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We investigate the creation of stable homonuclear and heteronuclear N -body polymer molecules from ultracold
atoms via a generalized stimulated Raman adiabatic passage scheme. The atom-molecule dark-state solutions for
the system are obtained and are found to satisfy universal algebraic equations. We discuss the linear instability
and the adiabatic fidelity of the dark state. We also explore the effects of the interparticle interactions, the atomic
number of the polymer, and external field parameters on the conversion process.
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I. INTRODUCTION

The study of ultracold molecules is one of the most active
areas of atomic and molecular physics and attracts consid-
erable attention [1–4]. However, most of the experimental
and theoretical studies in this field to date have focused on
diatomic molecules [5]. A major thrust of current work in
this field aims to extend the techniques and study of ultracold
diatomic molecules to polyatomic molecules [6]. Cooling and
trapping of polyatomic molecules would greatly enrich the
scope of molecular physics and allow the study of complex
chemical reactions (ultracold chemistry and superchemistry)
[7], molecular decoherence [8], precision measurements [9],
and molecular optics [10].

It is, in principle, possible to form ultracold molecules
larger than a dimer, either by directly cooling preexisting
molecules from room temperature or by indirect association
from atoms or smaller molecules. Very recently, a direct
approach of cooling polyatomic molecules, called Sisyphus
cooling, has been reported experimentally [11]. The scheme
can cool fluoromethane CH3F molecules down to 29 mK
and will allow cooling to sub-mK temperatures and beyond.
It represents a beautiful demonstration of new cooling and
trapping methods and their surprising application to a gas of
polyatomic molecules [12]. A potentially viable technique for
indirectly forming ultracold polyatomic molecules could be
based on cryogenic buffer-gas cooling [13] or Stark decel-
eration [14] followed by magnetic trapping and subsequent
sympathetic cooling with ultracold atoms [15–17]. However,
methods such as Stark deceleration have not yet reached the
regime of ultracold temperatures. Another promising powerful
method to produce ultracold polyatomic molecules is related
to magnetically tunable Feshbach resonances (FR) [18]. With
the aid of FR and photoassociation (PA) [19], a generalized
stimulated Raman adiabatic passage (STIRAP) scheme [20],
which was first proposed to efficiently generate large amounts
of deeply bound ultracold diatomic molecules by using a
chirped coupling field to compensate the effects of nonlinear
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interactions, is employed for producing the homonuclear and
heteronuclear triatomic molecules [21]. Experimentally, the
STIRAP scheme has been used to create a ground-state
87Rb2 molecule [22], a 133Cs2 molecule [23], and 40K87Rb
[24] and 6Li40K [25] heteronuclear molecules. In all these
experiments, one makes use of a STIRAP process to coherently
transfer the extremely weakly bound Feshbach molecules
to the vibrotational ground state of the ground electronic
state. Very recently, the ultracold alkaline-earth-metal 84Sr2

molecule [26] was formed from atom pairs on sites of an
optical lattice using the STIRAP scheme. Near the center of
the FR, a three-body Efimov resonance (ER) was predicted in
the early 1970̄s [27] and was first observed for ultracold gases
in 2006 [28]. The observation of an ER confirms the existence
of weakly bound trimer states and opens up new ways [29]
of experimentally and theoretically exploring the intriguing
physics of few-body quantum systems. Over the last several
years, the field of Efimov physics has generated a great deal
of excitement in ultracold atomic gases system [30–32]. The
association of three-body Efimov molecules [33] was proposed
in Bose gases loaded into optical lattices. The tetramer states
[34,35] were experimentally realized in ultracold gas of cesium
atoms [36] and were further studied for four identical bosons
[37–39]. Recent theoretical investigations have predicted a
further extension of the Efimov scenario, where five-, six-,
seven-, or higher-body cluster states (N -body Borromean)
can be bound even if no bound subsystem exists [40–42].
Clusters with up to N = 40 atoms have been investigated,
and the scattering-length values at which successive N -boson
systems cross the corresponding atomic threshold have been
calculated [41]. With the help of three- and four-body ER
and PA, the generalized STIRAP scheme has been applied
to forming the homonuclear and heteronuclear tetramer [43]
and pentamer [44] molecules. One could easily be tempted
to extend this technique to creating more complex ultracold
N -body polyatomic molecules.

In the present paper, we theoretically investigate the con-
version problem from atom to N -body polyatomic molecule in
an ultracold bosonic system by implementing the generalized
STIRAP scheme, where atoms are first associated with excited
polymers AN−1, and the polymers are then coupled with
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another atom by the optical field to form the bound polyatomic
molecules. We first discuss the model for homonuclear and
heteronuclear systems and then derive the coherent popula-
tion trapping (CPT), i.e., dark-state solutions, which satisfy
universal algebraic equations. We further focus on the linear
instability and the adiabatic fidelity of the atom-polymer dark
state in the STIRAP and find that the interparticle interactions
will lead to the instability and cause the oscillation of adiabatic
fidelity, forming an oscillation window, and the atomic number
N of polymers and external field parameters will affect the
duration and the magnitude of the oscillation.

The rest of this paper is organized as follows. In Sec. II,
we introduce our model and obtain the CPT state solution. In
Sec. III, we study the linear instability and adiabatic fidelity
of the CPT state and discuss the effect of external field
parameters on the conversion process. The conclusions are
given in Sec. IV.

II. MODEL AND CPT STATE

The system that we consider is illustrated in Fig. 1.
It consists of ultracold Bose atoms coupled to molecular
polymers AN−1 via a two-body FR (N = 2) or many-body
ER (N � 3); these polymers AN−1 are in turn photoassociated
to another atom, A or B, to form the polymer homonuclear
molecule AN or heteronuclear molecule AN−1B.

A. Homonuclear polymer

We consider first the creation of homonuclear polymers.
By denoting the atom-polymer coupling strength as λ′ with
detuning δ and the Rabi frequency of the photoassociation
laser as �′ with detuning �, the Hamiltonian describing the
system in the interaction picture can be written as

Ĥ = −h̄

∫
dr

{∑
i,j

χ ′
i,j ψ̂

†
i (r)ψ̂†

j (r)ψ̂j (r)ψ̂i(r)+δψ̂†
m(r)ψ̂m(r)

+ λ′{ψ̂†
m(r)[ψ̂a(r)]N−1 + H.c.} + (� + δ)ψ̂†

p(r)ψ̂p(r)

−�′[ψ̂†
p(r)ψ̂m(r)ψ̂a(r) + H.c.]

}
, (1)

FIG. 1. (Color online) The scheme for atom-polymer conversion
in an ultracold atomic system: (a) homonuclear polymer and (b)
heteronuclear polymer.

where ψ̂i and ψ̂
†
i are the annihilation and creation operators,

χ ′
i,j represents the two-body interaction, and the indices i,j =

a,m,p stand for the atom, intermediate polymer AN−1, and
polymer AN states, respectively.

For the systems with a large particle number and low
temperature, it is usually quite well described by the mean-field
approximation [45,46]. In the approximation, the number of
particles tends to infinity while the density is held fixed, and
the quantum and thermal fluctuations are negligible [47]. It
has been successfully applied to explain the experiments of
Feshbach molecules [4,22,48]. By replacing the field operators
ψ̂i and ψ̂

†
i with c-numbered order-parameter fields

√
nψi and√

nψ∗
i , where n is the density of the total particle number, the

system is described by the Heisenberg equations of motion for
annihilation operators ψ̂i :

dψa

dt
= 2i

∑
j

χaj |ψj |2ψa+(N − 1)iλψmψ∗N−2
a −i�ψpψ∗

m,

dψm

dt
= 2i

∑
j

χmj |ψj |2ψm + (iδ − γ )ψm + iλψN−1
a

− i�ψpψ∗
a ,

dψp

dt
= 2i

∑
j

χpj |ψj |2ψp + i(� + δ)ψp − i�ψmψa, (2)

in which χij = nχ ′
ij ,λ = n

N
2 −1λ′, and � = √

n�′ are the
renormalized quantities and the term proportional to γ is
introduced phenomenologically to simulate the decay of the
intermediate polymer state.

To seek a steady CPT state with |ψ0
m| = 0, we first neglect

the particle loss by taking γ = 0 and start by considering
the steady-state solutions of Eqs. (2) through the following
steady-state ansatz (μa is the atomic chemical potential):

ψa = ∣∣ψ0
a

∣∣ exp [i(θa − μat)],

ψm = ∣∣ψ0
m

∣∣ exp [(N − 1)i(θa − μat)], (3)

ψp = ∣∣ψ0
p

∣∣ exp [Ni(θa − μat)].

Putting Eqs. (3) into Eqs. (2) and keeping the intermediate state
unpopulated, one can find that the following CPT solutions
exist: ∣∣ψ0

m

∣∣2 = 0, (4)

∣∣ψ0
p

∣∣2 = 1

N

(
1 − ∣∣ψ0

a

∣∣2)
, (5)

where |ψa|2 satisfies the following algebraic equation:

∣∣ψ0
a

∣∣2 + N

(
λ

�

)2 (∣∣ψ0
a

∣∣2)N−2 − 1 = 0 (6)

and the conserved total particle number |ψa|2 + (N − 1)
|ψm|2 + N |ψp|2 = 1. The chemical potential and the gener-
alized two-photon resonance conditions [20] are

μa = −2(χaa + χap)
∣∣ψ0

a

∣∣2
(7)

and

�= − δ + 2(Nχaa − χpa)
∣∣ψ0

a

∣∣2 + 2(Nχap − χpp)
∣∣ψ0

p

∣∣2
. (8)
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FIG. 2. (Color online) Atomic populations of CPT as functions
of λ/� for (a) homonuclear and (b) heteronuclear systems.

Figure 2(a) shows the atomic population |ψa|2 satisfying
Eq. (6) as a function of λ/� for different N (with N = 3,4,5,6
as examples). Clearly, for increasing λ/� we find that |ψa|2
tends to zero monotonically, and a smaller N accelerates this
decrease. This implies not only that the population distribution
has the remarkable property of allowing all the atoms to
be converted into polymers as λ/� changes from zero to
infinity as long as the two-photon resonance condition (8)
can be maintained dynamically but also that the conversion
efficiency from ultracold atoms to more complex polymers
is much lower. Since the temporal dependence of � uniquely
determines the time evolution of the population, we can design
a priori the temporal evolution of the laser detuning � in
accordance with �(t) such that the resonance condition (8) is
maintained dynamically at any time. It is noted that although, in
principle, the detuning δ can be varied temporally to optimize
the conversion efficiency, in actual experiments, we can fix
δ at a finite value; it not only simplifies the experimental
procedure, but more importantly, it also allows us to avoid
strong condensate losses near the exact resonance (δ = 0).

B. Heteronuclear polymer

We now turn to the situation of heteronuclear polymer
formation. The dynamics of the system can be described by
the model Hamiltonian

Ĥ = −h̄

∫
dr

{∑
i,j

χ ′
i,j ψ̂

†
i (r)ψ̂†

j (r)ψ̂j (r)ψ̂i(r)+δψ̂†
m(r)ψ̂m(r)

+ λ′{ψ̂†
m(r)[ψ̂a(r)]N−1 + H.c.} + (� + δ)ψ̂†

p(r)ψ̂p(r)

−�′[ψ̂†
p(r)ψ̂m(r)ψ̂b(r) + H.c.]

}
, (9)

where the subscript b represents atom B and the indices
i,j = a,m,p stand for the atom, intermediate polymer AN−1,
and polymer AN−1B states, respectively. Using the mean-field
approximation, the system is described by the equations of
motion

dψa

dt
= 2i

∑
j

χaj |ψj |2ψa + i(N − 1)λψmψ∗N−2
a ,

dψb

dt
= 2i

∑
j

χbj |ψj |2ψb − i�ψpψ∗
m,

dψm

dt
= 2i

∑
j

χmj |ψj |2ψm + (iδ − γ )ψm + iλψN
a (10)

− i�ψpψ∗
b ,

dψp

dt
= 2i

∑
j

χpj |ψj |2ψp + i(� + δ)ψp − i�ψmψb,

where χij = nχ ′
ij ,λ = n

N
2 −1λ′, and � = √

n�′ are the renor-
malized quantities and the decay rate γ accounts for the loss
of untrapped polymers. By using the steady-state ansatz

ψa = ∣∣ψ0
a

∣∣ exp [i(θa − μat)],

ψb = ∣∣ψ0
b

∣∣ exp [i(θb − μbt)],
(11)

ψm = ∣∣ψ0
m

∣∣ exp [i(N − 1)(θa − μat)],

ψp = ∣∣ψ0
p

∣∣ exp (i{[(N − 1)θa + θb] − [(N − 1)μa + μb]t}),
where μb is the chemical potential of atom B, one can obtain
the following CPT solutions:

∣∣ψ0
b

∣∣2 =
∣∣ψ0

a

∣∣2

(N − 1)
, (12)∣∣ψ0

m

∣∣2 = 0, (13)

∣∣ψ0
p

∣∣2 = 1

N
−

∣∣ψ0
a

∣∣2

N − 1
, (14)

and |ψa|2 satisfies the following algebraic equation:

N

N − 1

∣∣ψ0
a

∣∣2 + N (N − 1)

(
λ

�

)2 (∣∣ψ0
a

∣∣2)N−2 − 1 = 0, (15)

where we have used the condition of conserved particles
number, |ψa|2 + |ψb|2 + (N − 1)|ψm|2 + N |ψp|2 = 1. The
atomic chemical potentials and generalized two-photon res-
onance condition are

μa = −2
(
χaa

∣∣ψ0
a

∣∣2 + χab

∣∣ψ0
b

∣∣2 + χap

∣∣ψ0
p

∣∣2)
,

(16)
μb = −2

(
χba

∣∣ψ0
a

∣∣2 + χbb

∣∣ψ0
b

∣∣2 + χbp

∣∣ψ0
p

∣∣2)
,

and

� = −δ + 2[(N − 1)χaa + χba − χpa]
∣∣ψ0

a

∣∣2

+ 2[(N − 1)χab + χbb − χpb]
∣∣ψ0

b

∣∣2

+ 2[(N − 1)χap + χbp − χpp]
∣∣ψ0

p

∣∣2
. (17)

The atomic population |ψa|2 + |ψb|2 satisfying Eqs. (12) and
(15) as a function of λ/� for different N is illustrated
in Fig. 2(b). Similarly, we can find that, by dynamically
maintaining the resonance condition, the population can be
concentrated in atomic and polymer bound states under the
respective limits λ/� → 0 and λ/� → ∞.

III. LINEAR INSTABILITY AND ADIABATIC
FIDELITY OF THE CPT STATE

The existence of the CPT state, however, does not guarantee
that this state can be followed adiabatically. Therefore, in the
section, we investigate the stability properties and the adiabatic
fidelity for the atom-polymer CPT state.
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It is important to avoid the occurrence of instability in the
generalized STIRAP. To this end, we linearize the equations of
motion including the chemical potential and obtain the Jacobi
matrix around the fixed point (CPT state) for the atom-polymer
conversion system. The excitation frequencies (corresponding
to the eigenvalues of the Jacobi matrix) of the linearized
equation other than the zero-frequency mode (corresponding
to the Goldstone mode [49]) can be obtain analytically as

ω = ±
√

(B ± √
B2 − 4C)

2
, (18)

where

B =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

2N (N − 2)λ2
∣∣ψ0

a

∣∣2(N−2) + 2
∣∣ψ0

a

∣∣2
�2 + A2,

homonuclear,

2(N − 1)(N − 2)λ2
∣∣ψ0

a

∣∣2(N−2) + 2
N−1�2

∣∣ψ0
a

∣∣2+A2,

heteronuclear,
(19)

C =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

[
N (N − 2)λ2

∣∣ψ0
a

∣∣2(N−2) + ∣∣ψ0
a

∣∣2
�2

]2

+ 4Aλ2(N2χaa − 2Nχap + χpp)
∣∣ψ0

a

∣∣2(N−1)
,

homonuclear,[
(N − 1)(N − 2)λ2

∣∣ψ0
a

∣∣2(N−2) + 1
N−1

∣∣ψ0
a

∣∣2
�2

]2

+ 4Aλ2
∣∣ψ0

a

∣∣2(N−1)[
(N − 1)2χaa + 2(N − 1)χab

− 2(N − 1)χap + χbb − 2χbp + χpp

]
,

heteronuclear,
(20)

with A = −δ + 2[(N − 1)χaa − χam]|ψ0
a |2 + 2[(N − 1)χap

− χmp]|ψ0
p|2 for the homonuclear atom-polymer system

and A = −δ + 2[(N − 1)χaa − χam]|ψ0
a |2 + 2[(N − 1)χab −

χbm]|ψ0
b |2 + 2[(N − 1)χap − χmp]|ψ0

p|2 for the heteronuclear
atom-polymer system. When ω becomes complex, the cor-
responding CPT state is dynamically unstable. Hence, the
unstable regime is given by either C < 0 or C > B2/4.
The typical results from the stability analysis based on the
parameters of interest here are summarized in Fig. 3, where
the (�,δ) space is divided into the stable (white) and the
unstable (colored) regions. There are two unstable regions:
Region I is thin along the � dimension and corresponds to the
unstable region obtained by setting C > B2/4, which expands

FIG. 3. (Color online) Instability diagrams in (�,δ) space for
(a) homonuclear and (b) heteronuclear atom-polymer systems. The
colored areas correspond to the unstable regions. All parameters are
in units of λ.

and shifts as N increases; region II occurs at small � and is
the unstable region obtained by setting C < 0, whose width
becomes thin with increasing N for the homonuclear system,
while it is almost unchanged for the heteronuclear system.
In order to convert atoms into stable polymer molecules, it
is crucial to avoid these unstable regions when designing the
route of adiabatic passage.

In our calculations, we have taken the parameters for 133Cs
and 87Rb atoms and have created the molecular polymers CsN

and CsN−1Rb. The s-wave scattering lengths for cesium and
rubidium atoms are a = −374a0 [36] and a = 100a0 [50]
(a0 is Bohr’s radius). We choose λ = 1.961 × 104 s−1 and
the atom density n = 6 × 1019 m−3. This gives rise to the
parameters χaa = 0.182λ,χbb = 0.074λ, and other interaction
parameters are taken as 0.055λ [44]. We note that the
time is in units of 1/λ and all other coefficients are in
units of λ.

In the stable regions, the existence of the CPT state
facilitates the adiabatic coherent population transfer between
atoms and polymers. The time evolution of the population can
be obtained by solving Eqs. (2) and (10). We plot the numerical
results of the population |ψp|2 in Fig. 4. Also plotted in Fig. 4
are the corresponding analytical CPT solutions of Eqs. (5)
and (14). As can be seen, the exact population dynamics
follows closely the prediction of the CPT solutions at the initial
time. However, the discrepancies occur at later times, and the
deviations will increase when N increases. In our calculations,
the Rabi frequency is modulated as

�(t) = �0sech
t

τ
, (21)

where �0 is the pulse strength and τ is the width of the pulse.
The value of δ is chosen so that the system remains in the
stable regions.

The deviation between the actual evolution state and the
CPT state implies that the system cannot maintain adiabaticity
completely. The reason can be attributed to the loss of
adiabaticity and the decay of the intermediate polymer state.
We neglect the particle loss by taking γ = 0 for calculating the
CPT solution but include it by taking the decay parameter γ =
1.0 for the numerical result. In fact, the adiabatic evolution
of our system can be thoroughly studied quantitatively by
employing the adiabatic fidelity [44,51,52], which describes
the distance between the adiabatic solution and the actual one.

FIG. 4. (Color online) Populations as functions of time with δ =
−2.0 for (a) homonuclear and (b) heteronuclear systems. The solid
lines correspond to the CPT, and other lines indicate the populations
|ψp|2. The other parameters are �0 = 50,τ = 20, and γ = 1.0. The
time is in units of 1/λ, and all the other parameters are in units of λ.
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FIG. 5. (Color online) Adiabatic fidelity as a function of time
with δ = −2.0 for (a) homonuclear and (b) heteronuclear systems.
The other parameters are the same as in Fig. 4. The time is in units
of 1/λ, and all the other parameters are in units of λ.

Here we define the adiabatic fidelity of the CPT state for
atom-polymer conversion systems as

Fap(t) = |〈ψ(t)|ψCPT(t)〉|2, (22)

where |ψ(t)〉 is the exact solution of the Schrödinger equation.
|ψ(t)〉 and |ψCPT(t)〉 are the rescaled wave functions of |ψ(t)〉
and CPT states, respectively. The actual state of the system

|ψ(t)〉 =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

( ψN
a

|ψa |N−1 ,
√

N − 1ψaψm

|ψa | ,
√

Nψp

)T
,

homonuclear,( ψN−1
a ψb

|ψa |N−2|ψb| ,
ψN−1

a ψb

|ψa |N−1 ,
√

N − 1ψbψm

|ψb| ,
√

Nψp

)T
,

heteronuclear.

(23)

The variation of the adiabatic fidelity with time for
homonuclear and heteronuclear polymers via the polymer-
intermediated dark-state scheme is shown in Figs. 5(a) and
5(b). The evolution process is divided into three windows
along the time dimension. The first window perches at the
initial time, and the magnitude of the adiabatic fidelity is about
1. This implies that the system can adiabatically evolve along
the CPT state in the region. Subsequently, it arrives at the
oscillation window; the magnitude of the adiabatic fidelity
first decreases sharply to minimal values and then oscillates
with gradually damped amplitude with time. Finally, the
adiabatic fidelity approaches a steady value which is smaller
than 1, corresponding to the third window. The evolution
process is strongly dependent on the atomic number N ,
interparticle interactions, and external field parameters. As N

increases, whether for homonuclear or heteronuclear systems,
the oscillation window will broaden, and the magnitude of the
oscillation will increase, while the final value will decrease.
This indicates the conversion efficiency from ultracold atoms
to more complex polymers is much lower under the same
conditions. Further studies show that (1) the oscillation of

adiabatic fidelity is due to interparticle interactions and (2) as
the width τ of the pulse increases, both the first and second
windows will expand, the magnitude of the oscillation will
decrease, and the final value of adiabatic fidelity will increase.
This means the stable formation of polymers is always possible
by optimizing the parameters of the system.

Furthermore, we find that the dependence of the conversion
efficiency on the other external field parameters is similar to
the case of the pentamers [44]. Stable creation of polymers
is always possible for red detuning (δ < 0), whereas for blue
detuning (δ > 0) the final conversion efficiency is very small.
However, no matter what the detuning is, there always exists
a higher efficiency without considering the two-body interac-
tions. It is clear that the conversion efficiency from ultracold
atoms to N -body polymers can be controlled effectively by
the external field parameters δ,�0, and τ .

IV. CONCLUSIONS

In conclusion, we have investigated the homonuclear and
heteronuclear molecular N -body polymer conversion problem
via the generalized STIRAP scheme in an ultracold bosonic
system that includes interparticle interactions. We have derived
a universal algebraic equation that satisfies the CPT state
solution. The linear instability and the adiabatic fidelity of
the atom-polymer dark state in the STIRAP have been studied
via analysis of linear stability and proper definition of adiabatic
fidelity, respectively. We have also discussed the effects of the
interparticle interactions, the atomic number of the polymer,
and external field parameters on the conversion process. We
have found that interparticle interactions will lead to the
instability of the CPT state, induce the oscillation of adiabatic
fidelity, and suppress the conversion efficiency of polymers;
the atomic number will affect the regions of both instability
and oscillation, and the width of pulse τ will influence both
the region and the magnitude of the oscillation of adiabatic
fidelity. Our scheme not only includes previous methods for
creation of ultracold trimer, tetramer, and pentamer molecules
but also provides a possible route for the formation of
ultracold N -body polyatomic molecules experimentally in the
future.

ACKNOWLEDGMENTS

We thank Dr. H. Cao and Dr. S. C. Li for helpful
discussions. The work is supported by the NFRP (Grants
No. 2011CB921503 and No. 2013CB834100), the NNSF of
China (Grants No. 91021021, No. 11075020, No. 11274051,
and No. 11005055), the Fundamental Research Funds for the
Higher Education Institutions of Gansu Province of China,
and the Scientific Research Foundation of NWNU (Grant No.
NWNU-LKQN-10-24).
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I. Bloch, Phys. Rev. Lett. 92, 160406 (2004).
[51] L. H. Lu and Y. Q. Li, Phys. Rev. A 77, 053611 (2008).
[52] S. Y. Meng, L. B. Fu, and J. Liu, Phys. Rev. A 78, 053410

(2008); S. Y. Meng, L. B. Fu, J. Chen, and J. Liu, ibid. 79,
063415 (2009).

043631-6

http://dx.doi.org/10.1103/PhysRevA.78.013618
http://dx.doi.org/10.1088/1367-2630/10/12/123018
http://dx.doi.org/10.1088/1367-2630/10/12/123018
http://dx.doi.org/10.1016/j.aop.2010.05.007
http://dx.doi.org/10.1038/nature09443
http://dx.doi.org/10.1038/nature09443
http://dx.doi.org/10.1103/PhysRevLett.109.183001
http://dx.doi.org/10.1103/PhysRevLett.109.183001
http://dx.doi.org/10.1038/nature11718
http://dx.doi.org/10.1038/nature11718
http://dx.doi.org/10.1039/b820045a
http://dx.doi.org/10.1039/b820045a
http://dx.doi.org/10.1039/c002764b
http://dx.doi.org/10.1039/c002764b
http://dx.doi.org/10.1126/science.1142373
http://dx.doi.org/10.1103/PhysRevLett.83.1123
http://dx.doi.org/10.1103/PhysRevLett.83.1123
http://dx.doi.org/10.1103/PhysRevLett.90.160401
http://dx.doi.org/10.1103/PhysRevLett.99.150801
http://dx.doi.org/10.1103/PhysRevLett.99.150801
http://dx.doi.org/10.1103/PhysRevLett.88.013903
http://dx.doi.org/10.1103/PhysRevLett.88.013903
http://dx.doi.org/10.1103/PhysRevA.64.042504
http://dx.doi.org/10.1063/1.3001867
http://dx.doi.org/10.1038/nature11595
http://dx.doi.org/10.1038/nature11753
http://dx.doi.org/10.1038/27706
http://dx.doi.org/10.1103/PhysRevLett.93.243004
http://dx.doi.org/10.1103/PhysRevLett.93.243004
http://dx.doi.org/10.1103/PhysRevLett.106.053201
http://dx.doi.org/10.1103/PhysRevLett.106.053201
http://dx.doi.org/10.1103/PhysRevLett.103.183201
http://dx.doi.org/10.1103/PhysRevLett.103.183201
http://dx.doi.org/10.1103/PhysRevLett.106.073201
http://dx.doi.org/10.1103/PhysRevLett.106.073201
http://dx.doi.org/10.1038/32354
http://dx.doi.org/10.1038/32354
http://dx.doi.org/10.1103/PhysRevLett.82.2422
http://dx.doi.org/10.1103/PhysRevLett.82.2422
http://dx.doi.org/10.1103/PhysRevLett.58.2420
http://dx.doi.org/10.1103/PhysRevLett.58.2420
http://dx.doi.org/10.1103/PhysRevLett.71.2200
http://dx.doi.org/10.1103/PhysRevLett.93.250403
http://dx.doi.org/10.1103/PhysRevLett.93.250403
http://dx.doi.org/10.1103/PhysRevLett.99.133002
http://dx.doi.org/10.1103/PhysRevLett.99.133002
http://dx.doi.org/10.1103/PhysRevA.77.043614
http://dx.doi.org/10.1103/PhysRevLett.98.043201
http://dx.doi.org/10.1103/PhysRevLett.101.133005
http://dx.doi.org/10.1103/PhysRevLett.101.133005
http://dx.doi.org/10.1126/science.1159909
http://dx.doi.org/10.1126/science.1159909
http://dx.doi.org/10.1126/science.1163861
http://dx.doi.org/10.1038/nphys997
http://dx.doi.org/10.1103/PhysRevA.81.043637
http://dx.doi.org/10.1103/PhysRevA.81.043637
http://dx.doi.org/10.1103/PhysRevLett.109.115302
http://dx.doi.org/10.1103/PhysRevLett.109.115302
http://dx.doi.org/10.1016/0370-2693(70)90349-7
http://dx.doi.org/10.1038/nature04626
http://dx.doi.org/10.1103/PhysRevLett.90.170402
http://dx.doi.org/10.1103/PhysRevLett.90.170402
http://dx.doi.org/10.1038/nphys1203
http://dx.doi.org/10.1103/PhysRevLett.94.123201
http://dx.doi.org/10.1103/PhysRevLett.108.210406
http://dx.doi.org/10.1103/PhysRevLett.108.210406
http://dx.doi.org/10.1103/PhysRevA.72.022714
http://dx.doi.org/10.1140/epja/i2006-10301-8
http://dx.doi.org/10.1038/nphys1253
http://dx.doi.org/10.1038/nphys1253
http://dx.doi.org/10.1103/PhysRevLett.102.140401
http://dx.doi.org/10.1103/PhysRevLett.102.140401
http://dx.doi.org/10.1126/science.1182840
http://dx.doi.org/10.1126/science.1182840
http://dx.doi.org/10.1103/PhysRevA.81.052709
http://dx.doi.org/10.1103/PhysRevLett.107.135304
http://dx.doi.org/10.1088/0953-4075/43/10/101002
http://dx.doi.org/10.1103/PhysRevLett.107.200402
http://dx.doi.org/10.1103/PhysRevLett.107.200402
http://dx.doi.org/10.1209/0295-5075/83/30012
http://dx.doi.org/10.1103/PhysRevA.74.063604
http://dx.doi.org/10.1103/PhysRevA.81.063607
http://dx.doi.org/10.1103/PhysRevA.81.063607
http://dx.doi.org/10.1103/PhysRevA.77.065601
http://dx.doi.org/10.1103/PhysRevA.83.043605
http://dx.doi.org/10.1103/PhysRevA.85.023629
http://dx.doi.org/10.1103/PhysRevA.85.023629
http://dx.doi.org/10.1103/PhysRevLett.101.150408
http://dx.doi.org/10.1103/PhysRevLett.101.150408
http://dx.doi.org/10.1103/PhysRevA.83.042107
http://dx.doi.org/10.1016/S0370-1573(98)00014-3
http://dx.doi.org/10.1103/PhysRevLett.83.1550
http://dx.doi.org/10.1103/PhysRevLett.83.1550
http://dx.doi.org/10.1103/PhysRevA.75.033615
http://dx.doi.org/10.1103/PhysRevA.75.033615
http://dx.doi.org/10.1103/PhysRevLett.92.160406
http://dx.doi.org/10.1103/PhysRevA.77.053611
http://dx.doi.org/10.1103/PhysRevA.78.053410
http://dx.doi.org/10.1103/PhysRevA.78.053410
http://dx.doi.org/10.1103/PhysRevA.79.063415
http://dx.doi.org/10.1103/PhysRevA.79.063415



