36 uW, which are shown by the solid, dashed, and dotted
curves, respectively. We find that there appears a narrow
transparency dip located at o0 = —0.01w,,, 0, and 0.01w,, for
P, =4 uW, 20 uW, and 36 uW, and the transparency dip
becomes deeper and wider with increase of the left coupling
intensity. Also, it is shown that the transparency positions
for P, =4 uW and 36 uW are located symmetrically about
the resonant point due to their identical intensity differences
between the left and right coupling fields with opposite signs,
and the transparency position for P; =20 uW lies at the
resonant point because of the identical intensities for the
two coupling fields, i.e., | E|> = | E3|*. The extremely narrow
nature with the transparency dip is due to y,, < ; (i = 1,2).
Additionally, it is shown that when increasing the intensity of
the left coupling field, the transparency dip will be shifted to
high frequency. This is because the quadratic optomechanical
interaction induced by the left coupling field provides a
positive contribution to the membrane frequency.

Now we consider the influences of the right coupling
field on the probe transparency spectrum by setting the
right coupling field with different values. It is shown in
Fig. 3 with the left coupling field fixed at P, =20 uW
that the transparency dip is located at o = —0.0lw,,, O,
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FIG. 2. The probe absorption g versus the normalized detuning
o/w, with the right coupling field fixed at P, =20.70 uW, and
the power of the left coupling field is given by different val-
ues: P, =4 uW (blue, solid curve); P, =20 uW (green, dashed
curve); P = 36 uW (red, dotted curve). The other values of the
parameters are given by w., = w., = 1.77 X 102 Hz, k) =k, =
2w x 10* Hz, kjp = k21 =0, ¥, = 2 x 10 Hz, w,, = 27 x 10° Hz,
m=1x10""2kg, Ly =67 x1072m, A; =532 x 10" m, A, =
514 x 107° m, R = 0.95, and T = 90 K. To meet the situation of the
identical quadratic coupling coefficients, i.e., g1 = g, the subcavity
lengths and the wavelengths of the two coupling fields obey the
relation AL, = A3L,.

and 0.0lw,, for P; = 37.26 uW, 20.07 uW, and 4.14 uW,
and the transparency dip becomes shallower with stronger
right coupling field. Additionally, the transparency position
is shifted to lower frequency with increase of the right
coupling field. The situation is contrary to the case for the
left coupling field shown in Fig. 2. This can be understood
by the quadratical couplings between the subcavity fields and
the membrane in Eq. (1): the left coupling field induces a

2.0

1.5
N
1.0
0.5}
004 -002 000 002 004
/W

FIG. 3. The probe absorption e versus the normalized detuning
o/w, with P; = 20 uW and with different right coupling intensities:
P, = 4.14 uW (blue, solid curve); P, = 20.70 uW (green, dashed
curve); P, = 37.26 uW (red, dotted curve). The other values of the
parameters are the same as in Fig. 2.
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FIG. 4. The probe absorption g versus the normalized detuning
o /w, with different powers of the left and the right coupling field:
P, =18 uW, P, = 1.86 uW (blue, solid curve); P, = 36 uW, P, =
20.5 W (green, dashed curve); P, = 52 uW, P, = 37.05 uW (red,
dotted curve). The intensity differences between the two coupling
fields in these three settings are identical, i.e., Al = |E,|> — |E||* ~
8.62 x 107'2¢ with & = «/mch. Other values of the parameters are
the same as in Fig. 2.

positive quadratical coupling and then increases the effective
frequency of the left subcavity, while the right coupling field
results in a negative one and decreases the right subcavity’s
effective frequency. Correspondingly, this will shift the probe
transparency frequency, which is resonant with the cavity’s
frequency.

In the above discussions, we consider the effects of one
coupling field on the probe absorption properties by fixing the
other coupling field. Now we shall investigate the behaviors
of the system in the case in which the two coupling fields
are both varying while their intensity difference is kept
unchanged. In Fig. 4, we increase the powers of the two
coupling fields while fixing their intensity differences at
Al = |E>|> — |E|? ~ 8.62 x 10712¢ with £ = k/mch. Tt is
shown that the transparency window becomes shallower and
wider with increase of the coupling fields, and the transparency
positions in these cases are located exactly at o = 0.01lw,,.
This further proves that the transparency position is determined
by the intensity difference between the two coupling fields.
From the expression of the output field in Eq. (12), we get the
analytical findings for the transparency position:

oy Jwm = 20(g1a} a5, — g0 ,a52)/ Mo, (22)

We can see that the left coupling field provides a positive
value to the normalized detuning through the left intracavity
field while the right coupling field leads to the negative
value through the right intracavity field. This explains why
the transparency window shifts to the high frequency with
increase of the left coupling field, while the right coupling
field leads to the opposite shift. Thus the scheme in the
present paper can solve the problem of the transparency
frequency shift in general single-mode quadratically coupled
optomechanical system. Now we can investigate how the probe
maximal transparency varies with the coupling fields in terms
of the the analytical findings. We plot the probe absorptions
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FIG. 5. The probe absorption ex at the transparent position
01 /Wy = Zh(glafvlas,l — 205 ,052)/ mwf,1 versus the power differ-

ence: (a) Apl =P1 —Pz, PZZZOMW, (b) Ap2=P2—P1, P] =
20 uW. Other values of the parameters are the same as in Fig. 2.

at the transparency position o, versus the power difference
between the left and the right coupling fields in Fig. 5(a)
for Apy = P — P, with P, =20 uW, and in Fig. 5(b) for
Apy = P, — Py with P, =20 uW. It is shown from Fig. 5(a)
that when the left coupling field is stronger than the right one
the maximal transparency in the probe absorption spectrum
becomes enhanced. However, the maximal transparency is
suppressed for the case where the right coupling field is
stronger than the left one, which is shown by Fig. 5(b).

IV. ENHANCED OMIT BY THE CROSS DECAY INDUCED
BY A COMMON RESERVOIR

In the previous section, we consider the variation of
the OMIT with two coupling fields in the case where two
subcavities of the system are only interacting with their
respective reservoirs. Now, we shall investigate the OMIT in
the present system in which two subcavities are coupling with
a common reservoir, and explore the effects of the cross decay
induced by the common reservoir on the OMIT. Without loss
of generality, it is assumed that the decay rates for the two
cavities are identical, i.e., k| = Kk, the two cavities are in
the resonant condition, i.e., w,; = w2, and the cross decays
k12 and Ky can be set to be identical and can be expressed
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FIG. 6. The same settings are used as in Fig. 2, but for n = 0.9
with the definition of FC = K12 = K21 = N /KiK.

by k12 = k21 = n4/k1k2, with 1 € [0,1] being the coupling
efficiency between the cavities through the common reservoir
[50]. It was shown that the cross decay can be adjusted through
the engineered reservoirs [43].

First, we consider the variation of the OMIT with the
left coupling field in the presence of the cross decay. It is
shown from Fig. 6 with n = 0.9 that the three transparency
positions for Py =4 uW, 20 uW, and 36 uW are still located
at 0 = —0.0lw,,, 0, and 0.01w,,, which is the same as those
in Fig. 2. By comparing Fig. 6 with Fig. 2, we can see that
the transparency window becomes intensely deeper and wider
in the presence of the cross decay. The strong left coupling
field leads to a remarkable blueshift of the right absorption
peak in the OMIT window, while the left absorption peak has
hardly changed. It is the blueshift that makes the transparency
window wider. The increase of the maximal transparency
with the left coupling field can be seen in Fig. 6, but with
a slighter strength than Fig. 2. Correspondingly, the variation
of the OMIT with the right coupling filed in the presence of
the cross decay is shown in Fig. 7. It is also shown that the
transparency window becomes deeper and wider than those in

0.04

004 —002 000 002

O [wy,

FIG. 7. The same settings are used as in Fig. 3, but for n = 0.9
with the definition of I'c = k1, = k31 = n./K1k3.
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FIG. 8. The probe absorption g versus the normalized detuning
o/w, with P, =20 uW and n = 1 (|E,|*> = |E,|?) for the different
cross decays (k1> = kp1 = n/k1k2): n = 0 (blue, solid curve); n =
0.6 (green, dashed curve); n = 0.9 (red, dotted curve). Other values
of the parameters are the same as in Fig. 2.

the absence of the cross decay shown in Fig. 3. At this time,
the wider transparency window comes from the redshift of the
left absorption peak, which is induced by the right coupling
field. The blueshifts or redshifts of the absorption peaks in the
OMIT window can be used to distinguish between the left and
right coupling fields.

Second, we shall investigate the effects of the cross decay
on the OMIT when the two coupling fields are kept unchanged
with identical intensity. This situation is shown by Fig. 8 with
different cross decays by setting the coupling efficiency as
n = 0,0.6,0.9, which correspond to solid, dashed, and dotted
curves. It is shown that the maximal transparency for n = 0.6,
shown by the dashed curve, becomes larger than the solid curve
in the absence of the cross decay. If the cross decay increases
up to n = 0.9, the transparency window gets wider and its
transparency window becomes ten times deeper than the solid
curve.

Although the OMIT in the present system is improved by
the left coupling field, the transparency position will move
with its varying intensity. How do we make the probe field
transparent to be fixed at a certain frequency w,? From the
above discussions, we can see that the transparency position
can be fixed by additionally using the right coupling field to
meet the relation 2h(g1ajf,]a5,1 — gza;‘las,z)/mwm = w,; i.e.,
the main function of the right coupling field is used to fix
transparency frequency for the probe field. However, the right
coupling field can suppress the transparency. In the present
system the suppressed transparency by the right coupling field
can be compensated by the cross decay induced by the common
reservoir. Now we consider the effects of the cross decays on
the minimum absorption at the transparency position @, when
increasing the right coupling field. It is shown from Fig. 9 that
the minimal absorption for = 0.5 shown by the dashed curve
is smaller than that shown by the solid curve with n = 0, and
the absorption for n = 1.0, the decoherence-free situation in
cavity quantum electrodynamics [44], is remarkably smaller
than dashed curve. Thus the transparency is remarkably
improved by the cross decay. Additionally, the slope of the

043804-7



C. BAL B. P. HOU, D. G. LAI, AND D. WU

1.4} ]
1.2} :
1.0} —

&

08 _—— ]
0.6f _.--° ]
0.4}
0 10 20 30 40 50 60

Ap,(uW)

FIG. 9. The probe absorption ez at the transparent position
01 /Wy = 2h(g1a:1as,1 — gzalf‘zas,z)/mwfn versus the coupling power
difference A,y = P, — P; with P; = 20 uW, and the cross decay is
given by different values (k2 = k2 = n4/K1k2): 7 = 0 (blue, solid
curve); n = 0.5(green, dashed curve); n =1 (red, dotted curve).
Other values of the parameters are the same as in Fig. 2.

minimum absorption curve varying with the enhanced right
coupling field becomes gentler when the cross decay is
increased. This implies that the cross decay can ameliorate the
suppressed transparency induced by the right coupling field. It
is well known that OMIT in the optomechanical system comes
from the destructive interference between the probe field and
the anti-Stokes field induced by the radiation pressure, and the
transparency is mainly limited by the individual dissipations
or the decoherences from the environments surrounding the
membrane and the cavities. On the other hand, the cross
decay provides a communication channel between the cavities
mediated by the common reservoir, and scatters one optical
mode to the other without losing their coherence. The cross
decay can supply the coherence destroyed by the individual
dissipation or decoherence, which explains why the cross
decay can improve the OMIT.

Finally, we shall display the effects of the temperature
of the environment on the OMIT. We consider the variation
of the probe OMIT at the two-phonon resonance o/w,, =
0 (or § =2w,,) with the temperature, which is shown by
Fig. 10. It is shown that the transparency is markedly improved
by increasing the temperature of the environment below
T =40 K, beyond which the probe field is saturated. From
Eq. (5), it is shown that the thermal photons of the environment
are transferred to the kinetic energy of the membrane in
the quadratically coupled optomechanical system. The kinetic
energy enhances the oscillation of the membrane induced by
the simultaneous applications of the driving fields, and can
alleviate the destruction from the damping process on the
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FIG. 10. The probe absorption e versus the temperature of the
environment 7 with P, =20 uW and n = 1 (| E»|*> = | E,|?). Other
values of the parameters are the same as in Fig. 2.

OMIT. This can explain why the temperature can improve
the OMIT. Recently, it has been shown that the environment
temperature together with the coupling field power jointly
drive the realization of slow light [49].

V. CONCLUSION

In conclusion, we have considered the OMIT in the double
quadratically coupled optomechanical cavities, in which the
two cavities are driven by the coupling fields. It is found
that the probe transparency is improved and the transparency
position (the probe frequency of the maximal transparency)
is shifted to high frequency with increase of the left coupling
field, while the coupling field applied on the coupled cavity
can attenuate probe transparency and lead to a low-frequency
shift. In fact, the transparency position is exactly determined
by the intensity difference between the two coupling fields.
Additionally, we have considered the OMIT in the case where
the two cavities are coupled to a common reservoir. Unlike the
usual dissipation into the subsystem’s own reservoir, the cross
decay induced by the common reservoir can improve the OMIT
in the quadratically optomechanical system even if the right
coupling field is stronger than the left one. Finally, the effects
of the temperature of the environment on the OMIT have
been investigated. This will help in cooling of the membrane,
squeezing and entangling the output fields.
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