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Entangling two oscillating mirrors in an
optomechanical system via a flying atom*
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Guangdong Provincial Key Laboratory of Quantum Engineering and Quantum Materials, South China Normal University, Guangzhou 510006, China
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We propose a novel scheme for generating the entanglement of two oscillating mirrors in an optomechanical system
via a flying atom. In this scheme, a two-level atom, in an arbitrary superposition state, passes through an optomechanical
system with two oscillating cavity-mirrors, and then its states are detected. In this way, we can generate the entangled
states of the two oscillating mirrors. We derive the analytical expressions of the entangled states and make numerical
calculations. We find that the entanglement of the two oscillating mirrors can be controlled by the initial state of the atom,
the optomechanical coupling strength, and the coupling strength between the atom and the cavity field. We investigate the
dynamics of the system with dissipations and discuss the experimental feasibility.

Keywords: quantum entanglement, optomechanical system, dissipative dynamics

PACS: 42.50.—p, 42.50.Pq, 03.67.Bg

1. Introduction

Quantum entanglement,!'! as a cornerstone of quan-
tum physics, has potential applications in quantum in-
formation science, such as quantum computing,!”! quan-

341 quantum dense coding,!® quantum

tum teleportation,[
cryptography,[®7l and so on. So far, quantum entanglement
has been realized in various physical systems, such as photonic
systems, 819 cavity quantum electrodynamics,!''=13! super-

18,191 Quantum entan-

conductor circuits, 10171 and ion traps.[
glement has been studied theoretically and experimentally,
such as based on photons,?%?!l atoms, [*>-?#! ions,[?>-?6] and
SO on.

Cavity optomechanics, studying the interaction between
optical fields and mechanical resonators via the radiation pres-
sure, has attracted massive theoretical and experimental re-
searches in recent years. It provides a platform for realiz-
ing novel quantum effects in an extremely wide range from
microscale to macroscale. Recently, theoretical and exper-
imental efforts have demonstrated many quantum effects in
optomechanical systems, for example, the optomechanically

[27-29]

induced transparency similar to electromagnetically in-

duced transparency (EIT),*! the optomechanical storage, ']

32,33

the normal mode splitting,3>33 the preparation of nonclassi-

34331 the mechanical oscillator squeezing,3%37! the

acl states,|
ground state cooling of the mechanical resonators,?%¥1 and
so on.[*%4!l The quantum entanglement has also been pro-
posed in various optomechanical systems. Vitali et al. theo-
retically investigated stationary entanglement between an opti-

cal cavity-mode and a macroscopic vibrating mirror in an op-

DOI: 10.1088/1674-1056/27/7/074209

tomechanical system.[*?! Later, Palomaki et al. experimen-
tally demonstrated this kind of entanglement.*3] Genes er al.
proposed the tripartite and the bipartite continuous variable en-
tanglement by placing a two-level atomic ensemble inside the
optomechanical system. [44]

In this paper, we propose a scheme for generating the
entanglement of two oscillating mirrors. The system consid-
ered consists of an optical cavity with two oscillating cavity-
mirrors, an atomic source, a Ramsey zone, and a detector of
atomic states. A two-level atom, coming from the atomic
source, enters into the optomechanical cavity and interacts
with the cavity-field. Meanwhile, the cavity-field also inter-
acts with the two oscillating cavity-mirrors. After the atom ex-
its from the cavity, it goes through a Ramsey zone, and then its
states are detected. In this way, we can generate the entangled
states of the two oscillating mirrors. Our scheme is different

4] jnves-

from the previous ones. For example, Zhou et al.
tigated entanglement of two optomechanical oscillators and
two-mode fields induced by atomic coherence. The two modes
of the cavity field interact via the coherent three-level atoms
and also interact with one movable mirror, respectively, result-
ing in entanglement between the two movable mirrors. Liao
et al.'* investigated the entanglement between two macro-
scopic mechanical resonators in a two-cavity optomechanical
system. Two cavity fields interact with each other via a sin-
gle photon exchange, and each cavity field interacts with a
mechanical resonator, and finally the entanglement of the two
mechanical resonators is generated.

The remainder of this paper is organized as follows. In
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Section 2, we give a description of our theoretic model. In
Section 3, we describe the process of the entanglement gen-
eration and derive the analytical expressions for the generated
entangled states. In Section 4, we discuss the measure of the
generated entangled states between the two mechanical mir-
rors, and analyze the effects of dissipations on the generated
entangled states. Finally, we discuss the experimental feasibil-
ity of our proposal and summarize our results in Section 5.

2. Model and theory

Our proposed scheme is shown in Fig. 1. A two-level
atom, coming from the atomic source, enters into the optome-
chanical cavity and interacts with the cavity-field. Meanwhile,
the cavity-field also interacts with the two oscillating cavity-
mirrors. After the atom exits from the cavity, it goes through a
Ramsey zone, and then its states are detected. The total Hamil-

tonian of the system can be written as follows: 4748

+ h +
H = ho.c'c+ 2P0~ ing., (cor —c'o_)

+ X b, + higanc’e | (bi+b2) — (b]+b1) | (1)
j=1.2

where ¢ (c') and b; (bjT) are the annihilation (creation) op-
erators of the cavity mode with frequency @. and the me-
chanical modes with frequencies @, respectively.
&) (el — [¢) (gl o, = le) (g
operators of the two-level atom with transition frequency .

8cb = (/L) \/h/2mmy, is the single-photon optomechanical
coupling strength between the cavity field and the mechani-

O, =

, and o_ = |g) (e| are the Pauli

cal modes, with m the mass of the oscillating cavity-mirror,
and L the distance between the two cavity-mirrors at equilib-
rium. g, is the Jaynes—Cummings coupling strength between
the atom and the cavity field. In the interaction picture with re-

spectto Hy = haec'c+ ¥ hwmbTb +3 a)aGZ, the interaction
j=12

Hamiltonian is given in the form
Hi = hgenc’e | (bL—b]) &' 4 (by — by) e~ ]

—ihge, (cc+e*i(“’°‘*‘°‘d) —cfo_elle “’d)’). 2)

2 Ramsey zone

atom source detector
]/' * : D
— ‘e>

w'cl

—t |g)

Fig. 1. (color online) Sketch of the system. A two-level atom succes-

sively passes through a cavity optomechanical system with two oscillat-
ing cavity-mirrors and a Ramsey zone, and then its states are detected.

Oy + 0, in
the following. When @y, > {gcb,&c, - the rapidly oscillating

We consider the resonance condition @, =

terms can be neglected, and an effective Hamiltonian can be

derived by using the coarse-grained method "]

ih
Hes = lgcﬁ [C (b;—b;r) GjL—CJr (bz—bl)Gf}

(')’ -

where the first term describes the three-part interactions,

B 2182,

hg “Sca (
(O (0

c'co,+0.0), 3)
which play a crucial role in generating the entangled states.
The second term leads to a Kerr-like effect of the cavity-field,

and the last term describes the photon-number dependent Stark
shifts.

3. Entanglement generation

We consider that initially the cavity is in a single-photon
state |1)
|0),,, E The atomic source sends a two-level atom in the su-

. and the mirrors are cooled to their ground states

perposmon state (cosO|e)+sin6 |g)) into the cavity. Then
the initial state of the system can be written as

lw(0)) = 0y - )

When the atom is in the cavity, the state of the system

(cos@le) +sin0|g))[1).]0),,,

satisfies the Schrodinger’s equation

in 1w (1) = Hor [y (1), ©

Assuming that the atom leaves the cavity at time #{, we find

lw (1)) = Mi(t1)le)[1).10),, (0),,

1
+M(11)18) 1) [0),,, 10,
+M;(11)]€) |0)[1),,, 10),,,
+ My (1) e} [0)c[0),, (1), » ©)
where
M (1)) = cos@e?il+h @)
ino &3
M, (1) = i [Rcos (Rt;) 4+ iL_sin (Rty)] elam! 8)
ino 8
Ms (1) = _51; Ksin(Re,) e on ©)
sin &
M4(l‘1) = (R[l) tl (10)
with R* = (g% +g&) /02, Li = (g% +g2) /®m, and K =

gcb8ca/ Wm- From Eq. (6), we can see that the four parts, i.e.,
the cavity, the atom, and the two mechanical mirrors are in an
entangled state.

When the atom is not in the cavity, there is no interaction
between the atom and the optomechanical system (gc, = 0),
and the effective Hamiltonian of the system becomes

(cfe)’. )
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After the atom leaves the optomechanical system at time
t; and before it arrives at the detector at time f;, on one
hand, the state of the system evolves according to U (r) =
exp [f%Héfft] , and on the other hand, we let the atom pass
through a Ramsey zone with a classical 7/2 pulse, which
transforms the atomic states as |e) — (|e) +|g))/v/2 and
lg) — (—1|e) +|g)) /v/2, then the state of the system at time

t» can be found as

V() = ol @)+ ol ¥ (), (12
where
% (2)) = Nl (11, 7) 1 [0), (0],
+M; (11)10), 1), \0>
M ()]0 [0) D) (13)
and

Ne = [1£ (M () M3 (1) +Ma () M ()] /7,

2
Ji(1,7) = [My (1) £Ms (1)) &' ot When the
atomic states are detected, the other three parts, i.e., the cavity

,T=1—1.

and the two mechanical mirrors will collapse to the entangled
states |y (72)), here the + and — signs correspond to the de-
tected atomic states |g) and |e), respectively. The tripartite
entangled states |y (r2)) are generated with the probabilities
Py =[2NZ]"
tripartite entangled states are analogous to the W states.

1 .
, respectively. It can be seen that the generated

The reduced density matrix of the two mechanical
modes is p™ (1) = Tr. [|¥s (1)) (¥s (12)|], and in the basis

{10, 0m,) 5 10m; Ly ) s 1y Oy ) 5 | 1y Liny ) 1 it can be expressed
as
pi’ 00 0
pm)=| O PRl Pml O g
0 p3x° py3 O
0 0 0 0
where p\}’ = N2 My (1) £ M (1)]%, pYy) = N2 My (11)],

Py = N2 M ()%, p3) = N2Mu (1) M5 (1), and ply) =

N3Ms; (t;) M (1) . It can be seen that this reduced density ma-
trix is only dependent on ¢, the time the atom inside the cav-
ity, which is determined by the atomic velocity and the cavity
length. It does not depend on T =, — 1, the time from the
atom leaving the cavity to the atom arriving at the detector.

4. Entanglement measure and dissipative dy-
namics

In the previous section, we have obtained the entangled

states between the two mechanical mirrors. In this section,

we give a proper description and quantification of the entan-
glement. The concurrence Cj (t) introduced by Wooters is
defined as!®"!

max {O,ll (t) — )uz (t) — 13 (t) —

Ci (1) = Aa(t)}y,  (15)

where A;(¢) are the eigenvalues (in decreasing or-
der) of the Hermitian matrix |, /pjkﬁﬂ,/pjk]l/z, Pk =

(0y®0y) pji (0y® Oy), pj, is the complex conjugate of pj,

0 —i
i 0 )

and oy is the Pauli matrix < .

1.0

0.8¢

Cm 1my
o o
> (=)

e
o

0 5 10 15 20 25 30
Tl/ﬂ'
Fig. 2. (color online) The time evolution of the concurrence Cpym, -

Here, 71 = gt is the scaled time. The parameters @y, = 27 X 107 Hz,
8cb = 0.050m, 8ca = \/jgcba 0= 7t/2.

1.0

(a)
0.8}

0.61

cmlm2

0.4

0.2}

Cm 1Mo

3r/4 ™

0 w/4 /2
0

Fig. 3. (color online) (a) The variation of the concurrence Cy; 1, With 1
(8ca/8&cb)- The parameter & = 7/2. (b) The variation of the concurrence
Cinym, With 6. The parameter g¢, = ﬂgcb. Other common parameters
On =27 x 107 Hz, gop, = 0.050, Ty = 14.

As we have noted from Eq. (14) that the reduced state of
the two mechanical modes does not depend on 7, it only de-
pends on ¢, which is determined by the atomic velocity and
the cavity length. So the concurrence of this state will also

074209-3
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have these properties. From Fig. 2, we can see that the con-
currence Gy, 1, changes with time #; periodically. We can also
examine the effects of the parameters 1 = gc,/gcp (the ratio
of the atom—cavity coupling strength and the single-photon
optomechanical coupling strength) and 0 (the initial atomic
state) on the degree of entanglement. Figure 3(a) shows the
variation of the concurrence Cy,, ,, versus 1). With the increase
of 7n, the oscillation amplitude of the concurrence Cy,, de-
creases. Figure 3(b) describes the influence of 8 on the con-
currence Gy, ;,. The maximum concurrence occurs at about
0 =m/2,i.e., the atom is initially in the ground state |g). From
Eq. (3), we know that the first term of the Hamiltonian de-
scribes the interaction of three parts, which is very important
Remember that in
Oy + @,.
When a photon of the cavity field annihilates, the atom makes

to the generation of the entangled states.
this paper we consider the resonance condition @. =

a transition from the ground state |g) to the excited state |e),
at the same time, either of the two mechanical modes creates a
phonon, and the two phonons from the two mechanical modes
are in an entangled state. When the atom is initially in the ex-
cited state |e), for it to make a transition to the ground state |g),
one needs to annihilate a phonon from one of the two mechan-
ical modes [see the term ¢’ (b, —b;) 6_ in Eq. (3)]. However,
since the initial states of the two mechanical modes are ground
states |0) |0)
entanglement cannot be generated.

this process cannot occur, and in turn, the

my my?

In the above discussion, we do not take into account the
dissipation in the processes of the state-generation. Now we
discuss the effects of the dissipation on the dynamics of the
system after the tripartite entangled states | ;) have been gen-
erated. For simplicity, we assume that the cavity and the two
mechanical mirrors are coupled to their baths at zero temper-
ature, then the dynamics can be described by the following
master equation: 3]

dp _

i X (2cch — cTcp — pc%c)

i
_% [Hf/:ffvp] +

+Y 3 Ty (2b,pb' bibip — pb b) (16)
j=12

B

where ¥ and Y,

ity and the mechanical mirrors,

are the decay rates of the cav-
We an-
alyze the dissipation process beginning from the state
p(0) = |¥.)(¥.|. The density matrix p(¢) in the ba-
sis {|1) =1000),|2) =|001),|3) =|010),|4) =(100)} (here
I,m,n denote the photon-number of the cavity mode and the

respectively.

phonon-number of the mechanical modes, respectively) can
be written as

pi 0 0 0

0 pn p3 pu
= . 1 7
P 0 px2 p33 pxu (17
0 pa pa3 paa

The time evolution of the matrix elements can be ex-

pressed as
dpi
a YePa4 + Vi, P33 + Yim, P22,
dpx dps3
7 = _,)/m2p22a T lep3%
dpaa dpas
Bl o UV e b
dar YePa4, dar 3023,
dpo4 i dps,
2 A+ D =52 _
dar (iA +13) po4, r 3P32,
dpas . dpsp .
” (iA+17) p34, & (i 3) P42,
d .
LE (1A -11) pas, (18)

with A = 2g% /Om, Ii = (Ye+¥m) /20 T = (e + Ymy) /2,
I3 = (Y, + Ym,) /2. The solution of Eq. (18) can be found as

P11 (1) = My + Mol fo+ M| finy + [ Ma]? iy,

P (1) = [Maf> e 7!, pa3 (1) = M5 e P,

Paa (1) = [My+ Mo e ¥ po3 (1) = MuMze ™3,

P24 (t) = (My + Mp)* Mye” WA oy (1) = MsMje ™1,

P34 (1) = (M) +My)" M3e (iA+,

paz (t) = (My + M) M 14120

a3 (1) = <M1+M2)M eliA-Ti) (19)
with f,(t) = 1—e %, f, (1) =1—e "', f, (1) =1—

e Tm!,
The reduced density matrix for the two mechanical modes

is p™ (1) = Tr. [p (¢)]. It can be expressed as

p™ (1) = N2{[p11 (r) + paa (£)]00) (00|
+p2 (1) [01) (01] + p33 (1) |10) (10|
+p23 (1) 01) (10] + p32 (1) [10) (01]}.  (20)
1.0
0.8¢
g 0.6
S 0.4f
0.2r
0 0 2(I]0 460 6(I)0 800 1000

T

Fig. 4. (color online) The time evolution of the concurrence Gy, m m ().
Here T = gyt is the scaled time. The parameters @y, = 27 x 10’ Hz,
8cb = 0.050n, gea = \[gcb 0 = 71'/2 Ye = 0.05gcb, Yy = Ymy =
0.005gcp, 71 = 14.

Once again, we use the concurrence Cy,,n, (f) to measures
the entanglement of the two mechanical oscillators. By using
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the reduced density matrix (20), we can calculate the concur-
rence Gy, m, (), and the time evolution of Cy,, (f) is shown
in Fig. 4. It can be seen that the degree of entanglement de-
creases nearly exponentially with the increase of time and be-
comes zero eventually.

5. Discussion and conclusion

We now discuss the experimental feasibility of our
scheme. We consider an ideal case for the entanglement gen-
eration process, in which the loss of the system is neglected .
In our scheme, we use the condition @, > {gch,&c, }- Our sys-
tem needs to work in the strong coupling regime {gcb,&cq} >
{Ye, Y}

The cavity is initially prepared in a single photon state,
which can be realized by passing a two-level atom in the ex-
cited state through the cavity with a 7-pause duration.*3! The
two mechanical mirrors are prepared in their ground states,
which can be realized by the ground state cooling method. *°]

In summary, we have proposed a novel scheme for gen-
erating the entanglement of two oscillating mechanical mir-
rors. The system considered consists of an optical cavity with
two oscillating cavity-mirrors, an atomic source, a Ramsey
zone, and a detector for atomic states. The degree of entan-
glement is measured by the concurrence. We find that the con-
currence can be controlled by the atomic velocity, the cavity
length, the initial states of the atom, the optomechanical cou-
pling strength, and the atom—cavity coupling strength. We in-
vestigate the influences of the dissipations on the dynamics of
the generated entangled states, and find that the degree of en-
tanglement nearly exponentially decreases with the increase of
time.
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