PHYSICAL REVIEW A 96, 063819 (2017)

Macroscopic quantum coherence and mechanical squeezing of a graphene sheet
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We theoretically investigate the macroscopic quantum coherence and the mechanical squeezing of a mechanical
oscillator in a hybrid optomechanical system consisting of a suspended graphene sheet and an ultracold
atomic ensemble trapped inside a Fabry-Pérot cavity. In the study the vacuum is used to mediate an effective
optomechanical coupling between the graphene oscillator and the cavity field driven by an external laser beam.
We find that in the presence of this coupling, the macroscopic quantum coherence and the mechanical squeezing
of the graphene sheet can be attained in a certain range of driving power. In particular, the quantum coherence
in the optomechanical system can be transferred from the optical field to the mechanical oscillator. We also
investigate in detail the spectrum and the squeezing of the output field and the attained results may be used to

study the mechanical squeezing of a graphene sheet.
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I. INTRODUCTION

It is well known that the internal degrees of freedom of an
atom can be coupled to a light field with a small atom-field
detuning, which implies that the propagation of a weak
light field in atom-field-coupled systems can be coherently
manipulated through another strong-coupling field. In general,
the atom in these systems is described by a three-level system
so that the quantum interference between different pathways
of excitation in the system induces a fascinating phenomenon
called the electromagnetically induced transparency [1-4],
which is important for the light control and storage as well
as the production of giant nonlinear effects [5,6]. Moreover,
the atom-light interaction inside an optical cavity has been
extended to the study of the linear optomechanical coupling
between a light field and a collection of atoms, i.e., the
Bose-Einstein condensate [7,8]. The coherent coupling of the
mechanical element with the light field in the optomechanical
system can be also used for modulating the propagation of
the light field [9,10], which is demonstrated by the adjustable
width of the transparency window.

In optomechanics, the main aim is to manipulate and
enhance the effective coupling between a light field and a
massive mechanical oscillator via radiation pressure. The
radiation pressure of the light field also influences the
interesting dynamics of macroscopic mechanical motions. In
this regard, various coupled systems, i.e., a Fabry-Pérot cavity
with a movable end mirror [11,12], a levitated nanosphere
optomechanical system [13—17], and an embedded membrane
optical cavity [18,19], have been proposed to promote the
effective optomechanical coupling. In these optomechanical
systems, the optical cavity is driven strongly by an external
laser beam which shines directly on the movable elements
so as to induce a considerable radiation pressure on these
mechanical oscillators. The optomechanical coupling has also
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been realized in other types of optomechanical systems, such
as a microresonator in a whispering-gallery cavity [20,21] and
a microwave transmission line resonator [22-24]. From the
application point of view, a strong optomechanical coupling
helps one explore the quantum-mechanical effect of the
macroscopic resonator, i.e., by optomechanical entanglement
[11,17,25-28], the optical cooling of the mechanical mode
[29,30], and the mechanical state preparation [31,32]. In
addition, a mechanical and an optomechanical coherence in
a macroscopic system are investigated in detail, which is
waiting to be probed [33]. The quantum coherence of a
mechanical oscillator requires less than one thermophonon
on each mechanical cycle to persist, which may be doable
in current experiments [34-38]. The squeezed mechanical
state is also an important characteristic of the optomechanical
system [39-43], which can be used to improve the precision of
quantum measurements at the expense of other components of
the quadrature uncertainty [44]. In particular, the detection
accuracy of the signal in the quantum resonator is only
limited by the ability to prepare the chosen quadrature in
a low uncertainty state, which is often used for quantum
measurements [45] and quantum information [46].

As opposed to the direct optomechanical interaction be-
tween a cavity field and a mechanical oscillator, an optome-
chanical coupling between a light field and a massive oscillator
can be generated by the internal state of an atomic ensemble
[47] or an electron spin accumulated in a carbon nanotube
[48], in which various quantum-mechanical properties of
mechanical motions can be discussed in detail. In this work,
by combining the mechanical system and cavity quantum
electrodynamics [49], we propose an optomechanical scheme
to realize an effective optomechanical coupling between a
graphene sheet and a cavity field, which is mediated by the
vacuum-induced interaction between the graphene sheet and
the internal states of an ultracold atomic ensemble. Further, we
focus on the study of the macroscopic quantum coherence and
the mechanical squeezing of the graphene sheet in the hybrid
optomechanical system and discuss in detail their dependence
on the distance between the atoms and the graphene sheet
and on the atom-field coupling strength. We show that the
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FIG. 1. Plot of the setup studied in the paper. An ensemble of N
two-level ultracold atoms is trapped inside an optical cavity, which
interacts with a driven cavity mode w. and a suspended graphene
sheet. Vibration of the graphene sheet changes the internal state of
the atoms due to the vacuum fluctuation. The cavity mode is driven
by a classical laser with frequency w, and amplitude 7.

quantum coherence and the mechanical squeezing of the
graphene sheet can be greatly enhanced via the vacuum effect
and the atom-field coupling. In particular, the behavior of
quantum coherence in the optomechanical system can be
transferred from the optical field to the mechanical oscillator.
We also investigate in detail the occurrence of the normal-mode
splitting in the spectrum of the output field and its squeezing.

The paper is organized as follows. In Sec. II, we give the
model and the Hamiltonian of system. In Sec. III, we derive
the quantum Langevin equation and linearize it to obtain
the dynamics of quantum fluctuations around the steady-
state expectation values. Further, we calculate the quadrature
fluctuations of the graphene sheet and the cavity field. In
Secs. IV and V, we discuss how the macroscopic quantum
coherence and mechanical squeezing of a graphene sheet can
be realized by changing the system parameters. In Sec. VI, we
discuss the spectrum of the output field and its squeezing. Our
conclusions are given in Sec. VIL.

II. MODEL

As depicted in Fig. 1, we consider an ensemble of N
two-level ultracold ®’Rb atoms in a high-Q optical cavity
with generic frequency ., which is driven through one of
the end mirrors by a classical laser with frequency w, and
amplitude 5. The bare transition frequency between the ground
state |g) = |F = 1) and the excited state |e) = |F’ = 2) of
the D, line of ’Rb is denoted as wy. We assume that the
atomic ensemble is confined in a cylindrically symmetric
trap with a transverse trapping frequency w, and negligible
longitudinal confinement along the x direction [50]. The
additional mechanical oscillator in the system is a suspended
graphene sheet placed in the x-z plane, which approaches
the ultracold atoms and changes the transition frequencies of
atoms by the vacuum fluctuation effect [51,52]. That is, the
transition frequency w, of a two-level atom is modulated by the
distance between the atom and the graphene, i.e., w,(d + y) =
wy + Aw,(d + y), where Aw,(d + y) is the frequency shift of
the atom due to the vacuum fluctuation [52], d is the distance
between the atom and the graphene in the static atom-plane
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geometry, and y is the position of the graphene sheet. In
addition, it is noted that the graphene sheet placed in the x-z
plane is similar to a transverse micromechanical cantilever
such that the light radiation pressure on the graphene sheet is
negligible because light shining on the sheet is reflected back
inefficiently [53].

Further, we consider the dispersive regime with a large
atom-pump detuning and low saturation, i.e., w, > w4(d + )
and A,(d + y) = wp, — wa(d +y) > Ty, so that the excited
atomic state can be eliminated adiabatically [54,55]. Here Iy
is the decay rate of the atom. In the frame rotating at the pump
frequency, the many-body Hamiltonian reads

p:
2my,

H = —hAcata —ikina —a) +/2 \Iﬁ(x)[
_L

N
(D

where A. = w, — w, is the cavity-pump detuning; k is the
wave number of the cavity field; a (a') is the annihilation
(creation) operator of the optical field; and the amplitude of

the external driving laser |n| = %, where « is the decay
»

2 n pi M,
+hUy(d + y)cos“(kx)a'a |V (x)dx + ﬁ""?wm

rate of the optical field and P is the laser power. M and w,,
are the effective mass and the oscillation frequency of the
graphene sheet, respectively. The position and momentum
of the graphene sheet, y and p,, satisfy the commutation

relation[y,p,] = ih. Up(d + y) = #‘]ﬂ) is the optical lattice
barrier height per photon, which includes the mechanical
and atomic back-actions on the field. go is the vacuum
Rabi frequency and m, is the mass of the single 5’Rb
atom. We use a first-order approximation of the frequency
shift Aw,(d + y), i.e., Aw,(d + y) = Aw,(d) + Ao(d)y, so
that the atom-pump detuning becomes A,(d + y) >~ A,(d) —
Ao(d)y. Here Ao(d) = aA“"é—(y‘l”)b:o is the vacuum-induced
coupling between the atom and the graphene sheet [51,52],
which depends strongly on the atom-graphene distance d and
can be calculated in terms of the level shift of the atom between
its ground and excited states (see the Appendix).

W(x) is the bosonic annihilation operator for the atomic
field, which can be expanded as the following single-mode
quantum field in the weak field and Bogoliubov approximation

[8,56,5;]
Y(x —‘l—N-f-ﬂ—C() 2kx)c 2

where the operator ¢ is the bosonic annihilation operator
for the Bogoliubov mode. Substituting this expansion into
Eq. (1) and taking the position and momentum operators

1
7 Moy Py 7 Py
respectively, the Hamiltonian of the system is written as

nondimensionalized as

y — y and

N t f hiowy, 2 2
H=—-hlA——U(d+y)|a'a+hQ.c c—I—T(py—l—y )

2
—ihna —ah) + ﬁ—”iNU] d+ yataic+chH, 3
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where Q. = 22_/{2 denotes the frequency of the Bogoliubov
mode. In deriving Eq. (3), we redeﬁned the dimensionless

coupling strength, i.e., A} = Ag

optical lattice potential, i.e., U (d + y) e d) T Itis found
from Eq. (3) that the optical lattice potential mduces the
coupling between the atomic ensemble and the graphene as
well as the optomechanical coupling between the cavity field
and the graphene sheet. Furthermore, both the atom-graphene
and the field-graphene couplings result from the atomic
vacuum effect.

III. QUANTUM DYNAMICS AND FLUCTUATIONS

A complete dynamical analysis of an open system should
include fluctuation-dissipation processes affecting the optical
field, the oscillating graphene sheet, and the atomic ensemble.
Using the Hamiltonian Eq. (3) and taking into account the
noise effects, the Heisenberg-Langevin equations of motion
describing the quantum dynamics of the hybrid system are
derived as

Y = WPy,

S MU+ y) [N \/ ( ehyla

PE T T R a2
_ympy‘i_%-(t)v

. . V2N i

¢ = —iQcc— y,c— i Ui(d + y)a'a + /2yacin(2),

N 2N B

éz:iAca—Ka—iUl(d+y)|:E+ ) (C+c')j|a

+ 1+ V2ka;, (1), “4)

where y,, and ¢y, characterize the dissipation of the
graphene sheet and the collective density excitation of the
ultracold atoms, respectively. £(¢) is the Brownian noise
with zero mean and the correlation [58] (é(t)é(t’))—

u‘;’; 52 do o ~iw(t—t )a)[coth(z )+ 1], where kg is the Boltz-
mann constant and T is the environmental temperature.
The environmental input noise for the cavity field, a;,(?),
and the thermal input noise for the Bogoliubov mode
of the atomic ensemble, c;,(t), have the same correla-
tion relation, i.e., (@ (t)a) (1)) = 8(t —1'), {cin(t)cl (1)) =
8(t — 1) [59].

Next we investigate the linearized dynamics of the quantum
fluctuations around the steady-state expectation values of the
system by decomposing each operator in Eq. (4) as the sum of
its steady-state value and a small fluctuation, i.e., O = Oy +
80(0 =a,c,y,py). By inserting this ansatz into Eq. (4) and
neglecting all the higher-order terms (§ 0§ O), we can obtain
the steady-state values of the system and the corresponding set
of linear ordinary differential equations for the fluctuations.
For example, the steady-state expectation values of the hybrid
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optomechanical system are as follows:

Pys =0,
MU [N \/
Y = —wmA;[z (¢ +c*)}|as| :
V2N Ulslas
;=
4 ya—i—lQ
n
ay = ————, 5
K — i Aegfp ©)

where Uy, = 25 with Age = Ag(d) — Ay, and A = A, —
%U “/WUU(CY + cs) is the effective detuning of cavity
field. Here we assume that a; is a real number.

Further, we introduce the Bogoliubov mode quadratures
§X. = (8¢ + 8¢N)/v/2,8Y, = (8¢ — 8ct)/+/2i, the cavity field
quadratures §X, = (8a + 8a')//2, 8Y, = (8a — 8a’)//2i,

and the corresponding noises §X" = (§c¢;p + 5cm)/«/_
8Ym = (8ciy — 8¢l )/N2i, 8X" = (8ay, + 8a],)/+/2, and
8Yi" = (Sai, — Sa;n)/«/zi. The quantum dynamics for these
fluctuations can be written as
8y = wpdpy,
8Py = —wmo8y — Ymdpy — V2G . 8X,

- \/EGyaaXa + ‘i:(t)9

SXC = _VaSXc + QCSYC + \/R(SXZ”,

8Y, = —u8Y. — Q58X — 2Gy8X,
—V2G 8y + v/ 2ya8Y",
8Xy = —18Xy — AeitdYy + V2k8 X,
8Yy = —k8Yy + Aeitd Xy — V2G 18y
—2G 48X, + V2u8Y", (6)

2
where w0 = @ + [N + Y2 (¢, + e 2% |a, | is the ef-

fective frequency of the oscillating graphene sheet.
Gye = LNy, Yiepq 2

2 |ay
the atomlc ensemble and the graphene sheet,

is the effective coupling between
Gy =
[ + m(cs + Cl)])\] Yy las| is the effective optomechanical
couphng between the cav1ty field and the graphene sheet, and
Gy = “/%T’ Uislas| is the effective coupling between the cavity
field and the atomic ensemble.

In order to make the analysis easier, Eq. (6) can be written
in a more compact form:

f@) = Jf(@0)+n@), 7)

where the column vector of the fluctuation opera-
tor f1(t) = (8y(),8py(1),6Xc(1),8Y(1),6X(1),8Y, (1)) and
the corresponding column vector of noise n’(t) =

(0.€(1),n/2VaB X" \/2ya8YI" /28X /2c8Y ™). T is the
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drift matrix, which is given by

0 W 0 0 0 0
—Wno  —VYm —X1 0 —x 0
s o 0 -y 2 0 0
— X 0 —Q —v x U
0 0 0 0 —K —Aeff
—X2 0 X3 0 A —x

where x; = \/EG},C, X2 = «/§G_\,a, and x3 = —2G,.. When
all the eigenvalues of the drift matrix have negative real parts,
the solutions to Eq. (7) are stable and the stability conditions
of the hybrid optomechanical system can be obtained by using
the Routh-Hurwitz criteria [60].

The time-domain dynamical equation of motion [Eq. (7)]
can be solved by Fourier-transforming it into the fre-
quency domain. Using the Fourier transform f(¢) =
% _Jr;o f(w)e' dw, we obtain the position and momentum
fluctuations of the graphene sheet,

8y(®) = A1(@)E,(®) + Bi()X" () + C1(0)8Y"(w)
+ Di(@)8X ™ (w) + E1(0)8Y" (),
8py(@) = Ax(@)Ey () + By(@)5 X! (w) + Co(@)8Y" (w)

+ Dy(@)8 X () + Ex(@)8Y"(w), ®)
where
Alw) = %[&(K +iw)* + Actr(B3Aetr + X532 ],
N
Bi(w) = — d(cf) [ + Ya)Bson].
N
Ci(w) = — d(af) [Bsom 2],
2
Dy(w) = —j(:“;[(x + i) Bs),
2
El(w) = %(Aeffwmﬂ@s
iw ©)
Ar(w) = m[ﬂz(/c +iw)” + Aci(Bs At + X320)].
N
By(w) = — d(af) lioio + va)Bs).
N
Cow) = — d(cf) liBs 2],
2
Dy(w) = —;/(:K)[iw(lf +iw)pBel,
2
Er(w) = ;/(;I;(iwAeff,B6)~

In addition, in order to analyze the quantum coherence of
the hybrid optomechanical system, we also need to derive the
expressions of the quadratures of the cavity field:

8Xa(w) = A3(@)Ey() + B3(@)8 X" (@) + C3()8Y," (@)
+ D3(@)8 X (@) + E3(@)8Y" (),

8Y(w) = Ay(@)Ey(w) + By()3X . (0) + Ca(@)8Y" (o)
+ Dy(@)8 XM (@) + E4(0)8Y!"(w), (10)

PHYSICAL REVIEW A 96, 063819 (2017)

where

1
Az(w) = M(Aeffa)m Be)s

2Ya

()

N

Ci(w) = —ch)meffﬁmc),
V2K .

d@) [(k +iw)Bs],

2
Ez(w) = —%(Aeffﬁs),

By(w) = — [Gw + Ya) AeitB7],

Ds(w) =

Ag(w) = —

d(@) [(k + iw)wnPs],

V2Ya
d(w)

vV 2Va
d(w)

By(w) = [(k +iw)(iw+ ya)Bl,

Cy(w) =

[(x +iw)B7R2],
2K
d(w)
+B1%3 + 2X1 X2 X30m + X30m )],

V2K
d(w)

Dy(w) = [((® + ¥a)* (B1 Aett + X50m) + Qe(BoAetr

Ey(w) = [(k +iw)ps]. (1)

In Egs. (9) and (11), we define d(w)= (k + iw)*Bs +
Aetr Dy(w), ﬂl(w) = _w2+ia)ym+a)ma)m0v 182((1)) = _Xlzwm
+ 812, Biw) =0+ )"+, Pa@) = (K +iw) +
A2 Bs(@) = Baxi — Aerrxaxss  Bo(@) = Bax1 + QX1 X3
Br(w) = Bix3 + X1 X20m, and Bg(@) = Bi(i® + va)* + 29
In Egs. (8) and (10), the first term in §z(w) with z =
¥,Py,Xq4,Yq is from the thermal noise, the second and third
terms are from the dissipation of the Bogoliubov mode, and the
last two terms are from the radiation pressure of the cavity field.
Further, using Egs. (8) and (10), the spectra of fluctuations in
the position and momentum of the graphene sheet and the
quadrature of the cavity field are defined by

© JO )
Szz(w)=f Z—ne"(‘”m)’[(&(w)(?z(ﬂ)+81(Q)3z(w))].

12)

In order to obtain the power spectrum, we also calculate the
nonzero correlation functions of all the noise sources in the
frequency domain, which are defined by

ot o
E@E@) =27 " w[ coth <2kBT)+1]8(w+Q)’

(@)8Y"(Q)) = 78(w + Q).
(13)

(8X ()8XI" () = (87"

a,c

Substituting Egs. (8) and (10) into Eq. (12) and using the
above correlation functions, the spectra of fluctuations in the
position and momentum of the graphene sheet and the cavity
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field quadratures can be obtained as

S..(w) = Ai<w>Ai(—w>Z—’”wﬂo

+ 3[Bi(@)Bi(—w) + Ci(0)Ci(—w)]
+ 5[Di(@)Di(—w) + Ei(w)Ei(—w)],

with i = 1,2,3,4 and By = coth(%) + 1. Then, the mean-
square fluctuation (8z(¢)?) in the position and momentum of

the graphene sheet and the cavity field quadratures is

(14)

(8z(1)?) = % / dwS..(v). (15)

oo

Using the notation of the covariance matrix V(¢), Eq. (15)
corresponds to the diagonal element Vj;(t) = (8z(t)?) in the
covariance matrix V(1), i.e., Vi1 = (8y(1)?), Voo = (8py(1)?),
Va3 = (8X,(1)?), and Va4 = (8Y,(1)?). The quantization of the
quantum coherence for the graphene sheet and the cavity
field requires calculation of nondiagonal matrix element
Vii(t) = (8z(t)8z'(t) + 82/ (1)8z()) /2 with i,j = 1,2,3,4 and
2,2 = y,py,X4,Y, inthe second moments (covariance matrix)
[33,61], 1.e., Via(r) = (8y(1)3py(t) + py(1)8y(1)) /2, V3a(t) =
(6 X4()3Y (1) + 8Y, ()6 X4 (2)) /2, and Va1 = Via, Vi3 = V34.
The nondiagonal matrix elements V;;(¢) are determined by

1 o0
Vi) = 5~ / dwS.;(w), (16)
where
o0 Q )
S.(w) = / i—n e~ OTV(52(0)87 () + 87/ ()Sz(w))].

7)

Similarly, the spectra of fluctuations for the nondiagonal
elements can be derived analytically with Egs. (8), (10), (13),
and (17):

1 m
See(@) = FlAi(@)A;(~w) + Aj(w)Ai(—w)]Z_wﬂo

m

1
+ Z[Bi(w)Bj(_U)) + Bj(®)Bi(-w)]

1
+ Z[Ci (0)Cj(—w) + Cj(w)Ci(—w)]

1
+ Z[Di(a))Dj(_w) + Dj(w)D;(—w)]

1
+ Z[Ei(w)Ej(_w) + Ej(0)Ei(-w)].  (18)

In terms of Egs. (15) and (16), the covariance matrix of the
graphene sheet, V.., and the covariance matrix of the optical
field, Vqp, can be written, respectively, as

(Vi Vo (Va3 Vy
Vinee = (VZI sz)’ Vop = <V43 V44>' (19)
IV. QUANTUM COHERENCE OF THE GRAPHENE

SHEET AND THE CAVITY FIELD

In this section, we focus mainly on the characteristics of
the coherence for the graphene sheet and the cavity field.
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Using Egs. (15), (16), and (19), the quantum coherence of the
hybrid optomechanical system can be explored. For example,
for a given bosonic mode A with the commutation relation
[A,A"’] = 1, we can define the quadrature operators

A+ At . A—Af
- V==
V2 V2i

In particular, aAGaLlssian state p denoted by the collective
operator X = (X4,Y4) can be fully described by its first
moment d = (dy,d,) = Tr(px) and second moment (the so-

Vxx Vxy
Vi VW). Furthermore, the

coherence of any given one-mode Gaussian state ,o(V,c_f)
can be quantified in terms of the covariance matrix and the
displacement vector [61]

Clp(V.d)] = —F(v) + Fii + 1), Q1)

where v = \/Det(V), n= (VXX + Vyy + d12 + d22 — 2)/4,
and F(x) = “H log,(3$1) — %51 log,(%51). It is notable that
this measure is only valid for the Gaussian state under
the operation of the (incoherent) Gaussian channel [33,61].
According to the covariance matrices in Eq. (19) and the
definition in Eq. (21), the quantum coherence of the graphene
sheet and the optical field can be expressed as

Cl = C(Vmec)v C2 = C(Vopl)- (22)

We now numerically evaluate the quantum coherence of the
graphene sheet and the cavity field through Eq. (22). We select
the accessible parameters of the cavity, i.e, the wavelength
of the driving field, A, > 780 nm, and the cavity decay rate
k = 27 x 2 x 10° Hz. In addition, we select the parameters of
the atom, i.e., the mass of a single atom, m, = 1.42 x 10=%
kg, the atomic number N =1 x 10*, the weak atom-field
coupling rate U;; = 27 Hz, the effective pump-atom detuning
Ags = 21 x 3 x 103 Hz, the free-space spontaneous emission
rate 'y = 2 x 6.1 x 10° Hz, the bare transition frequency
wy >~ w,, and the dissipation rate of the Bogoliubov mode,
Vo = 2w x 1000 Hz [62,63]. Additional parameters included
the effective mass of the oscillating graphene, M = 2.81 x
10~!8 kg, the oscillation frequency of the graphene sheet,
Wy = 21 x 5 x 10° Hz, the damping rate yy = 27 x 30 Hz,
the temperature of the environment, 7 = 10 mK, the Fermi
level u = 0.8/iwy, and y, = wo [52]. We consider that the
cavity is driven on its red sideband; i.e., A¢ff = —wyy.

The changes of the quantum coherence C; and C, as a
function of the driving power P with different distance d
(different vacuum coupling %) are shown in Figs. 2 and
3. From Figs. 2 and 3, it is found that, in the absence
of the external driving laser, the quantum coherence of the
mechanical mode and the cavity mode always approaches
zero with different distances. This is because the effective
optomechanical coupling G ,, and the effective atom-graphene
coupling G,. are proportional to the steady-state photon
number in the system. Therefore, when the external driving
power is zero, both couplings G,, and G,. do not exist.
Consequently, the quantum coherence of the system cannot
be generated. With the increase of the driving power, the
values of C; and C; increase monotonously, which means
that the quantum coherence of the optomechanical system is
gradually established. Comparing Fig. 2 with Fig. 3, we found
that, with the same parameters, the degree of coherence of

N

called covariance matrix) V = (
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FIG. 2. The quantum coherence of the graphene sheet as a
function of the input laser power P with different distances. The
other parameter values are A, ~ 780 nm, ¥ =27 X 2 x 10° Hz,
my =142 x 107> kg, N = 10*, U}, = 2w Hz, A, =2w x 3 x
108 Hz, Ty =27 x 6.1 x 10° Hz, w, ~ wp, Vo =21 x 1000 Hz,
M =2.81x 107" kg, w,, =27 x 5 x 10° Hz, y,, = 27 x 30 Hz,
T =10mK, u = 0.8hiwy, Y, = wo, and Aegy = —wy,.

the cavity field is always larger than that of the graphene; i.e.,
C, > C). Physically, this feature of coherence results from
the fact that the environmental incoherence of the optical
field, i.e., the zero-point fluctuation, is much less than the
incoherence of the thermal noise associated with the graphene
sheet [33]. Further, for the same driving power, Fig. 2 shows
that C; increases with the decrease of d and therefore the
coherence of the mechanical motion in the optomechanical
system is enhanced by the increase of the vacuum-induced
coupling. In contrast, the degree of coherence in the cavity
field, C,, in Fig. 3 decreases significantly in the region of a
large driving power with the decrease of d. The increase of C,
with the decrease of d and the decrease of C, at the same time
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FIG. 3. The quantum coherence of the optical field as a function
of the input laser power P with different distances. Other parameter
values we select are the same as in Fig. 2.
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FIG. 4. The quantum coherence of the graphene sheet as a
function of the input laser power P with different optical lattice
potentials. wod /c = 0.15, and other parameter values are the same as
in Fig. 2.

means that the coherence in the system can be transferred from
the optical into the mechanical mode, which results from the
effective optomechanical interaction G, being of the form of
the beam splitter in the red-detuned regime A = —w,, with
the resolved sideband condition w,, > « [33,64].

Apart from the vacuum-induced coupling, the effective
optomechanical interaction G, is related to the optical lattice
potential Uj;. In Figs. 4 and 5, we depicted the quantum
coherences C; and C; as a function of the driving power P
with different lattice potentials U;;. From Figs. 4 and 5, we
can see clearly that C; increases with the increase of U}y while
C, decreases at the same time in the region of large driving
power. These results indicate that one could manipulate the
quantum coherence of an optomechanical system by adjusting

23.5 w
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FIG. 5. The quantum coherence of the optical field as a function
of the input laser power P with different optical lattice potentials.
Other parameter values are the same as in Fig. 4.
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FIG. 6. The mean-square fluctuation (§p,()*) as a function of the
input laser power P with different distances. Other parameter values
we select are the same as in Fig. 2.

the optical lattice potential Uj; or the atom-field coupling
strength go between the atoms and the cavity field.

V. MECHANICAL SQUEEZING
OF THE GRAPHENE SHEET

In this section, we analyze the mechanical squeezing by
numerically evaluating the mean-square fluctuation in the
position and momentum of the graphene sheet. From Eq. (15),
the mean-square fluctuations in the position and momentum
of the graphene sheet, Vi; = (8y(¢)*) and Vs, = ((Spy(t)z),
satisfy the Heisenberg uncertainty principle,

By 3y > |31y py1[%,

(23)

where [y,p,] =i. If either (8y()*) or (3p,(1)*) is below
0.5, the state of the mechanical oscillator exhibits quadrature

squeezing. The degree of the squeezing can be evaluated to

2
be —10log;, % in decibels [65], where the momentum

variance of the vacuum state is (é)‘py(t)z)vaC =0.5.

Through evaluating in detail the mean-square fluctuations
in the position and momentum of the graphene sheet given
by Eq. (15), we found that (8y(£)?) cannot be less than
0.5, but (Spy(t)z) can be less than 0.5. Therefore, we focus
on the discussion of the mean-square fluctuation (Spy(t)z).
The variations of the mean-square fluctuation (Spy(t)z) as a
function of the driving power P with the different distances
and different potentials U;; are shown in Figs. 6 and 7.
From Fig. 6, it is seen that (Spy(t)z) decreases monotonously
with the increase of the driving power. Further, when the
distance between the atoms and the graphene sheet is large,
i.e., wpd/c = 0.23, the mean-square fluctuation (Spy(t)2) is
always larger than 0.5 in the selected region of driving power;
thus there is no squeezing in the momentum fluctuation of the
graphene sheet. However, when the distance d becomes small,
i.e., wod/c < 0.18, the mean-square fluctuation (Spy(t)2) can
be less than 0.5. Hence the vacuum-induced coupling between
the atoms and the graphene sheet in the hybrid optomechanical

PHYSICAL REVIEW A 96, 063819 (2017)
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FIG. 7. The mean-square fluctuation ((Spy(t)z) as a function of
the input laser power P with different optical lattice potential. The
other parameter values we select are the same as in Fig. 2.

system helps realize the momentum squeezing of the graphene
sheet. Furthermore, it is observed that the minimum values of
(6py(t)2) for different d are the same, i.e., (6py(t)2) ~ 0.3,
which holds uniformly at different driving power P. The
corresponding maximum momentum squeezing is about 40%
and the degree of the squeezing is about 2.22 dB. In Fig. 6, there
is a sharp decline in the squeezing curve at a special driving
power P, which decreases with the decrease of distance d. This
is because in the region beyond the critical driving power, the
condition that all the eigenvalues of the matrix J have negative
real parts cannot be satisfied so the optomechanical system
operates in the unstable regime. In Fig. 7, the driving power P
corresponding to the minimum values of (Spy(t)z) decreases
with the increase of Uj;.

VI. THE SPECTRUM AND SQUEEZING
OF THE OUTPUT FIELD

In this section, we analyze the spectrum of the output field
and its squeezing. Using the quadrature fluctuation §X, and
8Y, of the cavity field in Eq. (10) and the input-output relation
Aouy = V2ka — ay, [66], we can get the fluctuation §agy(w) of
the output field. Correspondingly, the quadrature fluctuation
of the output field can be defined as

L
V2

where ¢ is the measurement phase angle depending on the local
oscillator [65]. When ¢ = 0, §Zyy(w) = § X you(w), Which
denotes the amplitude fluctuation of the output field. When
¢ = %, 8 Zogu(w) = 8Y,0u(®w), which is the phase fluctuation
of the output field. Further, the expression of the quadrature
fluctuation 6 Z,y(w) of the output field can be calculated as

8 Zouw(@) = —=[8aou(@)e™? + Saou(—w) €], (24)

0 Zou(@) = Az(@)E,(©) + Bz (@)X () + Cz(@)8Y;" (@)

+ Dz(0)8 X" (w) + Ez(0)8Y!"(w), (25)
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where
Az(w) = V2k[A3(w) cos ¢ + Ag(w) sin p],
Bz (w) = /2k[B3(w) cos ¢ + Bu(w) sin ],

Cz(w) = v/ 2k[C3(w) cos ¢ + Ca(w) sin B],

Dy(w) = [\/ﬂm(a)) - @} 08 ¢ + /2k Dy(w) sin ¢,

Ez(w) = V2x E3(w) cos ¢ + [@E4(w) — ﬁ] sin.

(26)

It is noted that the output power spectrum of the phase
quadrature with the optical field is an interesting quantity that
is experimentally measurable by the homodyne measurement
of the light [58]. Here, we define the spectrum of the quadrature
fluctuation 6 Z,u(w) of the output field as

®dQ .
Szou(@) = / e e D (8 Zou ()8 Zow(R))
_oo 4T

+ (8 Zouw(§2)8 Zow (@) ]. 27)

Using the nonzero correlation functions of the thermal and
vacuum noises in the frequency domain [Eq. (13)], the
spectrum of the quadrature fluctuation § Zy,(w) of the output
field can be written as

S zou(@) = Az(w)Az(—w)Z—mwﬂo

1
+ E[Bz(w)Bz(—w) + Cz2(0)Cz(—w)]

1
+ E[Dz(w)Dz(—w) + Ez(@)Ez(-w)].  (28)

When the value of the quadrature fluctuation is smaller than
that of the vacuum state, i.e., Szou(@w) < 1/2, the output field
is also squeezed.

In Fig. 8, we show the plot of the spectrum Szou(w) of
the phase fluctuation of the output field as a function of the
normalized frequency w/w,, when ¢ = /2 and P = 1 mW
without the vacuum-induced coupling (d — oo) or with the
vacuum-induced coupling (wod/c = 0.15). In the absence of
the vacuum-induced coupling, the spectrum of the output field,
Szout(w), has only one peak, at w = w,,. This situation is
changed when the vacuum-induced coupling is included. In the
presence of the vacuum-induced coupling, i.e., wpd /c = 0.15,
the single peak is split so that the spectrum Szq (@) displays
two discrete peaks, which corresponds to the normal-mode
splitting of the output field [67]. The normal-mode splitting
in the optomechanical system results from the effective
optomechanical coupling between the graphene sheet and
the cavity field, mediated by the atomic ensemble. Further,
we can see from Fig. 8 that the separation of the splitting
peaks increases with the decrease of the distance d, which
determines the strength of the vacuum-induced coupling A;.
In addition, the squeezing in the phase fluctuation of the
output field exists in the presence of the vacuum-induced
coupling, i.e., Szou(w) < 1/2atw = w,,. In contrast, the phase
squeezing does not exist around w/w,, = 1 when the vacuum-
induced coupling is removed. The measurement of the phase
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FIG. 8. The spectrum Szo(w) of the phase fluctuation of the
output field is plotted as a function of the normalized frequency
w/w, when ¢ = w/2 and P = 1 mW in the absence and presence of
the vacuum-induced coupling. Other parameter values are the same
as in Fig. 2.

squeezing of the output field around w/w,, = 1 can be used to
characterize the signature of the mechanical squeezing [65].
In the absence or presence of the vacuum-induced coupling,
the contour plot of the spectrum Szq(w) of the quadrature
fluctuation of the output field versus the normalized frequency
w/wy, and the phase ¢ /7 is shown in Fig. 9. It is seen clearly
that in the presence of the vacuum-induced coupling, the
quadrature fluctuation Szq,(w) of the output field is always

d/n

(a) mod/0=w

o/n

(b) 0 d/c=0.15

olo
m

FIG. 9. The contour spectrum Szq,(w) of the quadrature fluctu-
ation of the output field versus the normalized frequency w/w,, and
the phase ¢/m in the absence and presence of the vacuum-induced
optomechanical coupling. Other parameter values are the same as in
Fig. 8.
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squeezed around w/w,, = 1 regardless of the value of the
phase ¢. These results and the measurement of the quadrature
fluctuation of the output field may be used for demonstrating
the vacuum-induced coupling between a graphene sheet and
an atomic ensemble as well as detecting the mechanical
squeezing of a graphene oscillator. We stress that in the present
numerical examples we focus mainly on the regime of small
atom-graphene distances, i.e., the order of the several tens
of nanometers, so that the strong vacuum coupling between
them is generated. Correspondingly, the macroscopic quantum
coherence and the mechanical squeezing of the graphene
oscillator can be more easily detected. However, it is noted that
the experimental realizations may be a big challenge when the
distance between the atomic ensemble and the graphene sheet
is less than 100 nm. Even so, the generation of the macroscopic
quantum properties in the hybrid optomechanical system with
a relatively large atom-graphene distance is still possible by
controlling the driving power of the system and the atom-field
coupling strength.

VII. CONCLUSIONS

In conclusion, we analyzed a hybrid optomechanical system
consisting of a suspended graphene sheet and an ultracold
atomic ensemble trapped inside a Fabry-Pérot cavity. In the
system the graphene sheet does not couple directly with
the driven optical field. However, the ultracold atoms are
close to a graphene sheet such that the vacuum-induced
atom-graphene interaction is established, which mediates the
effective optomechanical coupling between the mechanical
oscillator and the cavity field. We showed that, in the presence
of the mediated coupling, the macroscopic quantum coherence
and mechanical squeezing of the graphene sheet in the op-
tomechanical system can be attained with a moderate driving
power. Further, the dependence on the distance between the
atoms and the graphene sheet and on the atom-field coupling
strength of the quantum coherence and mechanical squeezing
are discussed in detail. We also calculate the spectrum and the
squeezing of the output field and find that the phase fluctuation
of the output field is squeezed when the vacuum-induced
coupling between the atoms and the graphene sheet is included.
The squeezing of the output field in the regime of the parameter
® >~ w,, is useful for the study of the mechanical squeezing of
the suspended graphene sheet. The splitting of the spectrum
in the output field can also be used for estimating the vacuum
coupling strength between an atom and a plane.
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APPENDIX: VACUUM-INDUCED COUPLING A,

In order to calculate the vacuum-induced coupling Ay, we
should calculate the level shifts of the atom in its ground

PHYSICAL REVIEW A 96, 063819 (2017)

and excited states [51,52,68,69]. In general, for an effective
isotropic two-level system at position r near a plane, the shift
of the transition rate iS Awy(r) = 8wg(r) — dw,,(r), where
Swqe(r) and Sw,,(r) are, respectively, the frequency shifts of
the two-level system in its ground state and excited state.
In terms of the classical dyadic Green’s function G(r,r,iu)
evaluated at the imaginary frequency w = iu [51,52], the two
frequency shifts read

Sy, (r) = “CL0 [ood L (Goerin)l (Al
Wy = u T Jr,iu
8 a)g 0 a)(z)—i—u2
and
Swae(r)  mcly
Owge(r) = ————— — Tr Re{G(r,r,wp)}, (A2)

3 wo

respectively, where wg and Iy are the bare transition frequency
and the decay rate of the two-level atom, respectively.
For simplification, we approximate the Green’s function of
the graphene sheet by that of an infinite plane, assum-
ing that the atom sits near the center of the graphene
sheet. Moreover, the computation of the Green’s function
includes a reflection component from the plane located at
interface z = 0, which describes the interaction of the two-
level system with its own field reflected by this plane. In
the vacuum regime of z > 0, the trace of this reflected

component is Tr{G(z,z,w) = 4;0;2 I dk\\,l{(—“t)eZizKO[(%)zrx +

(kﬁ _ Ké)r,,], where Ky = m and k| is the parallel

component of the wave vector; r; and r, are the Fresnel
reflection coefficients for the s- and p-polarized waves. Con-
sidering the vacuum-graphene interface, the Fresnel reflection
coefficients for the s- and p-polarized waves in the case of the

vacuum-graphene interface are given by ry = —(1 + :O%)‘l

and r, = (1 + %)’1, which depend on the conductivity o
[70]. For a graphene sheet, the conductivity can be expressed as

o(w) = %ﬁ”g + %[@(a) —2u)+ £1n |ZI§Z |1, where p is
the Fermi energy and r, is a phenomenological parameter
describing the intraband losses [52,71,72]. Using the derived
expression of the shift of the transition rate and the conductivity
of the graphene sheet, the coupling strength A, between a

two-level atom and a graphene sheet can be calculated as [73]

] SF o] 2 00 )
atd) = o0 [ [
nwy Jo wf+u?to

(&) n -]

31-* 00 ) -
+R€c—£ / dka”e‘ZldV (79)27%
2a)0 0

)i (2))) oo
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