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Creation of entangled spin qubits between distant quantum dots
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We theoretically show that an entangled state can be prepared between distant heavy-hole spin qubits by using
III–V semiconductor quantum dots (QDs) in cascaded cavities. In this scheme, using quantum state transfer
between photons and carrier spins, the local spin-singlet state in a virtually excited trion is stretched into the two
separated QDs via a single-photon transmission. We calculate the effective Liouville equation and determine the
optimal conditions for entanglement creation. We also discuss the possibility of distributing entangled electron
spins in the same manner.
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The distribution of entanglements in solid-based qubits is a
key step toward building a quantum information network. Such
a network consists of several nodes that act as quantum re-
peaters and transfer informations via quantum teleportation.1,2

The photon is the strongest contender for an information carrier
to connect the distant nodes because it can travel with little
decoherence. Thus, the workability of such a network should
be determined by how efficiently and reliably we store the
quantum state carried by a flying photon and establish quantum
entanglement between distant network nodes.

There are many candidates for a memory qubit which
stores the quantum state of a photon. Particularly, in order
to distribute entangled states to trapped atoms, a lot of
photon-mediated schemes have been proposed,3–9 and several
experiments have actually demonstrated entanglement in
distant nodes.10–13 Also, in separated nitrogen-vacancy defects
in diamonds, an entanglement state was recently achieved.14

On the other hand, electron spins confined in quantum dots
(QDs) are plausible candidates for solid-state processing
qubits. In such qubits, we can electrically conduct various
operations and measurements15–19 and may achieve Bell state
measurements.20,21 Thus, quantum state transfer from photons
to electron spins in a semiconductor has opened the possibility
of realizing solid-based quantum repeaters.22–24 Recently this
technique is being extended to the case of a single photon
and single spin in a QD.25,26 However, electron spins are
inevitably exposed to the fluctuating spins of the host nuclei,
which shorten the spin relaxation time T ∗

2 .27,28

The qubit we focus on here is a heavy-hole spin in a QD. In
III–V semiconductors such as the GaAs compound, a valence
hole has an atomic p-like orbital which vanishes at the location
of each nucleus. Actually, the long spin relaxation time29 and
coherent spin operation30 of a single heavy hole have been
observed. The aim of this work is to propose a scheme for
creating entangled heavy-hole spins in distant QDs embedded
in optical cavities. The essence of our scheme is the quantum
state transfer from photons to heavy-hole spins, by which a
spin-singlet state in a virtually excited trion is stretched by a
photon propagating between the distant QDs.

First, we investigate quantum state transfer between pho-
tons and heavy-hole spins. The mechanism of the transfer
is intrinsically the same as that for a photon-electron spin
interface.22–24 A photon state on a Poincaré sphere can be

spanned by the right and left circular polarization states, i.e.,
|σ+〉 and |σ−〉. In III–V semiconductors, a heavy-hole exciton
state is connected by the photon polarization through optical
selection rules, i.e., |σ+〉 → −| 3

2 , 3
2 〉ih ⊗ | 1

2 , 1
2 〉ie and |σ−〉 →

| 3
2 ,− 3

2 〉ih ⊗ | 1
2 ,− 1

2 〉ie.31 Here the orbital wave function |J,m〉
is labeled by the total and magnetic angular momentum h̄J and
h̄m. The subscript {ie(h)} denotes the electron (hole) state on
the orbital in the ith QD. Fortunately, the in-plane g factor of
heavy holes is approximately 0 (g‖ ∼ 0) in a magnetic field up
to 6 T.32 Then, applying an in-plane magnetic field, we can lift
the degeneracy of x-directed electron spins, while the Zeeman
shift for heavy-hole spins remains negligible. Thus, it is
possible to selectively access one of the electron states |±〉ie =
(1/

√
2)(| 1

2 , 1
2 〉ie ± | 1

2 ,− 1
2 〉ie) by a single photon. When one

selects the state |−〉ie and neglects the terms with |+〉ie, the
following optical transition is achieved:

α|σ+〉 + β|σ−〉 → (
α
∣∣ 3

2 ,− 3
2

〉
ih + β

∣∣ 3
2 , 3

2

〉
ih

) ⊗ |−〉ie. (1)

Note that the exciton state in Eq. (1) is the direct product
of the electron and heavy-hole states. Thus, the electron spin
relaxation time does not set up bounds to the coherence of the
spin qubit.22–24 By extracting the electron to the continuum,33

the desired quantum state transfer is achieved.22 Hereafter, we
employ the notations for heavy-hole spin | 3

2 ,− 3
2 〉ih ≡ |↑〉i and

| 3
2 , 3

2 〉ih ≡ |↓〉i .
An overview of the proposed scheme is shown in Fig. 1.

We initially prepare a heavy hole in the first QD; i.e., the initial
state is some pure or mixed state composed of |↑〉1 and |↓〉1,
whereas the second QD is in a vacuum state, |vac〉2. When an
off-resonant light is irradiated onto the first QD, it virtually
creates an additional pair of an electron with x-directed spin
and a heavy hole. On that occasion, the trion states with triplet
hole spins lie far above the one with singlet spins because
of the strong exchange interaction. Thus, we can consider that
only the trion state in |X+〉1 = (1/

√
2)(|↑〉1|↓〉1 − |↓〉1|↑〉1) ⊗

|−〉1e contributes to the excitation.
Consider a case where the trion radiates a photon, leaving a

hole in some state |ξ 〉1 = u|↑〉1 + v|↓〉1 with |u|2 + |v|2 = 1.
According to Eq. (1), the polarization of the radiated photon
should be |phη〉 = −v∗|σ+〉 + u∗|σ−〉. The photon propagates
unidirectionally through the waveguide with a polarization-
independent isolator. If the second QD successfully absorbs
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FIG. 1. (Color online) Schematic of the proposed method. In the
initial state, we prepare a heavy hole in the first QD. Introducing an
off-resonant light to the QD, we virtually excite the trion state, which
consists of an electron with x-directed spin and heavy holes forming a
spin singlet. The trion radiates a photon and relaxes into a heavy-hole
state. The photon propagates unidirectionally and creates the exciton
according to the selection rule in the second QD. After extracting
the electron, the heavy-hole spins in the QDs should be entangled,
reflecting the spin singlet in the trion.

it, the exciton in |exη〉2 = −v∗|ex↑〉2 + u∗|ex↓〉2 is created,
where |ex↑(↓)〉2 = |↑(↓)〉2 ⊗ |−〉2e. On the other hand, when
the spin state |η〉1 = −v∗|↑〉1 + u∗|↓〉1 is left in the first
QD, the radiated photon creates an exciton state |exξ 〉2 =
u|ex↑〉2 + v|ex↓〉2 in the second QD. The resulting state is

1√
2

(|ξ 〉1|exη〉2 − |η〉1|exξ 〉2) = |σ 〉 ⊗ |−〉2e,

where |σ 〉 ≡ (1/
√

2)(|↑〉1|↓〉2 − |↓〉1|↑〉2). Therefore,
extracting the electron into the continuum, the heavy-hole
spins in both QDs are entangled.

Henceforth we investigate these processes using a density
matrix. In our calculation, we do not take the light holes
| 3

2 ,± 1
2 〉ih into account. This can be justified when the quantum

well containing the QD is sufficiently thin. For a quantum well
of ∼10-nm thickness, the energy splitting between the heavy
hole and the light hole is estimated to be Ehh−lh ∼ 10 meV,34

which is much larger than the light bandwidth. The Liouville
equation for the total density matrix ρT is

d

dt
ρT = − i

h̄
[H,ρT] + LsponρT + LcavρT + LexρT. (2)

The Hamiltonian H = Hcav + Hqd + Hint consists of cav-
ity photons, QDs and their interaction. Both the
cavities are assumed to have the same frequency: Hcav =
�i=1,2h̄ωcav(â†

i+âi+ + â
†
i−âi−). The operator âi,p annihilates

the cavity photon, with p = ± denoting the circular polar-
ization. Owing to the zerog factor of the heavy holes and
the characteristic selection rule in Eq. (1), the Hamiltonian is
described as

Hqd = Ec|X+〉11〈X+| − Eex|vac〉22〈vac|

+
[
h̄


2
e−iωLt (|X+〉11〈↓| − |X+〉11〈↑|) + H.c.

]
, (3)

where h̄
 is the dipole coupling energy to the H-polarized
pump light with frequency ωL. The excitation energy of the
trion Ec differs from that of the neutral exciton Eex by h̄�,
which originates from the extra Coulomb potential by the

prepared heavy hole, and is of the order of milli–electron
volts.35 The interaction part is described by

Hint = ih̄g1(|X+〉11〈↓|â1+ − |X+〉11〈↑|â1−)

+ ih̄g2(|ex↑〉22〈vac|â2+ + |ex↓〉22〈vac|â2−) + H.c.,

(4)

with h̄gi being the coupling constant.
The term LsponρT = (L1 + L2)ρT describes the decays of

the excited states |X+〉1 and |ex↑(↓)〉2 with the rates being
γ1,2. The damping of the cavity modes through their mirrors
and the unidirectional coupling36,37 are

LcavρT =
∑
p=±

[ ∑
i=1,2

κ

2
(2âi,pρTâ

†
i,p − {â†

i,pâi,p,ρT})

−
√

εκ2([â†
2,p,â1,pρT] + [ρTâ

†
1,p,â2,p])

]
, (5)

in which the decay rate κ is set to be common in both cavities.
The parameter ε (0 � ε � 1) models the coupling inefficiency
at the second QD and photon losses in the waveguide.36,37

The electron continuum, into which one extracts the
electron |−〉e, is assumed to be positioned just outside the
second QD.38 The extraction is characterized by the spectral
density function h̄γe(ε) = 2π�l|wl|2δ(ε − εl). Here wl is the
tunneling matrix element between the exciton state and the
continuum level εl . We apply the Markov approximation also
to the process and then treat γe(ε) as a constant,38 i.e.,

LexρT = γe

2
(2ĉρTĉ† − {ĉ†ĉ,ρT}), (6)

where the operator ĉ annihilates the electron from the exciton,
i.e., ĉ|ex↑(↓)〉2 = |↑(↓)〉2.

Because the input light is a continuous one, it can excite the
first QD at the same time that the transferred photon excites the
second QD. However, we set the pump light sufficiently weak
so that it can include only a few photons in the mean. This
condition allows us to disregard the states where both QDs are
excited, e.g., |X+〉1|ex↑〉2. Moreover, we consider here the use
of a pump light that is in resonance with the cavity modes and
the exciton states, i.e., h̄ωL = h̄ωcav = Eex.

In order to simplify the equation further, we treat the above
model with some approximations. First, it is assumed that
the optical cavities are strongly coupled with the waveguide.
Then, the system is in the so-called bad cavity limit (κ 


,γ1,γ2,g1,g2). Besides, the frequency detuning in the first
QD is typically higher than the pump rate and the decay
rates κ � �. These conditions make it possible to apply
the adiabatic elimination to the cavity modes.39 Then the
decay rate in Li ρ̄ is replaced with the cavity-enhanced rate
�i = γi + 4g2

i /κ . The coupling between the QDs is described
by the term

Lcoupρ̄ = �12

2
([|↓〉11〈X+|,|ex↑〉22〈vac|ρ̄]

− [|↑〉11〈X+|,|ex↓〉22〈vac|ρ̄] + H.c.), (7)

where �12 = 4g1g2
√

ε/κ and ρ̄ is the reduced density matrix
with respect to the cavity modes. Subsequently, we eliminate
the trion state |X+〉1 adiabatically and disregard the sponta-
neous emissions in the first QD. Thus the Rabi frequency in the
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FIG. 2. (Color online) (a) Time dependence of the probability
of the entanglement creation is plotted. The lower group of black
lines corresponds to the probabilities when the extraction rate γe

is 0.2�2 (solid line), 0.6�2 (dashed line), 1.0�2 (dashed-dotted
line), and 1.4�2 (dotted line). Here we have set the effective
inter-QD coupling 
�12/

√
2� = 0.1�2. The upper group of (red)

lines corresponds to the same plots for 
�12/
√

2� = 0.5�2.
(b) The inverse of the time constant of entanglement creation is
plotted against the extraction rate γe. The coupling is set to be

�12/

√
2� = 0.1�2, 0.2�2, 0.3�2, 0.4�2, and 0.5�2 in increasing

order of gradient at the origin. One can see that the fastest creation is
achieved at γe = �2.

first QD becomes 
2/2�, and the effective coupling constant
is 
�12/�

6.
Because only the first QD holds a heavy hole in the initial

state, we consider the mixed state of |↑〉1|vac〉2 and |↓〉1|vac〉2

for ρ̄(0). For example, we employ the condition where the
probabilities of both states are 1/2 and no coherence exists
between them. For the initial state, we calculate the probability
of being transferred into the entangled state |σ 〉. In Fig. 2(a), we
show the time evolution of the probability for different param-
eters. Here we consider the usage of GaAs-AlGaAs QDs, in
which the decay rate is, e.g., γ2/2π = 3.4 GHz(=14 μeV).33

One can see that the entanglement is certainly achieved.
When the effective inter-QD coupling 
�12/

√
2� = 0.5�2,

the time it takes is about 30/�2 ∼ 100/�2. In particular, for
κ/2π = 40 GHz (=160 μeV) and g/2π = 20GHz(=80 μeV),
which can be achieved in photonic-crystal cavities,40 the
required time is estimated to be 0.12 ∼ 0.4 ns. Even for smaller
coupling (
�12/

√
2� = 0.1�2), the probability approaches 1

within time �500/�2 ∼ 2.0 ns (not shown in the figure).

Therefore, even when we take into account the time delay of
slow light in passing through the waveguide,41 we can create
an entangled pair of heavy-hole spins within the dephasing
time T ∗

2 � 1 ms.29

Moreover, in increasing the extraction rate on the second
QD γe, the alteration in the time evolution is not monotonic.
This can be confirmed by the analytical expression of the
solution of the approximated Liouville equation. Here we in-
vestigate the inverse of the time constant for the entanglement
creation, which is

ω = g − R cos
(

1
3 arccos �

)
, (8)

where g = (�2 + γe)/2 and

R =
√

2

3

√
2g2 −

(

�12

�

)2

, (9)

and

� = (�2 − γe)

R3

(

�12

�

)2

. (10)

We take a plot of Eq. (8) against the extraction rate [Fig. 2(b)].
The required time for the whole process reaches a minimum at
γe = �2. This is because a large γe not only effectively leaves a
heavy hole in the second QD, but also prevents the creation of
the exciton there. However, the influence of the deviation from
the optimal point γe = �2 is appreciably small for the large-γe

regime. Therefore, in verifying the scheme in the experiment,
it may be desirable to target the regime γe � �2.

For III–V (or II–VI) semiconductor QDs in a cavity, a
controlled-NOT operation between electron spins has been
proposed, which can create entanglement.42 This protocol is
based on temporal switching of effective long-range spin-spin
coupling between the QDs mediated by the cavity modes.
Our proposal directly utilizes the local spin-singlet state of
the pure trion state in one QD, and such operations are
not necessary. Besides, compared with previous works,3–7,42

neither preparing the initial state in some pure state nor
utilizing more than one laser fields is required. As long as
the pump laser is radiated to the first QD, the event in
Fig. 1 is repeated without any initializations, which is the
most important advantage of our scheme over other similar
schemes already put forward. Furthermore, in our proposal,
the entanglement creation is accomplished only when the
extracted electron is detected. Thus, the fidelity at t → ∞ does
not depend on the efficiency of the cavity-photon coupling ε.
One may be afraid that phonons in the QD disturb the trion
state and inhibit the entanglement creation. However, the laser
field is detuned from |X+〉1 by h̄� ∼ 1 meV and is excited
only virtually. In such a situation, the effects of the phonons
are negligible at low temperature.43

In summary, we have shown that an entangled state can be
prepared between distant heavy holes by using characteristic
optical transitions in III–V semiconductor QDs. Our proposal
utilizes the spin-singlet state in the trion due to local spin-spin
interaction: we convert the singlet state in one QD into an
entangled spin state in distant QDs through a spontaneously
radiated photon. We determine the optimal conditions for
smooth entanglement creation. Related technologies have
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grown dramatically in the past few years.23–26,29,30 Thus,
although the proposed setup is still a challenging one, we
believe the proposed scheme can be achieved by combining
these technologies.

The proposed scheme can be applied as well to the creation
of entangled electron spins. Quantum state transfer from
photons to electron spins can be achieved by preparing semi-
conductor QDs in which the electron g factor is controlled to
be near zero.23–25 Then, in the above calculations, we just have
to redefine |↑(↓)〉i by | 1

2 ,± 1
2 〉ie and replace x-directed electron

spin |−〉ie with light-hole spin |−〉ih = (1/
√

2)(| 3
2 , 1

2 〉ih −
| 3

2 ,− 1
2 〉ih)22. In practice, in order to experimentally verify

the scheme for the electron spin case, the problem of a
short dephasing time T ∗

2 is necessarily encountered. Then,
in addition to g-factor engineering, it requires manipulations,

e.g., dynamic nuclear polarization.44,45 However, if we become
able to distribute an entanglement efficiently into processor
electron spin qubits, this should take us a step closer to the
establishment of solid-based quantum repeaters and quantum
information networks.
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42A. Imamoḡlu, D. D. Awschalom, G. Burkard, D. P. DiVincenzo,

D. Loss. M. Sherwin, and A. Small, Phys. Rev. Lett. 83, 4204
(1999).

43A. Grodecka, C. Weber, P. Machnikowski, and A. Knorr, Phys. Rev.
B 76, 205305 (2007).

44D. J. Reilly, J. M. Taylor, J. P. Petta, C. M. Marcus, M. P. Hanson,
and A. C. Gossard, Science 321, 817 (2008).

45J. R. Petta, J. M. Taylor, A. C. Johnson, A. Yacoby, M. D. Lukin,
C. M. Marcus, M. P. Hanson, and A. C. Gossard, Phys. Rev. Lett.
100, 067601 (2008).

155321-5

http://dx.doi.org/10.1103/PhysRevA.46.4354
http://dx.doi.org/10.1103/PhysRevLett.104.047402
http://dx.doi.org/10.1103/PhysRevLett.104.047402
http://dx.doi.org/10.1038/nphoton.2008.146
http://dx.doi.org/10.1103/PhysRevLett.83.4204
http://dx.doi.org/10.1103/PhysRevLett.83.4204
http://dx.doi.org/10.1103/PhysRevB.76.205305
http://dx.doi.org/10.1103/PhysRevB.76.205305
http://dx.doi.org/10.1126/science.1159221
http://dx.doi.org/10.1103/PhysRevLett.100.067601
http://dx.doi.org/10.1103/PhysRevLett.100.067601



