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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 multi-
partite entanglement, e.g., the Greenberger—Horne—Zeilinger state, the W state, and the Dicke state, of the di-
pole 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- @) 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 acces-

sible technology.
OCIS codes: 270.5580, 270.5585.
doi: 10.3788/COL201816.082702.

Multipartite entanglement has been widely regarded as
the essential ingredient for implementing novel quantum
information processing (QIP) tasks, such as controlled
teleportation, quantum secret sharing?, and universal
error correction?. Diir et al 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 state of n particles and k excitations, |D, ;) =
S PE(J0y®(n—h|1)®k) /\/CE is  another  important
class of multipartite entangled state, and it exhibits
genuine many-body entanglement” and resists against
decoherence, particle loss, and measurement®. Local
operations performed on any constituent particle can
not destroy all of the entanglement shared by the other
particles?, 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 semi-
conductor quantum dots® and nitrogen-vacancy (NV)
centers in diamond. 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 en-
tanglement in a scalable way. However, the strong cou-
pling between solid state qubits and photons may be
challenging with the present experimental technology.
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Fortunately, Waks and Vuckovic proposed the dipole in-
duced transparency (DIT) effect’?; and then experimen-
tally demonstrated this effect in the photonic crystal
cavity-waveguide system®. The distinct advantage of
the DIT effect is that it can be realized in the dipole-
microcavity 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™ ™ with an ultrahigh quality factor
are experimentally feasible, and thus, a large Purcell fac-
tor 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’,
which may be tailored for generating spatial entanglement
of photons and related QIPY. For perfect transmission or
reflection, the conditional phase shift or photonic Faraday
rotation? can be obtained, which may also be useful for
QIPZ 2 and quantum computation229,

Up to now, many entanglement generation schemes
have been proposed in the dipole-microcavity systemZ2J,
whereas most of them have discarded the interference effect
between the cascaded systems. In this Letter, we demon-
strate that the interference effect between cascaded di-
pole-microcavity systems is of great importance for its
transmission spectrum; then, we propose the schemes for
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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., spon-
taneous 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, re-
spectively. 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 {|0),]1)} are encoded
in their ground states {|gz),|gz)}. The microcavities
are assumed to have a single mode a;(i =1,2,3) that
couples only to the forward propagating fields. The dipole
emitters with transition frequencies w,; 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 a; and dipole lower operators
o,_are (h=1)

90 o, wpandt) = TR ) g (1
- \/El—ai,in(t) — VK2 e az‘+1,0ut(t)7

(1)
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where w,,, w; are the frequency of the input field and the
central frequency of the ith microcavity. k; (¢ = 1,2) is the
cavity-waveguide coupling strength, and x; is the intrinsic
loss of microcavity. a;;, and a;,, describe the input and
output fields of the 7th microcavity. ¢; denotes phase delay
along the waveguides between microcavities, and we set
exp (i¢;) =1 by choosing an appropriate distance of
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Fig. 1. Schematic of generating multipartite entanglement of di-
pole emitters in three dipole-microcavity systems. (a) The
energy-level configuration of the dipole emitter. The transition
l9L(r)) < |e) is driven by left (right) circularly polarized light.
(b) Three indirectly coupled dipole-microcavity systems.

cavities. ¢g; and o, are the vacuum Rabi frequency and
lower operator of the ith dipole emitter. y,; and b;;,(t)
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 pop-
ulation operator with its expectation value (o,,) ~ —12%.
Moreover, we assume that the external field of the dipole
emitter is in the thermal equilibrium state, and the con-
tribution of the noise input operator is negligible
[i.e., (b, (t)) = 0]. The output fields into the waveguides
are related to the input fields by the input-output
relations® ai+1,in( ) = ay, 111( ) + \/—a ( ) and a;, uut(t) =
i1 0ut(t) + y/K20,(t). We assume that a weak monochro-
matic field with frequency w, inputs from the left port of
the upper waveguide, as shown in Fig. 1(b) [ay 4 (t) = 0],
and the output fields into the waveguides are given
by ayin(t) = a1u(t) + &2 ai(t)  and  aye(t) =
VK3 281 a;(t). In the steady state, the field in the ith mi-

crocavity is a;(t) = D;/ D, where
iA —K/2 —Kq —Ky
D= —Kq ZAIZ - K'/2 —K9 5 (3)
—K1 —K1 ZA% — K'/2

and D; is the determinant by replacing the ¢th column of D
with /k7a;;,(¢)(1,1,1)7. The parameters of the systems
are kK = k) + Kk + Ky, A;=w, —w;, Ay = w, — @, and
iA, = iA; + g3/ (iA i — 74i/2). Analog to the double-sided
microcavity, we denote the output fields into upper and
lower waveguides as transmission and reflection fields, re-
spectively. We consider the critical coupling condition
(i.e., K = k) and can obtain the transmission and reflec-
tion coefficients as follows:

T= a;lmgg |:1—KIZ (A, — ko /2)~ ] , (4
_ a’l.out(t> _ K1 Z?:l (ZA/Z - KO/2)71
B Toayl, (A

The evolution of the system can be investigated through
its reflection and transmission spectra, and the numerical
calculation is based on Egs. (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., w; = g,
w| = wy = w3, g; = g). The cavity losses to waveguides
are far larger than its intrinsic loss, and thus, it is reason-
able to consider the limit x; > k;. 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, = 2¢°/kyy, = 200)
when dipole emitters are coupling with the incident pho-
ton, 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 «; (1A} — ky/2) !, 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 | T;|* (blue dotted)
and |Ty|?> (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 fre-
quency of the incident photon and can be divided into
the following three cases.

o Case (1). If the incident photon is resonant with all of
the dipole-microcavity systems (i.e., w, = 0; = w,;), the
transmission and reflection amplitudes are |T5| ~ 1(| R3] ~
0) (black solid) and | T;| ~ 0(|R;| # 1)(i =0, 1,2), and the
corresponding phases are ¢35 =0 and ¢ppy = Pp =
¢ro = x. If all of the dipole emitters are initially in the
superposition state |y ;) = (|g}) + |g%))/V/2, and the inci-

dent photon 1is in the linearly polarized state
lw,) = (IL) + |R))/V/2, the system will evolve into

1 V6

71D U, IGHZT) + | =), |GHZT)) — == |4),[2)| Dy 1)~

1 V6
L)(4),1GHZY) — ), I6HZ) ~ Y1), 12)Dsa), (6)

Transmission

Fig. 2. Power transmission |T,,|> for three indirectly coupled
dipole-microcavity systems with Purcell factor F, =200 of
each system. T',, denotes the transmission coefficient in the case
where the incident photon is coupling with m dipole emitters,
respectively. The dipole-microcavity parameters (g,k,,7,) =
(0.33,1073,103)x, are taken into account.

where
[£), = =(11) £ 1R,
GHZ*) = %(Ighlgiﬂgi) £ |gb g2 1g)),

1D31) = —= (gD |gi)lg) + lgp)lgidlat) + lgR) g3 gi)),

5

3
1

1Ds0) = —=(lgp) g lah) + lgR) i) gh) + 9k gh)g3)).

(7)

|1) and |2) 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
{|£)} will lead to the GHZ state |GHZ*) of the dipole
emitters with the successful probability of 1/16, respec-
tively. On the other hand, the detection of the output
photonic state |—) in the lower waveguide leads to the
GHZ state |GHZ™) of dipole emitters. Thus, the total suc-
cessful probability of generating the GHZ state is 3/16.

o Case (2). If the frequency of the incident photon sat-
isfies w, = w; £ g/ /3, we can obtain the transmission and
reflection amplitudes |T5| =~ 1(|Ry| ~# 0) (red dot-dashed)
and |T;|=0(|R;]~1)(i=0,1,3). The corresponding
phases are ¢pro =0 and ¢py = Ppy = ppz = n. If all of
the dipole emitters are initially in the superposition state
lyi) = (1g%) + |g%))/v/2, and the incident photon is in the
left circularly polarized state |L), the system evolves as

3

Sl

|L>p(“f 11)[Dys) +E12)] Dy ) + 1 |2>|GHz+>). ®)

Thus, the detection of the output photon in the upper
waveguide yields the W state | Dy ;) of the dipole emitters
with the successful probability of 3/8.

e Case (3). If the frequency of the incident photon sat-
isfies w, = wy &= V6g/3, the transmission and reflection
amplitudes are |T;|~1(|R;|~0) (blue dotted) and
|T;| = 0(|R;| = 1)(¢=0,2,3), and the corresponding
phases are ¢y =0 and ¢ppy = ¢ppo = Ppr3 = 7. When the
initial state of the system is just the same as that of
case (2), the system evolves into

|L>p(“% 1) Dys) +E12)] Dy} + 1 |2>|GHz+>). )

The Dicke state of dipole emitters | D3 5) can be obtained
for the detection of the output photon in the upper wave-
guide, and the successful probability is 3/8.

We can extend the schemes straightforwardly to gener-
ate the N-qubit entanglement of dipole emitters by modi-
fying 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 coef-
ficient can be obtained with a similar procedure as

Ty = [1 —x YN, (5A — K0/2)71]71. The transmission
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amplitude is closely related with the interference of dipole-
microcavity 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 microcav-
ity and tapered fiber may be one of potential candidates
for realizing this structure!, 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 technologyy. 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 pho-
ton loss in the microcavity and waveguide. After consid-
ering the experimental noise, the evolution of system in
the realistic process may be approximately expressed as
Mgy — T1j)lgi) 1) + Rljblg;}I2). To evaluate the per-
formance of the schemes, we calculate the fidelity defined
as F = |<V’real Wideal>|27 where |l//ideal> and |W1’eal> are the
output states of the system in the ideal and realistic cases,
respectively. The fidelities of the GHZ state |GHZT), W
state |Ds ), and Dicke state |Ds,) for the detection of
the output photon in the upper waveguide (i.e., photonic
state [1)) are given by Fguz = |Ts]?, Fyw = |Ts|* and
Fpige = |T1]?, respectively. The dipole-microcavity
parameters (k,,7,) = (1073,107%)k; are taken into ac-
count, and the ratio of g/k; can determine the Purcell fac-
tor 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 fac-
tor of the dipole-microcavity system in Fig. 3. It is shown
that the fidelities of three classes of entangled states

Fidelity

0.0

1 1 1 1
0 100 200 300 400 500
Fp

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.

rapidly improve with the increase of the Purcell factor
and gradually approach 1. For the same Purcell factor,
they satisfy Fauz > Fy > Fpickes Which reflects the fact
that the transmission amplitude of the DIT effect is attrib-
uted to the overall Purcell factor of dipole-microcavity
systems. The parameters of the dipole-microcavity system
(9,k,ks,74) = (180,4.7,2.35,13) x 2z MHz are reachable
for the system consisting of the NV center in diamond
and microtoroidal cavity?). The related Purcell factor
F, is on the order of 1 x 10%, and thus, the fidelities
may be close to 1 with the relevant solid state cavity-
QED 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,
and entanglement can be generated within the time scale
of coherence time when a highly efficient single-photon
source generating 1 x 10* photons per second is applied.

In summary, we have theoretically investigated multi-
partite entanglement generation of dipole emitters in
the indirectly coupled dipole-microcavity systems. Ben-
efiting from the DIT effect and the interference between
dipole-microcavity systems, high-fidelity multipartite en-
tanglement can be generated with the present accessible
technology, which may be useful for scalable QIP. As
the transmission spectrum is closely related to the excita-
tion 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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