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Nonlocal quantum cloning via quantum
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A scheme for implementing nonlocal quantum cloning via quantum dots trapped in cavities is proposed. By

modulating the parameters of the system, the optimal 1 → 2 universal quantum cloning machine, 1 → 2 phase-covariant

cloning machine, and 1 → 3 economical phase-covariant cloning machine are constructed. The present scheme, which

is attainable with current technology, saves two qubits compared with previous cloning machines.
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1. Introduction

Perfect quantum cloning of an unknown state is

impossible because of the no-cloning theorem,[1] which

describes a fundamental difference between classical

and quantum information. Therefore, much atten-

tion has been paid to approximate cloning. Buz̆ek

and Hillery first proposed a universal quantum cloning

machine (UQCM) for an arbitrary unknown state,[2,3]

which plays an important role in quantum key dis-

tribution and cryptography. The phase-covariant

cloning machine (PCCM) proposed by Bruß et al. is

better than UQCM when the input state to be cloned

is an equatorial state.[4,5] Later, the economical phase-

covariant cloning machine (EPCCM) without any an-

cilla was proposed by Niu and Griffiths.[6] More re-

cently, Fiurás̆ek proposed a generalized version of this

cloning machine.[7]

As one of the most promising candidates for re-

alizing quantum information processing,[8−15] a solid-

state system serves as a very nice candidate for accom-

plishing quantum cloning. Recently, many schemes

have been proposed to prepare a multi-qubit entangle-

ment state by using remote quantum dots (QDs) and

nonlocal quantum gates have been realized,[16,17] such

as the controlled-phase gate, controlled-NOT gate,

and the swap gate. All these schemes exploit the ad-

vantages of QDs and photons, i.e., the photons act as

the flying qubits to transfer quantum information and

the QDs trapped in the optical cavity as the storing

qubits, which are actually suitable for long-distance

communication and quantum information processing.

In this paper we present a scheme for nonlocally imple-

menting quantum cloning machine (QCM) using the

QDs trapped in distant cavities. The optimal sym-

metric 1 → 2 UQCM, 1 → 2 PCCM, and optimal

symmetric 1 → 3 EPCCM can be realized by choos-

ing the strength of magnetic field Bx. It saves two

qubits compared with a previous cloning scheme.[18]

The paper is organized as follows. In Section

2, the interaction between QDs and polarized pho-

tons assisted by a magnetic field is described and the

Hamiltonian of the system is deduced. In Section 3,

based on the Hamiltonian, we propose the scheme for

implementing QCM, and the experimental feasibility

is discussed. The paper ends with a conclusion.

2. Interaction between singly-

charged QDs and linearly-

polarized light assisted by a

magnetic field

We consider the model that one excess electron

spins in a self-assembled InAs QD embedded in the

Schottky diode structure, which enables the control

over the charging state of the QD.[12] The modelled

energy-level structure of the QD at zero magnetic field

is shown in Fig. 1(a). The dipole-allowed transition is
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from the electron spin ground state | ↑⟩ (| ↓⟩) to the

trion state | ⇑⟩ (| ⇓⟩) with σ+ (σ−) polarized light

excitation, where | ↑⟩ (| ⇑⟩) and | ↓⟩ (| ⇓⟩) represent

±1/2 (±3/2) electron (hole) spins. In this condition,

the total transitions can be considered as a double

two-level structure. To create a three-level lambda

system, a magnetic field in Voigt geometry (x-axis),

perpendicular to the growth direction (z-axis) of QDs

should be used.[12] This magnetic field switches on the

forbidden Raman transitions at zero magnetic field,

and thus the coherent population trapping is realized.

The energy-level structure of a negatively-charged QD

can be illustrated, as shown in Fig. 1(b), where new

spin states |X±⟩ are formed by the mixture of elec-

tron spin ground states | ↑⟩(| ↓⟩). According to the

associated optical selection rule, the new electron spin

eigenstates |X±⟩ can be excited to trion states |T±⟩
with a linearly-polarized light. The electron spin tran-

sitions |X+⟩ ↔ |T−⟩ and |X−⟩ ↔ |T−⟩ are due to the

coupling between the electron spin and two degener-

ate cavity modes (horizontally polarized H and ver-

tically polarized V). Each transition channel is gov-

erned by the Hamiltonian of the Jaynes–Cummings

model. Supposing two such quantum dots are trapped

in spatially-separated cavities, the interaction Hamil-

tonian in the interaction picture can be written as

Ĥi = gH

(
aH|T−⟩⟨X+|+ a†H|X

+⟩⟨T−|
)

+ gV

(
aV|T−⟩⟨X−|+ a†V|X

−⟩⟨T−|
)

+
1

2
Bxσx, (1)

where a†H and aH (a†V and aV) are the creation and

annihilation operators for the cavity mode H (V), re-

spectively. Bx is the strength of the homogeneous

magnetic field along the x-axis. σx = | ↑⟩⟨↓ |+ | ↓⟩⟨↑ |
is the Pauli operator for the excess electron spin. The

new electron spin eigenstates |X±⟩ are defined as[13]

|X±⟩ = 1√
2
(| ↑⟩ ± | ↓⟩). (2)

We assume that the cavity modes are detuned

from their respective transitions by ∆, and the cou-

pling strength of two cavity modes are equal (gH =

gV = g). In the case that ∆ ≫ gH, gV, the trion state

|T−⟩ can be adiabatically eliminated. Thus, the effec-

tive Hamiltonian is written as (assuming ~ = 1)

Ĥe = −
(
g2

∆
a†HaH|X

+⟩⟨X+|+ g2

∆
a†VaV|X

−⟩⟨X−|
)

−
(
g2

∆
a†VaH|X

−⟩⟨X+|+ g2

∆
a†HaV|X

+⟩⟨X−|
)

+ BxSz, (3)

where Sz = (|X+⟩⟨X+| − |X−⟩⟨X−|)/2.

Fig. 1. (a) Trion energy-level diagram in the absence of

a magnetic field in the Voigt geometry. (b) Structure of

a Λ-type three-level quantum dot,[19] where new electron

spin states |X±⟩ are formed by the mixture of electron

spin ground states | ↑⟩(| ↓⟩).

If the singly-charged QD is in a state of |X+⟩
and the photon in a state of |H⟩ initially, then ac-

cording to the cavity electrodynamics, the evolu-

tion of the system stays at a subspace spanned by

{|X+⟩|H⟩, |X−⟩|V⟩}. Then the final state can be writ-

ten as

|φ(t)⟩ = a(t)|X+⟩|H⟩+ b(t)|X−⟩|V⟩. (4)

Based on the Schrödinger equation, the following

equation set can be obtained:

iȧ(t) = −g2

∆
a(t)− g2

∆
b(t) +

1

2
Bxa(t),

iḃ(t) = −g2

∆
a(t)− g2

∆
b(t)− 1

2
Bxb(t), (5)

with the initial conditions

a(0) = 1, b(0) = 0. (6)

Let the strength of magnetic field Bx = 2
√
5g2/∆, we

obtain the solution of Eq. (5)

a(t) =
1

12
e i g2t

∆

(
12 cos

√
6

∆
g2t− 2

√
30i sin

√
6

∆
g2t

)
,

b(t) =
1

12
e i g2t

∆ 2
√
6i sin

√
6

∆
g2t. (7)
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Through similar calculations, the evolution of the

system can be obtained

|X+⟩|H⟩ → a(t)|X+⟩|H⟩+ b(t)|X−⟩|V⟩,
|X+⟩|V⟩ → e−iBxt|X+⟩|V⟩,
|X−⟩|H⟩ → e−iBxt|X−⟩|H⟩,
|X−⟩|V⟩ → a(t)|X−⟩|V⟩+ b(t)|X+⟩|H⟩. (8)

3. Implementation of quantum

cloning machines

To implement quantum cloning transformation,

a controlled-phase gate should be used, as shown

in Fig. 2.[19] The polarization beam splitter (PBS)

transmits the H-polarized photon and reflects the V-

polarized photon, the optical path from the PBS to

the cavity is equal to that from the PBS to the mirror.

Fig. 2. Schematic setup of the controlled-phase gate be-

tween a photon and an electron spin inside a cavity.

When the incoming photon is V-polarized, it will be

reflected by the mirror without any phase change,

while an H-polarized photon will resonate with the

cavity mode and obtain a phase of π after its reflec-

tion when the electron spin is in the |X−⟩ state. If the
electron spin is in the |X+⟩ state, it is far-off resonant

with the cavity mode. Hence, the controlled-phase

gate can be described by a unitary operator

U = e iπ|X−⟩⟨X−|⊗|H⟩⟨H|. (9)

The setup for implementing QCMs is shown in Fig. 3.

TR1, TR2, and TR3 are optical devices that can be

exactly controlled to transmit or reflect photons with

a very fast switch. The quarter wave plate (QWP) im-

plements the transformations |H⟩ → (−|H⟩+ |V⟩)/
√
2

and |V⟩ → (|H⟩ + |V⟩)/
√
2, and the half wave plate

(HWP) implements the transformations |H⟩ → |V⟩
and |V⟩ → |H⟩. The QDs 1 and 2 are trapped

in the cavities 1 and 2, respectively. The electron

spin of QD 1 is in an arbitrary state (to be cloned)

α|X+
1 ⟩ + β e iφ|X−

1 ⟩ (α and β are real), and the elec-

tron spin of QD 2 is in the |X+
2 ⟩ state initially. A

single-photon pulse in the |H⟩ state passes through

TR1 and the QWP moves along the path 2. Then

the PBS1 transmits the H-polarized light and reflects

the V-polarized light. After the H-polarized light is

reflected by the cavity 1 and the V-polarized light is

reflected by the mirror, the system evolves into the

following state

1√
2
α|X+

1 ⟩|X
+
2 ⟩(−|H⟩+ |V⟩)

+
1√
2
β e iφ|X−

1 ⟩|X
+
2 ⟩(|H⟩+ |V⟩). (10)

Then, the photon moves to PBS1 and then passes

through the QWP, TR1, TR2, TR3, and PBS2 to

reach the cavity 2 along the path 4. At this time, we

need to perform a Hadamard gate operation (|X±⟩ →
(±|X+⟩ + |X−⟩)/

√
2 on the spin of QD 2 by using

a π/2 microwave pulse before the photon enters into

Fig. 3. Schematic setup of the quantum cloning machine. Bx (B
′
x) is the magnetic field along the x-axis in the

cavity 1 (2).
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the cavity 2. The state of the system is

1√
2
(α|X+

1 ⟩|H⟩+ β e iφ|X−
1 ⟩|V⟩)(|X+

2 ⟩+ |X−
2 ⟩). (11)

After being reflected out of the cavity 2, the photon

passes through the PBS2, TR3, TR2, and TR1. Then

a Hadadmard gate operation is applied to the spin of

QD 2 again. The state of the system is

α|X+
1 ⟩|X

+
2 ⟩|H⟩+ β e iφ|X−

1 ⟩|X
−
2 ⟩|V⟩. (12)

After a photon interacts with the spins 1 and 2 in se-

quence, a hybrid spin-spin-photon system is prepared

in a GHZ state.

Then the photon is transmitted by TR1 to reach

the mirror 1 (M1) and cavity 1. By setting the inter-

action time tUQCM
1 = π∆/2

√
6g2, from Eqs. (7) and

(8), the system state can be given as

α

(
−
√

5

6
|X+

1 ⟩|X
+
2 ⟩|H⟩+

√
1

6
|X−

1 ⟩|X
+
2 ⟩|V⟩

)

+ β e iφ

(
−
√

5

6
|X−

1 ⟩|X
−
2 ⟩|V⟩

+

√
1

6
|X+

1 ⟩|X
−
2 ⟩|H⟩

)
. (13)

After the photon is reflected out of the cavity 1,

it moves to M1 along the path 1, and then passes

through the TR1, TR2, TR3, and M2 to reach the

cavity 2 along the path 3. From Eqs. (7) and (8), we

obtain the final state of the system as follows:

|φ(t)⟩ = m(t)|X+
1 ⟩|X+

2 ⟩|H⟩+ n(t)|X+
1 ⟩|X

−
2 ⟩|V⟩

+ q(t)|X−
1 ⟩|X

+
2 ⟩|V⟩, (14)

where

m(t) = − 1

2
√
30

e−
ig2t
∆

×

(
10 cos

√
5g2t

∆
− 4

√
5i sin

√
5g2t

∆

)
,

n(t) = − 1

2
√
30

e−
2ig2t

∆

(
2
√
5i sin

√
5g2t

∆

)
,

q(t) =
1√
6
i e−

2ig2t
∆ . (15)

We choose the strength of magnetic field B
′

x =

4g2/∆. By choosing the interaction time tUQCM
2 =

π∆/2
√
5g2, and applying σ̂z to the electron spin 2,

the state of the entire system can be written as

α

(√
2

3
|X+

1 ⟩|X
+
2 ⟩|H⟩+

√
1

6
|X+

1 ⟩|X
−
2 ⟩|V⟩

+

√
1

6
|X−

1 ⟩|X
+
2 ⟩|V⟩

)
+ β e iφ

(√
2

3
|X−

1 ⟩|X
−
2 ⟩|V⟩

+

√
1

6
|X−

1 ⟩|X
+
2 ⟩|H⟩

+

√
1

6
|X+

1 ⟩|X
−
2 ⟩|H⟩

)
. (16)

After the photon is reflected out of the cavity 2, it

passes through the mirror 2 (M2), TR3, and TR2 to

reach the output port. Thus, we obtain the transfor-

mation of the optimal symmetric 1 → 2 UQCM with

two spatially-separated QDs by using the photon as

an ancilla.

If the input state of the electron spin 1 to

be cloned is an equatorial state, i.e., (|X+
1 ⟩ +

e iφ|X−
1 ⟩)/

√
2, we can choose Bx = 2

√
3g2/∆ and

B
′

x = 2
√
2g2/∆. The optimal symmetric 1 → 2

PCCM can be constructed by choosing the interaction

times tPCCM
1 = π∆/4g2 and tPCCM

2 = π∆/2
√
3g2, i.e.,√

1

2

(√
1

2
|X+

1 ⟩|X
+
2 ⟩|H⟩+

1

2
|X+

1 ⟩|X
−
2 ⟩|V⟩

+
1

2
|X−

1 ⟩|X
+
2 ⟩|V⟩

)
+

√
1

2
e iφ

(√
1

2
|X−

1 ⟩|X
−
2 ⟩|V⟩

+
1

2
|X−

1 ⟩|X
+
2 ⟩|H⟩+

1

2
|X+

1 ⟩|X
−
2 ⟩|H⟩

)
. (17)

When Bx = −2
√
2g2/∆ and B

′

x = 2g2/∆, the

photon pulse passes through a HWP, the optimal sym-

metric 1 → 3 EPCCM can be constructed by choos-

ing the interaction times tEPCCM
1 = π∆/2

√
3g2 and

tEPCCM
2 = 3π∆/2

√
2g2, i.e.,√

1

2

(√
1

3
|X+

1 ⟩|X
+
2 ⟩|V⟩+

√
1

3
|X+

1 ⟩|X
−
2 ⟩|H⟩

+

√
1

3
|X−

1 ⟩|X
+
2 ⟩|H⟩

)
+

√
1

2
e iφ

(√
1

3
|X−

1 ⟩|X
−
2 ⟩|H⟩

+

√
1

3
|X−

1 ⟩|X
+
2 ⟩|V⟩

+

√
1

3
|X+

1 ⟩|X
−
2 ⟩|V⟩

)
, (18)

where no ancilla is included, i.e., the two QDs and one

photon are all clones.

Compared with a previous proposal for quantum

cloning in separate cavities,[18] our scheme is advan-

tageous to save two qubits. In Ref. [18], three flying

qubits are used to realize the QCM and the informa-

tion is encoded in the first flying qubit. The other two
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qubits act as ancilla. In our scheme, only one photon

acts as the ancilla, and the quantum information can

be copied from the electron spin to another distant

spin.

Recently, the experimental conditions in cavity

g ∼ 11.2 MHz and ∆ ∼ 70π MHz can be achieved

easily.[20] Under this condition, the total time of ma-

nipulating UQCM (tUQCM
1 +tUQCM

2 ) is about 0.279 µs.

The construction of PCCM and EPCCM takes about

0.3 µs and 0.753 µs, respectively, which are less than

the time of spin decoherence.[21]

4. Conclusion

In summary, we have proposed a scheme to im-

plement the optimal 1 → 2 UQCM, 1 → 2 PCCM,

and 1 → 3 EPCCM by choosing suitable parame-

ters. It saves two photons compared with the previous

scheme. The proposed scheme can be achieved with

current experimental technology.
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