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Quantum teleportation in a solid-state system
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We propose a practical solid-state system capable of demonstrating quantum teleportation. The setup ex-
ploits recent advances in the optical control of excitons in coupled quantum dots, in order to produce maxi-
mally entangled Bell and Greenberger-Horne-Zeilinger states. Only two unitary transformations are then re-
quired: a quantum controlledeT gate and a Hadamard gate. The laser pulses necessary to generate the
maximally entangled states, and the corresponding unitary transformations, are given explicitly.
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Since the original idea of quantum teleportation consid- Figure 1 shows our general computational approach,
ered in 1993 by Bennett al. [1], great efforts have been which is inspired by the work of Brassamt al. [9]. As
made to realize the physical implementation of teleportatiorusual, we refer to two parties, Alice and Bob. Alice wants to
deviceq2]. The general scheme of teleportat{dd, whichis  teleport an arbitrary, unknown qubit stat¥) to Bob. Figure
based on Einstein-Podolsky-Rosen pdB$ and Bell mea- 2 shows the specific realization we are proposing using op-
surementg4] using classical and purely nonclassical corre-tically controlled quantum dots with QB initially contain-
lations, enables the transportation of an arbitrary quanturing |¥'). Alice prepares two qubit§QDs b and c) in the
state from one location to another without knowledge orstate|0) and then gives the stat&#00) as theinput to the
movement of the state itself through space. This process haystem. By performing the series of transformations shown
been explored from various points of vi¢®l; however none in Fig. 1(a), Bob receives as theutputof the circuit the state
of the experimental setups to date have considered a solig4/y2)(|0)+]|1))4(1/v2) (|0} +|1))p|¥)e [Fig. 2Ad)]. In
state approach, despite the recent advances in semiconductg. 1(b), we extend the analysis of the teleportation process
nanostructure fabrication and measureni&ntg]. Reference to the case of a four-qubit quantum circuit, which can be
[5], for example, demonstrates the remarkable degree of comealized by four coupled QDs. As before, Alice wants to
trol that is now possible over quantum states of individualteleport the stat¢¥), to Bob. She prepares three qubits in
quantum dot$QDs) using ultrafast spectroscopy. The possi-the statd0) (QDsb, ¢, andd) and gives the statel000)
bility therefore exists to use optically driven QDs as “quan- as the input to the system. From Figbl}, it is clear that the
tum memory” elements in quantum computation operationsfunction of the first three operations performed by Alice is to
via a precise and controlled excitation of the system. In thisshtain the maximally entangled Greenberger-Horne-
paper, we propose a practical scheme for quantum teleportzeijlinger (GHZ) state (1,(/5)(|000>+|11]>) [10]. The next
tion that exploits currently available ultrafast spectroscopytwo operations realized by Alicibefore the dashed line in

techniques in order to prepare and manipulate entanglegig. 1(b)] leave the system in the state
states of excitons in coupled QDs. To our knowledge, this is

the first practical proposal for demonstrating quantum tele- 311000 (a|0)+ B]1)) +|011)( B|0) + @|1))
portation in a solid-state system.

In order to implement the quantum operations for the de- +[100)(a|0)— B|1)) +[11(— B|0) + @|1))}.
scription of the teleportation scheme proposed here, we em- (1)

ploy two elements: the quantum controllsd-T gate and the

Hadamard transformation. In the orthonormal computatiorPerforming the operations shown after the dashed line in

basis of single qubit§0),|1)}, the controlledvoT gate acts  Fig. 1(b), Bob gets as the output of the circuit the state

on two qubits|¢;) and |¢;) simultaneously as follows: (1/y2)(|0)+|1))a(1/12)(|00)+]11))p ¢/ ¥)g. Hence the

Gillenle))—lei|ei® ;). Here @ denotes addition state| V) was teleported from dat to dotd in the system. In

modulo 2. The indices andj refer to the control bit and the order to describe in detail how this circuit may be imple-

target bit, respectively. The Hadamard transformatioacts  mented, we need to perform the following steps: Alice pre-
only on single qubits by performing the rotations pares three qubits in the sta@), and then sends the first

H(]0))—(1/V2)(J0)+]1)) and  H(]1))—(1/y2)(|0)  two of them through the two first gates between Qlzsdc,

—|1)). We also introduce a pure statd) in this Hilbert —as shown in Fig. (b). She keeps the information stored in

space given by|W)=a|0)+A|1) with |a|?+|B|?=1, QD c, namely,y, in her quantum memory and sends quit

wherea andg are complex numbers. As discussed la@y, to Bob. In the next step, she pushes the other qubit that is in
represents the vacuum state for excitons whilerepresents  state|0) together withy to the third gate; after this opera-

a single exciton. tion, she keeps the last qubit of the systesn,Alice then
receives from QDa the qubit| V) that she wants to teleport
to Bob. To achieve this, she removes thejubit from her

*Electronic address: j.reina-estupinan@physics.ox.ac.uk quantum memory and sends this, together with qbit, to
"Electronic address: n.johnson@physics.ox.ac.uk the next two gates of the circuit. She then performs a mea-
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10> 1 . ! FIG. 2. Practical implementation of teleportation using optically
. driven coupled quantum dot$a) Initial state of the system(b)
10> _:_ > Intermediate step: radiating the system with the pglg¢. (c) Bell

basis measurement and the quantum state of the system at the
FIG. 1. Circuit schemes to teleport an unknown quantum statélashed line in Fig. (B). (d) Final state. Typical values for the dots
from Alice to Bob using an arrangement @ 3, (b) 4, and(c) n are diameterd; =30 nm, thicknessd,=3 nm and separatioml;
qubits (coupled quantum doktsThe methods employa) Bell, (b) =50 nm.
GHZ, and(c) Schralinger’s cat states, respectively.
+[11...D)a, ..o, Which, followed by the last two

exclusiveor operations before the dashed line, leaves the
system in the following state af qubits:

surement of the output between QRsand c [11] [at the

dashed line in Fig. (b)] in order to turn the result into two
classical bitsA andI’, respectively. To finish the teleporta-
tion process, Alice needs to communicateandI” to Bob .
via a classical communication channel. Hence after the 2{/00...0(a|0)+3[1))+[011...1(B|0)+al1))

dashed line, Bob receives the classical information and cre-
! + e —
ates the quantum states) and|T"). Next, he removes the 100 0(al0)=411))
qubits 8 and 6 from his quantum memory and sends the four +]11...D(—pB|0)+al1))}. (2

qubits to his part of the circuit. At this point teleportation is

complete since Bob receives at his output the st#te on  The procedure to realize the circuit of FigcLfollows di-
dot d. Hence our quantum teleportation circulQTC)  yecily from the description given for Fig(H). In the case of
transforms  the input|¥),|0)p|0)¢[0)¢ into the output  Fig (c), the measurement performed by Alice at the end of
(12)(|0) + (1)) a[Bell)p o[ ¥)g. her part of the circuit must be realized betweenadhth and
Interestingly, the above teleportation process can be exhe a, ,th QDs[11] in order to turn the result into two
tended to am QTC using the Schuinger's cat state, as classical bits® andY, respectively. Hence Alice communi-
shown in Fig. 1c). Again, the goal is to teleport the state cates these bits to Bob via a classical channel and, after the
|W)a, from Alice to Bob. She prepares—1 qubits in the  gashed line, Bob receives the classical information and cre-
state |0) (QDs ay,as, ....a, and hence gives the state ates the quantum statg8) and|Y). Next, he removes from
|¥00...0 as the input. After the firsh—1 operations his quantum memory the othen—2 qubits, thereby
[Fig. 1(c)] she obtains, between dots,,as, ...a,, ultimately obtaining |¥) on the nth dot. In this way,
the Schrdinger’s cat  state (12)(100...0  the QTC presented here transforms the input state
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|¥)4,10)a,/0)a, .. .[0)s  into the output (142)(|0) . 1 @
+11))a,(IN2)(100...0 + [11... D)4, . o W) X 08

From Figs. 1b) and 1c) we note that the final stage of the £ 06

QTC may be used as a subroutine in larger quantum compu- =

tations or for quantum communication; specifically this is T 04

because we are recovering at the output g 2,3, or (n {'} 02

—2)-maximally entangled statg12]. We also note that the -

structure of Bob’s part of the circuit is the same for all the 0

circuits in Fig. 1. This is because Bob’s function in the QTC 0 20 40 60 80 100 120 140
is to realize the “appropriate rotations” over the general 1 o)
state given in Eq(2). It is interesting to note that if Bob, i 08

instead of performing the operations after the dashed line, é ’

chooses one of these appropriate unitary transformaftic8ijs = 06

to apply to thenth qubit after receiving the classical bits N 04

from Alice’s measurementsubindices ofU in Ref. [13]), 5 )

then he does not need to perform his part of the circuit, since V 02

this transformation leaves dat, in the state|¥). For this 0

reason only two unitary exclusiver transformations are 0 50 100 150 200
needed in order to teleport the stife). However, from the ot

point of view of our implementation and, more generally, for

quantum computer algorithms, it is better to undertake the FIG. 3. Generation ofa) the Bell State (12)(/00)+|11)),
complete process shown in the QTC than to choose such and (b) the GHZ state (12)(|000)+|112)). These pulses corre-
special rotation. Although our goal is the practical realizationspond to the realization of the Hadamard gate followed by one
using what is at the limit of current optoelectronics technol-controllednoT gate and two controlledtoT gates, respectivefsee
ogy, we note that the circuits of Fig.dre not restrictecto ~ Figs. 1 and Xb)]. In units of the band gap=2.8 eV,W=0.1,

QD systems: they can be applied to any system where th&=1/25. |1,//(0)_>:|0>. Here, y(t) denotes the total wave function
task of entangled-state preparation has been achieved. ~ ©f the system in the laboratory frame at time

In order to describe the physical implementation of the 1/\/5)(|00>+ei¢|11>) and (1/\/5)(|000>+ei¢|113>) can be
guantum circuits using coupled quantum dots, we exploit th‘érepared in systems comprising two and three coupled quan-
recent experimental results involving coherent control of exyym dots, respectively. The practical requirements are realiz-
citons in single quantum dots on the nanometer and femtogple in present experiments employing both ultraf&s6]
second scalef5,6]. Consider a system dfl identical and  and near-field optical spectroscop] of quantum dots. In
equispaced QDs containing no net charge that are radiated g 3, we present the generationgfpulses that lead to the
long-wavelength classical light, as illustrated schematicalIMmmememaﬂon of our QTC. As mentioned previousl§)
in Fig. 2(b) for the caseN=3. In the frame of theotating  represents the vacuum for excitons whi) denotes a
wave approximationthe formation of single excitons within - gingle-exciton state.

by the Hamiltonian £ =1)[14,15 equidistant QDs that initially must be prepared in the state
_ 2_ 12 ¥),0)p/0).. As shown in Fig. 2a), one of thesdQD a)
H=A,021 A+ )W J2), @ l:or>1tz|iirzs| tr>1e quantum stat@’), that we wish to teleport,
where while the other twdQDsb andc) are initialized in the state
N N |00),—this latter state is easy to achieve since it is the
3. = E ctht g = E hc ground state. Following this initialization, we illuminate QDs
e T e b andc with the radiation puls&(t) [see Fig. 2)]. As an

example we consider the case of ZnSe-based QDs. The band
N gap e=2.8 eV, hence the resonance optical frequeacy
J=3 Z {cicp—hph}. (49 =4.3x10%s L. In units ofe, W=0.1 andA=1/25. Fora 0
Pt or 27 pulse, the density of probability for finding the Qbs
Here,c} (h!) is the electron(hole) creation operator in the andc in the Bell state (1/2)(/00)+|11)) shows that a time
pth QD; A, =e— o is the detuning parametes,represents 7, =7.7X 10" °s is requiredsee Fig. 8)]. This timer__
the band gapW is the interdot interaction parametérorster  hence corresponds to the realization of the first two gates of
procesy and(t)=Aexp(—iwt) is a radiation pulse of am- the circuit in Fig. 1a), i.e., the Hadamard transformatiéor
plitude A (incident electric field strengihand central fre-  7/4 rotation over QDb followed by the controlled¢oT gate
guencyw. The quasispir) operators satisfy the usual com- between QD$ andc. After this, the information in qubit is
mutation relations[J,,J.]=*J., [J,,J_]=2J,, and sentto Bob and Alice keeps in her memory the state of QD
[J2,J,.]1=[J3%3_1=[3%J,]=0. b [Fig. 1(@]. Next, we need to perform a controlledT
By solving the eigenvalue problem associated with theoperation between QD& andb and, following that, a Had-
Hamiltonian (3), we have showr14] for several different amard transform over the QB this procedure then leaves
values of the phase, that Bell and GHZ states of the form the system in the state
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%{|oo>(a|o>+,g|1>) +102)(B[0) + a|1)) scale[17] leads us to conclude that we do not need to worry
unduly about decoherence occurring while performing the
+|10)(a|0)— B|1)) +|11)(—B|0)+a|1))}.  (5)  unitary operations that Bob needs in order to obtain the final
) ) states schematically sketched in Fig&)2and Zd), thereby
As it can be seen from Eq5), we are proposing the completing the teleportation process. In the case of Ri, 3
realization of the Bell basis measurement in two steds 3 similar analysis shows thag,,,=1.3x 10 s, and hence
first, we have rotated from the Bell basis into the computa-,, /7,=3.3x 10" *: this also makes the circuit in Fig(l)
tional basis (00), |01), [10), |11)), by performing the uni- experimentally feasible. Although this discussion refers to
tary operations shown before the dashed line in Fi@).1 ZnSe-based QDs, other regions of parameter space can be
Hence, the second step is to perform a measurement in théxplored by employing semiconductors of different band gap
computational basis. At this point, we leave Q®andb in e. We believe that hybrid organic-inorganic nanostructures
one of the four state®0), |01), |10y, or|11) [see Fig. Zc)],  [18] are very promising candidates for the setup proposed
which are the four possible measurement results. This ladtere. This is because these hybrid structures provide us with
step can be experimentally realized by usivegr-field opti-  large radius(Wannier-Mot} exciton states in the inorganic
cal spectroscopy7]. In this way, it is possible to scan, dot material and small-radiug-renke) exciton states in the or-
by dot, the optical properties of the entire dot ensemble, andanic ong19]. Hence the hybrid material will be character-
particularly, to measure directly the excitonic photoluminis-ized by a radius dominated by their Wannier component and
cence spectrum of dota and b, thus completing the Bell by an oscillator strength dominated by their Frenkel compo-
basis measurement. The result of this measurement provideent. This means that the desirable properties of both the
us with two classical bits of information, conditional on the organic and the inorganic material are brought together to
states measured by nanoprobing on @Dandb [see Fig. overcome basic limitations that arise if each one acts sepa-
2(c)]. These classical bits are essential for completing theately. Following recent resulfsl8], if the 3 QD setup re-

teleportation process: rewriting E(p) as quired in the present proposal is made of an inorganic I1-VI
. ) material(e.g., the extensively studied ZnSe or ZnCy%en-
2100)| W) +[01) 0| W) +[10) 0| W) + [1D) (—i ay) | 1)}, bedded in bulklike organic crystalline materia.g., tetra-

cene, perylene, fullerene, PTCDAvhere their Frenkel and

we see that if instead of performing the set of Operations\Nanmer excitons are in resonance with each other, we would

shown after the dashed line in Figal, Bob performs one of expect a strong hybridization between these excitons, which
the conditional unitary operationscy o, or —icy [13] means a greater Wannier exciton delocalization orsteo

over the QDc [depending on the measurement results Opopping. To achieve this, the typical distance between QDs

classical signal communicated from Alice to Bob, as shownShOUId be of the same order as their size: In ZnSe, the Bohr

in Fig. 2(c)] the teleportation process is finished since theradius of the three-dimensional Wannier excitig=35 A,

excitonic statd¥') has been teleported from datto dotc. hence QDs With radii of about 50 A Will considerably in-
This final step can be verified by measuring directly the ey crease the binding energy of these excitons. If these dots are

citonic luminescence from dat, which must correspond to E;/a(;egisl?aﬁgeoggiﬁlec Srgﬁ;[gng dglrscvl\J/ZS:kﬁjoiltéiO)tl)zegaﬁtt%dper
the initial state of dot. . P o )
For instance, if the state to be teleportedig=|1), the form the appropriate quantum operations required in the tele-
final measurement of t_he near-f_ielq Iuminiscence spectrum (ggg?rtilotri]o%r%ﬁﬁz ?:nthér?éﬂ:ggfnsﬁﬁé Aurggzsrge;gg:r? le-
ldotcrr]nus'ijglve an exmtor;:c em|s|S|on line o;;he rs]ame Wave_ment Echemes requiFr)ed in the present pqroposal is give?w in
ength and intensity as the initial one for dat This mea- S
surement method, useq for verifying the fidelity of the pro-Rae\];é[?]dfvﬁgsitgout?r:;h; s(;trrgg:lilrjgssthgt[)v;ev\?trﬁ gggi'd:r”ng
cess, can be used if we either perform the unitar;}; P 9 ' 9

transformations after Alice’s measureméhig. 2(c)] or we onfinemer_lt_are expecte_d to have even smallc_ar c_ou_pling to
realize the complete teleportation circuit shown in Fig),1 Ehononst_glvmg the possibility of much longer intrinsic co-
leaving the system in the state shown in Figd)2Combin- erlence IMes. h d tical imol N
ing spatial and spectral resolutions, it has already been dent1- n s]:ummary,t we N ?ve ptrotposed a prac 'C? _tl_mp ementa-
onstrated that it is possible to excite and probe just one indon of a quantum teleportation device, exploiting current

dividual QD with the corresponding dephasing ti 4 levels _of optical control in coupled QDs. Furthermore, the_
%10 11 5 [5]. Hence we have the possibility of cﬁoherent analysis suggests that several thousand quantum computation

optical control of the quantum state of a single dot. FurtherOPerations may in principle be performed before decoher-
nce takes place.

more, this mechanism can be extended to include more thafl
one excited state: sinceye;/74=1.8x10 4, several thou-
sand unitary operations can in principle be performed in this The authors thank L. Quiroga, J. Erland, D.J.T. Leonard,
system before the excited state of the QD decoheres. Thiend S.C. Benjamin for helpful discussions. J.H.R. thanks the
fact together with the experimental feasibility of applying the financial support of COLCIENCIAS and gratefully acknowl-
required sequence of laser pulses on the femtosecond tingglges H. Steers for continuous encouragements.
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