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Here, we report an experimental realization of optimal phase-covariant quantum cloning machine

with a single electron spin in solid state system at room temperature. The involved three states of

two logic qubits are encoded physically in three levels of a single electron spin with two Zeeman

sub-levels at a nitrogen-vacancy defect center in diamond. The preparation of input state and the

phase-covariant quantum cloning transformation is controlled by two independent microwave

fields. The average experimental fidelity reaches 85.2% which is very close to theoretical optimal

fidelity 85.4% and is beyond the bound 83.3% of universal cloning. VC 2011 American Institute of
Physics. [doi:10.1063/1.3624595]

Nitrogen-vacancy (NV) defect center in diamond is one

of the most promising systems to be the solid state quantum

information processors.1,2 It can be individually addressed,

optically polarized and detected, and is with excellent coher-

ence properties. Both electronic and nuclear spins at the NV

centers can be well controlled. The advantages of the NV

centers for quantum information processing are their scal-

ability, and their long coherence time T2 at room tempera-

ture, which can be further prolonged.3–6 Despite its

scalability, an individual electronic spin at NV center in dia-

mond is still very useful, such as for real applications and

being a test bed for quantum algorithms.7–10

In this letter, with a coherent superposition of all three

levels of a single electronic spin, we demonstrate the optimal

phase-covariant quantum cloning.

It is well known that a quantum state can not be

cloned.11 However, we can try to clone a quantum state

approximately or probabilistically, see for example Refs.

12–14. The no-cloning theorem is fundamental for the secu-

rity of the quantum key distribution protocols in quantum

cryptography, for example for the well-known BB84 proto-

col.15 The optimal cloning machine for BB84 states is the

phase-covariant quantum cloning machine16–19 for which the

input state is in a specified form jwi ¼ ðj0i þ ei/j1iÞ=
ffiffiffi
2
p

,

i.e., all input states are located in the equator of the Bloch

sphere, see Fig. 1(a). The fidelity of the phase-covariant

quantum cloning machine is around 85.4% which is better

than around 83.3% of the optimal universal cloning.

A NV center comprises a substitutional nitrogen atom

instead of a carbon atom and an adjacent lattice vacancy.

Experiments are carried out in a type Ib diamond nanocrystal

from company Element Six. The average size of diamond

nanocrystal is about 30 nm. Single NV defects in diamond are

addressed by a home-built laser scanning confocal microscope

system at room temperature [Fig. 1(c)]. A 532 nm continuous-

wave laser modified by an acoustic optical modulator (AOM)

with a rising edge of 10 ns is focused onto the sample with a

microscope objective (numerical aperture¼ 0.9). The fluores-

cence is also collected by the same objective and passes

through a 650 nm long-pass filter. Fluorescence signal is

detected by a single photon counting module (SPCM, Perkin-

Elmer) with a National Instruments counter 6602. Second

order photon correlation function g2(s) of center A indicates

that it is a single quantum emitter [Fig. 2(a)].

The Hamiltonian with electron spin zero field splitting

and the electron Zeeman interaction takes the form,

H ¼ S �DSþ be
~B0 �geS; (1)

where ge and be are the g factor and Bohr magneton for elec-

tron, ~B0 is the applied magnetic field.

Experimentally, a microwave radiation is sent out by a

copper wire of 20 lm diameter placed with a distance of

20 lm from the NV center. The electron spin resonance

(ESR) spectrum is shown in Fig. 2(b) as a function of the flu-

orescence change against the microwave frequency without

external magnetic field, this is due to symmetry breaking of

this NV center corresponding to a non-zero magnetic field.

The two resonant frequencies correspond to the transitions of

ms¼ 0 to ms¼ 1 and ms¼ 0 to ms¼�1. We denote the corre-

sponding states as jms¼ 0ip and jms¼61ip, where the sub-

index p means those states are physical states to differ them

from the logic qubits. In our experiment, the cloning

FIG. 1. (Color online) Bloch sphere and energy level for nitrogen vacancy

center in diamond. (a) The states need to be cloned are in a specified form

which are located in the equator of the Bloch sphere jwi ¼
ðj0i þ ei/j1iÞ=

ffiffiffi
2
p

. (b) Energy level of the NV center in diamond. (c) Two-

dimension scanning confocal image of the sample. Bright spot circled is the

NV center, we investigate.
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processing is to transfer state jwij0i to two copies

joutputi ¼ 1ffiffi
2
p j00i þ 1

2
ei/j01i þ 1

2
ei/j10i. We use the encod-

ing scheme: �ij00i � jms¼�1ip; j10i �j ms¼ 0ip; �ij01i
� jms¼ 1ip.

To control the electron spin state, first, a laser pulse initi-

alizes the spin state to jms¼ 0ip; then the microwave pulses of

weak power are used to manipulate the spin state; finally, the

spin state is read out by the fluorescence intensity under a sec-

ond laser excitation. The Rabi oscillation of the electron spin

of single NV center is shown in Figs. 2(c) and 2(d), the scatter

points are experiment data and each point is a statistical aver-

age result typically repeated 105 times, the red line is the fit-

ting using a function of a cosine with an exponential decay.

Fig. 3 shows the scheme for quantum phase cloning.

The output state should be a superposition state joutputip

¼ 1
2
jms ¼ 0ip þ i 1

2
jms ¼ 1ip þ i 1ffiffi

2
p jms ¼ �1ip: The scheme

for measure is by MW1 to confirm joutputip is superposed

by a pure state 1
2
jms ¼ 0ip þ i 1ffiffi

2
p jms ¼ �1ip, and by MW2

to confirm the pure state form 1
2
jms ¼ 0ip þ i 1

2
jms ¼ 1ip.

Combination of those measured results indicates that the out-

put is in the form joutputip. By analyzing the experiment

data, the exact form of the output state and the fidelity can be

obtained. We then can repeat those experimental steps

except that with different state preparation. The experimental

results are shown in Fig. 4.

The measured data by MW1 shows clearly Rabi oscilla-

tion which represents that the state of NV is in a superposed

state. Also from the start point of Rabi oscillation, a, the rela-

tive rate of fluorescence, we know that the measured state is

in form
ffiffiffi
a
p

ei/jms ¼ 0ip þ i
ffiffiffiffiffiffiffiffiffiffiffi
1� a
p

jms ¼ �1ip. Similarly

FIG. 2. (Color online) Second order photon correlation

function, ESR spectrum, Rabi oscillations of two transi-

tions. (a) Second order photon correlation function

g2(s) of the NV center. (b) ESR spectrum of the NV

center. Two main peaks correspond to ms¼ 1 and

ms¼�1. (c) Rabi oscillations for the transition between

ms¼ 0 and ms¼ 1. (d) Rabi oscillations for the transi-

tion between ms¼ 0 and ms¼�1.

FIG. 3. (Color online) Scheme for quantum phase cloning. (a)A MW1 p/2

pulse creates ðjms ¼ 0ip þ ijms ¼ �1ipÞ=
ffiffiffi
2
p

state, then apply MW2 for

another p/2 pulse for quantum phase cloning. After all, we measure the

standard Rabi oscillations for transition between jms¼ 0ip and jms¼�1ip.

(b) The same pulse sequence for the phase cloning, but we measure the Rabi

oscillations for transition between jms¼ 0ip and jms¼ 1ip. (c) A MW1 3p/2

pulse can create ðjms ¼ 0ip � ijms ¼ �1ipÞ=
ffiffiffi
2
p

state, after phase cloning,

we measure Rabi oscillations with MW1. (d) The MW1 3p/2 pulse create

ðjms ¼ 0ip � ijms ¼ �1ipÞ=
ffiffiffi
2
p

state, after cloning, we measure Rabi oscil-

lations with MW2.

FIG. 4. (Color online) Measured results of the quantum phase cloning. (a)

Red line is the standard dependence of probability of the state jms¼ 0ip on

the phase of microwave pulse, by applying pulse sequence Figure 3(a), the

black square is the experiment results for Rabi oscillations of transition with

MW1, the start point of this curve determines the population probability at

the state jms¼ 0ip is 33%, theory is also around 33%. (b) Start point of the

curve determines the probability at the state jms¼ 0ip is 48% and theory is

50%. (c) and (d) The start points of the curves determine the probability at

the state jms¼ 0ip are 36% and 44% and theory are 33% and 50%.
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with starting rate of fluorescence b of MW2, we know the

state is
ffiffiffi
b
p
jms ¼ 0ip þ i

ffiffiffiffiffiffiffiffiffiffiffi
1� b
p

ei/jms ¼ 1ip. The combina-

tion of those two results shows that the NV center state

should be the form

ffiffiffiffiffiffi
ab

p
ei/jms ¼ 0ip þ i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� aÞb

p
jms

¼ �1ip þ i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� bÞa

p
ei/jms ¼ 1ip; (2)

with normalization 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aþ b� ab
p

. Using the experimental

data in Figs. 4(a) and 4(b), we find two fidelities are

F1¼ 84.6% and F2¼ 86.1%, both are beyond the bound of

the optimal fidelity of universal quantum cloning. By data in

Figs. 4(c) and 4(d), we find the two fidelities of the two cop-

ies in output are F1¼ 82.9% and F2¼ 87.1%, we find

F1 þ F2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� F1Þð1� F2Þ

p
� 1:55, which clearly larger

than 1.5 of the universal cloning.21 Thus, phase cloning is bet-

ter than the universal case. By average, we find the experi-

mental cloning fidelity reaches 85.2% which is very close to

theoretical bound 85.4% and apparently beyond the bound of

the universal quantum cloning.

A phase quantum cloning need the input state with an

arbitrary phase. Experimental procedures are shown in Fig. 5.

This finishes the implementation of the whole quantum phase

cloning.

In summary, we report the solid-state phase-covariant

quantum cloning machine implementation in experiment at

room temperature. Our observation shows that two micro-

wave fields MW1 and MW2 can be combined to create an

arbitrary superposition three-level state in quantum phase

cloning processing and for other aims. This can be used as a

basis for scalable, precisely controllable, and measurable

three-level quantum information devices.
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FIG. 5. (Color online) Quantum phase cloning for input state with different

phases. (a) MW1 p/2 pulse is applied to create ðjms ¼ 0ipþ
ijms ¼ �1ipÞ=

ffiffiffi
2
p

state, before applying MW2, we wait for time jdt,
j¼ 1,2,…, dt¼ 20 ns, 50 ns so that state ðjms ¼ 0ip þ ijms ¼ �1ipÞ=

ffiffiffi
2
p

evolves freely to another state ðjms ¼ 0ip þ eixjdtijms ¼ �1ipÞ=
ffiffiffi
2
p

with

additional relative phase xjdt depending on waiting time jdt and rotating

speed x determined by environment, see Ref. 20. (b) Experiment results

show that with different waiting time periods within time scale 2 ls, after

phase cloning operation, the intensity of fluorescence of the output state is

stable which agrees with theory expectation.
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