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We propose a feasible scheme of generating multipartite entanglement with the dipole induced transparency
(DIT) effect in indirectly coupled dipole-microcavity systems. It is shown that the transmission spectrum is
closely related with the interference of dipole-microcavity systems, and we can generate different classes of multipartite entanglement, e.g., the Greenberger–Horne–Zeilinger state, the W state, and the Dicke state, of the dipole emitters just by choosing an appropriate frequency of the incident photon. Benefiting from the DIT effect,
the schemes may work in the bad or low-Q cavity regime only if the large Purcell factor of the dipole-microcavity
system is fulfilled, and they are also insensitive to experimental noise, which may be feasible with present accessible technology.
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Multipartite entanglement has been widely regarded as
the essential ingredient for implementing novel quantum
information processing (QIP) tasks, such as controlled
teleportation[1], quantum secret sharing[2], and universal
error correction[3,4]. Dür et al.[5] have shown that there
are two inequivalent classes of tripartite entangled states,
i.e., the Greenberger–Horne–Zeilinger (GHZ) class and
the W class. An important property of the W state is that
it is robust against the loss of qubits, and it can still
be used as a resource even if one of the qubits is lost. The
Dicke
of n particles
p and k excitations, jD n;k i ¼
P k state
P̂ n ðj0i⊗ðn−kÞ j1i⊗k Þ∕ C kn , is another important
class of multipartite entangled state[6], and it exhibits
genuine many-body entanglement[7] and resists against
decoherence, particle loss, and measurement[8]. Local
operations performed on any constituent particle can
not destroy all of the entanglement shared by the other
particles[9], and thus, the Dicke state might be interesting
from the view of QIP between many participants.
Solid state qubits have many promising properties, such
as large scalability, long coherence time, and optical
addressability, and have already been realized with semiconductor quantum dots[10] and nitrogen-vacancy (NV)
centers in diamond[11]. Quantum entanglement of solid
state qubits is the fundamental resource in scalable QIP
and quantum computation, and optical excitation of
solid state qubits may be the best choice to generate entanglement in a scalable way. However, the strong coupling between solid state qubits and photons may be
challenging with the present experimental technology.
1671-7694/2018/082702(5)

Fortunately, Waks and Vuckovic proposed the dipole induced transparency (DIT) effect[12], and then experimentally demonstrated this effect in the photonic crystal
cavity-waveguide system[13]. The distinct advantage of
the DIT effect is that it can be realized in the dipolemicrocavity system with a large Purcell factor; thus, it
allows the system to work in the bad cavity regime, which
greatly relaxes the experimental requirement of the
system. On the other hand, whispering-gallery-mode
(WGM) microcavities[14–17] with an ultrahigh quality factor
are experimentally feasible, and thus, a large Purcell factor of the system may be achievable for realizing the DIT
effect. If we consider the polarization degree of freedom of
the incident photon, the DIT effect can be utilized to
modulate both the amplitude and phase of the incident
photon. The amplitude modulation feature is useful for
splitting a polarized light beam and functions as polarized
beam splitter or photonic Stern–Gerlach apparatus[18],
which may be tailored for generating spatial entanglement
of photons and related QIP[19]. For perfect transmission or
reflection, the conditional phase shift or photonic Faraday
rotation[20] can be obtained, which may also be useful for
QIP[21–24] and quantum computation[25,26].
Up to now, many entanglement generation schemes
have been proposed in the dipole-microcavity system[27–30],
whereas most of them have discarded the interference effect
between the cascaded systems. In this Letter, we demonstrate that the interference effect between cascaded dipole-microcavity systems is of great importance for its
transmission spectrum; then, we propose the schemes for

082702-1

© 2018 Chinese Optics Letters

COL 16(8), 082702(2018)

CHINESE OPTICS LETTERS

generating the GHZ state, W state, and Dicke state of the
dipole emitters just by choosing an appropriate frequency
of the incident photon. Benefiting from the DIT effect, the
schemes can be achievable with less demanding technology
of the cavity-quantum electrodynamics (QED) system, and
they are also insensitive to experimental noises, e.g., spontaneous emission of the dipole emitter and photon loss
in the microcavity and waveguide. Moreover, the schemes
can be extended to generate N -qubit entanglement
straightforwardly.
The schematic of entanglement generation is depicted
in Fig. 1(b), where three dipole-microcavity systems are
evanescently coupled to two drop-filter waveguides, respectively. The dipole emitter has two degenerate ground
states and one excited state, as shown in Fig. 1(a), and
the logic qubits of dipole emitters fj0i; j1ig are encoded
in their ground states fjg L i; jgR ig. The microcavities
are assumed to have a single mode a i ði ¼ 1; 2; 3Þ that
couples only to the forward propagating fields. The dipole
emitters with transition frequencies ωai are evanescently
coupled to the corresponding microcavities, respectively,
and their interaction can be descried by the Jaynes–
Cummings model Hamiltonian. The Heisenberg–Langevin
equations of cavity modes ai and dipole lower operators
σ i− are (ℏ ¼ 1)
da i ðtÞ
κ þ κ2 þ κ0
ai ðtÞ − gi σ i− ðtÞ
¼ −iðωi − ωp Þa i ðtÞ − 1
2
dt
p
p iϕi
− κ 1 a i;in ðtÞ − κ2 e aiþ1;out ðtÞ;
(1)
dσ i− ðtÞ
γ
¼ −iðωai − ωp Þσ i− ðtÞ − ai σ i− ðtÞ − gi ai ðtÞσ iz ðtÞ
2
dt
p
þ γ ai σ iz ðtÞbi;in ðtÞ;
(2)

cavities. gi and σ i− are the vacuum Rabi frequency and
lower operator of the ith dipole emitter. γ ai and bi;in ðtÞ
are the spontaneous emission rate of the dipole emitter
and its noise input operator.
In what follows, we consider the weak excitation limit,
and thus, all of the dipole emitters are always in their
ground states, which allows us to replace the dipole population operator with its expectation value hσ iz i ≈ −1[31].
Moreover, we assume that the external field of the dipole
emitter is in the thermal equilibrium state, and the contribution of the noise input operator is negligible
[i.e., hbin ðtÞi ¼ 0]. The output fields into the waveguides
are related to the input fields by the input–output
p
relations[32] a iþ1;in ðtÞ ¼ ai;in ðtÞ þ κ 1 a i ðtÞ and ai;out ðtÞ ¼
p
a iþ1;out ðtÞ þ κ 2 ai ðtÞ. We assume that a weak monochromatic field with frequency ωp inputs from the left port of
the upper waveguide, as shown in Fig. 1(b) [a4;out ðtÞ ¼ 0],
and the output fields into the waveguides are given
p P
by a4;in ðtÞ ¼ a 1;in ðtÞ þ κ 1 3i¼1 ai ðtÞ and a1;out ðtÞ ¼
p P3
κ 2 i¼1 ai ðtÞ. In the steady state, the field in the ith microcavity is a i ðtÞ ¼ Di ∕D, where
 0
 iΔ − κ∕2
 1
D ¼ −κ1
 −κ1


−κ 2
−κ 2 
iΔ02 − κ∕2
−κ 2 ;
0
−κ 1
iΔ3 − κ∕2 

(3)

and Di is the determinant by replacing the ith column of D
p
with κ1 a1;in ðtÞð1; 1; 1ÞT . The parameters of the systems
are κ ¼ κ 0 þ κ 1 þ κ2 , Δi ¼ ωp − ωi , Δai ¼ ωp − ωai , and
iΔ0i ¼ iΔi þ g 2i ∕ðiΔai − γ ai ∕2Þ. Analog to the double-sided
microcavity, we denote the output fields into upper and
lower waveguides as transmission and reflection fields, respectively. We consider the critical coupling condition
(i.e., κ1 ¼ κ 2 ) and can obtain the transmission and reflection coefficients as follows:

where ωp , ωi are the frequency of the input field and the
central frequency of the ith microcavity. κi ði ¼ 1; 2Þ is the
cavity-waveguide coupling strength, and κ 0 is the intrinsic
loss of microcavity. ai;in and ai;out describe the input and
output fields of the ith microcavity. ϕi denotes phase delay
along the waveguides between microcavities, and we set
exp ðiϕi Þ ¼ 1 by choosing an appropriate distance of

Fig. 1. Schematic of generating multipartite entanglement of dipole emitters in three dipole-microcavity systems. (a) The
energy-level configuration of the dipole emitter. The transition
jg LðRÞ i ↔ jei is driven by left (right) circularly polarized light.
(b) Three indirectly coupled dipole-microcavity systems.

August 10, 2018


−1
3
X
a4;in ðtÞ
0
−1
¼ 1 − κ1
ðiΔi − κ0 ∕2Þ
;
T¼
a1;in ðtÞ
i¼1

(4)

P
a 1;out ðtÞ
κ1 3i¼1 ðiΔ0i − κ 0 ∕2Þ−1
P
¼
:
a1;in ðtÞ
1 − κ 1 3i¼1 ðiΔ0i − κ0 ∕2Þ−1

(5)

R¼

The evolution of the system can be investigated through
its reflection and transmission spectra, and the numerical
calculation is based on Eqs. (4) and (5). We consider the
case where the ith dipole emitter is resonantly
coupling to the corresponding microcavity with the same
coupling strength, and three microcavities are assumed
to have the same central frequencies (i.e., ωi ¼ ωai ,
ω1 ¼ ω2 ¼ ω3 , gi ¼ g). The cavity losses to waveguides
are far larger than its intrinsic loss, and thus, it is reasonable to consider the limit κ 1 ≫ κ 0 . To facilitate the
subsequent discussion but without loss of generality,
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we assume that the Purcell factors of dipole-microcavity
systems are far larger than 1 (e.g. F p ¼ 2g2 ∕κ 1 γ a ¼ 200)
when dipole emitters are coupling with the incident photon, while their Purcell factors are zero for the decoupling
case. As three dipole-microcavity systems are indirectly
coupled by waveguides, the interference between them
may lead to the rich transparency phenomena. As shown
in Eq. (4), the transmission coefficient evidently depends
on the interference of the terms κ1 ðiΔ0i − κ 0 ∕2Þ−1 , which
account for DIT effects of dipole-microcavity systems.
In Fig. 2, it is shown that there are two sharp transparency
windows in the transmission spectra jT 1 j2 (blue dotted)
and jT 2 j2 (red dot-dashed). Moreover, the locations of
transparency peaks have obvious shifts to the resonant
regime, and the full width at half-maximum (FWHM)
of the dip is obviously narrower than that of the DIT effect
for single dipole-microcavity system, which can only result
from the interference between dipole-microcavity systems.
From the transmission spectra in Fig. 2, it is shown that
the evolution of system is closely related with the frequency of the incident photon and can be divided into
the following three cases.
• Case (1). If the incident photon is resonant with all of
the dipole-microcavity systems (i.e., ωp ¼ ωi ¼ ωai ), the
transmission and reflection amplitudes are jT 3 j ≈ 1ðjR3 j ≈
0Þ (black solid) and jT i j ≈ 0ðjRi j ≈ 1Þði ¼ 0; 1; 2Þ, and the
corresponding phases are ϕT 3 ¼ 0 and ϕR0 ¼ ϕR1 ¼
ϕR2 ¼ π. If all of the dipole emitters are
pinitially in the
superposition state jψ i i ¼ ðjgiL i þ jgiR iÞ∕ 2, and the incident photon is pin
 the linearly polarized state
jψ p i ¼ ðjLi þ jRiÞ∕ 2, the system will evolve into
p
6
1
þ
−
jþip j2ijD 3;1 i−
j1iðjþip jGHZ i þ j−ip jGHZ iÞ −
4
4
p
6
1
jþip j2ijD 3;2 i; (6)
j2iðjþip jGHZþ i − j−ip jGHZ− iÞ −
4
4

where
1
jip ¼ p ðjLi  jRiÞ;
2
1
jGHZ i ¼ p ðjg1L ijg2L ijg 3L i  jg1R ijg2R ijg 3R iÞ;
2
1
jD 3;1 i ¼ p ðjg 1L ijg2L ijg3R i þ jg1L ijg2R ijg3L i þ jg 1R ijg2L ijg3L iÞ;
3
1
jD 3;2 i ¼ p ðjg 1L ijg2R ijg3R i þ jg 1R ijg2L ijg 3R i þ jg1R ijg2R ijg3L iÞ:
3
(7)
j1i and j2i denote the spatial states of the photon in the
upper and lower waveguides, respectively. In the upper
waveguide, the detection of the output photon in the basis
fjig will lead to the GHZ state jGHZ i of the dipole
emitters with the successful probability of 1∕16, respectively. On the other hand, the detection of the output
photonic state j−i in the lower waveguide leads to the
GHZ state jGHZþ i of dipole emitters. Thus, the total successful probability of generating the GHZ state is 3∕16.
• Case (2). If the
pfrequency of the incident photon satisfies ωp ¼ ω1  g∕ 3, we can obtain the transmission and
reflection amplitudes jT 2 j ≈ 1ðjR2 j ≈ 0Þ (red dot-dashed)
and jT i j ≈ 0ðjRi j ≈ 1Þði ¼ 0; 1; 3Þ. The corresponding
phases are ϕT 2 ¼ 0 and ϕR0 ¼ ϕR1 ¼ ϕR3 ¼ π. If all of
the dipole emitters are
pinitially in the superposition state
jψ i i ¼ ðjgiL i þ jgiR iÞ∕ 2, and the incident photon is in the
left circularly polarized state jLi, the system evolves as

p
p
6
6
1
þ
ð8Þ
jLip 4 j1ijD3;1 i þ 4 j2ijD 3;2 i þ 2 j2ijGHZ i :
Thus, the detection of the output photon in the upper
waveguide yields the W state jD 3;1 i of the dipole emitters
with the successful probability of 3∕8.
• Case (3). If p
the
 frequency of the incident photon satisfies ωp ¼ ω1  6g∕3, the transmission and reflection
amplitudes are jT 1 j ≈ 1ðjR1 j ≈ 0Þ (blue dotted) and
jT i j ≈ 0ðjRi j ≈ 1Þði ¼ 0; 2; 3Þ, and the corresponding
phases are ϕT 1 ¼ 0 and ϕR0 ¼ ϕR2 ¼ ϕR3 ¼ π. When the
initial state of the system is just the same as that of
case (2), the system evolves into
jLip

Fig. 2. Power transmission jT m j2 for three indirectly coupled
dipole-microcavity systems with Purcell factor F p ¼ 200 of
each system. T m denotes the transmission coefficient in the case
where the incident photon is coupling with m dipole emitters,
respectively. The dipole-microcavity parameters ðg; κs ; γ a Þ ¼
ð0.33; 10−3 ; 10−3 Þκ 1 are taken into account.
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p

6
4 j1ijD 3;2 i

þ

p
6
4 j2ijD 3;1 i

þ

1
þ
2 j2ijGHZ i


:

ð9Þ

The Dicke state of dipole emitters jD 3;2 i can be obtained
for the detection of the output photon in the upper waveguide, and the successful probability is 3∕8.
We can extend the schemes straightforwardly to generate the N -qubit entanglement of dipole emitters by modifying the model to the case of N dipole-microcavity
systems. If the weak excitation approximation for all of
the dipole emitters is always valid, the transmission coefficient h can be obtained with ai similar procedure as
P
0
−1 −1
. The transmission
T N ¼ 1 − κ1 N
i¼1 ðiΔi − κ 0 ∕2Þ
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amplitude is closely related with the interference of dipolemicrocavity systems and the excitation number of the
system; thus, we may generate the N -qubit (N > 3)
GHZ state, W state, and Dicke state just by choosing
an appropriate frequency of the incident photon as that
of three-qubit case.
We briefly discuss the experimental feasibility of our
schemes based on experimentally accessible technologies.
The key element of our schemes is to realize indirectly
coupled dipole-microcavity systems. The WGM microcavity and tapered fiber may be one of potential candidates
for realizing this structure[33]. The NV center in diamond,
which is evanescently coupled to a WGM microcavity,
could be chosen as the dipole emitter; thus, the system
for entanglement generation can be readily constructed
with present experimental technology[34]. In the schemes,
we have assumed that the incident photon will be
completely transmitted or reflected in the case of a
large Purcell factor without considering the noise of the
system. However, there are still some sources of noise,
e.g., spontaneous emission of the dipole emitter and photon loss in the microcavity and waveguide. After considering the experimental noise, the evolution of system in
the realistic process may be approximately expressed as
jjijg j ij1i → T jjijg j ij1i þ Rjjijgj ij2i. To evaluate the performance of the schemes, we calculate the fidelity defined
as F ¼ jhψ real jψ ideal ij2 , where jψ ideal i and jψ real i are the
output states of the system in the ideal and realistic cases,
respectively. The fidelities of the GHZ state jGHZ i, W
state jD3;1 i, and Dicke state jD 3;2 i for the detection of
the output photon in the upper waveguide (i.e., photonic
state j1i) are given by F GHZ ¼ jT 3 j2 , F W ¼ jT 2 j2 and
F Dicke ¼ jT 1 j2 , respectively. The dipole-microcavity
parameters ðκs ; γ a Þ ¼ ð10−3 ; 10−3 Þκ1 are taken into account, and the ratio of g∕κ 1 can determine the Purcell factor of the system. Therefore, the fidelities of entanglement
are relevant to the Purcell factor of the system, and we
plot the fidelities of entanglement against the Purcell factor of the dipole-microcavity system in Fig. 3. It is shown
that the fidelities of three classes of entangled states

Fig. 3. Fidelities of the three-qubit GHZ state (black solid), W
state (red dashed), and Dicke state (blue dot-dashed) against the
Purcell factor of the dipole-microcavity system.
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rapidly improve with the increase of the Purcell factor
and gradually approach 1. For the same Purcell factor,
they satisfy F GHZ > F W > F Dicke , which reflects the fact
that the transmission amplitude of the DIT effect is attributed to the overall Purcell factor of dipole-microcavity
systems. The parameters of the dipole-microcavity system
ðg; κ; κ s ; γ a Þ ¼ ð180; 4.7; 2.35; 13Þ × 2π MHz are reachable
for the system consisting of the NV center in diamond
and microtoroidal cavity[35]. The related Purcell factor
F p is on the order of 1 × 103 , and thus, the fidelities
may be close to 1 with the relevant solid state cavityQED parameters. On the other hand, the schemes might
work in the repeated-until success fashion, since photon
loss and detector inefficiency in the experiment are
unavoidable. The dephasing time of NV centers can be
on the order of milliseconds at room temperature[11],
and entanglement can be generated within the time scale
of coherence time when a highly efficient single-photon
source generating 1 × 104 photons per second is applied[35].
In summary, we have theoretically investigated multipartite entanglement generation of dipole emitters in
the indirectly coupled dipole-microcavity systems. Benefiting from the DIT effect and the interference between
dipole-microcavity systems, high-fidelity multipartite entanglement can be generated with the present accessible
technology, which may be useful for scalable QIP. As
the transmission spectrum is closely related to the excitation number of dipole-microcavity systems, we only discuss
the generation of three classes of multipartite entanglement
(e.g., the GHZ state, W state, and Dicke state), but it may
be interesting to investigate the generation of other classes
of multipartite entanglement in the future.
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