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Effects of a three-level laser on mechanical squeezing in a doubly resonant
optomechanical cavity coupled to biased noise fluctuations
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We address the behavior of squeezing in two movable mirrors coupled to a pumped correlated emission laser

inside a doubly resonant optomechanical driven cavity in the presence of biased noise fluctuations. Aiming at
generating controllable and robust mechanical squeezing that can be utilized in making the quantum features
of radiation in the cavity accessible for application, we explore mechanical squeezing that can be induced as a
result of the transfer of coherent superposition. We found that a coupled mechanical oscillator mode exhibits

squeezing in the good cavity limit and adiabatic regime. It is also shown that the degree of mechanical squeezing
is robust for large amplitudes of atomic pumping until maximum squeezing is achieved but weakens afterwards.
The squeezing turns out to be powerful mainly for strong atom-field coupling, large atomic injection rates,
and intense biased noise fluctuations. In light of the observed possibility of controlling the realizable degree of

squeezing, we hope and expect that the considered system could be employed in applications such as quantum

metrology.

DOI: 10.1103/PhysRevA.105.053502

I. INTRODUCTION

There has been considerable interest in the study of the
nonclassical behaviors of massive mechanical oscillators in
cavity optomechanics (COM) where the radiation pressure
force that emanates from the light carrying momentum cou-
ples the electromagnetic field and the mechanical oscillator
[1-3]. In this respect, many projects of COM have been
formulated and experimentally demonstrated [1,2,4-6] as in
cooling the mechanical resonators to near their quantum
ground states and entangling the mechanical modes [7-11].
Quantum fluctuations using optomechanical methods have
also been employed in generating the squeezed states of the
optical and mechanical modes [12-15]. It is a well-established
fact that mechanical squeezing, which is one of the key macro-
scopic quantum effects, can be used for many applications
such as improved precision of quantum metrology [16], mea-
surement of weak classical force [2], biological measurements
[17], and quantum-to-classical transitions [18,19].

Several schemes have been proposed to generate mechan-
ical squeezing in resonators based on parametric processes,
feedback, measurements, and quantum-reservoir engineering
[16,20-29]. In an optomechanical cavity where a movable
mirror in its steady state can be regarded as a low-noise Kerr
nonlinear medium [28], experimental realizations of squeez-
ing in optical fields [13,16] and mechanical modes [29] have
been witnessed. Hybrid optomechanical systems that include
atoms have also been proposed to induce mechanical squeez-
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ing. For instance, many works have used two-level atom(s)
to induce squeezing of the mechanical resonator [30,31]. It
is also found to be interesting to include a correlated emis-
sion laser (CEL), which has been studied extensively and
the emitted radiation is found to exhibit strong squeezing
[32-34]. In light of this, even though two-photon coherence
in a three-level laser is shown to induce entanglement be-
tween the optical mode and movable mirror, and between
two movable mirrors of a doubly resonant cavity [35,36],
in the present paper, we seek to address its effects on the
degree of mechanical squeezing. In the same spirit, impinging
biased noise fluctuations, which can be introduced externally
as discussed in Ref. [37] in the form of a squeezed reservoir or
an optical feedback loop [38—41], on the walls of the cavity is
expected to lead to correlated vibrations that have a potential
to enhance atomic coherence due to the phase sensitivity of
the cascade transitions.

Since a scheme that generates robust and controllable me-
chanical squeezing is highly sought for, we intend to explore
the extent to which the manipulation of the characteristics of
CEL and biased noise fluctuations helps in controlling the
degree of squeezing of coupled mechanical oscillators. It is
also of significant interest to make the quantum properties
of the radiation in the cavity accessible to the experimenter,
which can be achieved by coherently coupling the radiation
in the cavity with mechanical oscillators via optical radiation
pressure. With this in mind, we propose a mechanism by
which the generated mechanical squeezing can be altered via
the coherence of the two-mode radiation produced by CEL
and shared with the two movable mirrors. Particularly, the
three-level atoms in the cascade configuration that initially

©2022 American Physical Society
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FIG. 1. Schematic representation of a pumped two-mode corre-
lated emission laser coupled to two movable mirrors (M; and M,),
where the doubly resonant cavity is driven by two external lasers
of frequencies w;, and w;, via port mirror M3. The cavity radiation
fields with frequencies w; and w, are filtered by a beam splitter (BS).
The generated radiation modes are coupled to the separate movable
mirrors by radiation pressure.

occupy the lower-energy level and pumped with external light
are assumed to be injected into the cavity. The cavity is also
assumed to be driven by two monochromatic lasers of dif-
ferent wavelengths and coupled to biased noise fluctuations.
Notably, introducing biased noise fluctuations turns out to
be vital for witnessing strong mechanical squeezing at low
driving power since the noise in one of the quadratures of
the mechanical modes can be suppressed due to the vibrations
resulting from external bias.

To achieve the intended goal, we find it necessary to con-
struct the interaction Hamiltonian that describes the system.
Once the Hamiltonian is known, the corresponding master
equation is derived confining to a linear analysis and good
cavity limit. Afterwards, with the aid of the derived mas-
ter equation for two-mode fields and mechanical oscillators,
we obtain the quantum Langevin equations in the adiabatic
regime from which the covariance matrix is obtained to carry
out the accompanying analysis. In the process, we find that
the mechanical oscillation of the movable mirrors exhibits a
robust degree of squeezing that can be manipulated and con-
trolled by changing the parameters of the correlated emission
laser and the degree of bias of external noise.

II. DYNAMICAL EQUATIONS

A. Interaction Hamiltonian

The system under consideration comprises pumped cas-
cade three-level atoms injected into a doubly resonant
Fabry-Pérot type cavity, two perfectly reflecting movable mir-
rors M| and M, a port mirror M3, and a beam splitter (BS)
as shown in Fig. 1 [34,36]. Injected atoms, which are re-
moved after a time longer than the spontaneous emission time,

are presumed to interact nonresonantly with the two cavity
modes of frequencies w; and w,. To establish a coherent
superposition in the upper and lower atomic states, the atoms
are assumed to be driven by a strong coherent laser field of
amplitude x and frequency w,. The doubly resonant cavity on
the other hand is driven by two coherent lasers of frequencies
oy, and wy,. To include the influence of external noise on the
mechanical oscillation, we assume that the resonant cavity is
coupled to biased noise fluctuations [37].

In this setting, the movable mirrors are expected to un-
dergo mechanical oscillation with a nonclassical property
such as squeezing since the emerging coherent correlation can
be transferred to mechanical oscillations. The corresponding
quantum harmonic oscillators could thus be modeled with
their respective thermal baths at equilibrium with tempera-
tures 77 and 7> having the annihilation (creation) operator of
each vibrational mode b j (13;) satisfying the relation [13 s Bj.] =
1 with j=1,2.

For such a system, the Hamiltonian of the system in the
interaction picture can be obtained under the rotating-wave
approximation, dipole approximation, and applying the fact
that 6,4, + 6pp + ‘ATFC = 1. In this regard, we use the transfor-
mation e { e~ with

Hy = 7(Q + 2)84a + 1064, + B 4]0, + h0dba,,
(D
Hy =Ti(&) + £2)8aq + hE261 + RS0y + RS wrday
+ ilig1(Bapls — &} 6pa) + ilig2(Bpelty — &y6ep)
2
+ ih%(e‘iwl”c}aL. —He)+ih Y (gaje s —He.)
k=1
2
+ 1Y [onbibi + Goajan(b] + b)) )
k=1
In addition, the total interaction Hamiltonian in the atom-field

and field-mirror interactions can be expressed as H = H, 1(“" )+
AY™ with [5,34,36]

ya A « G X A A
HI ! = h(gl + gZ)Uaa + hEZUbb + lh?(aac - Uca)

+ ihg) (Bapts — &l 6pa) + ihig2(Gpelty — &l60),  (3)

2
yfm AtaA s AT iSwjt kA —ibwjt
Hj _hg [Swjaja‘,+z(ejaje 7 —€jaje 7]
j=1

+ 1Y [, bib; + Go,ala; (b + b)), )

where the atomic operators 6y = |k) (k| for (k = a, b, ¢) are
denoted by 6, = |a) (b, 65 = |b){(c|, and &, = |a){c| with
the frequency of the kth atomic states being wy. In addi-
tion, g; (g») is the coupling strength between the transitions
|a) — |b) (|b) — |c)) and the annihilation (creation) operator
aj (a;) stands for the jth cavity mode. The optomechanical
coupling strength between the mechanical and cavity fields is
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Gy, = 2 |1
0; L; mjwp;

and the amplitudes of the lasers that drive

the doubly resonant cavity are |¢;| = \/ with Om;» Lj,
mj, kj, Pj, and o, being the mechamcal frequenmes the
length of the cav1tles the masses of movable mirrors, the
damping rates of the cavities, the power of lasers driving
the cavity, and the frequencies of the pump lasers, respec-
tively. In the same way, the mechanical quality factors are
defined as Q; = wy;/ym;, With j =1,2. It is also denoted
that & = wup — Q1, & = wpe — 2 With wy, = w, — wp and
wpe = wp — w, being the frequencies for the |a) — |b) and
|b) — |c) transitions. Notably, 2; = w; — dw; indicates the
shifted cavity frequency and dw; = Gy, (131'- +b ;) shows the
frequency shift due to radiation pressure while §; = Q; — w,
and the two-photon resonance is w, = 1 + 2.

B. Master equation

To derive the master equation corresponding to the two-
mode laser in the cavity, we mainly opt to apply the approach
introduced to study CEL [34,36]. Here, we consider the case
when all the atoms are initially made to occupy the lower-
energy level [42]. On the other hand, quantum state transfer
from the two-mode cavity field to the mechanical modes
can be achieved in the adiabatic regime under the condi-
tion that epitomizes mirrors with a high Q factor in which
the mechanical baths are considered as Markovian [43] in
the regime of weak effective optomechanical coupling, that
is, the cavity decay rates are very much larger than the me-
chanical decay rates «; >> v, [36,44]. The Markovian master
equation for an open quantum harmonic mechanical oscillator
in the microscale can be derived from effective environmental
models of bosonic oscillators at low temperatures [45—49]. In
this respect, by weakening the demand on the the equilibrium
state as a well-defined positive Markovian and translation-
ally invariant, the dynamics describing damping can be
achieved [50].

Following these works, we obtain the master equation for
the cavity modes coupled to a biased noise fluctuation as in
Ref. [36] (the proof can be found in Appendix A), while the
two oscillating mirrors are being coupled to their respective
thermal environments, as

d, . . A ata n
Ep(t) =y (paydl — ajpar) +of (@ajp —a

+ 0 (22pl) — 8300) + 03, (22p2} — psn)

At At

+ Ollz(f)flﬁ —a,pay) + ajy(@arp — axpay)

+ 0121y — 4321P) + 03, (2Pl — piaz)
1 2
+ 5 DKW + DQa;pa; — aja;p — paja;)
j=1

+N(Q2alpa; — &‘,&jﬁ; — pajal)]

+ VkikoM[2a] pal + 24 pal — alalp
A afAaataf  Aaiaf
— 8,4, — pa,ay — paya]

2
_Z mj[(nj 1)(2bj:0b]L E Eji)_ﬁéjz;])

2
+ n_,-(zbj pb; —b;bp — pb;b))]. (5)
The coefficients «;; are given by
ol (e — gy 1ot — X e ©®)
1] = e — 1 — = =,
11 F Vb 2 2 2 D,
glgzra[ X Tw]
= . —ae 7
o1 i (Vbe — 52) + 2D, (7
83'a Te xT,.
== | Vab — 1§1) 7~ — X ae ) 8
=T (Vab 151) 2 2D, )
- s Tae _ &&] 9
o T (Vab — 151) D, 2D, )

where F = £ + (yu + i&))(yse — i&2) and y;; (i # j) belong
to the dephasing rate. The expressions for 7;; and D; are
provided in Appendix A.

Note that «; and y,,, account for damping of the cavity
modes coupled to biased noise fluctuations and the damping
rates of the mechanical oscillators coupled to thermal baths at
temperatures 77 and 7, and the corresponding thermal phonon
numbers n; and ny [S1]. In the same spirit, the mean photon
number and the correlation between the two-mode biased
noise fluctuations are accounted for by N and |M|, where
IM|> = N(N + 1).

III. LINEARIZED SOLUTION
A. Linearization of quantum Langevin equations

To analyze the mechanical squeezing, it appears more suit-
able to apply the quantum Langevin approach in which the
master equation is applied to determine the quantum Langevin
equation for the atom-cavity mode and optomechanical sys-
tem separately. This procedure is justified in the regime where
the atom-field coupling turns out to be much stronger than
the optomechanical coupling. With the aid of the master
equation (5), the field-mirror interaction Hamiltonian (4), and
making use of the general relation (Z) = Tr(pZ), the nonlin-
ear quantum Langevin equations are obtained as [52]

da;(t) k; . n ~
c;t = — <3j +aj; +16a)j>aj(t)—otjkaz(t)
— iGo,a;(b} + b)) + €;¢*" + Fj, (10)
db t m; . ~ . AT A P

The noise operator 15] is due to the coupling of biased noise
fluctuation with the cavity modes, whereas fAj stands for the
noise operator corresponding to a thermal reservoir coupled
to a mechanical oscillator (see Appendix B for correlations
between noise operators).

The analysis of the quantum dynamics of the whole sys-
tem is not trivial since the nonlinear nature of the radiation
pressure makes it intractable to get the rigorous analytical
solutions of Eqs. (10) and (11). To overcome this difficulty,
we adopt the linearization approach as discussed in Ref. [51].
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In light of this, a reasonable optomechanical interaction can
be achieved when the cavity is intensely driven by strong
power lasers [28]. In addition, the optimal transfer of quantum
properties from the two cavity fields to the mechanical modes
can be achieved in an adiabatic regime [44].

The steady-state mean value of each bosonic operator is
thus taken to be larger when compared to the correspond-
ing quantum fluctuation: [(a;)| = |a, | > |6a;| and |(l3j)| =
1bj. | > |813j| for j =1,2. We thus consider the dynamics
of small fluctuations around the steady state of the system
by decomposing each operator into two parts, the sum of its
average operator in the steady state and a small fluctuation
operator with zero mean value (§a;) = (SBj) =0as

a; = (a);, +8a;, bj=(b);, +8bj, (12)

where the mean operator values (a); and (b);_  are complex
numbers and can be evaluated by setting the time derivatives
to zero and factorizing the averages in Eqgs. (10) and (11).

In using a transformed frame defined by &@; = a;e™*/" and
Eq. (12), one may see that the equations for both fluctuations
and c-number steady-state values have a coupling between
the two cavity modes (terms proportional to o, and op)
that contain highly oscillating factor e=®1+%2)  One can still
obtain solutions for (@;) in the steady state that amount to
dropping the highly oscillating terms completely or choosing
a condition such that 6, = —§; and retaining the coupling
terms. In the regime of the rotating-wave approximation, one
can verify that

@) = gt (13)

a;) = % N s

T S pay; — A

. 2w, G, (@ha;)

(b} +bj) = ————L—, (14)
7o

where A; = o, — w; — Gy, (132 + b;) denote the cavity mode
detunings.

Afterwards, upon introducing the slowly varying fluctu-
ation operators 8a(r) = 8a(r) ™" and 8b(r) = 8b(t) e "'
into Egs. (10) and (11), the dynamics of the linearized quan-
tum Langevin equations for the fluctuation modes can be

written as [51]
d . ki . A4 B
E((de)Z— 3—1Aj 8aj—ozjk8ak+Fj

— iGo, (@) (85 4 5BV (15)

d sk Y o5 ; =T\ gon —i(8j—wm;
E(sbj) = _78%‘ — Gy, (aj)Saj e G omt
— iGO, (&j)(?&; ei(8j+(1)mj)f + \/V_m, ~j’ (16)

with « = «; + 20, fi=fiém', and F; = Fje ™" 1t
might not be difficult to verify that the operators 6a; and b j
satisfy the usual boson commutation relations.

Since no rotating-wave approximation has been made in
the fluctuation equations, the coupling terms (proportional to
a1z and «y) induced by the two-photon coherence are kept.
For optomechanical coupling, when §; = w,,,, the interaction
describes parametric amplification and can be used to realize
optomechanical squeezing [5], whereas when §; = —w,,,, the

interaction is relevant in inducing quantum state transfer and
cooling [5,36,44,53].

In this work, since we are interested in transferring the
squeezing of the cavity fields to the mechanical modes, we
take §; = —awy,,;. We also choose wy; ~ w; + Go, (5; +bj) so
that oj; and o, are real. Upon carrying out an adiabatic
approximation of Eq. (15), we obtain coupled Langevin equa-
tions for mechanical oscillators 85 i

= Al = ~+ A A ~
8by = — 7551 — G128b — 1| + x5+ Jym i, (17)

<~ A2 ~ ~T N AT ~
8by = — 751?2 — Gbby + diFy — doFy + [V, f2. (18)
where Ay = Y, — Apy, Ao = Y, — Ap, With Ay, = 4G]1?Tké’

Ap, = % in which K = «{«) — 41202 denotes the ef-
fective damping rates for the mechanical modes induced

. . 4 *
by the radiation pressures. In the same way, G|, = %

and Gy = % are effectively coupled between the two

mechanical modes induced by the laser system, whereas
2G1K7 4G10¢]2 G7a2] 2Grk] . .
2, dp = =2, and dy = = in which

= » €2 =
many- photon coupling is denoted by G; = iGo,(a;).

B. Steady-state covariance matrix

To analyze quantum correlations between the mechani-
cal modes we use quadrature operators defined as §H; =

f(Sb +68b; ;) and 8L; [(SbT — Sb ;). The corresponding
Hermitian input noise operators are SHJ‘-" = ﬁ(Fbj + Fb/.) and
SZ}" = \%(Fbt_ — F,,), where Fj, = —c1F + by + ST fi

and sz = d]F] — szZ’ + [V, J2-
Once the expressions for these fluctuation operators are
attained, we can write a matrix equation of the form

R(1) = AR() +v(0), (19)
where R(1) = (8H,, 8Ly, 8H,, 8L15), v(t) =
(8H™, 8L, SH, LT,

-4 0 —Gn 0

o -4 0 G

— 2
A=1 Gy 0 L 0 |
0 Gy 0 L4

which epitomizes the coupling between the fluctuations and
vector v(¢) that contains the noise operators of both cavity and
mirrors.

We then attempt to find a stable solution for Eq. (19) so that
it attains unique steady-state-independent initial conditions.
Since the quantum noises F and f] are taken to be zero-
mean Gaussian noises and the dynamics of (SH and SL is
linearized, the steady-state fluctuation becomes a zero-mean
Gaussian state that can be fully characterized by the covari-
ance matrix (CM) of the system. One may note that the system
can reach a stable steady-state condition when real parts of the
eigenvalues of the drift matrix .4 are all negative. The stability
condition can then be obtained by using the Routh-Hurwitz
criterion [54]. In connection to this, the steady-state CM can
be found by solving the Lyapunov equation [55]

AV +VT A=—-D, (20)
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where the elements
(Ri(00)R;(00)+R, (00)R;(00))
2

of CM are defined as V;; =

and the diffusion matrix (D) with
_ l‘/) — (i), (t")+v; (i)

its entries as D;;6(t . Using the
Routh-Hurwitz criterion, the eigenvalues of matrix A4 are
negative on condition that A; A, > 4G,Gyy, that is, the CM
at steady state satisfies Eq. (20), when

Bii 0 Bizs B
0 By By —Bps

D= , 21
Bi3s By B3 0 @n
314 _Bl3 0 B33
with
k12N +1) — 2« 2n; + 1
By = 1( ) 11 + 1
2 2
|:0612 — o) — 2 /KKK (M* +M)]
— C1Cp
2
2 1 2
§|:K2( N+ 1)+ 06221|’ 22)
2
2N +1)—-2 2 1
Bl3=C]dl[Kl( + 1) oe“} m,( At )
2 2
n (c1dy + cody) [ a1 — az1 — 2 /ki2(M* + M)
2 2
2N +1 2
—czd2|:K2( +2)+ Ol22j|’ 23)
B _l.(Czdl —ad) [aa —ap —2/kKiks(M* — M)
14 — 2 2 £
(24)
2N +1)—-2 2 1
B33=d12[lq( + 1 a“] mo(_nz—i- >
2 2
[alz — o) — 2 /KKK (M* +M)]
—did>
2
2N +1 2
+d§['(2( +2)+ “22]. 25)

IV. MECHANICAL SQUEEZING

The squeezing properties of two-mode mechanical quan-
tum fluctuations can be defined by

1

85C,. = 8by, + 8by.), 26
+ «/5( 1. 2,) (26)

1 .- B
§C_ = 75(61917 +8by ), 27)

where by, = (8by +8b}), 8by = i(8b] —8by), 8by, =
(8by + 8b%), and by = i(8b) — 8by). The operators 8C.y
and §C_ are Hermitian and satisfy the commutation relation
[6C4, 6C_] = 2i. It might be worth noting that a two-mode
Gaussian state is said to be in a squeezed state if the variances
of the quadrature fluctuation operators are A(SCy)> < 1
and A(SC_)> > 1 or A(SC_-)*> <1 and A(8C;)*> > 1 such
that A(SCL)A(SC-) > 1 [52]. With this background, the
quadrature variances of the operators 6C; and 8C_ can be

expressed as
A(8C2)* = (8CL) — (8Cx). (28)

With the aid of the predefined quantum fluctuation operators
8H;, 8L;, and Egs. (26)—(28), we see that the variances of the
quadrature fluctuation operators at steady state take the form

A(SCL)? = (8H\8H)) + (8H,8H,) + (SHy8H,) + (SHy8H>),
(29)

ASC_)? = (SLy8Ly) + (SLi8Ly) + (SLL8L1) + (SL,8L5).
(30

Applying the elements of the CM from the solution of the
Lyapunov equation for the expectation values in Egs. (29) and
(30), we obtain the variances of the plus and minus quadra-
tures of mechanical quantum fluctuation operators.

In general, it is perceived that squeezing becomes mini-
mum when the variance of the mechanical quadrature operator
is equal to one and maximum when it is zero, and anything in
between is considered as a degree of squeezing in the sense
that how much it is close to zero. Noting that the mechanical
oscillators in our system were not directly coupled initially,
the two-mode squeezed radiation emitted from cascade atoms
[32,33] is found to be transferred to the quantum harmonically
oscillating mirrors due to the emerging optical radiation pres-
sures, which leads to the enhanced squeezing of the modes of
mechanical oscillations. In particular, the effect of the ampli-
tude of the atomic pumping laser (), the atom-field coupling
strength, the rate of atomic injection, atomic decay rates,
and biased noise fluctuation on the mechanical squeezing is
investigated.

To demonstrate the steady-state squeezing behavior of two
mirrors in a doubly resonant cavity when all atoms injected
into cavity are initially at the lower-energy level [ (0)) = |c),
we choose the parameters of two mirrors and two cavity
radiations based on recent experiments for an optomechani-
cal system [56,57]: The atom-cavity coupling constants g; =
g2 = g = 5.0m MHz, mechanical damping constants y,, =
Ym, = 2 x 60 Hz, angular frequency of the mechanical os-
cillators w,,, = w,, = 6r MHz, masses of the mechanical
oscillator m; = m, = 5 ng, the initial length of the cavi-
ties Ly = 1.064 mm, L, = 0.810 mm, the powers of light
driving the cavity P, = P, = 5.5127 uW, and the thermal
bath temperatures to the mechanical oscillators 71 =T, =
5.80 mK. We also take other theoretical parameters, for in-
stance, the cavity damping constants x| = 1.97kHz, «, =
2.59kHz, angular frequency of the atomic levels w, =
63.271 GHz, wp, = 43.271 GHz, w. = 25.555 GHz, the rates
of injection r, = 0.35MHz, atomic emission rates (de-
phasing and spontaneous) Y, = ¥» = Ve = Vab = Voe = Vac =
y = 11.50 MHz, and the biased noise fluctuation photon num-
ber N = 1.

As one can see from Figs. 2-5, the quantum fluctuations of
the two coupled movable mirrors are squeezed at the steady
state for a wide range of x due to the transferred quantum
state from the cavity fields. It can also be seen that the degree
of squeezing in the coupled oscillating mirrors increases with
an increase in x to the extent where the degree of squeezing
becomes maximum. One can particularly notice in Fig. 2
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FIG. 2. Plots of the steady-state quadrature variance of the
two-mode mechanical oscillators A(8C,)* against f at the given
parameters for different atom-field coupling strengths g; = g, = g =
5.0t MHz (blue dotted curve), g = 4.0 MHz (brown dashed curve),
g = 3.0mr MHz (black solid curve), and g =0 (red dashed-dotted
curve).

that the degree of mechanical squeezing is enhanced with
increased atom-field coupling strength. It is also revealed (see
data in Table I) that there is a threshold coupling between the
atoms and the fields above which the mechanical squeezing
would not be manifested. On the other hand, the mechanical
squeezing can survive even at greater atom-field coupling
strength in the case where the power of the laser driving the
cavity is increased. Markedly, appropriate coupling between
the atoms and cavity needs to be used to witness a meaningful
degree of mechanical squeezing. One can also see from Fig. 3
that the degree of mechanical squeezing increases with the
rate at which the atoms are injected into the cavity. The out-
come that indicates the effect of the rate at which the atoms are
injected into the cavity in enhancing the degree of mechanical
squeezing of coupled mirrors may provide better control over
mechanical squeezing in relation to the number of atoms in
the cavity during interactions.

We also explore the effect of biased noise fluctuations on
the degree of mechanical squeezing. From this study, it is pos-
sible to observe that the presence of biased noise fluctuation
is crucial for the mechanical squeezing to exist under certain
conditions since its effect looks much better transferred to the
mechanical oscillators. With this understanding, one may see
from Fig. 4 that the degree of mechanical squeezing increases
with the strength of biased noise fluctuations. A very weak

TABLE I. Numerical value of the degree of mechanical squeez-
ing from Fig. 2 for different values of atom-field coupling strength.

Atom-field coupling Squeezing Occurs
strength (MHz) (below shot noise) at ( 5)
g=>5m 78.10% 4.13
g=4n 74.68% 4.13
g=3m 72.06% 4.13
g=0 68.75% [0.01, 10]
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FIG. 3. Plots of the steady-state quadrature variance of the
two-mode mechanical oscillators A(8C,)* against % at the given
parameters for different rates of atomic injection r, = 0.35MHz
(blue dashed curve), r, = 0.25 MHz (black solid curve), and r, =
0.15 MHz (red dashed-dotted curve).

degree of two-mode mechanical squeezing is found to exist
even in the absence of biased noise fluctuations (N = 0) when
the power of lasers driving the cavity is high (551 mW) and
the atom-field coupling strength gets weak (27 MHz). This
entails that the squeezing of mechanical oscillation can also
be controlled via external biased fluctuation input. To see the
situation more closely, we also studied the dependence of
the degree of mechanical squeezing on the atomic damping
rate. As shown in Fig. 5, the degree of mechanical squeezing
increases almost in the same manner for different atomic
damping rates up to the point where the degree of squeezing
becomes maximum. This result may reveal the effect of the
atomic decay rates in increasing the degree of squeezing of
coupled oscillating mirrors with regards to how rapidly the
atoms are removed from the lower-energy level.

055N, -
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FIG. 4. Plots of the steady-state quadrature variance of the
two-mode mechanical oscillators A(8C,)* against £ at the given
parameters for different biased noise photon numbers N = 1.00 (blue
dashed curve), N = 0.75 (black solid curve), and N = 0.50 (red
dashed-dotted curve).
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FIG. 5. Plots of the steady-state quadrature variance of the
two-mode mechanical oscillators A(8C,)? against % at the given
parameters for different atomic decay rates (assuming that the spon-
taneous and stimulated emission rates are the same) y = 11.50 MHz
(blue dotted curve), y = 13.00 MHz (black dashed curve), and y =
14.50 MHz (red solid curve).

V. CONCLUSION

We studied the degree of squeezing in mechanical oscilla-
tors coupled to two-mode CEL via optical radiation pressures
in a doubly resonant optomechanical cavity where the external
biased noise fluctuations are coupled to the two-mode radia-
tion. We analyzed the squeezing of the movable mirrors by
using the intermode correlation induced by the two-photon
coherence in CEL under the good cavity limit and an adiabatic
regime for some realistic parameters. Mechanical squeezing
persists in a wide range of amplitudes of the atomic pump-
ing laser. Particularly, an enhanced degree of mechanical
squeezing is realized for strong atom-field coupling, a large
atomic injection rate, and intense biased noise fluctuations.
Due to externally induced correlated vibrations, it turns out
that mechanical squeezing exists as long as there are biased
noise fluctuations. The degree of mechanical squeezing is also
found to increase almost equally for different atomic emission
rates until a maximum degree of squeezing is reached.

With the observed flexibility and diversity in controlling
the degree by which the squeezing in the cavity radiation
can be transferred to the modes of mechanical oscillators, we
hope that this scheme can be useful in making the quantum
properties in the cavity available for application. So if the
technique of transferring coherence superposition from CEL
to the oscillation of the mirrors could be properly established,
as we intend to do in forthcoming work, it could have a poten-
tial to overcome the hurdle of making the quantum properties
generated in the cavity mechanism accessible. We then come
to understanding that this work could lead to further scrutiny
in inducing other nonclassical correlations between mechan-
ical oscillators such as entanglement, quantum discord, and
steering. It could also serve in designing a scheme that can
mechanically mimic the underlying quantum features of the
radiation, which might be useful in enhancing the deeper
understanding of quantum phenomena.

APPENDIX A: DERIVATION OF THE MASTER EQUATION

To derive the master equation for two-mode fields, we
suppose that pag(t, t;) is the density operator for the cavity
modes at time 7, whereas the atom injected at a rate r, in an
earlier time #; and leaves the cavity after time 7, and hence
t — 1 <t; <t. The density operator for the atoms in the
cavity plus the two-mode cavity field at time 7 can be written
as par(t) =r, Zj Par(t, tj)At;, where r,At; represents the
number of atoms injected into cavity in a small time interval
At;. At the continuum limit, with the aid of the Leibnitz rule
along with the assumption that the atomic and cavity mode
states are uncorrelated at the time the atoms are injected into
the cavity and when they are removed, one can write

par(t) = rloa(0) = patt.t = Do) = (A} par(t)]

(A1)
Then, upon carrying out trace operations, we obtain
d . o s
E:O(t) = g1(a100a — Ppalts — a;pab + paba{)
+ 82(020ch — Pepls — Ay ppe + poelty),  (A2)

where the density operator elements p,,, = (m|pag|n) with
(m,n = a, b, c), and their complex conjugates for m # n that
appear in Eq. (A2) can be acquired by multiplying Eq. (A1)
from the left by (m| and the right by |n). In addition, assuming
that the atom decays to energy levels other than lasing levels
when it leaves the cavity, we have

. l ya A A
P =Tap D p(t) — =LA, 7 AR = VounPns  (A3)

where the last terms account for the spontaneous emission and
dephasing process. Making use of Egs. (3) and (A3), we can
then obtain

Ibab = - (yab + lEl )pab - gl(paaal - allohh)

~ X
+ gZpaca; + Epcbv (A4)
Pbe = —(Vpe + 62) ppe — &2(pppla — G2 0cc)
~F X
= 818} Pac = 7 Pha: (AS)

where y,;, and y;. are dephasing rates for the corresponding
transitions. One may note that other elements of the density
operator can be generated in the same way.

In the present work, we seek to consider the case when
all the atoms are initially made to occupy the lower-energy
level and then pumped by a laser of amplitude yx [32,33].
Afterwards, confining to a linear analysis, an adiabatic regime,
and a good cavity limit, one readily obtains

X

Paa = Z_(pca + pac)a Pob = 0,
Ya

ra X
Pec = —P — (pca + pac), (A6)

Ye 2y,

X

Pac = (;Occ - paa)»

2[Vae + i1 + 62)]

where y; is the jth atomic level spontaneous emission decay
rate and y,,. is the two-photon dephasing rate. Note that the
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good cavity limit is a condition where the cavity damping rate
is much smaller than the spontaneous emission and dephasing
rates of the two photons in atomic coherence. With this aid,
the cavity variables vary more slowly than the atomic ones
where the atomic variables reach the steady state earlier than
the cavity ones, so we can set the time derivatives of the
aforementioned conditioned density operators to zero, thus
being able to solve the system of equations analytically.

Upon using p,. in Eq. (A6) along with its complex conju-
gate, one can then write puq, Occ, and pqe as

Paa = %EMN Pec = %cha Pac = %ncv (A7)
where

1
Tee = =[2vaDi + x*Vac]l, D1 =vi + (&1 + &),

2
T =1X2V» T =L[V~—i($1+$2)](T —Ta)
aa 2 aco» ac 2D2 ac cc aa)»
a+ c
D, = x%@-% + yave[v2 + &+ &)

Now, applying the adiabatic approximation to Eqs. (A4)
and (AS), substituting the resulting complex conjugate as re-
quired, and using Eq. (A7) with its conjugates, one can verify
that

81 Pab = 11D + @12pd, (A8)

82Ppe = Ao + and) p. (A9)

In this context, upon substituting Egs. (A8) and (A9) along
with their complex conjugates into Eq. (A2), we obtain the
master equation for the cavity modes coupled to biased noise
fluctuations.

APPENDIX B: NOISE CORRELATIONS

For any operators A and B and their corresponding noise
operators F4 and Fg, it follows from Einstein’s relation that

d A A A A A A A A~
= E<AB> —((A=F)B) — (A(B - Fp)), (BI)

where (D;z) is the diffusion coefficient (with A and B =
aj, 131-) for j = 1,2 [51]. Using this relation, the equations for
second-order moments of the cavity mode operators a;, and

(Fi()Fg(t)) = 2(Dy3)8(t — 1), (B2)

the nonzero correlation properties of the cavity mode noise
operators are found to be

(F{OF (") =[N —2Re(@)I8¢ — 1), (B3)
(FLOF (1) = ki (N +1)8¢ —1), (B4)
(B OBW)) = kN 8t — 1), (B5)

(By()E (1)) = [ka(N + 1) 4+ 2 Re(e22)18(t — 1),  (B6)
(F(OE) = —JkiaMs@ —1), (B7)

(FIOF (1)) = (afy — o3y — JiiaM*)8(t — 1), (B8)
(BOAE)) = (@ —axn — JeikaM)s@ —1'),  (BI)

(EJE[ () = (a3, — afy — JkiaM*)8(t —1').  (B10)

In the same manner, the nonvanishing correlations between
the mechanical noise operators with the aid of Egs. (4) and
(5) can be written in the form

FIOF) = nis@ 1), (B11)

(i ffah)y =y + s — 1), (B12)

hiom ;

—
where n; " = e* — 1 is the mean thermal occupation num-
ber, kg is the Boltzmann constant, and 7; is the temperature of
the jth reservoir of the mechanical oscillator.
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