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The squeezing dynamics of two independent atoms by detuning
in two non-Markovian environments*
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The squeezing dynamics of two independent two-level atoms off-resonantly coupled to two non-Markovian reservoirs
is studied by the time-convolutionless master-equation approach. We find that the squeezing of two atoms is dependent on
both detuning and the non-Markovian effect. Our results show that, in the non-Markovian regime, the bigger the detuning
and the stronger the non-Markovian effect are, the larger the strength of the squeezing is. And the squeezing of two atoms
can be effectively protected for a long time when both the non-Markovian effect and detuning are present simultaneously.
The physical mechanism is that the detuning not only can promote the feedback of information from the environment into
the atomic system but also can greatly suppress the atomic decay in the non-Markovian regime.
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1. Introduction

Since the Heisenberg uncertainty relation is proposed by
Heisenberg!!! and then generalized by Robertson,?! the uncer-
tainty relation is applied widely in areas both inside and out-
side quantum mechanics, such as entanglement detection, >

101 and signal processing.!'!! For an

quantum cryptography,
atomic system, the spin or angular momentum system has
often been regarded as squeezed if the uncertainty of one
spin component, say (AS;)? or (AS,)?, is smaller than
|(S5)]/2.11213] Recently, atomic squeezing has attracted con-
siderable attention since it can be used to enhance the sensi-
tivity of gravity-wave detectors'!*! and may play a critical role
in other high precision applications, such as high-resolution

15] [16]

spectroscopy, atomic

[17

high-precision measurements,
clocks,!!'”) and optical communications.!'8! The squeezing ef-
fect is also useful in tiny mechanical detection of a supercon-
ducting nano-mechanical resonator, both theoretically!'%2°!
and experimentally.[>!] Some related work on atomic ensem-
ble is also done.??!

On the other hand, it is well known that real quantum
systems unavoidably interact with their environments, >*! then
how to maintain the squeezing of open quantum systems for a
long enough time to allow the performances of quantum mea-
surements and quantum communications naturally becomes of
great interest especially when it comes to a realistic descrip-
tion of experimental situations. Generally, the environment is
classified as Markovian without memory and non-Markovian
with memory. Compared with the former, non-Markovian

systems appear to be more fundamental in many physi-
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cal situations, such as in photonic band-gap materials,?+%]

27,281 and spin

high-Q cavity systems,?®! solid state systems, !
baths.[?%3%] The typicality of non-Markovian environments is
that they can feed back part of the information into the sys-
tems due to the obvious memory effects. For this reason, more
and more attention has been paid to the influences of non-
Markovian effects on quantum information processes.

Recently, some schemes have been proposed to study
the influence of the non-Markovian effects on the atomic
squeezing. The squeezing of a two-level atom coupled to
a non-Markovian reservoir is studied®!! by the exact solu-
tion method. And spin squeezing of an ensemble of N in-
dependent spin-1/2 particles under non-Markovian channels
is also investigated by the Hierarchy equation method.*?! In
this paper, we will focus our attention on the squeezing of two
independent two-level atoms off-resonantly coupled to two
non-Markovian reservoirs by the time-convolutionless master-
equation approach. We show that the squeezing of two atoms
is dependent on both the detuning and the non-Markovian ef-
fect, and can be effectively protected for a long time by the
detuning in non-Markovian regimes. These results provide a
potential method to extend the available time of the atomic
squeezing, which would be useful in the high precision appli-
cations.

The paper is organized as follows. In Section 2, we intro-
duce the physics model of two independent two-level atoms
off-resonantly coupled to two non-Markovian reservoirs. In
Section 3, we analyze the squeezing dynamics of two-atoms
system. Then we discuss in Section 4 the influences of the
non-Markovian effects and the detunings on the two-atomic
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squeezing and show that the two-atomic squeezing could be
effectively protected for a long time by the detunings in non-
Markovian regimes. Finally, a brief summary is presented in
Section 5.

2. The model

Our model is a system consisting of two independent
two-level atoms off-resonantly coupled to two non-Markovian
reservoirs with zero temperature.’>! The total Hamiltonian
that describes such a system can be written as (7 = 1)

H =Hy+H, (D

where
2 EN 3
HO = Uy Z Sj + Z cOn,lb,',’lbn,l + Z wm,Zbln.’Qbm,Z (2)
Jj=1 n m

is the free Hamiltonian of the combined system. @y is the
transition frequency of two atoms, Sj- is the inversion opera-
tors describing the j-th atom (j = 1, 2), while the index n(m)
labels the field modes of the 1-th (2-th) reservoir with frequen-
cies @1 (Om2), b;l (bjn_z), and b, (by,2) are the modes’
creation and annihilation Operators of the 1-th (2-th) reservoir.
The interaction Hamiltonian Hj is given by

Hy = Zgn,lbn,IST+ng,2bm,2sg_+h~c'» (3)
n m

where g5, 1 (gm2) is the coupling constant between the 1-th (2-
th) atom and its corresponding reservoir, S;r and S; G=1,
2) are the upward and downward operators of the j-th atom,
respectively. In the interaction picture defined by Hy, the in-
teraction Hamiltonian reads

2 .
H(t) = ) (S?Zé’n,/bn,je‘(“’”%)’

Jj=1 T
+szg;ﬁl¢jb;jei<w0wn¢j)t>. @
n

In the second order approximation the master equation for
the system composed by the pair of uncoupled atoms,**! de-
scribed by the density operator ps(z), has the following form

Sips) = = [ arTea(len(o). (=) ) @pal). 5)

with the environment state pp.
And we have supposed that p(r) = ps(r)Q@pp and
Trp([Hi(1), ps(0) @ ps]) = 0, we write Eq. (5) as

d
+Ps() = LYps(0) + L% ps ). ©6)

where L) (j = 1, 2) is the Liouville superoperator3* associ-
ated to the interaction Hamiltonian (4) and it is defined by

LYps(t) = By(1)[S; ps(0),511+ B3 (1)[S; ,ps (1) ]

+ A0S ps(1),S7]+A;(0)[ST,ps(1)S7]. (D)

The quantities A ;(¢) and B;(t) are the correlation functions and
are given by

1— ei(a)Ofwn‘j)t

Aif) = i w28 by g —— 8
]() I;Lg :]‘ < n,j 7./>B] a)O_wn,j ( )
. 1— ei(a)()fwn.j)t
(1) = i |2 A
Bj(r) = 1;|gn.,]‘ <bn,jbn7j>3j o) — O, ) )

where (b} bu;)8; = Tra; (b} ;bn,j)Ps;) and (byjb) ;)g; =
TrB_,‘ ((b"’jbjz,j)ij)'

Assuming that the two reservoirs are initially prepared in
a thermal state with 7" = 0, the correlation functions reduce to

. 1— ei(a)()*wn.j)t
A;(t) =0, Bj(t) = IZ|gn,j|27wo_wnj . (10)
n )

We take a Lorentzian spectral density of the j-th (j =1,

2) reservoirl23-3>]

1 Yoijvi2

where 9; is the detuning between @y and the center frequency
o; of the j-th reservoir. And the parameter A; defines the spec-
tral width of the coupling, which is connected to the reservoir
correlation time TRJ:A ;1 and the parameter Y; is related to
the relaxation time scale Tg; by the relation ‘L'szyo_jl.

Utilizing the Lorentzian spectral density J(®;), we can
obtain the correlation functions

A0 =0, Bi(1) = 5 sl A )

3. The squeezing dynamics of a two-atoms sys-
tem

To analyze the squeezing properties of the two-level
atoms system, we define the collective operators Sy, S», and
83

Sy+S-
=Ty
S, —S_
S = 222
2 2i )
S5 = 5485, (13)

where S, = Sl++S;r, S_ =8, +S,,and [S1,5,] = iS3. The

Heisenberg uncertainty relation!!>!3] is given by
1
(A81)%(882)* = 2(85)%, (14)

where (AS;)? = (Sf) —(S;)? (j =1, 2). Consequently, the
fluctuation in the component S; of the collective operators is
said to be squeezed if §; satisfies the condition

1
(B8))* < 51(85)] (15)
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or

Fj = (AS;)?—<|(S3)] <. (16)

]

2

Let us assume that after time ¢ the density matrix of the
two-atoms system has the following form

Pngl; PIZE[; P13Et§ P14Et§

P21(f) p22(t) p23(t) P24l

Pl = p31(t) p3(t) p33(t) paa(t) |- (an
par(t) pax(t) pas(t) paalt)

We can get (S;) = Tr(S;p(t)) and (§3) = Tr(S5p(z)) by solv-
ing the master equation (6). Then we insert (S;) and (Sf}
into the equation (15) or (16) and can analyze numerically the
squeezing properties of the two-atomic system.

4. Results and discussion

Based on the physical model we examined in Section 2,
we investigate how the types of environments and the detun-
ings affect the squeezing properties of the two-atomic system.
We consider two atoms are initially prepared in the superposi-
tion state

0 A AN
|w,(0)) = cos (2) | ——)+sin <2) e'?|+4). (18)
And let @] = @r, A} = A2, Yo1 = Y2, 61 = 6. Following the
above calculations, we can numerically obtain the time evolu-
tions of the squeezing factor F> in both Markovian (y < A /2)
and non-Markovian regimes ( > A /2) in the detuning.

Figures 1 shows the squeezing evolution of two atoms as
functions of time for different detunings in the non-Markovian
regime. It can be seen that the squeezing of two atoms with
and without detuning shows qualitative different behaviors in
the non-Markovian regimes. When 6 = 0 (i.e. without detun-
ing), the component S, is initially squeezed but loses quickly
this feature shown as the dashed line in Fig. 1. Obviously, in
many cases the time of the atomic squeezing is too short to
be used in the high-precision measurements. However, when
0 = 0.4y (i.e. with small detuning), the oscillation in squeez-
ing appears. The initially atomic squeezing will quickly dis-
appear but the squeezing is again revived in a very short time,
shown as the dotted line in Fig. 1. When 6 = 40y, (i.e. with
big detuning), the squeezing of the component S, can be ef-
fectively preserved for a long time shown as the solid line in
Fig. 1. Therefore the squeezing of two atoms is dependent on
the detuning in the non-Markovian regime. The bigger the de-
tuning is, the larger the strength of the squeezing is, and the
squeezing of two atoms can be effectively preserved for a long
time.

Figure 2 shows the squeezing evolution of two atoms
as functions of time for the Markovian regime and the non-
Markovian regimes in the detuning. It can be seen that the

squeezing behaviors of two atoms have essential differences
in different reservoirs. When A = 10y (i.e. in the Marko-
vian regime), the component S, is initially squeezed but loses
quickly this feature shown as the dashed line in Fig. 2. How-
ever, when A = 0.1y (i.e. with small non-Markovian ef-
fect), the oscillation in squeezing appears. The initially atomic
squeezing will also quickly disappear but the squeezing is
again revived in a very short time shown as the dotted line in
Fig. 2. When A =0.0017 (i.e. with the strong non-Markovian
effect), the squeezing of the component S, can be effectively
preserved for a long time, shown as the solid line in Fig. 2.
Therefore the squeezing of two atoms is dependent on the
characteristics of reservoirs in the detuning. The stronger the
non-Markovian effect is, the larger the strength of the squeez-
ing is, and the two-atomic squeezing can also be effectively
preserved for a long time.
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Fig. 1. (color online) The dynamics of squeezing factors F, as a func-
tion of scaled time Yyt for different & in the non-Markovian regime
(A =0.19%): & = 0 (dashed line), § = 0.4y (dotted line), & = 40y
(solid line). Other parameters are 6 = /4, ¢ = 0.
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Fig. 2. (color online) The dynamics of squeezing factors F, as a func-
tion of scaled time 7y for different A in the detuning (6 = 0.8%):
A = 10y (dashed line), A = 0.1y (dotted line), L = 0.001y (solid
line). Other parameters are 0 = 7t/4, ¢ = 0.

Comparing Figs. 1 and 2, we find that the squeezing of
two atoms is dependent on both the detuning and the non-
Markovian effect. In order to understand the physical mecha-
nism of the squeezing dynamics of two atoms, we investigate
the influences of the detuning and the non-Markovian effect
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on the correlation function. In terms of Eq. (12), we rewrite
the correlation function as

WA [1— elis=A)),

B0 = 30 -19)

19)

In the non-Markovian regime, the effects of the detuning
0 on the correlation function B(¢) are shown in Fig. 3. When
0 = 0, the correlation function B(¢) is always positive and
quickly reaches a stationary value as shown in Fig. 3(a). Thus,
the squeezing information will very quickly outflow from the
atomic system so that the squeezing of two atoms quickly van-
ishes, it is just the case shown as the dashed line in Fig. 1. Nev-
ertheless, when & # 0, the oscillation in the correlation func-
tion appears, and with the increase of detuning, the amplitude
of the correlation function will reduce as shown in Figs. 3(b)
and 3(c). Negative values of the correlation function can be
interpreted as the feedback of information from the environ-
ment into the atomic system due to the memory effects of the
structured reservoir. The reduction of the amplitude of the cor-
relation function means the decrease of the atomic decay rate.
Therefore the squeezing information will be well protected by
the detuning in the non-Markovian regime, which is quite co-
incident with the results shown as the dotted line and the solid

line in Fig. 1.
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Fig. 3. (color online) The correlation function B as a function of scaled
time yp¢ for different § in the non-Markovian regime (A = 0.19): (a)
8 = 0 (dashed line), (b) § = 0.4y (dotted line), (c) § = 40y (solid
line). Other parameters are 6 = 71/4, ¢ = 0.
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Under the condition of the detuning, the effects of the
spectral width A on the correlation function B(r) are shown
in Fig. 4. When A = 10y, the correlation function B(t)
is always positive and quickly reaches a stationary value as
shown in Fig. 4(a). The squeezing information will also very
quickly outflow from the atomic system so that the squeez-
ing of two atoms quickly vanishes, it is just the case shown
as the dashed line in Fig. 2. Nevertheless, when A < 2%, the
oscillation in the correlation function appears, and the strong
non-Markovian effect can greatly reduce the amplitude of the
correlation function as shown in Figs. 4(b) and 4(c). Therefore

the squeezing information will be well protected by the non-
Markovian effect in the detuning, which is just the case shown
as the dotted line and the solid line in Fig. 2.
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Fig. 4. (color online) The correlation function B as a function of scaled
time Yt for different A in the detuning (6§ = 0.8y). (a) A = 10y
(dashed line), (b) A = 0.1}y (dotted line), (c) A = 0.001yy (solid line).
Other parameters are 0 = /4, ¢ = 0.

5. Conclusion

In conclusion, we have investigated the squeezing dynam-
ics of two independent two-level atoms off-resonantly cou-
pled to two non-Markovian environments and discussed the
influences of the non-Markovian effect and detuning on the
squeezing dynamics of two atoms. We find that the squeezing
of two atoms is dependent on both the detuning and the non-
Markovian effect. Our results show that, in the non-Markovian
regime, the bigger the detuning and the stronger the non-
Markovian effect are, the larger the strength of the squeezing
is. And the squeezing of two atoms can be effectively pro-
tected for a long time when both the non-Markovian effect and
detuning are present simultaneously. The physical mechanism
is that the detuning not only can promote the feedback of infor-
mation from the environment into the atomic system but can
also greatly suppress the atomic decay in the non-Markovian
regime. Our work provides a new way to indirectly control and
manipulate the atomic squeezing in the high-precision mea-
surements with the current experimental capabilities.

References

[1] Heisenberg W 1927 Z. Phys. 43 172
[2] Robertson H P 1929 Phys. Rev. 34 163
[3] Horodecki R, Horodecki P, Horodecki M and Horodecki K 2009 Rev.
Mod. Phys. 81 865
[4] Giihne O and Toth G 2009 Phys. Rep. 474 1
[5] Duan L M, Giedke G, Cirac J I and Zoller P 2000 Phys. Rev. Lett. 84
2722
[6] Simon R 2000 Phys. Rev. Lett. 84 2726
[7]1 Giihne O 2004 Phys. Rev. Lett. 92 117903
[8] Huang Y 2010 Phys. Rev. A 82 012335
[9] Huang Y 2010 Phys. Rev. A 82 069903
[10] Gisin N, Ribordy G, Tittel W and Zbinden H 2002 Rev. Mod. Phys. 74
145
[11] Massar S and Spindel P 2008 Phys. Rev. Lett. 100 190401
[12] Wodkiewicz K and Eberly J H 1987 J. Opt. Soc. Am. B 2 458

120303-4


http://dx.doi.org/10.1007/BF01397280
http://dx.doi.org/10.1103/PhysRev.34.163
http://dx.doi.org/10.1103/RevModPhys.81.865
http://dx.doi.org/10.1103/RevModPhys.81.865
http://dx.doi.org/10.1016/j.physrep.2009.02.004
http://dx.doi.org/10.1103/PhysRevLett.84.2722
http://dx.doi.org/10.1103/PhysRevLett.84.2722
http://dx.doi.org/10.1103/PhysRevLett.84.2726
http://dx.doi.org/10.1103/PhysRevLett.92.117903
http://dx.doi.org/10.1103/PhysRevA.82.012335
http://dx.doi.org/10.1103/PhysRevA.82.069903
http://dx.doi.org/10.1103/RevModPhys.74.145
http://dx.doi.org/10.1103/RevModPhys.74.145
http://dx.doi.org/10.1103/PhysRevLett.100.190401

Chin. Phys. B Vol. 22, No.

12 (2013) 120303

[13]
[14]

[15]
[16]
[17]
[18]

[19]
[20]
[21]

[22]
[23]

[24]

Wodkiewicz K 1985 Phys. Rev. B 32 4750

Goda K, Miyakawa O, Mikhailov E E, Saraf S, Adhikari R, Mckenzie
K, Ward R, Vass S, Weinstein A J and Mavalvala N 2008 Nat. Phys. 4
472

Wineland D J, Bollonger J J and Itano W M 1994 Phys. Rev. A 50 67
Sorensen J L, Hald J and Polzik E S 1998 Phys. Rev. Lett. 80 3487

Ye J, Kimble H J and Katori H 2008 Science 320 1734

Furusawa A, S¢rensen J L, Braunstein S L, Fuchs C A, Kimble HJ and
Polzik E S 1998 Science 282 706

Huo W Y and Long G L 2008 Appl. Phys. Lett. 92 133102

Xue F, Liu Y, Sun C P and Nori F 2007 Phys. Rev. B 76 064305

Etaki S, Poot M, Mahboob I, Onomitsu K, Yamaguchi H and Van der
zant H S J 2008 Nat. Phys. 4 785

Jing J T, Liu C J, Zhou ZF, et al. 2012 Chin. Sci. Bull. 57 (16) 1925
Breuer H P and Petruccione F 2002 The Theory of Open Quantum Sys-
tems (Oxford: Oxford University Press)

Lambropoulos P, Nikolopoulos G M, Nielsen T R and Bay S 2000 Rep.
Prog. Phys. 63 455

[25]
[26]
[27]
(28]

[29]
[30]

(31]
(32]
[33]
[34]

(35]

120303-5

Piilo J, Maniscalco S, Hirkonen K and Suominen K A 2008 Phys. Rev.
Lett. 100 180402

Dublin F, Rotter D, Mukherjee M, Russo C, Eschner J and Blatt R 2007
Phys. Rev. Lett. 98 183003

Lai C W, Maletinsky P, Badolato A and Imamoglu A 2006 Phys. Rev.
Lett. 96 167403

Galland C, Hogele A, Tureci H E and Imamoglu A 2008 Phys. Rev.
Lett. 101 067402

Breuer H P, Burgarth D and Petruccione F 2004 Phys. Rev. B 70 045323
Xiao X, Fang M F, Li Y L, Kang G D and Wu C 2010 Eur. Phys. J. D
57 447

Xiao X, Fang M F and Hu Y M 2011 Phys. Scr. 84 045011

Yin X L, MaJ, Wang X G and Nori F 2012 e-print arXiv: 1204.0093
Ferraro E, Scala M, Migliore R and Napoli A 2009 Phys. Rev. A 80
042112

Sinayskiy I, Ferraro E, Napoli A, Messina A and Petruccione F 2009
e-print arXiv: 0906.1796

Breuer H P, Laine E M and Piilo J 2009 Phys. Rev. Lett. 103 210401


http://dx.doi.org/10.1103/PhysRevB.32.4750
http://dx.doi.org/10.1038/nphys920
http://dx.doi.org/10.1038/nphys920
http://dx.doi.org/10.1103/PhysRevA.50.67
http://dx.doi.org/10.1103/PhysRevLett.80.3487
http://dx.doi.org/10.1126/science.1148259
http://dx.doi.org/10.1126/science.282.5389.706
http://dx.doi.org/10.1063/1.2904700
http://dx.doi.org/10.1103/PhysRevB.76.064305
http://dx.doi.org/10.1038/nphys1057
http://dx.doi.org/10.1088/0034-4885/63/4/201
http://dx.doi.org/10.1088/0034-4885/63/4/201
http://dx.doi.org/10.1103/PhysRevLett.100.180402
http://dx.doi.org/10.1103/PhysRevLett.100.180402
http://dx.doi.org/10.1103/PhysRevLett.98.183003
http://dx.doi.org/10.1103/PhysRevLett.98.183003
http://dx.doi.org/10.1103/PhysRevLett.96.167403
http://dx.doi.org/10.1103/PhysRevLett.96.167403
http://dx.doi.org/10.1103/PhysRevLett.101.067402
http://dx.doi.org/10.1103/PhysRevLett.101.067402
http://dx.doi.org/10.1103/PhysRevB.70.045323
http://dx.doi.org/10.1140/epjd/e2010-00065-0
http://dx.doi.org/10.1140/epjd/e2010-00065-0
http://dx.doi.org/10.1088/0031-8949/84/04/045011
http://dx.doi.org/10.1103/PhysRevA.80.042112
http://dx.doi.org/10.1103/PhysRevA.80.042112
http://dx.doi.org/10.1103/PhysRevLett.103.210401

	1. Introduction
	2. The model
	3. The squeezing dynamics of a two-atoms system
	4. Results and discussion
	5. Conclusion
	References

