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Abstract: We present efficient protocols for creating multipartite Greenberger-Horne-Zeilinger
(GHZ) and W states of distant stationary qubits. The system nonuniformity and/or the non-ideal
single-photon scattering usually limit the performance of entanglement creation, and result
in the decrease of the fidelity and the efficiency in practical quantum information processing.
By using linear optical elements, errors caused by the system nonuniformity and non-ideal
photon scattering can be converted into heralded loss in our protocols. Thus, the fidelity of
generated multipartite entangled states keeps unchanged and only the efficiency decreases. The
GHZ state of distant stationary qubits is created in a parallel way that its generation efficiency
considerably increases. In the protocol for creating the W state of N distant stationary qubits,
an input single photon is prepared in a superposition state and sent into N paths parallelly. We
use the two-spatial-mode interferences to eliminate the “which path” single-photon scattering
“knowledge”. As a result, the efficiency of creating the N-qubit W state is independent of the
number of stationary qubits rather than exponentially decreases.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Quantum entanglement is one of the cornerstones at the foundation of quantum mechanics and
plays an important role in various quantum technologies, such as distributed quantum computation
[1–4], quantum key distribution [5–7], quantum teleportation [8], and quantum secure direct
communication [9–14]. Despite the creation of entanglement between two particles has been well
developed, the creation of multipartite entanglement becomes exceedingly difficult for systems
with many particles [15–23]. To generate entanglement between two distant stationary qubits, it
usually needs a flying photonic qubit as a mediate entangling with a stationary qubit [24–26], in
combination with the quantum swapping or quantum interference [27–30]. The entanglement
between the stationary and flying qubits significantly limits the available entanglement between
two distant stationary qubits [31–33]. Furthermore, this limitation usually becomes more serious
for the creation of multipartite entanglement.

Multipartite entanglement demonstrates distinct power to reveal the non-classicality of quantum
physics [15,34,35] and to perform many important quantum protocols in which more than two
parties come together [36,37]. The GHZ and W states are two typical classes of multipartite
entangled states that cannot be converted to each other by stochastic local operations and classical
communications. The GHZ states violate Bell inequalities maximally and exhibit a remarkable
property for error-tolerant quantum computation and multiparty quantum networks [38–43].
Meanwhile, these GHZ states are extremely fragile due to particle loss. In contrast, the W-state
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entanglement is maximally persistent and robust against particle loss [44–46]. Therefore, the W
states may lead to stronger non-classicality than GHZ states, and play important roles in quantum
information processing [47–52].
The creation of multipartite entanglement, especially the GHZ and W states, attracts much

attention as a result of their distinct applications for quantum technologies. For photonic
systems, the creation of the GHZ and W states are mainly implemented by quantum fusion
that consists of quantum interference and post-selection operations [15,53,54]. The creation of
GHZ entanglement among distant stationary systems are usually implemented by a cascaded
extension of schemes for entangling two stationary qubits [55–59], where the hybrid photon-qubit
entanglement between a photon and a stationary qubit plays a central role. Any deviation from
the ideal condition for the creation of hybrid entanglement will accumulate to considerably limit
the creation of the target state when the number of qubits increases [55–59]. Furthermore, the
creation of the W state can also be implemented by using hybrid entanglement between a photon
and a stationary qubit in combination with multi-path optical interferences and post-selection
operations [60–65]. Another promising method for creating multipartite entanglement among
stationary qubits uses a data bus that simultaneously interacts with all stationary qubits [66–71].
A proper control on this system cannot only create a GHZ state but also create a W state [66–71].
The number of qubits in the reported GHZ andW states is still small even using the state-of-the-art
technology of coupling stationary qubits with a common data bus [72].
Here we propose two efficient protocols for the creation of multipartite entanglement among

stationary qubits. In the first protocol, we describe a parallel method for the creation of a
four-stationary-qubit GHZ state using the error-rejecting scattering of a single photon, involving a
cavity or waveguide that couples to a stationary qubit [26,27]. A click of single-photon detectors
heralds the creation of GHZ entanglement among distant stationary qubits. The errors involved
in a practical single-photon scattering process are passively picked out and thus only cause the
decrease of the success efficiency other than its fidelity. In the second protocol, we present an
efficient method for the creation of W states of four stationary qubits. This protocol involves only
one effective single-photon scattering process and significantly decreases the requirement of the
phase stability, since two-spatial-mode interferences are used to replace the multi-spatial-mode
interference [60–65]. The errors introduced by the deviation from ideal scattering conditions
are also suppressed by passive filtering. Furthermore, the extension of both methods to larger
numbers of particles are straightforward. Therefore, our protocols may promise applications in
various multipartite-entanglement-based quantum tasks, i.e., quantum networks and quantum
computation.

2. Single-photon and single-spin interface

A single-photon and single-spin interface serves as a key resource to create hybrid entanglement
and thus is a key ingredient for distributed quantum computation as well as for multiparty
quantum networks. An 1D cavity- or waveguide-emitter system provides an efficient interface
between single photons and emitters [73–88]. Single photons impinging into such system will
be scattered into a channel that in principle depends on the state of the emitter. We consider
a singly-charged self-assembled In(Ga)As quantum dot (QD) that is coupled to a single-sided
micropillar cavity [73–76]. Due to the Pauli’s exclusion principle, the optical transition between
the ground state | ↑〉 (| ↓〉) and the negatively charged trion X− state | ↑↓⇑〉 (| ↑↓⇓〉) is accompanied
by the absorption of a right-circularly (left-circularly) polarized photon |R〉 (|L〉), but either cross
transition is forbidden [89]. Furthermore, the two dipole-allowed transmissions are degenerated
when the environment magnetic field is zero, as shown in Fig. 1. Here the spin-quantization axis
is along the growth direction of the QD and in parallel with the direction of the input photon.

When a circularly-polarized photon with a frequency ω impinges into a system consisting of a
single-sided micropillar cavity and a QD, it will be either reflected or absorbed due to the cavity
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Fig. 1. Schematic diagram of spin-dependent transitions for a negatively-charged exciton
X−. (a) Four-level structure and optical transition of a negatively-charged quantum dot (QD);
(b) a QD coupled to a single-sided micropillar cavity. Here, two ground states | ↑〉 and | ↓〉
denote the electron-spin states with Jz equal to ±1/2; |↑↓⇑〉 and |↑↓⇓〉 denote two trion states
of X− with Jz = ±3/2. The dipole transition | ↑〉 ↔ |↑↓⇑〉 (| ↓〉 ↔ |↑↓⇓〉) is optically driven
by a right- (left-) circularly-polarized photon |R〉 (|L〉). Therefore, the cross transitions (dark
transitions) are forbidden by the quantum-optical selection rules.

mode loss. This process can be studied with the quantum-jump approach [90]. The dissipative
time evolution is described by an effective Hamiltonian (~ = 1) [27,28]

Ĥeff = (∆− −
iγ
2
)σ̂+σ̂− + (∆c −

iκs
2
)â†â + ig(âσ̂+ − â†σ̂−). (1)

Here the non-Hermitian terms account for additional decay mechanisms of an excited QD-cavity
system, i.e., the cavity mode â and the QD exciton X− decay into nondirectional channels at rates
κs and γ, respectively. ∆− = ω− − ω and ∆c = ωc − ω are the detunings, where ωc and ω− are
frequencies of the cavity mode and the X− transition, respectively. Meanwhile, g represents the
coupling strength between the cavity mode and the QD. Although the evolution of our system
described by the Hamiltonian Ĥeff can be interrupted by random quantum jumps [27,28,90], we
are interested in the dynamics including a single photon that projects the system into a Hilbert
space without quantum jumps: an input photon is scattered into the reflection mode of the
QD-cavity system and leads to a click of one single-photon detector in entanglement-creation
setups.
The reflection coefficient for such a system can be obtained by solving dynamical equations

for the cavity field operator â and dipole operator σ̂−,

dâ
dt
= −[i∆c +

κ + κs
2
]â − gσ̂− −

√
κ âin,

dσ̂−
dt
= −[i∆− +

γ

2
]σ̂− − gσ̂z â.

(2)
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Here κ describes the input coupling rate between the cavity mode and input/output mode. For
simplicity, the frequency ω− is tuned to be identical to ωc, leading to an identical detuning
∆− = ∆c = ∆. In combination with the input-output theory âout = âin+

√
κ â, one can obtain the

reflection coefficient [75–77,91],

r(∆, g) =
[i∆ + γ

2 ][i∆ +
κs−κ
2 ] + g

2

[i∆ + γ
2 ][i∆ +

κ+κs
2 ] + g2

. (3)

Here ∆ = ωc − ω is the detuning between the input photon and the cavity mode. When the
input photon is in a polarization state that does not couple to the QD, i.e., g = 0, the reflection
coefficient is changed into

r(∆, 0) =
i∆ + κs−κ

2

i∆ + κ+κs
2

, (4)

which is significantly different from r(∆, g) that is obtained when the input photon couples to
the QD. We will show below that increasing the difference |r(∆, g) − r(∆, 0)| promises a higher
efficiency for the creation of multipartite entanglement.
In general, the absolute values of r(∆, 0) and r(∆, g) are less than unity due to the finite

absorption of the cavity and/or the decay of an excited QD. When an input photon in a circularly
polarized state i.e., |R〉 is scattered by a QD-cavity system, in which the QD is initialized to a
superposition state |ψ〉 = α | ↑〉+ β| ↓〉 (|α |2+ |β |2 = 1), the state of the QD and the photon evolves
into |ψ ′〉 = |R〉[r(∆, g)α | ↑〉 + r(∆, 0)β | ↓〉]/√p0 with a probability p0 = |r(∆, g)α |2 + |r(∆, 0)β |2,
provided the photon is scattered into the reflectionmode and no quantum jump happens [75–77,91].
Particularly, when a linearly polarized photon |H〉 = (|R〉 + |L〉)/

√
2 or |V〉 = (|R〉 − |L〉)/

√
2 is

impinging into the cavity-QD system with the QD in a state |±〉 = (| ↑〉 ± | ↓〉)/
√
2, the hybrid

system consisting of the single photon and the QD evolves as follows

|H〉|±〉 →
1
√p1
[R+ |H〉|±〉 + R− |V〉|∓〉],

|V〉|±〉 →
1
√p1
[R− |H〉|∓〉 + R+ |V〉|±〉],

(5)

where the parameters R± = [r(∆, g) ± r(∆, 0)]/2, and p1 = [|r(∆, g)|2 + |r(∆, 0)|2]/2 represents
the probability that the linearly-polarized photon is scattered into the reflection mode. Therefore,
after a single-photon scattering process, the hybrid system evolves into a hybrid entangled state
that consists of two orthogonal components: (1) the QD and the photon are both unchanged
with a probability |R+ |2; (2) the QD and the photon are both flipped, while the corresponding
probability is |R− |2. The first component usually corresponds to a trivial scattering result that is
referred to as error for simplicity, and can be passively filtered out using linear optical elements,
while the second component constitutes a fascinating building block for quantum information
processing, such as the creation of GHZ and W states of many spatially separated QDs.

3. Proposals for quantum entanglement creation

In this section, we describe two individual setups for creating GHZ and W states, as shown in
Fig. 2 and 3. The errors caused by the non-ideal single-photon scattering are passively filtered
out by polarizing beam splitters (PBSs), where all QD-cavity systems are assumed to be identical
[51,55–58,81].

3.1. Creation of GHZ entanglement among four distant QDs

The main idea for the creation of four-QD GHZ state exploits the aforementioned single-photon
and single-spin interface. A parallel schematic setup for the creation is shown in Fig. 2. It is
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Fig. 2. Schematic diagram of the four-QD GHZ-state creation. Here BS denotes a 50/50
beam splitter that transmits and reflects a photon equally. PBSi (i=1, 2, and 3) denotes
a polarizing beam splitter that transmits (reflects) photons in the linearly-polarized state
|H〉 (|V〉). HWP and H are two half-wave plates that are respectively tuned to apply
the bit-flip operation and the Hadamard transformation, i.e., |H〉 → (|H〉 + |V〉)/

√
2 or

|V〉 → (|H〉 − |V〉)/
√
2 on photons passing them.

Fig. 3. Schematic diagram of the four-QD W-state creation. Here BS1 and BS2 denote two
50/50 beam splitters that transmit and reflect a photon equally. PBSi (i =1, 2, 3, and 4)
denotes a polarizing beam splitter that transmits (reflects) photons in the linearly-polarized
state |H〉 (|V〉). H1 and H2 are two half-wave plates that apply the Hadamard transformation,
i.e., |H〉 → (|H〉 + |V〉)/

√
2 or |V〉 → (|H〉 − |V〉)/

√
2 on photons passing them.

composed of four QD-cavity systems with each QD in the state |+〉 and linear optical elements,
i.e., a 50/50 beam splitter (BS), PBSs, and half-wave plates (HWP or H). HWP is tuned to
apply a bit-flip operation on photons passing it, while H is arranged to complete the Hadamard
transformation, i.e., |H〉 → 1√

2
(|H〉 + |V〉) or |V〉 → 1√

2
(|H〉 − |V〉). The PBS transmits photons in

the state |H〉 and reflects photons in the state |V〉. QD-cavity systems in different spatial modes
of the BS evolve differently when a photon with the polarization |V〉 impinges into the setup.
After filtering out errors, the elimination of optical paths in which the single photon passes will
project the four QDs into |GHZ+〉 or |GHZ−〉 with |GHZ±〉 = 1√

2
(| ++−−〉 ± | − −++〉), where

the phase is determined by the polarization of the output photon.
For a photon |V〉 impinging on the BS, it is either reflected or transmitted by the BS. If the

photon is in the reflection mode, it will be reflected by QD s1 that is coupled to a microcavity.
The PBS1 passively filters out the error component with the photon in the state |V〉 and passes
the useful component with the photon in the state |H〉 to impinge on another microcavity that
contains QD s2. However, if the photon is in the transmission mode, it will be reflected by the
microcavity containing QD s3. The error scattering component with the output photon in the
state |V〉 is filtered out by PBS2. The correct scattering component suffers a bit-flip operation by
passing the photon through the HWP. The photon then impinges on the microcavity that contains
the QD s4. The evolutions of the transmission and reflection modes take place simultaneously.
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Therefore, before the photon passes through the PBS3, the system consisting of the photon and
four QDs evolves into a non-normalized state

|Ψ1〉 = R−
(
|VR〉|−〉s1 |−〉s2 |+〉s3 |+〉s4 + |HT〉|+〉s1 |+〉s2 |−〉s3 |−〉s4

)
+ R+

(
|HR〉|−〉s1 |+〉s2 |+〉s3 |+〉s4 + |VT〉|+〉s1 |+〉s2 |−〉s3 |+〉s4

)
.

(6)

where the subscript R (T) denotes that the photon is in the reflection (transmission) mode of
the BS; the subscripts si with i = 1, 2, 3, 4 represent four different QDs. Note the optical path
difference between two individual modes has been tuned to zero [81], otherwise it introduces a
relative phase proportional to it in the longer mode. The two components with the photon in
the state |H〉R and |V〉T will be passively filtered out and lead to errors that can be detected by
placing a single-photon detector in the lower output mode of PBS3.

The first two terms of Eq. (6) indicate a five-qubit GHZ state, consisting of four QDs and one
flying photon. The half-wave plate H in the upper output mode of PBS3 completes a Hadamard
operation on the photon and evolves the system into

|Ψ2〉 =
1
√
2
(
|V〉|GHZ−〉 + |H〉|GHZ+〉

)
. (7)

A measurement of the single photon in the linearly-polarized basis {|H〉, |V〉} disentangles the
photon from QDs and projects the four QDs into the GHZ state |GHZ+〉 (|GHZ−〉) when the
outcome of the measurement is |H〉 (|V〉).

The extension of the method to create GHZ states of larger numbers (N) of QDs is straightfor-
ward. When N is even, we can divide QDs equally into two subgroups and place each N/2 QDs
in a cascaded way similar to that shown in Fig. 2. However, when N is odd, we can divide QDs
into two subgroups of numbers (N − 1)/2 and (N + 1)/2, and then introduce a passive filtering
setup in the mode with (N − 1)/2 QDs to compensate the loss that is introduced by a practical
single-photon scattering process. Therefore, the creation efficiency of N-QD GHZ state is

η′GHZ = |R− |m =
�� r(∆, g) − r(∆, 0)

2
��m. (8)

Here m = 2[(N + 1)/2], where [x] is the integer value function that rounds the number x down to
the nearest integer; r(∆, g) and r(∆, 0) are reflection coefficients, given by Eqs. (3) and (4).

3.2. Creation of W states of four distant QDs

The main idea for the creation of W-state entanglement among four QDs also exploits the afore-
mentioned single-photon and single-spin interface. We first create single-photon entanglement
involving 4 spatial modes, and then impinge the photon in each spatial mode into a QD-cavity
system that scatters the photon and creates the correlation between the photon and the QD.
After filtering out the error scattering components, the W state of four QDs can be created by
eliminating the knowledge of which path the single photon passes, shown in Fig. 3. BS1 and
BS2 are 50/50 beam splitters; H1 and H2 are half-wave plates that complete the Hadamard
transformation on photons passing them.
The single photon is initialized to be the linear-polarized state |ψ〉 = (|H〉 + |V〉)/

√
2 and the

four QDs are all in the state |+〉. The single photon |ψ〉 under the combined effect of BS1 and
PBS1,2 evolves into a single-photon W state |ψ ′〉 = (|V1〉 + |H2〉 + |V3〉 + |H4〉)/2, where the four
subscripts (i =1, 2, 3, 4) denote the photon in the spatial modes that is scattered by the cavity
containing the QD si. The photon is then scattered by a QD-cavity system no matter in which
spatial mode the photon is. The state of the hybrid system, consisting of the photon and the four
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QDs after the scattering process, evolves into a non-normalized state

|Φ1〉 = R−
(
|H1〉|−〉s1 |+〉s2 |+〉s3 |+〉s4 + |V2〉|+〉s1 |−〉s2 |+〉s3 |+〉s4

+ |H3〉|+〉s1 |+〉s2 |−〉s3 |+〉s4 + |V4〉|+〉s1 |+〉s2 |+〉s3 |−〉s4
)

+ R+ |ψ ′〉|+〉s1 |+〉s2 |+〉s3 |+〉s4 ,
(9)

The spatial modes 1 and 2 (3 and 4) of the photon combine at PBS3 (PBS4). Note the optical paths
of the four individual modes have been tuned to zero. The components in the last line usually
lead to errors, and they are passively filtered out by either PBS3 or PBS4. The other components
will pass the photon through either H1 or H2 that completes the Hadamard transformation of the
photon.
When a photon is emitted from either output of BS2, the hybrid system evolves into

|Φ2〉 =
1
2
(
|H1〉|W1〉 + |V1〉|W2〉 + |H2〉|W3〉 + |V2〉|W4〉

)
, (10)

where |Wi〉 (i = 1, 2, 3, and 4) are four W states as follows

|W1〉 =
1
2
(σ̂x1 + σ̂x2 + σ̂x3 + σ̂x4 )|+〉s1 |+〉s2 |+〉s3 |+〉s4 ,

|W2〉 =
1
2
(σ̂x2 − σ̂x1 + σ̂x3 − σ̂x4 )|+〉s1 |+〉s2 |+〉s3 |+〉s4 ,

|W3〉 =
1
2
(σ̂x1 + σ̂x2 − σ̂x3 − σ̂x4 )|+〉s1 |+〉s2 |+〉s3 |+〉s4 ,

|W4〉 =
1
2
(σ̂x2 − σ̂x1 − σ̂x3 + σ̂x4 )|+〉s1 |+〉s2 |+〉s3 |+〉s4 .

(11)

Here the operator σ̂xi completes the bit-flip transitions of the QD si by |±〉si ↔ |∓〉si . A
measurement of the photon state will project the four-QD system into one of the four W states
associating with a particular photon state. Furthermore, these four W states can be converted
among each other by using two local phase-flip operations.
The extension of the method to create W states of larger numbers (N) of QDs is also

straightforward. We can use more BS and PBS to create a single-photon W state involving N
spatial modes that independently interact with N QD-cavity systems. After the scattering process,
the correct components introduce a Hadamard transformation on the photon and then interfere at
50/50 BSs to eliminate the information of optical paths in which the photon passes. For instance,
to create eight-QD W states, the interference part can be arranged in a similar way as that shown
in Fig. 3 for two subsystems that each consists of four QDs, while two additional interference
operations are required to eliminate the information of subsystems in which the photon passes.
Note that the efficiency of W-state creation is independent of N and

η′W = |R− |2 =
�� r(∆, g) − r(∆, 0)

2
��2, (12)

because there is only one effective single-photon scattering process, no matter how many QDs
are involved. Furthermore, the requirement of multi-path interference in previous protocols
are removed [61–65], making our protocol more efficient for W-state creation among distant
stationary systems.

4. Performance of multipartite entanglement creation

The effective interface between a single photon and a QD spin constitutes the main building
block for the creation of multipartite entanglement. Both of the efficiency and the fidelity of



Research Article Vol. 28, No. 2 / 20 January 2020 / Optics Express 1323

our created multipartite entanglement can, in principle, approach unity for ideal scattering in
the strong-coupling regime with κs � κ and γ, κ � g (or in the high-cooperativity regime with
κs � κ, γ � g � κ, and γκ � g2). We use PBSs to passively filter out the error cases caused by
deviation from the ideal single-photon scattering condition. In doing so, the fidelity of creating
multipartite entanglement remains near-unity even in practical scattering conditions, which is
quite different from the conventional schemes [51,55–57]. Unlike the fidelity, the efficiency of
creating multipartite entanglement depends on the difference of reflection coefficients |R− |. For
instance, the efficiencies of our GHZ-state and W-state creation protocols using a single photon
detuned from the cavity mode by ∆ are respectively shown in Eqs. (8) and (12) as a function of
|R− |. The finite bandwidth of single photon pulses, the finite coupling strength g, and the cavity
intrinsic loss κs reduce the difference of reflection coefficients |R− |, and thus reduce the creation
efficiency. However, in our protocol, we can still achieve a high efficiency for experimentally
available parameters.
When single-photon pulses are used in our protocols, the efficiencies of creating GHZ and

W states are respectively ηGHZ =
∫
d∆ f (∆) η′GHZ and ηW =

∫
d∆ f (∆) η′W as a function of the

input coupling rate κ/κs and the QD-cavity coupling rate g/κs. Without loss of generality, the
single-photon pulse shape with a bandwidth σω = γ is assumed to have a Gaussian function
f (∆) = exp[−(∆/σω)2]/

√
πσω .

We first take parameters (κs, γ) = (30 µ eV, 0.3 µ eV) from experimental works [92,93] to
show the influence of the input coupling rate κ on the creation efficiencies (see Fig. 4). For
existing coupling rates g/κs = 1 and κ/κs ' 3 [92,93], the efficiencies of creating the four-QD
GHZ state and W state are about ηGHZ = 0.30 and ηW = 0.55, respectively. When we fix the
coupling rate g/κs = 1, the efficiencies increase to the peak ηGHZ = 0.59 and ηW = 0.77 as the
input coupling rate increases to about κ/κs = 9. However, when κ/κs increases further, both
ηGHZ and ηW decrease gradually (here g/κs = 1). This is because the increase of κ/κs for a
fixed g/κs leads to two competitive effects on the efficiencies: the decrease of the cooperativity
C = 4g2/(κ + κs)γ, limiting the probability that a single photon is scattered into the cavity mode,
and the increase of a cavity-output amplitude κ/(κs + κ) [26], meaning a larger ratio between the
useful and loss components. If the input photon pulse has a narrow bandwidth, the efficiencies
reach the peaks when (κ/κs)2 ∼ 4g2/κsγ + 1. For a large κ/κs, the increase of the QD-cavity
coupling rate can also improve the efficiencies ηGHZ and ηW. For example, when g/κs = 2, the
efficiencies remains ηGHZ ≈ 0.81 and ηW ≈ 0.90 over the region κ/κs ∈ (20, 60), as shown by
the dashed-blue and the solid-magenta curves in Fig. 4. In this region, the two aforementioned
competitive effects almost compensate each other for g/κs = 2.
In Fig. 5, we fix κ/κs and study the influence of the QD-cavity coupling on the efficiencies.

We find that the obtainable efficiencies of the GHZ and W states are both bounded by the
cavity-output amplitude κ/(κ + κs), which limits the efficiency to collect a photon from the cavity.
The maximum efficiency of creating the four-QD GHZ state is ηmax

GHZ = [κ/(κs + κ)]
4 and that for

the four-QD W state is ηmax
W = [κ/(κs + κ)]

2. When g is small, the efficiencies of our protocols
increase quickly as the QD-cavity coupling rate g/κs increases, because the cooperativity C
increases as the square of g and thus increases the probability that a single photon is scattered into
the cavity mode. However, this probability almost approaches to 1 when g/κs = 2 and κ/κs = 9
(κ/κs = 19); the efficiency to collect a photon from the cavity for a single-photon scattering
process is therefore close to stable value when g/κs > 2. As a result, the efficiencies ηGHZ and
ηW reach the upper limit 0.81 and 0.90, respectively, and become stable for g/κs > 2.

For a N-QD system, the efficiency of GHZ-state creation is dependent on the qubit number and
exponentially decreased for practical scattering. Its maximum efficiency is [κ/(κs + κ)]2[(N+1)/2]
with κ/(κs + κ) = 0.95 for a realistic input coupling rate κ/κs = 19. For instance, the maximum
efficiencies of GHZ-state creation decrease respectively to 0.74 and 0.60, when the qubit number
is increased to N = 6 and N = 10. In contrast, the efficiency of N-QD W-state creation is
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Fig. 4. Efficiencies ηGHZ and ηW of the four-QD GHZ-state and W-state creation protocols
versus the input coupling rate κ/κs for different QD-cavity coupling rates g/κs = 1 and
g/κs = 2. Here, (κs, γ) = (30 µ eV, 0.3 µ eV). The bandwidth of the input single-photon
pulse is σω = γ.

Fig. 5. Efficiencies ηGHZ and ηW of the four-QD GHZ-state and W-state creation protocols
versus the QD-cavity coupling rate g/κs for different input coupling rates κ/κs = 9 and
κ/κs = 19. Other parameters are (κs, γ) = (30 µ eV, 0.3 µ eV) and σω = γ.

independent of the qubit number and its maximum is 0.90 for κ/κs = 19, which is identical to
that for N = 4 with the same parameters.

We have discussed the effect of non-ideal single-photon scattering on the performance of our
multipartite-entanglement creation protocols. This non-ideal scattering does not decrease the
fidelity of entanglement creation, because all error events involving in a practical scattering
process are passively filtered out. In doing so, we convert the photon scattering heralded. Thus,
the error events only decrease the efficiency of creating multipartite-entangled states.
The finite coherence time of photons usually plays an important role in single-photon

interference. However, its influence on entanglement fidelities can be removed away, when all
paths the photon takes in our entanglement creation protocols are tuned to be equal [94]. For
charged QDs, the long electron-spin coherence time T2 of several microseconds has been reported
by using spin-echo techniques or by polarizing the nuclei, while the spin-relaxation time T1 is
in the millisecond range that is considerably longer than T2 [89,95]. In contrast, the time for
performing a single-photon scattering process is about T0 = 1 ns, and then the time required
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to create a N-QD GHZ state (W state) is [N/2] ns (1 ns), which is significantly shorter than T2.
Therefore, the decoherence of QDs decreases the entanglement fidelities by an amount of less
than 0.01 [76,91], making our protocols faithful for multipartite-entanglement-based quantum
tasks.
So far, we assume all QD-cavity systems identical and neglect their nonuniformity, i.e., QDs

might be different from each other with the latest advances in microfabrication, and couple
differently to their respective cavities [74]. The aforementioned system nonuniformity changes
the single-photon probability amplitude in different paths in Figs. 2 and 3, leading to error that
decreases the entanglement fidelity. Our proposals can be slightly modified to suppress such
error via tuning the single-photon probability amplitude identical in different paths, because the
probability amplitude, proportional to R−s in different paths, can be determined in advance with
additional single photons and then modified with passive linear elements. For instance, to filter
out the error caused by the system nonuniformity in GHZ-state creation, one can place a BS
before PBS3 in the path with a larger probability amplitude and balance it to match that in the
other path in Fig. 2.

5. Discussion and summary

Multipartite entanglement among many distant stationary qubits is useful for both fundamental
research and quantum technology application [34–37]. Our protocols for creating GHZ and
W states both work in a heralded way that their success is signaled by a click of single-photon
detectors. Furthermore, the fidelities of both protocols are robust to the imperfections that are
introduced by deviation from the ideal single-photon scattering condition. The error scattering
components that decrease the fidelities are converted into heralded errors and are passively
filtered out by linear optical elements. The nonuniformity of these QDs and their coupling to the
surrounding microcavities is usually a serious problem and decreases the fidelity of entanglement
creation processes [55–57,61–64]. Fortunately, the detrimental effect of the nonuniformity in our
protocols can be simply suppressed by using passive filters.

In the protocol for the creation of GHZ states, an arbitrary N-QD system is separated into two
subgroups that interact with a photon in the reflection or transmission modes of a BS. Therefore,
a click of single-photon detectors heralds the success of GHZ-state creation, since this photon
flips the state of all QDs in either subspace in an indistinguishable way. The photon amplitudes in
both spatial modes are tuned to be equal before the photon enters the interference setup consisting
of PBS3 and H. This is significantly different from protocols that place all stationary qubits in the
same spatial mode of the BS [55,56], in which the photon loss due to non-ideal scattering adds
up in a higher rate (1 − |R− |2N) other than (1 − |R− |N) in the present protocol. In the protocol for
the creation of N-QD W-state entanglement, there is only one effective single-photon scattering
process involved; the efficiency is a constant ηW that is independent of the number N. We cascade
two-spatial-mode interference to eliminate the information of optical paths in which the photon
passes. Therefore, the protocol can be easily extended to create W-state entanglement among
systems consisting of larger numbers of stationary qubits.

In summary, we have proposed two efficient protocols for creating GHZ and W states of distant
stationary qubits. Both protocols are scalable and can be straightforwardly extended to larger
scale. Error cases resulted from the system nonuniformity and/or the non-ideal single-photon
scattering are totally suppressed by using passive filters. Our protocols may pave the way for
applications in long-distance multinode quantum communication and networks.
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