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The phase-modulated quadrature squeezing in the system that composed of two coupled cavities interacting with a
two-level atom is investigated. The variances of the amplitude and phase quadrature of the output field are calculated.
It turns out that the squeezing behaviors of the output field can be obviously modified due to the phase difference of the
coupling strengths between the atom and the two cavities. The squeezing in one quadrature (i.e., phase quadrature) can be
transferred into another (i.e., amplitude quadrature), or the quadrature squeezing located at the low-frequency region can
be transferred into the high-frequency region by modulating the relative phase of the coupling strengths. Furthermore, the
effects of the decay mismatch between the two cavities and the coupling mismatch between the atom and the cavities on
the quadrature squeezing have been discussed. The results show that both the decay mismatch and the coupling mismatch

play a positive role in generating better quadrature squeezing.

Keywords: quadrature squeezing, cavity QED, phase modulation
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1. Introduction

Nonclassical light source is an essential element for
implementation quantum information processing,!!! which
is extensively applied to quantum simulations,”! quantum
networks, %] quantum communications,*! and linear optical
quantum computations.’ In recent years, the nonclassical
properties of light, such as antibunching,® entanglement,”!
and squeezing,®! have been widely studied in quantum op-
tical systems. Squeezing,”! which possesses variance of a
quadrature amplitude or phase below that of a vacuum or co-
herent state, is regarded as one of the most peculiar nonclassi-
cal phenomena. Such a squeezing plays a crucial role in noise-
less communications, " gravitational wave detectors,!!!! and

(12,131 such as precision

other highly precision measurements,
interferometry and atomic spectroscopy.

The generation of squeezed light was first realized in an
atomic vapor based on the four-wave mixing process.!!*l Af-
ter then, a variety of schemes for generating squeezed state
have been proposed,!>?8 including the optical parametric

15.16] optomechanics systems,!!7~1%1 time-delayed co-

process, !
herent feedback,?*! periodically modulation,?!! and cavity
quantum electrodynamics (QED).[®-*>-24] The physics behind
them is mainly related to the nonlinear optical process. For

cavity QED system, a single atom in a suitable setup can

DOI: 10.1088/1674-1056/ab820a

work as an effective nonlinear-optical medium operating in the
quantum regime. Quadrature squeezing can be observed by
trapping a single atom into a weakly driven high-Q cavity. It
is shown that the squeezing comes from a cavity-enhanced co-
herent interaction and an optimal squeezing can be obtained by
adjusting the coupling strength.?%-3] However, in these pro-
posals, only the amplitude of the coupling strength is consid-
ered, while the influence of the phase effect of the coupling
strength on the squeezing properties has been ignored.

It is well known that the phase effect plays a crucial role
in quantum mechanics. The physical observation of a quantum
superposition state in measurement statistics is much different
due to the phase difference between the amplitudes. The phys-
ical mechanisms of the phase-controlled quantum feature in an
atom—photon coupling system have been investigated.31=3%]
For example, the single-photon transmission and reflection
spectra can be significantly influenced by modulating the
phase differences of the coupling strengths between the atom
and photons,?>! or between the external driving fields. 30 A
single-photon router or switch can be realized based on such
phase modulation, which can be used as a building block for
various quantum information processing.

Recently, phase-dependent quantum statistical properties

in a driven cavity QED system have also been reported.37-3%]
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They indicated that the phase difference of the coupling
strengths between the atom and the cavity modes or the rel-
ative phase between the external driving fields plays an impor-
tant role in the generation of quantum light. For instance, the
photonic statistical properties of the light field from a cavity
that contains two atoms are closely related to the atom’s rela-
tive positions (which leads to the phase difference of the cou-
pling strengths between the cavity mode and different atoms).
The light field can be tuned from antibunched to bunched or
superbunched by modifying the phase difference between the
coupling strengths.3”) Similar results have also been shown
by coupling two cavity modes to a two-level system!*®! or
a microresonator optomechanical system.*”! They found that
photon antibunching can be optimally modulated by properly
engineering the relative phase between the coupling strengths
or between the driving fields, which is useful for generating
single photon sources or nonclassical fields.

Motivated by these advances, in this paper, the phase-
modulated quadrature squeezing of the output field in a sys-
tem contains two coupled cavities interacting with a two-level
atom is investigated. The results show that the squeezing prop-
erties depend strongly on the phase and an optimal quadrature
squeezing can be obtained by carefully engineering the relative
phase of the coupling strengths between the atom and the two
cavity modes. The squeezing behaviors in the amplitude and
phase quadrature, or located at the low-frequency region and
high-frequency region can be transferred into each other by
modulating the relative phase between the coupling strengths.
Furthermore, this phase-modulated quadrature squeezing also
related to the decay mismatch and the coupling mismatch.
These mismatch can be applied to generate better quadrature
squeezing.

This paper is organized as follows. In Section 2, we intro-
duce the model and the basic theory to describe the squeezing
properties of the system. In Section 3, we analyze how the
phase difference of the coupling strengths between the atom
and the two cavities affects the squeezing properties of the
output field. Besides, the influences of the decay mismatch
between the two cavities and the coupling mismatch between
the atom and the two cavity modes on the phase-dependent
quadrature squeezing are explored in detail. Finally, a conclu-
sion is drawn in Section 4.

2. Model and basic theory

The model under consideration is constituted by a two-
level atom and two coupled single mode cavities. An external
coherent probe field is applied to drive the mode of cavity 1,
as shown in Fig. 1. Under the rotation wave approximation,
the Hamiltonian of the driven system can be written as

1
H = Eﬁ(oacﬁ— Y ﬁ(l)@j(ljdj
fs

—&—ﬁ(gla}LG_ +galo_ +Jdlay+eale +H.c.). (1)

Here, w, is the transition frequency of the two-level atom, @ ;
is the resonance frequency of the j-th cavity, a; and aj are the
annihilation and creation operators of the j-th cavity mode, re-
spectively. 6_ =|g) (e| and o, = |e) (¢| —|g) (g]| are the atomic
lowering operator and the z-component Pauli matrix, respec-
tively. g; is the coupling strength between the j-th cavity and
the atom. In order to show the influence of phase difference
between the coupling strengths on the squeezing properties,
gj is assumed be a complex number. J is the coupling strength
between cavity 1 and cavity 2, which can be tuned by adjust-
ing the distance of the two cavities. € and @ are the amplitude
and frequency of the input field Sj,, respectively.

. S()Ll
avity 2|—t

Fig. 1. Schematic diagram of a two-level atom coupled to two single mode
cavities with coupling strengths g; and g5, respectively. J denotes the cou-
pling strength between cavity 1 and cavity 2, @, denotes the transition fre-
quency of the two-level atom, Sj, and Sy represent the input and output of
an external probe field, respectively.

In a frame rotating at the input frequency @, the Hamilto-
nian in Eq. (1) takes the form

. 1
H = iﬁAaGZ-i- Z ﬁAcﬁja;aj
=12

+h (glaI(L —|—g2a;cL —|—Ja1ra2 + é‘a;r —|—H.c.) , (2

where A, = @, — @ (A j = O j — ) is the detuning between
the atom (cavity j) and the input field. The dynamics of
the system in the presence of dissipation can be described by
Heisenberg equation. The equations of relevant operators can
be written as

al:—(K]/Z—‘riAC’])a]—iglo'_—i.,az—i&', 3)
a'2:—(K2/2+1Ac72)a2_i826—_ijalv )
6- =—(n/2+i4,) 0 +igjo.a; +igr0.a0, %)

& =—n(l+o)+2i ¥ (g.,-ajo, fgf;cnraj). 6)
=12

Here, 7, is the atomic decay rate, and k; is the leakage rate
of the photons from the j-th cavity to the outside. The cavity
operators a; can be obtained directly from Eqs. (3) and (4) in
the steady state (d; = 0),

ig(k/2+1Acp) +[i(K2/2+1Ac) 81 + g0 O- o
(K1/2+iAc_’1)(K2/2+iAc72)+]2 ’

Je+1]i(k/2+ iAc71)g2 +Jgi]o-

C(k1/2414Ac)) (/24 1Ac2) +J2

a) =

®)

a) =

40,41

Using the standard input-output theory,[*%41] the output Soy

from cavity 2 can be related to the cavity mode a; as

Sout = \/EQZ' ©
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By substituting Eqgs. (7) and (8) into Egs. (5) and (6), we can
obtain the expected value of the atomic operators, which takes

the form
elP*+1J(gfgr+g185) (Kagt —iJ g3
(6 )=— [. : (g18 *gng)](z gi gz) . (10)
|P—iJ (g182+8185)| +2€% |K581 +iJga|
P—iJ(gigx+8183)]
(o) = | it 2)| . (11)

- |P—iJ(g;82+8185) \2 +2€2 |K;81 + ing|2

Here, we denote g = |g1| % and g» = |g2| ¢!, K; = kj/2+
iAc; (j=1,2), Ko = 1/2+ 1A, and P=K, (KiK, +J?) +
K> |e1” + Ki |2

In order to measure the squeezing, the field operator must
be expressed in terms of quadrature components. For example,
the output operator S,y should be divided into two quadrature

components as (42]

Sout = €% (Xamp +1Xpn) - (12)

Here 6 is an adjustable phase, and we set 8 = 0 below. Xamp
and Xpp are the amplitude and phase quadrature of the out-
put field, respectively, which satisfy the commutation relation

<Sout7sout> =

€210 [P* +1J (gg2 +8183))° (Kogl — 1Jg3)° (Jg1 +K182)

[Xamp, Xpn| = i/2. According to the definition of the vari-
ance (M,N) = (MN)— (M) (N), i.e., {Sout; Sout) = (SoutSout) —
(Sout) (Sout)» the corresponding quadrature variance of the out-

put field Soy read as
(: Xmp Xamp ) = 5 {SousSou) + 3 (S Sow)
Sk S (13)
(: Xpn, Xpn 1) = _%<Soutasout> + %<S;upsout>
4 (S50 (14)

The notation (:, :) represents the normally ordered variance,
which originate from the definition (: X;,X; :) = (X;,X;) — 1/4,
i = Amp,Ph. If (: X;,X; :) is negative, the output field exhibits
quadrature squeezing."*?! In detail, (: XAmp, Xamp :) measures
the squeezing of the amplitude quadrature, while (: Xpp, Xpp, )
measures the squeezing of the phase quadrature.

The variances of the output operator Sout, i.€., (Sout, Sout)
and <Sj;m, Sout>, can be obtained from Egs. (7)—(11),

27
(KiKy +J2)? “Pf iJ(gi82+8183) |2 +2€2 |K; 1 +iJg2|2]

2e*K, | K391 + gl |7g1 + iK1 g

5)

<Sj;uta Sout> =

It is clear from Egs. (13)—(16) that the normally ordered
variance of the output field is related to both the amplitude and
phase of the coupling strengths g; and g;. As a result, we can
explore the phase-controlled squeezing effect in this system.
Furthermore, in this work, we are mainly interested in the in-
fluence of the phase effect on the squeezing behaviors of the
output field. Thus, in the following discussion, for simplicity
but without loss of generality, we assume that the two cavities
have the same frequency . = @.» = @, and interact reso-
nantly with the two-level atom @, = @, i.e., Ac1 = Ac 2 = A,.

3. Results and discussion

In this section, we study the squeezing properties of the
transmitted field and focus on discussing how the quadrature
squeezing can be affected by the phase difference of the cou-
pling strengths between the two-level atom and the two cavi-
ties. First, we discuss the case where the two cavities have the
same decay rates k| = k» = K and couple to the atom with the
same coupling strength |g1| = |g2| = |g|- Then, the mismatch
between the coupling strengths |g;| and |g2|, and the mismatch
between the decay rates k7 and x» will be considered later.

In Figs. 2(a)-2(c), the variances of the transmitted field

.
KiKs + 2 ‘ P—iJ (gig2+e18) | +262| K51 + ingyz‘

(16)

versus the detuning A/x = (0 — @.)/K between the probe
field and the cavity modes with different phase differences
¢r — ¢ are plotted. Here, we study how the variances of the
amplitude and phase quadrature vary with the detuning, and
show how the squeezing properties are modulated by the rel-
ative phase of the coupling strengths. It can be seen from
Figs. 2(a)-2(c) that there are several dips with variance be-
low zero in the squeezing spectra. The number and loca-
tion of the dips are strongly related to phase difference. If
the atom couples to the two cavities in phase (¢ — ¢; = 0),
there is only a dip in the phase quadrature located at A = J,
which means that only the phase quadrature can be squeezed,
as shown in Fig. 2(a). If the atom couples to the two cavities
out of phase (¢, — ¢; = 7), a similar squeezing property in the
phase quadrature can be obtained, except that the location of
the dip changes from A =J to A = —J, as shown in Fig. 2(b).
However, If the atom couples to the two cavities with a rel-
ative phase 7/2(¢, — ¢; = m/2), the squeezing behaviors of
the phase and amplitude quadrature are much different from
that of the cases in phase or out of phase. There are two dips
with equal variance in the phase quadrature located at A = —J

and A = J, respectively. Furthermore, there is also a dip in the
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amplitude quadrature located at A = 0, which means that, in
the present case, an obviously squeezing behavior also can be
observed in the amplitude quadrature, as shown in Fig. 2(c).

VO N\
O _— — — — —
/
0.2 - ‘ga=¢) =0
—4 -2 0 2 4
0 0.2 : :
3 (b) _
c = ===
5ol NS eeen
—4 —2 0 2 4
0.2 T T T T T T -
(c)
—0.2 X X X X X ¢27I 1:I0.57T
—4 -2 0 2 4

(w—we) /K
Fig. 2. The variances of the amplitude and phase quadrature as a function of
the detuning for different phase difference: (a) ¢» — ¢ = 0; (b) ¢» — ¢ = 7,
(c) ¢ —¢; = 0.5w. All the red solid and blue dashed curves represent
the amplitude and phase quadrature, respectively. The common parame-
ters for this situation are |g;| = |g2| = 5k, J =2k, € = 0.5k, %, = 0.1k, and
K| = K2 =K.

The physical mechanism of this phase-dependent quadra-
ture squeezing can be explained in the normal mode
picture.[*>#! The system contains two cavities interacting
with an atom supports a pair of standing wave modes A and B,
which are the superposition of the two cavity modes, i.e., A =
(a1 +az)/V/2 with frequency @, +J, and B = (a; —az)/V/2
with frequency @. —J. For convenience, we use the words
high-frequency mode and low-frequency mode to describe the
standing wave modes A and B, respectively. In this new nor-
mal mode representation, the Hamiltonian in Eq. (2) can be
rewritten as

1 .
Hee = EhAacz+ﬁ(Aa+J)A‘A+h(Aa —~J)B'B

lg1|+ |g2| €149 . 1| —|ga] 20 .
+hl =————A'oc_+——F—B'o_
( V2 V2
A+B
+€ +Hec. ). 17
V2 ) 4
Here, A¢p = ¢» — ¢;. From Eq. (17), we can find that

the effective coupling strengths between the atom and the
standing wave modes A and B are given by gega =
(Ig1]+1g21 €™9)/v2 and gefrs = (|g1] — |82l €49)/V/2, re-
spectively, and these effective coupling strengths can be mod-
ified by tuning the relative phase (A9 = ¢» — ¢1). When
lg1] = |g2| = |g|, the effective coupling strengths gefra
and gefrp become gerra = |g[ (1 +e?)/v2 and gerp =
lg| (1 — e'49)/+/2, which can be as large as v/2|g| or as small
as zero when the relative phase changes from zero to 7. For the
case ¢ — ¢ = 0, we can obtain gegra = V2 |g| and geftp =0,
which means that the atom couples to the high-frequency
mode A with a maximal effective coupling strength, while de-
couples completely from the low-frequency mode B. The co-
herent interaction between the atom and the normal mode A

induces a strong nonlinearity in the system, which leads to the
phase quadrature squeezing around the high-frequency @. +J
region (i.e., A = J). Vice versa, for the case ¢, — ¢; = 7,
the atom only couples to the normal mode B (gefr4 = 0 and
geft.3 = V2|g|), which result in a similar squeezing behav-
ior around the low-frequency @, —J region (i.e., A = —J).
However, for the situation ¢, — ¢; = 7/2, the atom couples to
both the normal modes A and B. As a consequence, the phase
quadrature squeezing can be observed simultaneously around
the low-frequency and high-frequency region. Furthermore,
the squeezing behavior in the amplitude quadrature can also
be observed around the bare cavity resonant region A = 0 due
to the joint contribution of the two normal modes A and B.

0.2 . . . .
R ——
0 ——amplitude quadratur -
0.2 L _-phase quadrature. — —we=J
w .0 0.2 0.4 0.6 0.8 1.0
202
] (b)
§ 0 = ;
—— . ‘w—wcz—
B 0.2 ~ = = =
0 0.2 0.4 0.6 0.8 1.0
0.2
(c) <
I——=—<_ e——= =
0.2 ) ) ) UJ.—W(-ZO
o 0.2 0.4 0.6 0.8 1.0
(po—1)/m

Fig. 3. The variances of the amplitude and phase quadrature as a function
of the phase difference for different detunings: (a) A = @ — @, = J; (b)
A=w—w.=—-J;(c)A=w—ao.=0. All the red solid and blue dashed
curves represent the amplitude and phase quadrature, respectively. The com-
mon parameters are the same as those in Fig. 2.

A remarkable feature of the quadrature squeezing of the
transmitted field is that the squeezing behaviors can be trans-
ferred from the low-frequency mode to the high-frequency
mode, and can be transferred from the phase quadrature to
the amplitude quadrature by modulating the relative phase of
the coupling strengths. To clearly show this, we first plot
the variances of the phase and amplitude quadrature versus
the phase difference with three special detuning A = £J and
A = 01n Figs. 3(a)-3(c), respectively. As the input field reso-
nant with the high-frequency mode A (i.e., A = J), the squeez-
ing behavior can be observed in the phase quadrature when
the atom couples to the two cavities in phase ¢, — ¢; = 0.
However, the degree of squeezing decreases with increasing
¢ — ¢1. The squeezing behavior around the high-frequency
mode A even disappear as the phase difference increases to
7, as shown in Fig. 3(a). On the contrary, as the input field
resonant with the low-frequency mode B (i.e., A = —J), no
obvious squeezing behaviors around the low-frequency mode
B can be obtained in both the amplitude and phase quadra-
ture at first (¢ — ¢; = 0). However, by increasing the phase
difference to 7, the phase quadrature can be squeezed and
the degree of squeezing increases to the same value (about
—0.2) as that obtained around the high-frequency mode A, as
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shown in Fig. 3(b). It is clear from Figs. 3(a) and 3(b) that
the squeezing behaviors can be transferred completely from
the high-frequency region to the low-frequency region with
the phase difference ¢» — ¢; ranges from zero to 7. Further-
more, figure 3(c) shows that, as the input field resonant with
the bare cavity mode (i.e., A = 0), the squeezing behaviors can
be transferred between the amplitude and phase quadrature by
increasing the phase difference, and the squeezing behavior in
the amplitude quadrature can only be obtained obviously with
the phase difference around /2.

1.0 0.05
< 0.5 —0.05
L ~0.10
S —0.15
0
—4 -2 0 2 4
(w—we)/K
1.0
= ' 0.15
= / 0.10
$ 05 / 0.05
§ 0
—4 -2 0 2 4 —0.05
(w—we)/K

Fig. 4. The variances of the phase quadrature (a) and the amplitude quadra-
ture (b) as a function of both the phase difference and the detuning. The
common parameters are the same as those in Fig. 2.

In order to further illuminate these features and study the
effect of the relative phase on the quadrature squeezing in
a more general case, the variances of the phase and ampli-
tude quadrature versus both the detuning A /x = (0 — ;) /K
and the phase difference ¢» — ¢; are plotted in Figs. 4(a) and
4(b), respectively. We can find that, for a given detuning, the
squeezing behaviors in the high and low-frequency regions are
much different. The squeezing effect in the low-frequency re-
gion becomes more and more significant while that in the high-
frequency region disappears gradually as the relative phase
increasing, and vice versa. This shows the transition of the
squeezing between the high and low-frequency regions, which
is consistent with the results shown in Figs. 3(a) and 3(b). Fur-
thermore, comparing Figs. 4(a) and 4(b), it is found that the
squeezing behavior in the phase quadrature is also much dif-
ferent from that in the amplitude quadrature around the bare
cavity resonant region (A /k = (@ — @) /x = 0). The variance
of the phase or amplitude quadrature increases above zero or
decreases blew zero alternatively with the change of the phase
difference around 7/2, which means that the squeezing be-
tween the phase quadrature and the amplitude quadrature can
be transferred back and forth. Therefore, the squeezing trans-
fer between the phase and amplitude quadrature or between
the low and high-frequency regions can be achieved by sim-
ply modulating the relative phase of the coupling strengths be-
tween the atom and the two cavities.

In the above discussion, we have assumed that the two
cavities with the same decay rates kK = k», and coupled sym-
metrically to the two-level atom, i.e., |g1| = |g2|- We find
that, under this conditions, the squeezing properties of the
transmitted field depend strongly on the phase difference of
the coupling strengths between the atom and the two cavities.
However, it is clear from Eqgs. (15) and (16) that the phase-
dependent quadrature squeezing is also related to the intensity
of the decay rates and the coupling constants. Below, we focus
on analyzing the effect of decay mismatch k| # k, and cou-
pling mismatch |g;| # |g2| on the phase-dependent quadrature
squeezing properties.

First, we study how the decay mismatch between the two
cavities affects the quadrature squeezing by setting |g;| = |g2|.
In Figs. 5(a)-5(c), the variances of both the amplitude and
phase quadrature are plotted as a function of the decay mis-
match k) /K, for three detunings, i.e., A =0 and A = +J.
Here, we take the phase difference ¢ — ¢; = 7/2 for exam-
ple. Figure 5 shows clearly that the degree of squeezing de-
pends strongly on the decay mismatch. As the decay rate ra-
tio k] /K increases, both the variance of the phase quadrature
located at A = +J, and the variance of the amplitude quadra-
ture located at A = 0 increase monotonically, as shown by the
blue dashed lines in Fig. 5(a) and Fig. 5(c), and the red solid
line in Fig. 5(b), respectively. Compare with Fig. 2(c), where
Ki/k = 1 (k] = k»), the degree of squeezing increases when
Ki/k» < 1 (k] < K»). The reason is that, as the probe field
is injected into cavity 1, an unexpected noise will be injected
into the cavities at the same time, which weaken the quadrature
squeezing of the transmitted field. However, as the decay rate
of cavity 1 k; decreases, partial fluctuation in the input field
can be effectively suppressed, which leads to the enhancement
of the squeezing of the output field.[*>! As a result, a better
quadrature squeezing of the output field can be obtained with
a proper choice of the decay mismatch K /x;.

ot amplitude quadrature .

— -phase quadrature _ _ — — — —
b —— T wrwe=
0.5 0.7 0.9 1.1 1.3 1.5

? oo—mm

E ~ - (0)
g ot T T —-=-== E
< //_/

@ 0ot . . . . . @w=0
0.5 0.7 0.9 1.1 1.3 1.5

or ]
02 - — T T T T wrwe=
0.5 0.7 0.9 1.1 1.3 1.5

Hl/h‘/g

Fig. 5. The variances of the amplitude and phase quadrature as a function
of the decay mismatch for different detunings: (a) A = 0 — @, = J; (b)
A=0—0:.=0;(c) A =w—wn =—J. All the red solid and blue dashed
curves represent the amplitude and phase quadrature, respectively. The com-
mon parameters for this situation are |g;| = |g2| = 5K, J = 2ka, € = 0.5k,
and 3, = 0.1x,.
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Then, we proceed to study how the coupling mismatch
between the two cavities and the atom affects the quadrature
In Figs. 6(a) and 6(b), the
quadrature squeezing is plotted as a function of the coupling

squeezing by setting k| = K».

mismatch |g2|/|g1| with the phase difference ¢, — ¢; = 0 for
two detuning, i.e., A = £J. For the case ® — @. = —J, the
variances of the phase and amplitude quadrature are approach
to zero when |g2|/|g1] =1 (|g1] = |g2]), which means that
no obvious squeezing effect can be observed around A = —J.
This is consistent with the result shown in Fig. 2(a). How-

ever, when |ga[/g1] 7# 1 (lg1] # |g2
the phase and amplitude quadrature can become much smaller

), the variances of both

than zero, which means that a better quadrature squeezing can
be obtained due to the asymmetric interaction between the
atom and the two cavities. Furthermore, the squeezing behav-
iors of the phase and amplitude quadrature can be transferred
into each other by modulating the coupling mismatch, i.e., the
squeezing effect of the phase quadrature can be transferred
into the amplitude quadrature by increasing |g»|/|g1] at first,
and then transferred back to the phase quadrature by further in-
creasing the coupling mismatch, as shown in Fig. 6(a). While
for the case w — @, = J, the squeezing behaviors can only be
observed in the phase quadrature, and the degree of squeez-
ing is not very sensitive to the coupling mismatch |g2|/|g1], as
shown in Fig. 6(b).

0.2 - 0 0.2
2—P1—
@ nT, (b) 21 =0
w—we=J
0.1
20
E —0.17
g 0
= —0.18|
n N A
—-0.19
—0.1 ’, AN —0.1 0 5
amplitudé®
I quadrature ™
— — phase
0.9 quadrature 0 2\ - — — — — 1
001 2 3 4 5 0 1 2 3 4 5
lg21 /1911 |92l /191l

Fig. 6. The variances of the amplitude and phase quadrature as a function
of the coupling mismatch for two detunings: (a) A = @ — @, = —J; (b)
A =@ — @, =J. All the red solid and blue dashed curves represent the am-
plitude and phase quadrature, respectively. The common parameters for this
situation are J = 2k, € = 0.5k, %, = 0.1k, and k] = K» = K.

Compared to Fig. 2(a), we can find that the squeezing
behaviors of the transmitted field become much different due
to the coupling mismatch. This difference can be further ex-
plaining in the normal mode picture. As mentioned above, for
the case |g1| = |g2| = |g|, the effective coupling strengths be-
tween the atom and the standing wave modes A and B, i.e.,
geiia = |g| (14 ¢'2)/v/2 and gesr p = [g] (1 — €'4)/v/2, can
reach to their maximum value gefra = \ﬁ| g| and minimum

value gefrp = 0, respectively, as A¢ = ¢ — ¢; = 0. This
result in an obvious quadrature squeezing around the high-
frequency mode A (A = J), but no quadrature squeezing can
be observed around the low-frequency mode B (A = —J), as
shown in Fig. 2(a). However, for the situation |g;| # |g2],
the expressions of the effective coupling strengths should
be rewritien as geira = (lg1]+]g2] €'%)/V2 and gt =
(lg1] — |g2| €'49)/+/2, respectively. It is clear that, in the
present case, the effective coupling strength g.srp becomes
nonzero even though the atom couples to the two cavities
in phase (A¢ = 0), which leads to the quadrature squeezing
around the low-frequency mode B (A = —J), as shown in
Fig. 6(a).

Furthermore, it is worth noting that the effect of the cou-
pling mismatch on squeezing with other phase difference can
be studied in the same way as those for A¢p = 0. Actually,
the quadrature squeezing vary with |g2|/|g1]| for the phase dif-
ference A¢ = 7 also have been investigated. It is confirmed
that a similar squeezing behavior can be obtained and the re-
sults are the mirror images of those in Fig. 6. Namely, as
the two cavities couple to the atom out of phase A¢ = 7, the
squeezing behaviors and the degree of squeezing located at the
high-frequency mode A (A = J) are very sensitive to |g2|/|g1].
Obviously, a better quadrature squeezing effect can also be
achieved by adjusting the coupling mismatch between |g | and
|82l

Before summary, let us provide a brief discussion on
the experimental feasibility of our scheme. The interaction
between a two-level atom and two directly coupled cavities
can be realized by coupling a quantum dot to a semiconduc-
tor bimodal microcavity,*>*”1 which supports two degener-
ate counterpropagating cavity modes (a clockwise propagating
mode and a counterclockwise propagating mode). The cou-
pling between these two counterpropagating modes can be re-
alized due to the surface scattering of a nanoparticle, and the
mode coupling strength can be controlled by tuning the radius
of the nanoparticle or the number of the nanoparticles. 3] Fur-
thermore, in our model, a key element is that the atom couples
to the two cavity modes with different relative phase. It has
been demonstrated that, in the bimodal microcavity, the field
distributions of the clockwise and counterclockwise propagat-
ing modes have an azimuthal dependence.***! Thus, the cou-
pling strengths and their relative phase between the two-level
atom and the two cavities can be modulated experimentally
by varying the position of the atom relative to the azimuthal
distribution of the cavity modes.

4. Conclusion

In this paper, we have investigated the quadrature squeez-
ing of the output field from a cavity QED system, which con-
tains two coupled cavities and a two-level atom. We mainly
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focus on studying the influence of the phase effect of the cou-
pling strengths on the squeezing. It is found that the squeezing
behaviors can be transferred between the phase quadrature and
the amplitude quadrature, and can be transferred between the
low-frequency region and high-frequency region by tuning the
phase difference of the coupling strengths between the atom
and the two cavities. Besides, the decay mismatch between
the two cavities and the coupling mismatch between the atom
and the two cavities can be used to generate better quadrature
squeezing. The degree of squeezing of the output field can be
remarkably enhanced with the help of these mismatch, which
is useful for the application in highly precision measurements
and atomic spectroscopy.
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