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We propose a dissipative scheme to prepare a three-dimensional entangled state for two atoms trapped in
separate coupled cavities. Our work shows that both atomic spontaneous emission and cavity decay, which
are two typical obstacles in unitary-dynamics-based schemes, are no longer detrimental, but necessary for
three-dimensional entangled state preparation without specifying initial state and controlling the evolution
time precisely. Final numerical simulation with one group of experimental parameters indicates that the
performance of our scheme could be better than the unitary-dynamics-based scheme.

I
t is well known that the dissipation induced by the environment is inevitable in the development of quantum
science and technology. For a long time, dissipation has been regarded as a major obstacle to quantum
information technology. Generally, there are two common methods to deal with the decoherence. One is

quantum error correction1–3, which relies on high-fidelity gates for detecting as well as correcting errors, and the
other is to encode the qubits into a decoherencefree subspace (DFS) in multipartite system4–7 by utilizing coupling
symmetry between system and environment. Fundamentally different from the former methods, using dissipa-
tion as powerful resource has special merits since it is used to create entanglement8–23 or realize spin squeezing
state24–26 rather than destroy entanglement. Particularly, Kastoryano et al. considered a dissipative scheme for
preparing a maximally entangled state of twoL atoms in a high finesse optical cavity without requirement of state
initialization13. And Shen et al. generalized the scheme to prepare distributed entanglement via dissipation14,15.
Besides, Reitor et al. presented a scheme for the dissipative preparation of an entangled steady state of two
superconducting qubits16. These schemes show that cavity decay is no longer undesirable, but plays a positive
role in state preparation. Nevertheless, the atomic spontaneous emission would decrease the performance of these
schemes. Recently, Shao et al. proposed a dissipative scheme which shows that atomic spontaneous emission also
has the ability to be used to prepare the entangled state22.

Coupled cavity model provides an essential tool for distributed quantum information processing and has been
studied both theoretically27–34 and experimentally35. Most of the coupled-cavity-system-based scheme focus on
the coherent unitary dynamics that requires time control and state initialization. Motivated by Ref. 13, Shen et al.
designed a dissipative scheme to prepare steady-state entanglement in coupled cavities which requires neither
definite initial states nor precise time control14.

High-dimensional entangled states have attracted more and more attentions owing to the fact that they can
enhance the security of quantum key distribution36,37 and violate the local realism more strongly than the two-
dimensional entanglement38. How to realize high-dimensional entanglement has been researched in the fields of
linear optics experimentally by utilizing the spatial modes of photons carrying orbital angular momentum
information39,40 and of cavity quantum electrodynamics (QED) theoretically through the unitary dynamics41–44.

As is well known to us, atomic spontaneous emission and cavity decay are two typical decoherence factors,
which would decrease the feasibility of the unitary-dynamics-based scheme. The previous works show that
dissipative schemes could use either cavity decay or spontaneous emission separately to prepare entanglement,
but when one of the factors exerts positive effects on state preparation, the other may decrease the overall
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performance of the scheme. Thus, using both decoherence factors to
prepare entanglement has unique characteristics. Although cooling
schemes meet this goal, more classical fields are required to reso-
nantly drive the undesired state to single-excitation subspace which
would decay to the desired state probably45,46. In this paper, we pro-
pose a dissipative scheme, which makes full use of unitary dynamics
provided by microwave field and dissipative factors originating from
spontaneous emission and cavity decay, to prepare the three-dimen-
sional entangled state in coupled cavities. In order to know more
clearly about the effect of each dissipative factor, we first consider the
system without cavity decay, and then consider it without atomic
spontaneous emission. The analytical and numerical results show
that both cavity decay and atomic spontaneous emission are capable
of being useful resources for entanglement preparation. However,
the cavity-decay-based case is not as ideal as the spontaneous-emis-
sion-based case, which could be improved through adding quantum
feedback control. Interestingly, conditions for achieving the dom-
inant dissipative channels of the spontaneous-emission-based case
are almost the same to that of the cavity-decay-based case, which
could be satisfied at the same time. Therefore, it is possible to use
both spontaneous emission and cavity decay to prepare entangled
state simultaneously. There are several main characteristics of our
scheme. (i) Our scheme is independent of the initial state and do not
require precise time control. (ii) Both spontaneous emission and
cavity decay could be utilized for preparing the desired entangled
state. (iii) With specific parameters extracted from the experiment,
the fidelity of our scheme could be 97.24%, which exceeds the values
in the schemes42–44 based on the unitary dynamics.

Results
Basic model. Considering a system composed of two 87Rb atoms
trapped in bimode coupled cavities, as shown in Fig. 1. For the
first (second) atom, an off-resonance p-polarized optical laser with
detuningD, Rabi frequencyV1(2) is applied to drive the transition je0æ
« jgaæ (jeLæ « jgLæ and jeRæ « jgRæ, respectively). The cavity modes
aL1(L2) and aR1(R2) are coupled to the transitions je0(R)æ « jgL(0)æ and
je0(L)æ « jgR(0)æ with detuning D 2 d, coupling strength gL and gR,
respectively. A microwave field with Rabi frequency v1 is introduced
to realize the transitions jgLæ « jgaæ and jgRæ « jgaæ of atom 1.
Besides, degenerate Raman coupling process which could realize
the coupling between the degenerate states48–52 is introduced to
achieve the transitions jgLæ « jg0æ and jgRæ « jg0æ of atom 2 with
effective coupling strength v2. In addition, if an external magnetic
field is introduced for the atom 2 to split jgLæ and jgRæ from jg0æ with a
certain energy difference53, a microwave field with the energy

matching the difference could also be used to achieve the couplings
jgLæ « jg0æ and jgRæ « jg0æ.

Under the rotating-wave approximation, the Hamiltonian of the
whole system in a rotating frame reads H 5 H0 1 Hg 1 V1 1 V2,
where

H0~d â{L1âL1zâ{L2âL2zâ{R1âR1zâ{R2âR2

� �
z gL gLj i11 e0h jâ{L1zgL g0j i22 eRh jâ{L2

h
zgR gRj i11 e0h jâ{R1zgR g0j i22 eLh jâ{R2zH:c:�zD e0j i11 e0h jz eLj i22 eLh jzjeRi22 eRh j

� �
zJL â{L1âL2zH:c:

� �
zJR â{R1âR2zH:c:

� �
,

ð1Þ

Hg~v1 gLj i11 gah jz gRj i11 gah jzH:c:
� �

zv2 gLj i22 g0h jz gRj i22 g0h jzH:c:
� � ð2Þ

Vz~V1 e0j i11 gah jzV2 eLj i22 gLh jz eRj i22 gRh j
� �

, ð3Þ

V{~V{
z, ð4Þ

in which âLi and âRi are the cavity operators in cavity i (i 5 1, 2). JL(R)

denotes the photon-hopping strength between two coupled cavities.
By introducing four delocalized bosonic modes ĉL1~ âLi{âL2ð Þ=

ffiffiffi
2
p

,
ĉL2~ âL1zâL2ð Þ=

ffiffiffi
2
p

, ĉR1~ âR1{âR2ð Þ=
ffiffiffi
2
p

, ĉR2~ âR1zâR2ð Þ=
ffiffiffi
2
p

,
the Hamiltonian H0 can be rewritten as

H0~ d{JLð Þ̂c{L1ĉL1z dzJLð Þ̂c{L2ĉL2z d{JRð Þ̂c{R1ĉR1z dzJRð Þ̂c{R2ĉR2

z
gLffiffiffi

2
p gLj i11 e0h j ĉ{L1zĉ{L2

� �
z g0j i22 eRh j ĉ{L2{ĉ{L1

� �
zH:c:

h i
z

gRffiffiffi
2
p gRj i11 e0h j ĉ{R1zĉ{R2

� �
z g0j i22 eLh j ĉ{R2{ĉ{R1

� �
zH:c:

h i
zD e0j i11 e0h jz eLj i22 eLh jz eRj i22 eRh j

� �
: ð5Þ

For simplicity, we set gL 5 gR 5 g,V1 5V2 5V, JL 5 JR 5 J and v1 5

2v2 5 v in the following. The photon decay rate of cavity i is
denoted as ki (i 5 1, 2) (suppose two field modes in the same cavity
have the same decay rate). The excited state of the first atom je0æ
spontaneously decays into ground states with branching rate c1/3,
while the states jeL(R)æ of the second atom are translated into jgL(R)æ
and jg0æ with rate c2/2. We assume k1 5 k2 5 k and c1 5 c2 5 c
throughout this paper. Thus, the Lindblad operators associated with
the cavity decay and spontaneous emission can be expressed as
Lk,cL1~

ffiffiffi
k
p

ĉL1, Lk,cR1~
ffiffiffi
k
p

ĉR1, Lk,cL2~
ffiffiffi
k
p

ĉL2, Lk,cR2~
ffiffiffi
k
p

ĉR2,
Lc1,gL(a,R)~

ffiffiffiffiffiffiffi
c=3

p
gL a,Rð Þ
�� �

11
e0h j, Lc2,gL 0Lð Þ~

ffiffiffiffiffiffiffi
c=2

p
gL 0ð Þ
�� �

22
eLh j and

Lc2,gR 0Rð Þ~
ffiffiffiffiffiffiffi
c=2

p
gR 0ð Þ
�� �

22
eRh j. Then, the dynamics of our system is

Figure 1 | Setup for dissipative preparation of three-dimensional entangled state between two 87Rb atoms trapped in two bimode coupled cavities.
States | gLæ, | g0æ, | gRæ, and | gaæ correspond to atomic levels | F 5 1, mf 5 21æ, | F 5 1, mf 5 0æ, | F 5 1, mf 5 1æ and | F 5 2, mf 5 0æ of 5S1/2, respectively. And

| eLæ, | e0æ and | eRæ correspond to atomic levels | F 5 1, mf 5 21æ, | F 5 1, mf 5 0æ and | F 5 1, mf 5 1æ of 5P3/2, respectively.
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governed by the master equation

_r~{i H,r½ �z
X

j

LjrLj{{
1
2

Lj{LjrzrLj{Lj
� �	 


: ð6Þ

Under the condition that the Rabi frequency V of the optical pump-
ing laser is sufficiently weak, the excited states of the atoms and the
cavity field modes can be adiabatically eliminated when the excited
states are not initially populated. In this case, according to the effec-
tive operator method in Ref. 47, we can get the effective master
equation as

_r~{i Hef f ,r½ �z
X

j

Lj
ef f rLj{

ef f {
1
2

Lj{
ef f Lj

ef f rzrLj{
ef f Lj

ef f

� �	 

, ð7Þ

where

Hef f ~{
1
2

V{H{1
NH VzzV{ H{1

NH

� �{
Vz

h i
zHg ,

Lj
ef f ~LjH{1

NHVz:

ð8Þ

In Eq. (8), HNH~H0{
i
2

X
j
Lj{Lj is a non-Hermitian Hamiltonian,

and its inverted matrix is H{1
NH.

In the following text, we use the effective operator method to
simplify the system and research the dissipative process.
Nevertheless, for the sake of preciseness, full hamiltonian H rather
than Heff is used for numerical simulation to assess the performance
of this scheme.

Use spontaneous emission as resource. In this subsection, aiming to
gain better insight into the effect of spontaneous emission on the
preparation of a three-dimensional entanglement, we first consider a
perfect cavity without decay. According to Eq. (8), we have the
effective Hamiltonian

Heff ~V2Re
{eJ2

g2dzeJ2eD
" #

gLgLj i gLgLh jz gRgRj i gRgRh jz T3j i T3h jð Þ

zV2Re
{eJ2

2g2dzeJ2eDz
{eJ2

g2dzeJ2eD
" #

gagLj i gagLh jz gagRj i gagRh jð Þ

z
V2

3
Re

g2 4Jz5dð Þz3eJ2eD
2g4{3g2deD{eJ2eD2

" #
T1j i T1h j

z
V2

3
Re

{4g2 J{dð Þz3eJ2eD
2g4{3g2deD{eJ2eD2

" #
T2j i T2h j

z

ffiffiffi
2
p

V2

3
Re

{g2 J{dð Þ
2g4{3g2deD{eJ2eD2

" #
T1j i T2h jz T2j i T1h jð ÞzHg ,

ð9Þ

in which

T1j i~
1ffiffiffi
3
p gLgRj iz gRgLj iz gag0j ið Þ,

T2j i~
1ffiffiffi
6
p gLgRj iz gRgLj i{2 gag0j ið Þ,

T3j i~
1ffiffiffi
2
p gLgRj i{ gRgLj ið Þ,

eJ2~J2{d2,

eD~D{
ic
2
:

ð10Þ

And jT1æ is the desired three-dimensional entangled state. In order to
understand the roles of Hg more clearly, we rewrite it as

Hg~

ffiffiffi
6
p

v

2
gagLj iz gagRj i{ gLg0j i{ gRg0j ið Þ T2h j

z

ffiffiffi
2
p

v

2
gagRj iz gRg0j i{ gagLj i{ gLg0j ið Þ T3h j

zv gagLj i{ gLg0j ið Þ gLgLh jzv gagRj i{ gRg0j ið Þ gRgRh jzH:c::

ð11Þ

In addition, on the basis of Eq. (8), the effective Lindblad operators
induced by spontaneous emission are

L
c1,gL a,Rð Þ
ef f ~

ffiffiffi
c

3

r
VeJ2

2g2dzeJ2eD gL a,Rð ÞgL

�� �
gagLh jz gL a,Rð ÞgR

�� �
gagRh j

� �
z

ffiffiffi
c
p

V

3
{g2 2Jzdð Þ{eJ2eD
2g4{3g2deD{eJ2eD2

" #
gL a,Rð Þg0

�� �
T1h j

z

ffiffiffiffiffi
2c
p

V

3
{g2 J{dð ÞzeJ2eD

2g4{3g2deD{eJ2eD2

" #
gL a,Rð Þg0

�� �
T2h j,

L
c2,gL Rð Þ
ef f ~

ffiffiffiffiffi
6c
p

V

6
{g2 Jz2dð Þ{eJ2eD
2g4{3g2deD{eJ2eD2

" #
gR Lð ÞgL Rð Þ
�� �

T1h j

z

ffiffiffiffiffi
3c
p

V

6
2g2 J{dð Þ{eJ2eD

2g4{3g2deD{eJ2eD2

" #
gR Lð ÞgL Rð Þ
�� �

T2h j

z

ffiffiffiffiffi
2c
p

V

2

eJ2

g2dzeJ2eDð gL Rð ÞgL Rð Þ
�� �

gL Rð ÞgL Rð Þ
� ��z gagL Rð Þ

�� �
gagL Rð Þ
� ��

{ zð Þ 1ffiffiffi
2
p gR Lð ÞgL Rð Þ
�� �

T3h j
�

,

Lc2 ,g0

eff ~Lc2 ,g0L

eff zLc2 ,g0R

eff

~

ffiffiffiffiffi
2c
p

V

2

eJ2

g2dzeJ2eD½ gLg0j i gLgLh jz gag0j i gagLh jz gag0j i gagRh jz gRg0j i gRgRh j

z
1ffiffiffi
2
p gLg0j i{ gRg0j ið Þ T3h j



z

ffiffiffiffiffi
6c
p

V

6
{g2 Jz2dð Þ{eJ2eD
2g4{3g2deD{eJ2eD2

" #
gLg0j iz gRg0j ið Þ T1h j

z

ffiffiffiffiffi
3c
p

V

6
2g2(J{d){eJ2eD

2g4{3g2deD{eJ2eD2

" #
gLg0j iz gRg0j ið Þ T2h j: ð12Þ

It is important to note that if D?c, J $ 2g/3, and the cavity
detuning from two photon resonance d satisfies the condition

d~ g2z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g4z4J2D2

q ��
2Dð Þ, other effective decay channels are

approximately ignored except the following dominant parts

L
c2,gL Rð Þ
eff ~

ffiffiffiffiffi
2c
p

V

2

eJ2

g2dzeJ2eDð gL(R)gL(R)

�� �
gL(R)gL Rð Þ
� ��z gagL(R)

�� �
gagL(R)

� ��
{ zð Þ 1ffiffiffi

2
p gR Lð ÞgL Rð Þ
�� �

T3h j
�

,

Lc2,g0

eff ~

ffiffiffiffiffi
2c
p

V

2

eJ2

g2dzeJ2eD
|½ gLg0j i gLgLh jz gag0j i gagLh jz gag0j i gagRh jz gRg0j i gRgRh j

z
1ffiffiffi
2
p gLg0j i{ gRg0j ið Þ T3h j



: ð13Þ

Since jgLgRæ, jgRgLæ and jgag0æ can be represented by jT1æ, jT2æ and
jT3æ, the dissipative dynamics in Eq. (13) would transfer any initial
states into the subspace composed of jT1æ, jT2æ, jgLg0æ and jgRg0æ.
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Besides, coherent dynamics governed by Eq. (9) can be decomposed
into two parts, the terms consisting of V2(we use O(V2) to denote
them) and Hg. O(V2) make no contribution to state transition except

the term,
ffiffiffi
2
p

V2�3
� �

� Re {g2(J{d)
.

2g4{3g2deD{eJ2eD2
� �h i

T1j i T2h jz T2j i T1h jð Þ, which induces the transition jT1æ « jT2æ.
From Eq. (11), one can see that Hg keeps jT1æ invariant while
makes jT2æ, jgLg0æ and jgRg0æ evolve out of the subspace.

If (
ffiffiffi
2
p

V2�3) � Re {g2 J{dð Þ
.

2g4{3g2deD{eJ2eD2
� �h i

=
ffiffiffi
6
p

v
�

2,
�ffiffiffi

2
p

v
�

2,vg is satisfied, the coherent dynamics contributed to the
state transitions is mainly governed by Hg rather than O(V2). And
the condition v1 5 2v2 is critical since it guarantees jT1æ to be the
dark state of Hg. In Fig. 2, we plot the fidelity of state jT1æ, F 5

ÆT1jrjT1æ, with the above conditions been satisfied. From Fig. 2, one
can see that the desired state can be achieved with a high fidelity.

Use cavity decay as resource. In this subsection, aiming to gain
better insight into the effect of cavity decay on the preparation of a
three-dimensional entanglement, we do not consider spontaneous
emission here.

According to Eq. (8), the effective Hamiltonian is achieved as

Heff ~V2Re
{eJ2 ’

g2edzDeJ2 ’

" #
gLgLj i gLgLh jz gRgRj i gRgRh jz T3j i T3h jð Þ

zV2Re
{eJ2 ’

g2edzDeJ2 ’
z

{eJ2 ’

2g2edzDeJ2 ’

" #
gagLj i gagLh jz gagRj i gagRh jð Þ

z
V2

3
Re

g2 4Jz5ed� �
z3eJ2 ’D

2g4{3g2edD{eJ2 ’D2

24 35 T1j i T1h j

z
V2

3
Re

{4g2(J{ed)z3eJ2 ’D

2g4{3g2edD{eJ2 ’D2

" #
T2j i T2h j

z

ffiffiffi
2
p

V2

3
Re

{g2 J{ed� �
2g4{3g2edD{eJ2 ’D2

24 35 T1j i T2h jz T2j i T1h jð ÞzHg ,

ð14Þ

in which

eJ2 ’~J2{ ed� �2
,

ed~d{
ik
2
:

ð15Þ

Besides, the effective Lindblad operators induced by cavity decay can
be written as

L
k,cL1(R1)

eff ~

ffiffiffiffiffi
2k
p

V

2

g Jzed� �
2g2dzDeJ2 ’

gL(R)gL

�� �
gagLh jz gR(L)gR

�� �
gagRh j

� �

{

ffiffiffiffiffi
2k
p

V

2

g Jzed� �
g2dzDeJ2 ’

| gag0j i gagR(L)

� ��z gR(L)g0

�� �
gR(L)gR(L)

� ��z {ð Þ 1ffiffiffi
2
p gL(R)g0

�� �
T3h j

 �

{

ffiffiffiffiffi
6k
p

V

6
g3

2g4{3g2edD{eJ2 ’D2
gL(R)g0

�� �
T1h j

z

ffiffiffiffiffi
3k
p

V

6

g {4g2z3D Jzed� �� �
2g4{3g2edD{eJ2 ’D2

gL(R)g0

�� �
T2h j,

L
k,cL2(R2)

eff ~{

ffiffiffiffiffi
2k
p

V

2

g J{ed� �
2g2edzDeJ2 ’

gL(R)gL

�� �
gagLh jz gL(R)gR

�� �
gagRh j

� �

{

ffiffiffiffiffi
2k
p

V

2

g J{ed� �
g2edzDeJ2 ’

| gag0j i gagR Lð Þ
� ��z gR Lð Þg0

�� �
gR Lð ÞgR Lð Þ
� ��z({)

1ffiffiffi
2
p gL Rð Þg0

�� �
T3h j

 �

z

ffiffiffiffiffi
6k
p

V

6

g 3g2z2D J{ed� �� �
2g4{3g2edD{eJ2 ’D2

gL(R)g0

�� �
T1h j

{

ffiffiffiffiffi
3k
p

V

6

gD J{ed� �
2g4{3g2edD{eJ2 ’D2

gL(R)g0

�� �
T2h j: ð16Þ

It is noticeable if d?k, J $ 2g/3, and the cavity detuning from
two photon resonance d meets the condition
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Figure 2 | (a) Population for the states in the steady subspace of the

spontaneous-emission-based case from an initial state | gagLæ. (b) Fidelity

of | T1æ state from an initial state | gagLæ. Both figures are plotted under the

given parameters V 5 0.01 g, v 5 0.2V, v 5 0.04 g, k 5 0, D 5 g, J 5 6 g.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 7566 | DOI: 10.1038/srep07566 4



d~ g2z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g4z4J2D2

q ��
2Dð Þ, other effective decay channels are

approximately ignored except the following dominant terms

L
k,cL1(R1)

eff ~{

ffiffiffiffiffi
2k
p

V

2

g Jzed� �
g2dzDeJ2 ’

| gag0j i gagR(L)

� ��z gR(L)g0

�� �
gR(L)gR(L)

� ��z {ð Þ 1ffiffiffi
2
p gL(R)g0

�� �
T3h j

 �
,

L
k,cL2(R2)

eff ~{

ffiffiffiffiffi
2k
p

V

2
g(J{ed)

g2edzDeJ2 ’ð gag0j i gagR(L)

� ��z gR(L)g0

�� �
gR(L)gR(L)

� ��
z {ð Þ 1ffiffiffi

2
p gL(R)g0

�� �
T3h j
�
: ð17Þ

Since jgLgRæ, jgRgLæ and jgag0æ can be represented by jT1æ, jT2æ and
jT3æ, the dissipative channels in Eq. (17) would translate any initial
states into the subspace composed of jT1æ, jT2æ, jgLg0æ and jgRg0æ.
Similar to Eq. (9), the coherent dynamics governed by Eq. (14) could
also be divided into two parts, O9 (V2) and Hg. O9(V2) make no

contribution to state transitions except the term,
ffiffiffi
2
p

V2
.

3
� �

� Re

{g2 J{ed� �.
2g4{3g2edD{eJ2 ’D2
� �h i

T1j i T2h jz T2j i T1h jð Þ. Thus,

if
ffiffiffi
2
p

V2
.

3
� �

� Re { g2 J{ed� � .
2g4{3g2edD{eJ2 ’D2
� �h i

=ffiffiffi
6
p

v=2,
ffiffiffi
2
p

v=2,v
� �

is satisfied, the unitary dynamics contributed
to the state transitions is mainly governed by Hg rather than O9 (V2).
From Eq. (11), one can see that Hg guarantee jT1æ being invariant
while the other three states being driven out of the steady subspace.
Therefore, the population of the desired state increases over time for
any initial state. We plot the population and fidelity in Fig. 3 under
one group of the optimal parameters that satisfy the above condi-
tions. Nevertheless, the results do about 20% worse than that of the
spontaneous-emission-based case because states jgLg0æ and jgRg0æ
both occupy a population more than 10% when the system
approaches to stabilization. This situation is not hard to understand
through comparing the dominant dissipative channels of the spon-
taneous-emission-based case in Eq. (13) with that of the cavity-
decay-based case in Eq. (17). For the sake of analysis, we plot the
transitions of the dressed states induced by Eq. (11), (13) and (17) in
Fig. 4(a), 4(b) and 4(c), respectively. Compared with Fig. 4(b),
Fig. 4(c) has two more channels directed to jgLg0æ and two more
channels directed to jgRg0æ. Under the control of the same
Hamiltonian Hg, the difference of the dominant dissipative channels
mentioned above leads to the result that the performance of the
cavity-decay-based case is lower than that of the spontaneous-emis-
sion-based case.

In this paragraph, we aim to use the feedback control54–63 to
improve the performance of the cavity-decay-based case. The idea
of the feedback control is depicted in Fig 5: the cavity decay is mea-
sured by a detector D whose signal triggers a feedback laser pulse with
evolution operator Û . The dynamics include feedback control is
governed by the master equation

_r~{i H,r½ �zk
X
‘

Û‘‘̂r‘̂
{Û{

‘ {
1
2
‘̂{‘̂rzr‘̂{‘̂
� �	 


, ð18Þ

in which ‘ denotes cL1, cR1, cL2 and cR2, respectively. Û‘ is the feedback
operation which could be implemented through choosing suitable
feedback laser pulse60–62. In order to decrease the population of states
jgLg0æ and jgRg0æ, one can design many different feedback operations.
We first choose ÛcR1~ exp (il1sx1) (l1 denotes the feedback strength
and sx1 is associated with the feedback pulse Hamiltonian60–62),
which means feedback operation ÛcR1 would be applied on atom 2
when photon in mode ĉR1 is detected, to study the effect of the

feedback control. The photon in mode ĉR1 measured by the detector
may emit through the energy level transition je0æ1 R jgRæ1 of the atom
1 or from the energy level transition jeLæ2 R jg0æ2 of the atom 2. If it
emits from atom 1, the atom 1 is undoubtedly in state jgRæ1. While
atom 2 has three possible states, jgLæ2, jg0æ2 or jgRæ2. If it emits from
atom 2, the atom 2 will undoubtedly be in state jg0æ2. While atom 1
has three possible states, jgLæ1, jgaæ1 or jgRæ1. In short, if the detector
detects the cavity decay in mode ĉR1, the state of the system has five
possibilities, jgRæjgLæ, jgRæjg0æ, jgRæjgRæ, jgLæjg0æ and jgaæjg0æ. However,
after unitary dynamics (see Fig 4(a) for clarity) and dominant dis-
sipative channels (see Fig 4(c) for clarity) working, jgRæjgLæ, jgRæjgRæ
and jgaæjg0æ would be finally transformed to jT1æ, jgRæjg0æ and jgLæjg0æ
(see Fig. 3(a) for clarity). Thus, if the detector clicks, the possible
states of the system which need to be modified are jgRæjg0æ and
jgLæjg0æ. Then, if we choose l1 5 p/2 and sx1 5 jg0æ22ÆgRj 1

jgRæ22Æg0j, ÛcR1 would transform jgRæjg0æ and jgLæjg0æ to jgRæjgRæ and
jgLæjgRæ, respectively. As a result, the population of jgRæjg0æ and
jgLæjg0æ decreases and that of jT1æ increases (see Fig. 6 for clarity).
On the other hand, another feedback operation Û ’cR1~ exp (il2sx2)
with l2 5 p/2 and sx2 5 jg0æ22ÆeRj1 jeRæ22Æg0j was also investigated
in Fig. 6. Unlike ÛcR1 , Û ’cR1 transform jgRæjg0æ and jgLæjg0æ to jgRæjeRæ
and jgLæjeRæ, respectively. Subsequently, if jeRæ2 is transformed to
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Figure 3 | (a) Population for the states in the steady subspace of the cavity-

decay-based case from an initial state | gagLæ. (b) Fidelity of | T1æ from

an initial state | gagLæ. Both figures are plotted under the given parameters

V 5 0.03 g, v 5 0.05V, c 5 0, k 5 0.05 g, D 5 g, J 5 6 g.
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jgRæ2 through coupling with optical laser V2, jgRæjg0æ and jgLæjg0æ have
been successfully transformed to other states. However, if jeRæ2 is
transformed to jg0æ2 through coupling with cavity mode aL2, our
purpose would not be achieved. Therefore, the feedback operation
Û ’cR1 -based case is not as better as ÛcR1 -based case.

Simultaneously use both spontaneous emission and cavity decay
as resources. Note that the conditions to obtain the dominant decay

channels in Eq. (13) and Eq. (17) can be satisfied at the same time, it is
thus possible to use both spontaneous emission and cavity decay to
prepare the desired state simultaneously. In Fig. 7, we plot the fidelity
of the presented scheme based on spontaneous emission and cavity
decay simultaneously, from which we can see that jT1æ can be
achieved with the fidelity close to 0.9 under specific parameters. In
Fig. 8, we plot the fidelity with parameters the same to Fig. 7 via
adding feedback control. Results show that feedback control can
improve the fidelity, shorten the time to be steady and improve the
robustness on parameters variation.

Discussion
The main method used here is the effective operator method pro-
posed in Refs. 13, 47. And the main idea of the presented scheme is to
leverage dissipative to build effective decay channels and construct
the steady state subspace which contains the desired state. Then,
effective Hamiltonian is designed to make sure the desired state being
its dark state while the others being driven out of the subspace. To see
clearly the role of each dissipative factor, we first consider the system
without cavity decay, and then consider it without spontaneous
emission. Numerical simulation shows that both spontaneous
emission and cavity decay could be used as resources for high-
dimensional entanglement preparation. The only drawback is that
cavity-decay-based case is not as ideal as spontaneous-emission-
based case. The difference of the effective dissipative channels
between these two cases is the chief cause that gives rise to this
phenomenon although the steady state subspaces are the same.
Therefore, feedback control is added to improve the performance
of the cavity-decay-based case. Interestingly, the conditions to obtain
the effective dissipative channels in Eq. (13) and Eq. (17) can be
satisfied at the same time, it is thus possible to use both spontaneous
emission and cavity decay as resources simultaneously. From Fig. 7,
one can see that when k and c are both set to zero, the fidelity is zero.
When both dissipative factors increase to 0.01 g, the fidelity will be
higher than 90%. This result proves that both k and c are used as
resources. However, further increase of the the dissipative factors
would decrease the fidelity. This is because D?c and d?k, which
are the necessary conditions to achieve the dominant dissipative
channels in Eq. (13) and Eq. (17) respectively, would not be satisfied
well when k and c increase. Therefore, if we calculate the fidelity from
a perspective similar to Ref. 22 -that is, suppose c equals to 0.01 g,
and k takes several values in a certain range [0.01 g, 0.1 g]-then we

Figure 4 | (a) Roles of the effective Hamiltonian Hg, which is drawn

according to Eq. (11). (b) Roles of the effective dissipative channels of the

spontaneous-emission-based scheme, which is drawn according to Eq.

(13). (c) Roles of the effective dissipative channels of the cavity-decay-

based scheme, which is drawn according to Eq. (17). It should be noted that

gR Lð ÞgL Rð Þ
�� �

~
ffiffiffi
2
p

T1j iz T2j i{ zð Þ
ffiffiffi
3
p

T3j i
� �. ffiffiffi

6
p

and

gag0j i~ T1j i{
ffiffiffi
2
p

T2j i
� �. ffiffiffi

3
p

. And we use | T1æ, | T2æ and | T3æ to replace

| gR(L)gL(R)æ and | gag0æ in Fig. 4(b) and 4(c) for clarity.

Figure 5 | Schematic view of the quantum feedback control. D is a photon

detector. Û is the feedback operator which could be implemented through

well-designed laser field pulse.
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would see that the fidelity decreases as k grows and thus conclude
that k plays a negative role for entanglement preparation. Never-
theless, after studying the effect of cavity decay more comprehen-
sively in the present manuscript, we find that it could also be used as
resources to prepare entanglement although the performance is not
as better as the spontaneous-emission-based case.

For coupled cavity system, coupling strength g, cavity decay rate k
and the spontaneous emission rate c are stationary. However, we can
adjust the parameters V, v, D and d to achieve the desired state with
high fidelity. In the subsection of Basic model, we give two ways to
realize the transitions between the degenerate ground states of atom
2. One of them is the degenerate Raman coupling process through
using a virtual upper state. The effective Rabi frequency v2 which can
be achieved by this process could be approximately expressed as
V’1V’2 1= 2D’1ð Þz1= 2D’2ð Þ½ �64–66, where V’i denotes the coupling

strength between the ground state and the virtual upper state with
the corresponding detuningD’i. That is, in theory, one can achieve the
required effective Rabi frequency through choosing the values
of V’i and D’i. Without loss of generality, after choosing
V’1~V’2~0:5V and D’1~D’2~5V, one can get the effective Rabi
frequency 0.05V. Even so, in practical case, the effective Rabi fre-
quency v2 may be smaller than the values used in above numerical
simulations. When it happens, one should first adjust v1 to make it
satisfy the condition v1 5 2v2 5 v. In order to study the effects of v
decrease, we use another groups of parameters to make numerical
simulations in Fig. 9. For the atomic-spontaneous-emission-based
case, the parameters in Fig. 2(b) satisfy v 5 0.2V 5 0.002 g, and the
time for the system to reach the steady state is about 3 3 104/g. In
contrast, the parameters in Fig. 9(a) satisfy v 5 0.04V 5 0.0002 g,
which is smaller than that in Fig. 2(b). And the time for the system to
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reach the stationary state is about 3 3 105/g, which is longer than that
in Fig. 2(b). Nevertheless, the final fidelities of the desired steady state
in Fig. 2(b) and Fig. 9(a) are more or less the same. For the cavity-
decay-based case, the parameters in Fig. 3(b) satisfy v 5 0.05V 5

0.0015 g, and the time for the system to reach the stationary state is
about 3 3 104/g. In contrast, the parameters in Fig. 9(b) satisfy v 5

0.021V 5 0.000147 g, and the time for the system to reach the
stationary state is about 1.6 3 105/g. Nevertheless, the final fidelities
of the desired steady state in Fig. 3(b) and Fig. 9(b) are almost the
same. Hence, it is reasonable to conclude that the decrease of v is at
the cost of the convergence time of the system. Another important
parameter in coupled cavities is the photon-hopping strength J, we
plot the fidelity of state jT1æ versus time under the parameters (g, k,
c)/2p , (750, 2.65, 3.5) MHz extracted from an experiment67 without
feedback control in Fig. 10, from which one can see that the scheme
has great robustness on the variety of J. In Fig. 11, without feedback
control, we plot the fidelity of the desired state versus time with the
parameters the same to Fig. 10 and J 5 6 g. Result shows that fidelity
is higher than 97.2%, which exceeds the values in the unitary-
dynamics-based schemes42–44. However, if we use another group of
parameters (g, k, c)/2p , (70, 5, 1) MHz extracted from an experi-

ment68, the fidelity would be 91.4% without feedback control. That is,
the fidelity depends on the parameter values. Moreover, Fig. 10 and
Fig. 11 demonstrate that the presented scheme is also feasible without
feedback control.

Compared with the dissipative scheme proposed in Ref. 8, the
present one does not require k?c since it takes advantage of both
dissipative factors as resources to prepare entanglement.
Compared with the scheme proposed in Ref. 9 which relies on
the interference of photons emitted from the distant atoms, the
present one could be implemented without detection of photons.
Different with the unitary-dynamics-based three-dimensional
entanglement preparation schemes42–44, the present one does not
require precise time control and would be steady as time grows.
Besides, the present scheme is independent of initial state.
Moreover, with some specified parameters extracted from the
experiment, the fidelity of our scheme could be higher than unit-
ary-dynamics-based scheme. In a word, we could conclude that
the overall performance of our scheme is better than that of the
unitary-dynamics-based scheme.

In summary, we have proposed a scheme to prepare a three-
dimensional entangled state via using the dissipation. Spontaneous
emission and cavity decay have been investigated to achieve the
desired state, respectively and simultaneously. Moreover, we have
investigated the influence of the feedback control on this scheme.
Final numerical simulation based on one group of experiment para-
meters shows that our scheme could be feasible under current
technology.

Methods
Effective operator method. Effective operator formalism for open quantum systems
was pro-posed by Reiter and Sørensen in Ref. 47 and has been used widely in Refs. 13,
14, 16, 22, 69–71. First, they assume the open system consist of two distinct subspaces,
one for the ground states and the other for the decaying excited states. Then, the
couplings of these two subspaces should be perturbative. Furthermore, assuming that
the dynamics of the system are Markovian such that the time evolution of the density
operator r can be described by a master equation of Lindblad form

_r~{i H,r½ �z
X

j

LjrLj{{
1
2

Lj{LjrzrLj{Lj
� �	 


, ð19Þ

where H is the Hamiltonian of the system and each of the Lindblad operators Lj

represents a source of decay which takes the system from the excited to the ground
subspace. Through combining perturbation theory of the density operator and
adiabatic elimination of the excited states they reduce the dynamics to an effective
master equation involving only the ground-state manifold

_r~{i Hef f ,r½ �z
X

j

Lj
ef f rLj{

ef f {
1
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ef f rzrLj{
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, ð20Þ

with effective Hamilton and Lindblad operators

Hef f ~{
1
2

V{H{1
NH VzzV{ H{1

NH

� �{
Vz

h i
zHg ,

Lj
ef f ~LjH{1

NH Vz,

ð21Þ

that only include the ground states. Here V1 (V2) are the perturbative
(de-)excitations of the system. Hg is the ground-state Hamiltonian.

HNH~H0{
i
2

X
j
Lj{Lj is the non-Hermitian Hamiltonian with H0 being the

Hamiltonian in the excited-state manifold. Since our scheme meets the conditions of
the effective operator method, we used it to simplify the dynamic process of our
system.

Obtaining the dominant dissipative channels. We first consider the spontaneous-
emission-based case. As we all know, the absolute value of the fraction would increase
when the denominator decreases. Thus, if D?c,

g2dzeJ2D~0 ð22Þ

would result in the dominant dissipative channels in Eq. (13) from Eq. (12). Through
solving Eq. (22), we can get

d~ g2z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g4z4J2D2

q ��
2Dð Þ: ð23Þ
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Figure 9 | (a) Fidelity of the spontaneous-emission-based case with V 5

0.005 g, v 5 0.04V. The rest parameters are the same as in Fig. 2. (b)

Fidelity of the cavity-decay-based case with V 5 0.007 g, v 5 0.021V. The

rest parameters are the same as in Fig. 3.
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However, it should be noted that 2g4{3g2dD{eJ2D2 would be transformed to

{ g2dzeJ2D
� �

D when dD^g2 and D 5 g(this condition has been used throughout

this paper), and thus change the desired dominant dissipative channels. To prevent
this, without loss of generality, we set

dD§

4g2

3
: ð24Þ

Substituting Eq. (23) and D 5 g into Eq. (24), we can achieve

J§
2g
3
: ð25Þ

The calculation process to obtain dominant dissipative channels of the cavity-decay-
based case is similar to the spontaneous-emission-based case.
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