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Non-Markovian entanglement transfer to distant atoms in a coupled
superconducting resonator∗
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We investigate the non-Markovian effects on the entanglement transfer to the distant non-interacting atom qubits,
which are embedded in a coupled superconducting resonator. The master equation governing the dynamics of the system is
derived by the non-Markovian quantum state diffusion (NMQSD) method. Based on the solution, we show that the memory
effect of the environment can lead to higher entanglement revival and make the entanglement last for a longer time. That
is to say, the non-Markovian environment can enhance the entanglement transfer. It is also found that the maximum
entanglement transferred to distant atoms can be modified by appropriately selecting the frequency of the modulated inter-
cavity coupling. Moreover, with the initial anti-correlated state, the entanglement between the cavity fields can be almost
completely transferred to the separated atoms. Lastly, we show that the memory effect has a significant impact on the
generation of entanglement from the initial non-entangled states.
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1. Introduction
The non-classical property of quantum entanglement is

one of the most important characteristics of quantum physics.
It is beneficial to understanding of the basic theory of quan-
tum mechanics and has potential applications in quantum in-
formation processing and quantum communication.[1] Faithful
transfer of quantum state between two distant sites is an es-
sential task in quantum technology, which can be realized ei-
ther by teleportation or quantum networking.[2–5] In the past,
cavity quantum electrodynamics (QED) that can be applied
to study the interaction between atoms and quantized elec-
trodynamics has been shown to be a promising and natural
framework for the further study of entanglement control and
manipulation.[6–11] The implementation of cavity QED archi-
tecture can be extended to the superconducting circuit sys-
tems, constructed by Josephson junctions and various elec-
tronic components, which is usually called circuit QED.[12]

Generally, the superconducting qubit is often referred to as an
artificial atom that can be designed for various research pur-
poses. Hence, the solid-state superconducting circuits have
been proved to be an efficient tool to realize quantum infor-
mation processing, such as the implementation of entangled
states,[13,14] quantum state transfer,[15,16] and quantum logic
gates.[17]

However, the difficulties arise, e.g., any realistic quan-
tum system will inevitably interact with its surroundings and
thus leads to quantum disentanglement or limits the fidelity
of quantum state transfer.[18] Many efforts have been devoted

to finding approaches for entanglement protection in quantum
open systems, such as quantum error correction,[19–21] quan-
tum Zeno effect,[22] and dynamical decoupling.[23] Conven-
tionally, when the system and environment are weakly cou-
pled, the environment with short memory time can be regarded
as Markovian dynamics. However, in many cases, the weak-
coupling approximation is not applicable, thus the memory ef-
fect cannot be neglected, which corresponds to non-Markov
process.[24–27] The effect of non-Markov process on deco-
herence and disentanglement of an open system is obviously
different from the Markov process due to the back flow of
information.[28,29] It has been shown that engineering struc-
tured non-Markovian environment is also meaningful to pro-
tect the system from the decoherence.[30–33]

In this paper, we focus on the influence of the memory ef-
fect on the entanglement transfer to the distant artificial atoms
in non-Markovian reservoirs, from the master equation of the
system derived by the NMQSD approach.[28,34–39] It is a newly
developed technique in both analytical treatments and numeri-
cal simulations to solve non-Markovian dynamics of quantum
open systems. Our results show that the environmental mem-
ory can lead to long-lasting and higher revived entanglement,
thus the non-Markovian properties play a major role in the en-
tanglement transfer and generation. Also, the impact of the
modulated inter-cavity coupling on the entanglement transfer
is studied.

The paper is organized as follows. In Section 2, we in-
troduce the system and derive the master equation using the
NMQSD approach. In Section 3, we analyze in detail the influ-
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ence of non-Markovian environment on entanglement transfer
and entanglement generation in the rotating wave approxima-
tion. In addition, we also examine the relationship between the
modulated inter-cavity coupling and the entanglement transfer.
Finally we draw conclusions in Section 4.

2. Model and solution
The model we consider is composed of two coupled cavi-

ties, each of them also interacts with independent single qubit.
The possible setup for the implementation of the scheme can
be realized in a circuit QED system, as shown in Fig. 1, where
the cavities are effectively represented by LC circuits. The
coupling between two cavities is implemented through a su-
perconducting quantum interference device (SQUID). Each
cavity is coupled to a superconducting transmon qubit, which
is composed of two Josephson junctions and called a two-level
artificial atom. The total Hamiltonian of this system plus a
non-Markovian environment can be written as (setting h̄ = 1)

Htot = HS +HB +Hint, (1)

with

HS =
2

∑
k=1

[
ωka†

kak +
ωak

2
σ

z
k +λk(σ

+
k ak +σ

−
k a†

k)
]

+α(t)(a†
1 +a1)(a

†
2 +a2) (2)

being the Hamiltonian of the system composed of the cavities
and artificial atoms, which can be described by the Jaynes–
Cummings-type interactions. Here ak and a†

k are the annihi-
lation and creation operators of the cavity modes with eigen-
frequencies ωk, and σ

+
k and σ

−
k are the rise and fall operators

of the atoms with transition frequencies ωak , respectively. The
parameter λk is the coupling coefficient between the atom and
the corresponding cavity field; α(t) = α0 cos(Ω t) indicates
the time-dependent coupling strength between two resonator
modes with α0 and Ω being the modulation amplitude and
frequency, respectively. The time-dependent coupling can be
realized by modulating the inductance of the SQUID, which
will change the boundary condition of the cavities and their
interaction.[40,41]

transmon 1 transmon 2

SQUID

cavity a1 cavity a2

Fig. 1. Schematic of a circuit-QED design for our scheme. Two cavi-
ties interact via a SQUID-mediated tunable coupler, and each resonator
mode is coupled to a superconducting transmon qubit.

We assume that the system is coupled to a bosonic bath
which can be described by

HB = ∑
j

ν jb
†
jb j, (3)

where b j and b†
j are annihilation and creation operators satis-

fying [b jb
†
j′ ] = δ j, j′ . The interaction between the system and

the environment is expressed as

Hint = ∑
j

g jb
†
jL+H.c., (4)

where g j is the system-bath coupling strength, and L = a1+a2

is the system Lindblad operator coupled to the environment.
Here we assume that the major dissipative channel is from the
leakage of the two cavities, and the spontaneous emission of
the atom is omitted. This assumption is reasonable under cer-
tain conditions since the lifetime of the qubits is much longer
than that of cavities due to the relatively weak coupling with
the environment.[42] Here we focus exclusively on the vacuum
environment.

In the following we solve the model using the NMQSD
approach. It can be proved that the full wavefunction of the
total system including both the state of system and environ-
ment can be represented by a stochastic pure state called the
quantum trajectory as follows:

d
dt
|Ψ(t,z∗)〉

=

[
−iHS +Lz∗−L†

∫
dsα(t,s)

δ

δ z∗s

]
|Ψ(t,z∗)〉, (5)

with z∗t = −i ∑ j g jz∗j e iν jt being the complex Gaussian vari-
able satisfying M [zt ] = M [ztzs] = 0 and M [z∗t zs] = α(t,s), and

M [· ]≡
∫ dz2

π
e−|z|

2[·] stands for the statistical average over the
noise zt . For the zero-temperature environment, the bath cor-
relation function of the noise is α(t,s) = ∑ j

∣∣g j
∣∣2 e−iv j(t−s).

However, the non-Markovian QSD Eq. (5) is difficult to
be implemented as an analytical or numerical tool due to
the existence of the time-nonlocal term. In order to solve
the above equation, we introduce a time-dependent opera-
tor O to replace the functional derivative as δ

δ z∗s
|Ψ(t,z∗)〉 ≡

O(t,s,z∗)|Ψ(t,z∗)〉. Then the NMQSD equation can be trans-
formed to

d
dt
|Ψ(t,z∗)〉=

[
−iHS +Lz∗−L†Ō(t,z∗)

]
|Ψ(t,z∗)〉, (6)

where Ō(t,z∗) ≡
∫ t

0 dsα(t,s)O(t,s,z∗) under the initial con-
dition O(t,s = t,z∗) = L. Notably, the non-Markovian prop-
erties are mainly encoded in the operator O, and hence in a
finite width correlation function α(t,s). Hereafter, we con-
sider the Ornstein–Uhlenbeck type correlation function with
α(t,s) = Γ γ

2 e−γ|t−s|, where Γ is the global decay rate, and
1/γ represents the memory time of the environment. When γ

approaches to zero, it will manifest a strong non-Markovian
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effect. As a comparison, when γ → ∞, α(t,s) can be approxi-
mately reduced to the Dirac delta function, which corresponds
to the Markov limit. Equation (6) is then simplified to the
standard Markovian QSD equation.[43] Therefore, in the QSD
approach, it is crucially important to determine the form of O
operator so as to obtain the complete non-Markovian informa-
tion.

Actually, using the consistency condition

∂

∂ t
δ

δ z∗s
|Ψ(t,z∗)〉= δ

δ z∗
∂

∂ t
|Ψ(t,z∗)〉,

the evolution of O operator is given as

∂

∂ t
O =

[
−iHs +Lz∗t −L†Ō,O

]
−L† δ

δ z∗s
Ō.

Then it is clear that the O operator for this particular model
can be expanded as

O(t,s) = f1(t,s)a1 + f2(t,s)a2 + f3(t,s)a
†
1

+ f4(t,s)a
†
2 + f5(t,s)σ−1 + f6(t,s)σ−2 , (7)

where the time-dependent coefficients fi(t,s) satisfy

∂

∂ t
f1 = iω1 f1a1 + iα(t) f2− iα(t) f4 +F1 f1 +F1 f2, (8)

∂

∂ t
f2 = iω2 f2 + iα(t) f1− iα(t) f3 +F2 f1 +F2 f2, (9)

∂

∂ t
f3 = −iω1 f3 + iα(t) f2− iα(t) f4 +2F3 f1

+F4 f2−F1 f3−F2 f4 +F3 f2, (10)
∂

∂ t
f4 = −iω1 f4 + iα(t) f1− iα(t) f3

+F4 f1 +F4 f2 +F3 f1−F1 f3−F2 f4, (11)
∂

∂ t
f5 = iλ1 f1 + iωa1 f5 +F5 f1 +F5 f2, (12)

∂

∂ t
f6 = iλ2 f2 + iωa2 f6 +F6 f1 +F6 f2, (13)

with Fi(t) =
∫ t

0 α(t,s) fi(t,s)ds (i = 1, . . . ,6) under the bound-
ary conditions

fi(t = s,s) = 1 (i = 1,2), (14)

f j(t = s,s) = 0 ( j = 3,4,5,6). (15)

With the determined coefficient functions, the reduced
density matrix of the system can be recovered by taking the
statistical mean of all the generated trajectories,

ρt = M [|Ψt(z∗)〉〈Ψt(z∗)|] . (16)

Furthermore, we can also derive the mast equation based on
Eq. (6) as follows:

d
dt

ρ = −i[HS,ρ]+{[L,ρŌ†]+H.c.}

= −i
2

∑
l=k

[
ωka†

kak +
ωak

2
σ

z
k +λk

(
σ
+
k ak +σ

−
k a†

k

)
,ρ
]

− i
[
α(t)

(
a†

1 +a1

)(
a†

2 +a2

)
,ρ
]

+

{
F∗1

2

∑
k=1

(
akρa†

1−ρa†
1ak

)
+F∗2

2

∑
k=1

(
akρa†

2−ρa†
2ak

)
+F∗3

2

∑
k=1

(akρa1−ρa1ak)+F∗4
2

∑
k=1

(akρa2−ρa2ak)

+F∗5
2

∑
k=1

(
akρσ

†
1 −ρσ

†
1 ak

)
+F∗6

2

∑
k=1

(
akρσ

†
2 −ρσ

†
2 ak

)
+H.c.

}
. (17)

3. Numerical results and discussion
Having developed the time-local non-Markovian QSD

equation for the system, we now concern about the entan-
glement generation and entanglement transfer from the cavity
modes to the atom qubits. Throughout this paper, we employ
the well-known concurrence measure defined by Wootters to
quantify the degree of entanglement for any two-qubit system,
which can be expressed as[44]

C(t) = max{0,
√

λ1−
√

λ2−
√

λ3−
√

λ4}, (18)

where the quantities λi are the eigenvalues in the decreasing
order of the matrix

ρAB(σ
(1)
y ⊗σ

(2)
y )ρ∗AB(σ

(1)
y ⊗σ

(2)
y ), (19)

and ρAB is the density operator of the bipartite system.
In Eq. (2), the coupling between two cavities is written in

its full form which contains the counter-rotating terms a†
1a†

2
and a1a2. In this subsection, we mainly study the the en-
tanglement transfer from the cavity fields to the qubits un-
der the rotating-wave approximation, which is a widely used
approximation to keep only energy-conserving terms in the
Hamiltonian.[45] Under the conditions |ω1−ω2| � ω1 +ω2

and ω1 +ω2 � α0, the rotating-wave approximation is valid
so that the counter-rotating terms can be neglected, and then
the coefficients f3 and f4 of the O operator reduce to zero.

We are now able to investigate the state transfer perfor-
mance from cavities to the separated atom qubits. We as-
sume that there is at most one excitation in the system since
we are interested in the dynamics of entanglement transfer
at zero temperature. Initially we have non-entangled atom
qubits and entangled photons. For instance, we choose the
two cavity modes prepared in one of their Bell states |φ+〉 =

1√
2
(|10〉+ |01〉) and both the two atoms prepared in ground

states |gg〉. We numerically simulate the evolution from the
initial states, and the entanglement transferred from the cavi-
ties to the atoms can be measured by concurrence since there
are no more than one photon excited under the rotating-wave
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approximation. The time evolution of the entanglement be-
tween the two atoms and the two cavities is plotted in Fig. 2.
The numerical results show that the concurrences swap back
and forth between the atoms and cavities in a repeatable fash-
ion, and both of them exhibit oscillations similar to a sine-
cosine envelope. This means that the entanglement is period-
ically transferred to the atoms though the amounts of concur-
rences are decreasing due to the interaction with the environ-
ment. Next, we will focus on how the external environment
affects the entanglement transfer.

0 10 15

Time

0

0.2

0.4

0.6

0.8

1.0

C
o
n
c
u
rr
e
n
c
e

atom

cavity

5

Fig. 2. The time evolution of the entanglement transfer. The initial
state is prepared in 1√

2
(|10〉+ |01〉)⊗ |gg〉. The other parameters are

ω1 = ω2 = 5, ωa1 = ωa2 = 5, λ1 = λ2 = 0.8, α0 = 1, γ = 2, Ω = 0,
Γ = 1.

In order to analyze the influence from the non-Markovian
environment on the entanglement transfer, we plot the time
evolution of the two-atom entanglement for different memory
times indicated by 1/γ , as shown in Fig. 3(a). Here the initial
state of the system is still prepared in Ψini =

1√
2
(|10〉+ |01〉)⊗

|gg〉. We observe that when the memory time is longer (γ is
smaller), which corresponds to the non-Markovian environ-
ment, there will be entanglement revivals after the entangle-
ment suffers a sudden death. However, in the case of short
memory time (γ is larger), which means the transition of the
environment from non-Markovian to the Markovian regions,
the revival of the concurrence is restrained. Therefore, long-
lasting and higher revived two-qubit entanglement can be ob-
served in the non-Markovian environment due to the back re-
action or information backflow. Moreover, the maximum en-
tanglement that can be transferred to the atoms is also studied.
Figure 3(b) shows the maximum concurrence of the atoms as
a function of γ . It is obvious that the maximum value of entan-
glement transferred to the atoms achieves a higher value for a
longer memory time (smaller γ). In summary, the results in
Fig. 3 imply that the non-Markovian memory effect is of great
benefit to the entanglement transfer into the atoms.

Apart from the memory time, some other parameters of
the system also play an important role in the entanglement dy-
namics. Therefore, in order to achieve higher entanglement
transfer, it is truly important to tune the parameters to cer-
tain optimal values in the actual experiment. In the follow-
ing, we investigate the influence of some parameters such as

the modulated inter-cavity amplitude and frequency on the en-
tanglement transfer. In Fig. 4, we plot the time evolution of
the two-atom entanglement for different inter-cavity coupling
frequencies Ω . As shown in Fig. 4(a), the entanglement in-
creases first and then attains its higher value in the appropriate
range of Ω . The maximum entanglement transfer max{C} is
explicitly plotted in Fig. 4(b), where max{C} increases with
Ω . Therefore, the dynamics of the qubit entanglement can be
modified by choosing the time dependent coupling between
cavity fields. The modulated inter-cavity coupling can provide
entanglement protection.
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Fig. 3. Non-Markovian impact on entanglement transferred to atoms:
(a) the dynamics of two-atom entanglement for different values of γ ,
(b) the maximum coherence transfer that can be achieved. The initial
state is prepared in 1√

2
(|10〉+ |01〉)⊗ |gg〉. The other parameters are

ω1 = ω2 = 5, ωa1 = ωa2 = 5, λ1 = λ2 = 0.6, α0 = 1, Ω = 0, Γ = 0.5.
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Fig. 4. Two-atom entanglement for different inter-cavity coupling fre-
quencies Ω . The initial state is prepared in 1√

2
(|10〉+ |01〉)⊗ |gg〉.

The other parameters are ω1 = ω2 = 5, ωa1 = ωa2 = 5, λ1 = λ2 = 0.6,
α0 = 1, γ = 4, Γ = 1.

Time
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Fig. 5. Two-atom entanglement for different inter-cavity coupling am-
plitudes α0. The initial state is prepared in 1√

2
(|10〉− |01〉)⊗|gg〉. The

other parameters are ω1 =ω2 = 5, ωa1 =ωa2 = 5, λ1 = λ2 = 0.6, γ = 2,
Ω = 0, Γ = 1.

In Fig. 5, we plot the time evolution of the two-atom
entanglement with different inter-cavity coupling parameters
α0. Here we simulate the dynamics starting with the anti-
correlated state Ψini =

1√
2
(|10〉− |01〉)⊗ |gg〉. As shown in

060304-4



Chin. Phys. B Vol. 29, No. 6 (2020) 060304

Fig. 5, the advantage of this initial state is that the entan-
glement between the cavity fields can be almost completely
transferred to the separated atoms. It is obvious that with
the increase of the coupling parameter α0, the entanglement
of atoms decreases but the transfer speed increases. This is
because the anti-correlated states are in the decoherence free
space of the Hamiltonian for cavities, so that it suffers less de-
coherence in the transfer process. The results show that the
coupling parameters between the two cavity fields play an im-
portant role in the entanglement transfer.

Finally, we consider the performance of the entanglement
generation. Initially we have both non-entangled atoms and
non-entangled photons. Figures 6(a) and 6(c) show the dy-
namics of entanglement generation from the initial states of
|e,g,0,0〉 and |g,g,1,0〉, respectively. The red solid line re-
veals the concurrence of two atoms, while the blue dashed
line represents the concurrence between cavity fields. It is
clear that both unentangled photons and atoms quickly get
entangled. The corresponding maximum entanglement with
different memory times is plotted in Figs. 6(b) and 6(d). It
is revealed that when the environment is closer to non-Markov
(smaller γ), the maximum entanglement value is larger. On the
contrary, the closer the environment is to Markov (larger γ),
the smaller the maximum entanglement value is. Therefore,
the properties of the environment have a significant impact on
the generation of entanglement.
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Fig. 6. Dynamics of entanglement generation: (a) and (c) the evolution
of the concurrence for different initial states |e,g,0,0〉 and |g,g,1,0〉,
respectively; (b) and (d) the corresponding maximum entanglement
max{C} for different γ . The red solid curve represents the entangle-
ment between atoms, and the blue dashed curve is the entanglement
between the cavity fields. For (a) and (c), γ = 4. The other parameters
are chosen as ω1 = ω2 = 5, ωa1 = ωa2 = 5, λ1 = λ2 = 0.6, α0 = 1,
Ω = 0, Γ = 1.

4. Discussion and conclusion
In summary, we have studied the dynamics of the en-

tanglement transfer to the distant atom qubits, which are em-
bedded in two separated lossy cavities connected by SQUID-
mediated tunable coupler. Actually, the cavities are coupled
to a non-Markovian environment instead of a Markovian one.
A general master equation for the concerned system can be
obtained by the NMQSD approach. We first analyze the influ-
ence of the memory effect on the entanglement transfer under
the rotating-wave approximation. It is found that the longer
memory time is helpful for entanglement transfer, and the non-
Markovian effect will lead to a stronger entanglement revival
phenomenon. Another major procedure is that the coupling
between two resonator modes is time-dependent, which can
be realized by modulating the inductance of the SQUID. Also,
it helps to optimize the maximum entanglement transferred to
the atoms by appropriately selecting the frequency of the inter-
cavity coupling. In addition, we show that the entanglement of
the resonator modes with the initial anti-correlated state can be
almost completely transferred to the atoms. Finally we inves-
tigate the non-Markovian effects on the entanglement genera-
tion with initial separated sates.

References
[1] Jones J A and Jaksch D 2012 Quantum Information, Computation and

Communication (Cambridge: Cambridge University Press)
[2] Pirandola S, Eisert J, Weedbrook C, Furusawa A and Braunstein S L

2015 Nat. Photon. 9 641
[3] Cleve R and Buhrman H 1997 Phys. Rev. A 56 1201
[4] Chen Z H, Zhang F Y, Shi Ying and Song H S 2012 Chin. Phys. Lett.

29 090304
[5] Yang G, Lian B W, Nie M and Jin J 2017 Chin. Phys. B 26 040305
[6] Kim M S and Agarwal G S 1999 Phys. Rev. A 59 3044
[7] Solano E, Agarwal G S and Walther H 2003 Phys. Rev. Lett. 90 027903
[8] Mu Q X, Ma Y H and Zhou L 2010 Phys. Rev. A 81 024301
[9] Akram U, Bowen W P and Milburn G J 2013 New J. Phys. 15 093007

[10] Dehghani A, Mojaveri B, Bahrbeig R J, Nosrati F and Franco R L 2019
J. Opt. Soc. Am. B 36 1858

[11] Chen Y H, Xia Y, Chen Q Q and Song J 2015 Phys. Rev. A 91 012325
[12] Gu X, Kockum A F, Miranowicz A, Liu Y X and Nori F 2017 Phys.

Rep. 718–719 1
[13] Wang C, Gao Y Y, Reinhold P, Heeres R W, Ofek N, Chou K, Axline

C, REagor M, Blumoff J, Sliwa K M, Frunzio L, Girvin S M, Jiang L,
Mirrahimi M, Devoret M H and Schoelkopf R J 2016 Science 352 1087

[14] Ma S L, Xie J K, Li X K and Li F L 2019 Phys. Rev. A 99 042317
[15] Srinivasan S J, Sundaresan N M, Sadri D, Liu Y, Gambetta J M, Yu T,

Girvin S M and Houck A A 2014 Phys. Rev. A 89 033857
[16] Axline C J, Burkhart L D, Pfaff W, Zhang M Z, Chou K, Campagne-

lbarcq P, Reinhold P, Frunzio L, Girvin S M, Jiang L, Devoret M H and
Schoelkopf 2018 Nat. Phys. 14 705

[17] Rosenblum S, Gao Y Y, Reinhold P, Wang C, Axline C J, Frunzio L,
Girvin S M, Jiang L, Mirrahimi M, Devoret M H and Schoelkopf R J
2018 Nat. Commun. 9 652

[18] Caruso F, Giovannetti V, Lupo C and Mancini S 2014 Rev. Mod. Phys.
86 1203

[19] Shor P W 1995 Phys. Rev. A 52 R2493
[20] Steane A M 1996 Phys. Rev. Lett. 77 793
[21] Zhao X Y, Hedemann S R and Yu T 2013 Phys. Rev. A 88 022321
[22] Maniscalco S, Francica F, Zaffino R L, Lo Gullo N and Plastina F 2008

Phys. Rev. Lett. 100 090503

060304-5

https://doi.org/10.1038/nphoton.2015.154
https://doi.org/10.1103/PhysRevA.56.1201
https://doi.org/10.1088/0256-307X/29/9/090304
https://doi.org/10.1088/0256-307X/29/9/090304
https://doi.org/10.1088/1674-1056/26/4/040305
https://doi.org/10.1103/PhysRevA.59.3044
https://doi.org/10.1103/PhysRevLett.90.027903
https://doi.org/10.1103/PhysRevA.81.024301
https://doi.org/10.1088/1367-2630/15/9/093007
https://doi.org/10.1364/JOSAB.36.001858
https://doi.org/10.1364/JOSAB.36.001858
https://doi.org/10.1103/PhysRevA.91.012325
https://doi.org/10.1016/j.physrep.2017.10.002
https://doi.org/10.1016/j.physrep.2017.10.002
https://doi.org/10.1126/science.aaf2941
https://doi.org/10.1103/PhysRevA.99.042317
https://doi.org/10.1103/PhysRevA.89.033857
https://doi.org/10.1038/s41567-018-0115-y
https://doi.org/10.1038/s41467-018-03059-5
https://doi.org/10.1103/RevModPhys.86.1203
https://doi.org/10.1103/RevModPhys.86.1203
https://doi.org/10.1103/PhysRevA.52.R2493
https://doi.org/10.1103/PhysRevLett.77.793
https://doi.org/10.1103/PhysRevA.88.022321
https://doi.org/10.1103/PhysRevLett.100.090503
https://doi.org/10.1103/PhysRevLett.100.090503


Chin. Phys. B Vol. 29, No. 6 (2020) 060304
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