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Abstract

The experimental scheme for controlled quantum teleportation of tripartite GHZ-like state is presented. With the entanglement
generating through the interaction between the quantum dots in microcavities and a single photon, the controlled teleportation can be
realized by virtue of Faraday rotation, single photon detection and electron spin orientation measurement. The success probability of
the scheme can reach 1 if the cavities are switchable to choice the appropriate Faraday rotation angle. The scheme can be easily

generalized to the teleportation of multipartite GHZ-like state.
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1. Introduction

Quantum information physics has developed into an
extensive field involving the subjects of physics, in-
formatics, computer, engineering science, chemistry
and mathematics etc. and the corresponding research
work of the past several years has greatly clarified both
the theoretical potential and the experimental chal-
lenges of quantum information physics.

To produce working laboratory devices that perform
this profoundly new form of information processing is
one of main subjects of quantum information physics.
By now, many experimental realizations have been
performed with optical systems [1-2], NMR techniques
[3], super-conducting device physics [4], electron phys-
ics [5], quantum dot [6-10], ion-trap [11] and cavity-
QED technique [12] and so on, but today's implementa-
tion of quantum computer still meets serious challenges,
such as quantum decoherence and guantum measure-
ment, therefore many efforts have been made to design
academic protocols based on different working labora-
tory devices.
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Since the seminal work of Loss and Divincenzo [7]
and papers of Obermayer, Teich and Mahler [13], there
has been increasing interest in quantum information
processing (QIP) with quantum dots (QDs), which are
propitious for integration and miniaturization. Subse-
quently, several theoretical proposals [14-16] for quan-
tum teleportation (QT) of electron spin in a QD have
been proposed due to the relative robustness of the
electron spin against decoherence. Furthermore, with
QDs placed in a microcavity and illuminated by laser
beams, and with interaction between QDs mediated by
a single-mode cavity field, the scheme of Imamoglu et
al. [9] realizes controlled interactions between two dis-
tant QDs to a certain extent. We call such composite
system as QDs-cavity system. It is worth noting that a
crucial condition for a realization of QIP in such mod-
els is a strong coupling of a single QD to a single mode
of microcavity (or nanocavity) of a high quality factor
(high-Q). Quite recently, such random couplings [19-
20] or even deterministic couplings [21] have been ob-
served experimentally.
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Considering the security of quantum communication
and the expansibility of quantum network, we focus on
the controlled quantum teleportation (CQT) of tripartite
GHZ-like state. CQT scheme was firstly proposed in
1998 [22]. The feature of this scheme is that the tele-
portation between the sender and the receiver is under
the control of the third party (the controller). In this
article, the teleportation scheme is based on QDs
coupled through a microcavity mode and on the con-
trolling nanostructure system composed of microcavity
with QDs inside. The entanglement in microcavity is
generated by the interaction between the electron spin
and photon. Using single photon measurement [17, 23-
24], Faraday rotation [17, 23] and electron spin orienta-
tion measurement, the CQT can be implemented per-
fectly and we find that the success probability of the
scheme can reach 1 if the cavities are switchable to
choice the appropriate Faraday rotation angle.

The article is organized as follows: we first briefly
review the generation of the entangled state by Faraday
rotation in QDs-cavity system, then propose the con-
trolled teleportation scheme of tripartite GHZ-like state,
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which is under the control of a three-quantum-dot sys-
tem.

2. Generation of the entangled state by

Faraday rotation in QD-cavity system
When a photon interacts with an electron spin of QD
in microcavity, the photon will excite two virtual
processes in the microcavity and Faraday rotation will
happen in these two virtual processes [17].
The virtual processes in Figurel can be described as
follow: For excess electron’s spin-4{ , light of o pola-

rization excites an electron and a heavy hole (upper
right), and light of oy polarization excites an electron

and a light hole (lower left). The final occupations of
electron states in the dot are the same as the initial oc-

cupations, but a phase shift € of o OF %" of )
will appear. Here gm-q 1 and "=, T are for heavy
and light hole respectively, ¢ _v, 2/0,=3,2/1%0, @Nd
Q, =V,?/n*e, are the rates of Faraday rotation for
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Figure 1. The virtual process will happen after the spin entangles with the photon in microcavity. For spin- | , light

of 7@ polarization excites an electron and a heavy hole (upper right), and light of =" polarization excites an elec-
tron and a light hole (lower left). J-denotes angular momentum quantum number.
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Figure 2. The generation of entanglement between electron spins and photon by Faraday rotation in QD-cavity
system. Spin detection is performed by photon propagating along x.

these virtual transitions, j, is the detuning of the non-
resonant photon, v, and Vv, are the transition matrix

elements for exciting an electron and a heavy hole or
an electron and a light hole in the Faraday rotation
process and v, v ¢ ne,. T IS the residence time of pho-

ton in microcavity. Therefore, under the basis
() M) W], b0 vy} the full Hamiltonian of
these processes in the rotation frame can be written as

E-ho, V, 0 0
V, E 0 0
0 0 E-hw, V!

0 0 Vi E, (1)
where g_is the energy of the excess electron.

Similarly, if excess electron’s spin is ¢, the correspond-
ing Hamiltonian of these processes under the basis

{[")ors )[14)1mm) [ )], )| 4|y} can be written as

E.-hoy V,, 0 0
Vin E. 0 0
E.-hoy .

0 0
0 0 V,, E. @)

Since the dimension of QD is on the order of nano-
meter, if we place three QDs in a microcavity (Figure
2), it is possible that the total size of QD array is on the
scale of nanometer and the wavelength of photon of
several hundreds of nanometers is larger than the di-
mension of three-QD system. Therefore, when the pho-
ton propagates into the microcavity, the single photon

can interact with the cluster of three QDs simultaneous-

H=
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ly [23]. Meanwhile, the interaction produces a condi-
tional single photon Faraday rotation [17, 23]. Now, we
describe the Faraday rotation angle quantitatively and
the generation of entanglement between electron spins
and photon in QD-cavity system in detail. Suppose the
original state of electron spins in QD system A is pre-

pared as 1) <[111) with quantization along z-direction

and the photon propagates along the opposite of z-
direction with linear polarization initially along the x-
direction, i.e. the spin-photon wave-function before
interaction can be written as

Vi @)=loh o) =(o"0), +lo7), o) N2
=|y5 @)+ 0)). @)

In order to distinguish clearly each step of the tele-
portation, we introduce the times 0 and T . The evolu-
tion state of the above system is in the Hilbert space
with basis

(1o [P (B (8] 121 () )
[P0 ) 1 () [ (4] 12 (L)),

here, ) and (Lin)

state excited inside of QD i. The Hilbert space above is
the direct sum of two subspaces: IM=) sl and
[ erlfenfenll - Either subspace under the evolu-
tion is closed.

Considering the characteristic of orthogonality and
linearity, we analyze two subspaces separately. In sub-
space Mmilmlmemirem)mem) - the corresponding Hamil-
tonian is

(4)
express the electron-hole pair



nanobe.org

E.-ho,

V, E 0 0
H =
“Tlv, 0 E 0

C

Ve 0 0 E) -

After the interaction between the initially unentangled
photon with the spins in the three-QD system, the evo-
lution state of the time T becomes

th th th

V, E 0 0
H =
V, 0 E 0
V, 0 0 E 0

and the ev_olution state_ of thetime T is
M) =e " @) =e " |5 (0)

i qy2
i i 3Vip

e - ——Iht

1 (& ”’““>'ehﬁ(wd

2 (8)

So the evolution state of the time T in the full
space can be written as

"),

o_(z)>p'

Vo (M) = w0 (M) + |0 (7))

B f%(chTm)d)T EE
=e e {\ 350/2>‘TTT>e}. ©)
O_(; >')"eiw‘o_iz >)/\/E and Sohh !
s," have been defined previously.

Similarly, if the photon which is initially linearly po-
larized in the x-direction interacts with three QDs,
which are prepared in 03 = 4d) we can get the evolu-

where S, =S, -5, ‘(ﬂ> _ (efiw

tion state of the time T as

) 1 LE-na)r %%T
‘V/Ap(-r)>:$e/’ e Hu«k

,%(E,/mdn .w ‘L‘Li
=e’ e (+35,/2),| >A> ) )

When the state of original spins in QDs of system A is
prepared in the state \(pA):a\TTT) +b\¢¢¢> , We can

easily get the the evolution state of the time T ,

%y
o) 1ot
(2) p

W,

U(z)>p

o

)=l 0)=5 ") 4] o),

g ’Te‘%amm [-3%/ Z)P +b‘iu>fx‘+350/ 2>" ' (11)

This means that spin-photon interaction in the micro-

cavity A produces a conditional single-photon Faraday
3S,

rotation around the z-axis by the angleiTﬂ and the an-
gle can be changed by using a switchable cavity [12]. If
the state of electron spin is [+11) (HM ), the linear

polarization of the incoming photon is rotated the angle
_35% 3,

2 ("2). Therefore, from formula (11), we find that
Faraday rotation and entanglement between the elec-
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The Hamiltonian in subspace

{nm\% >,‘TTT(¢,Ih)1>,‘TTT (i,lh)z>,‘TTT(¢,lh)s>} is

V3 (0))

"),

tron spins and the photon are generated in QDs-cavity
system, it can be used in the CQT in section IlI.

3. The controlled quantum telepo- rta-
tion scheme of tripartite GHZ-Like

state in QDs-cavity system

In this section, we describe in detail the CQT proce-
dure of tripartite GHZ-like state encoded in the electron
spins in the QD system. In order to realize the telepor-
tation, the photon entangled with the three QDs in mi-
crocavity A propagates to microcavity C and then inte-
racts with the QD in microcavity C. Subsequently, the
photon which carries quantum information of QDs in
microcavity A and of controlling system C travels from
C to B and then interacts with the three QDs in micro-
cavity B. The corresponding teleportation diagram is
shown in Figure 3. In microcavity A, we consider

o) =a[t1), +b|4dd) o (Jaf +]of =1), @ tripartite GHZ-

like state [25-27], encoded in the electron spins which
correspond to the three-QD system, while the control-

ling system C is in o) =), +[¥).) /N2 =] <), the QDs
in destination system B is prepared in the other GHZ
state [28-31] ‘¢a>:(‘TTT>B +‘¢¢¢>B)/J§.

In order to distinguish clearly each step of the tele-
portation, we introduce the times

t, <t, <t <t <ty <ty . Suppose the photon

propagating in the z direction is initially linearly pola-
rized in the x direction, so the original spin-photon wa-
vefunction before interaction between the initial unen-
tangled photon and the three entangled QDs in micro-
cavity A is

|l//pA(tA1)>=|(p>A|(_>>P (12)

After the interaction, the generalization of genuine
four-particle entanglement between the single photon
and the three entangled QDs encoded in the electron
spin states is realized by the conditional Faraday rota-
tion [17, 23] which depends on the photon polarization
and spin orientation in QDs-cavity system A. Accord-
ing to section Il, after neglecting overall phase factor,
the evolution state of the composite system, composed
of a single photon and three QDs in microcavity A, is

vaut,))=a|t1) [-35,/2), bW 4) [+3,/2),-  (13)
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Subsequently, the photon with quantum information
of'three QDs in microcavity A travels to the controlling
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entangled QDs in microcavity A and the three entan-
gled QDs in the controlling system C, is in a state

system C and then interacts with three QDs in system C, |,,,pAC (t. )> = |V/pA(tA2)>|€0c>' (14)
it will generate the_ entanglement between the above After interaction, the state of the composite system
entangled four-particle state and the three entangled becomes

QDs in microcavity C. Before interaction, the compo-
site system, composed of the single photon, the three

W onc () = @[T | T _|-25,), +a|TTT) [1)_|-S,),
+b| L) [Ty [+So), +b[Idd) [4) [+28,),) /2
—[[+So)p (—a| M) L) +b[4dd) [T )

+[+2S), (—a| TTT), 1) +p[4id), [4))]/V2. (15)

Finally, the photon with quantum information of four
QDs in microcavity A and controlling system C propa-
gates to the destination system B. Before interaction,
the corresponding state of the composite system of
photon, A, B and C is

|V gnce () = |Wpnc ()] @5 ) (16)
After interaction, the state of the composite system
becomes

‘WDACB (th)> - (a‘TTT>A‘T>C ‘TTT>B |_7S°/2>p + a‘TTT>A‘T>c ‘¢J/¢>B |_S°/2>p

+a\TTT>A\¢>C \TTT}B |~58,/2), +a\TTT>A\¢>C \¢¢¢>B +5,/2),
b)) [111) |=5,/2) +b[dAL) 1) [L4d) |+55,/2)
b VL) V) [T [+80/2), +b V) [4) [ [+750/2) ) /2. an
Then, we utilize the switchable cavity to achieve an ~ Where
appropriate Faraday rotation angle s _ ./, and the pho- %) =(0), +i]8)) N2 |o). = (), ~i]B),) V2 (19)

ton state can also be written as

9, ={e o) o ) )2 =

so the corresponding expression of the evolution state
(17) could be written as

Vo 1)) = (@[111), [ ),

—a[ M) ) [ [0 ) a1 [4) [ [0 )
L), 1) [T ), ~o ), [T P )
o[ L) [4) [P [0 ) +b[ld) V) [ [0 )
<[l ), @), 1) 11, +a 1), 4 |44
o[ 1) [S) by V) 111 )
H0), @)1 [, a1 ) |11,
e[ LUL) 1) [111), b [lad) V)[4 )] /2

DOONE >p+a‘TTT> DRRINE >p

C

p
p

2/

B

B

(20)

‘WACB (th)> - (a‘TTT>A ‘T>c ‘TTT>B + a‘TTT>A ‘¢>c ‘¢¢¢>B

o) 1) [L) +bfLad) [4) |11 ) 2,
[T ), +b[ ), 1) [111),)/ e
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W pes (t,)) =@ T11) 1) [I4d) —a| T} [4) [111)

#[ L) 1) M) sb| L4l 1) [44) )] /2
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Figure 3. Controlled teleportation of a tri-qubit GHZ-Like state teleports from microcavity A to microcavity B
with the help of single quantum dot at controlling system C, the photon that travels in the z direction mediates this
process. Tri-spin detection and single-spin detection are performed by photon propagating along x after they entan-

gled in microcavities.

If the linear polarization of the photon is measured
first, we will obtain the following two results with

tation, there are following mappings and the total state
corresponding to (20) via the above mappings becomes

equal probability.
Now, if we perform a measurement on the state of  [M7)=()[<)[<)+|[<)|=2)<) =) <))

four QDs coming from microcavity A and the control- =) =)+ S l=) S =)-)

ling system C, we cannot realize the CQT of tripartite + =) )Y+ ==Y =) /22 (23)
GHZ-like state encoded in the electron spins of three L) = () A=) D)

QDs system in microcavity A to the three QDs in mi- =) =)) -l =) -)

crocavity B through the controlling system C. Here, we =)A= === /22 (24)

implement a representation mapping for three-QD sys-
tem A to complete the teleportation. In the 5 represen-

|raitadi=P 3, {lT}: ["_}'4. (b b ClTTTY bbb oy, [ b ol T, b
A= b by @ T, 2L e |9, e e 11T, -2
ey lehy oby T, o W ed o), by el 111, -2 4,
)b, ol T, =B ), 1), 1), e 1T+ LAY, 0]
ety [ T b B 2 T, 0 [, =53, [, taf b2 T
) ey b b, —H{ T s, |5, el HL {11
ey =, b bbb, =BT ey, |9, [, Gl bkl +3] T
b e, ol Galb b+ T+ 1), o), a0y, -2 11T 0 )
0 LT[ ey L el B, 43 T e b, b Gy~ 11T
by by b @b, —{ T sh, [5h, [ tal Hb, +{ 1T,
ey g b @b, —{TTT) ey, [5h, [0, Gl H4), +{ 1T
Al by b e, 2 Ty ), [5), ] W), -2 11 3]
|4 [l b Cal THTY + B[ LA e o), b el T 2] 4L 430
iyl by e T, oL LU e i s et Gl T e L
ey lety by el T, oLl g e [ ot el T oL
et ol | T s L e bl [ | T L e
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According to the above result, we can find if the li-
near polarization of the photon is measured first, then
the final measurement result will depend on spin orien-
tation of four QDs in microcavity A and the controlling
system C, after implementing spin measurement on
three-QD system A and single-QD system C, the whole
state will collapse to one of thirty-two states with equal
probability. After communicating classically the out-
come of the measurement, the destination receiver op-
erates the corresponding quantum logic gate operation,
the CQT can be realized successfully and the success
probability of the scheme can reach 1 if the cavities are
switchable to choice the appropriate Faraday rotation
angle. For example, if the linear polarization state of
the photon is "):, then the sender uses the spin detector
to measure both the spin state in microcavity A and in
the controlling system C. If the spin state in three-QD
system A is ) and the spin state in the con-

a2 a2,

trolling system C is bX the whole state will collapse to
a[t1) -4 at once. Subsequently, the sender in-

forms the classical information to the receiver, the re-

ceiver performs the local gate operationX®Y ® X and

he will get the state that the sender wants to transport.

Here the fundamental gate operations in the microcavi-
0 1 1 0

ty are ':[é ﬂ, X:ﬁ ﬂ, Y=L 0} Z{O 71]

Obviously, compared against more usual bipartite
scheme, the tripartite CQT scheme can transport more
information and expand quantum network. Similarly,
the scheme in this article can be easily generalized to
the CQT of multipartite GHZ-like state.

4. Conclusion

We have proposed the scheme for CQT of tripartite
GHZ-like state encoded in the electron spins in QDs. A
controlling system is introduced in the scheme, which
participates the process of quantum teleportation as a
supervisor. Without the cooperation of the controlling
system, the teleportation can’t be realized. With the
entanglement generating through the interaction be-
tween the quantum dots in microcavities and a single
photon, the CQT scheme can be realized by virtue of
Faraday rotation, single photon detection and electron
spin orientation measurement. The success probability
of the teleportation scheme can reach 1 if the cavities
are switchable to choice the appropriate Faraday rota-
tion angle. Furthermore, we can realize the CQT of
multipartite GHZ-like state with similar scheme in
principle. The scheme is valuable not only for quantum
security communication, large capacity quantum com-
munication and large capacity information storage, but
also for quantum distributed computation and quantum
network. So far we have great challenges on quantum
manipulation of photons and atoms, quantum decohe-

Nano Biomed. Eng. 2010, 2, 109-116
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rence and quantum measurement, so these subjects are
worth studying further in future.
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