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Exploiting exciton-exciton interactions in semiconductor quantum dots
for quantum-information processing
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We propose an all-optical implementation of quantum-information processing in semiconductor quantum
dots, where electron-hole excitations~excitons! serve as the computational degrees of freedom~qubits!. We
show that the strong dot confinement leads to an overall enhancement of Coulomb correlations and to a strong
renormalization of the excitonic states, which can be exploited for performing conditional and unconditional
qubit operations.
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Coherent-carrier control in semiconductor nanostructu
has recently attracted enormous interest1–3 because it allows
the coherent manipulation of carrier wave functions on
timescale shorter than typical dephasing times. Such a
trolled ‘‘wave function engineering’’ is an essential prere
uisite for a successful implementation of ultrafast opti
switching and quantum-information processing in a p
solid state system. In this respect, semiconductor quan
dots ~QD’s! appear to be among the most promising can
dates, since the strong quantum confinement gives rise
discrete atomiclike density of states and, in turn, to a s
pressed coupling to the solid-state environment~e.g.,
phonons!.4,5 It thus has been envisioned that optical exci
tions in QD’s could be successfully exploited for quantu
information processing.6,7

Recently, optical spectroscopy of single QD’s has
vealed a surprisingly rich fine structure:8–11 With increasing
excitation density, additional emission peaks appear in
spectra, which supersede the original lines at even hig
densities. It has been demonstrated that these optical no
earities are due to the strong quantum confinement, wh
results in a strongly reduced phase space and an overa
hancement of Coulomb correlations.12,14 In fact, whenever
one additional electron-hole pair~exciton! is added to the
QD, the optical spectrum must change because of the re
ing additional exciton-exciton interactions.

In this Rapid Communication we show that such opti
nonlinearities in semiconductor QD’s can be successfully
ploited for performing elementary quantum-computatio
operations~quantum gates!. More specifically, we shall iden
tify the different excitonic states in QD’s with the comput
tional degrees of freedom~qubits!, and we will show for a
prototypical dot structure that a coherent manipulation
biexcitonic resonances can perform conditional two-qu
operations. Indeed, such controlled-NOT~C-NOT! opera-
tions, which form a cornerstone for any implementation
quantum-information processing, naturally arise from
strong internal interaction channels in the electron-hole s
tem. To complete the requirements for implementing a u
versal set of quantum gates, we will demonstrate that sin
qubits can be manipulated by performing two C-NOT ope
tions at different photon energies. Our model for calculat
the correlated electron-hole states in the dot is based on
PRB 620163-1829/2000/62~4!/2263~4!/$15.00
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alistic material and dot parameters; this will allow us to a
gue that an implementation of the proposed scheme sh
be possible with the present state-of-the-art sample gro
and coherent-carrier control.

The initial ingredients of our calculations are the sing
particle states, which we numerically obtain for a prototy
cal dot confinement that is parabolic in the (x,y) plane and
boxlike alongz; such confinement potentials have been de
onstrated to be a particularly good approximation for vario
kinds of self-assembled dots.4,15 We compute the single
particle statesume,h& and energieseme,h

e,h for electrons and

holes by numerically solving the three-dimensional sing
particle Schro¨dinger equation within the envelope-functio
and effective-mass approximations.16

Let us suppose that the dot is subjected to a series of s
laser pulses. We describe the light-matter coupling within
usual dipole and rotating-wave approximations:

Hop52
1

2 (
i

E o
( i )~ t !~eiv( i )t P̂1e2 iv( i )t P̂†!, ~1!

whereE o
( i )(t) is the time envelope of thei th laser pulse with

central frequencyv ( i ), and P̂5(me,nh
Mmenh

* dnh
cme

is the

interband-polarization operator, withMmenh
the dipole-

matrix element for the optical transition betweenme andnh;
the field operatorscme

† (dnh

† ) create an electron in stateme

~hole in statenh). To illustrate the action ofHop on the
quantum dot, let us assume that before the first laser p
the dot is in its ground stateuvac& ~i.e., no electrons in the
conduction band and no holes in the valence band!. On ar-
rival of the first pulse, the laser light will create~throughP̂†)
an interband polarization, i.e., a superposition between
vacuum state and the different excitonic states, which w
propagate in phase with the driving laser. It is precisely t
coherent evolution of the interband polarization, which th
allows the subsequent pulses to coherently manipulate
correlated QD electron-hole states and to perform spec
quantum-computational operations.

As an important step within our proposal, we use the f
that in most semiconductors, electron-hole pairs with giv
spin orientation can be selectively created by photons wit
R2263 ©2000 The American Physical Society
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well-defined circular polarization. Throughout this paper,
shall only consider excitons with parallel spin orientatio
because of their strongly reduced available phase space
the resulting simplified optical density of states.12 Moreover,
as will be discussed further below, within the propos
scheme we can restrict ourselves to single excitons and b
citons. We expand the exciton and biexciton states within
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subspaces of spin-selective electron-hole excitations,

Cme

nh;x and C
mem

e8

nhnh8;l
~the latter states are antisymmetric wi

respect to the exchange of the two electron and hole coo
nates!. The excitonic eigenenergies and eigenstates are
obtained from the solutions of the two- and four-partic
Schrödinger equations:
ExCme

nh;x
5~eme

e 1enh

h !Cme

nh;x
1^me ,nhuH ehum̄e ,n̄h&Cm̄e

n̄h;x
~2a!

ElC
mem

e8

nhnh8;l
5~eme

e 1em
e8

e
1enh

h 1en
h8

h
!C

mem
e8

nhnh8;l
1^me ,me8uH eeum̄e ,m̄e8&Cm̄em̄

e8

nhnh8;l
1^nh ,nh8uH hhun̄h ,n̄h8&Cmem

e8

n̄hn̄h8;l

1^me ,nhuH ehum̄e ,n̄h&Cm̄em
e8

n̄hnh8;l
1^me ,nh8uH ehum̄e ,n̄h8&Cm̄em

e8

nhn̄h8;l
1^me8 ,nhuH ehum̄e8 ,n̄h&Cmem̄

e8

n̄hnh8;l

1^me8 ,nh8uH ehum̄e8 ,n̄h8&Cmem̄
e8

nhn̄h8;l
, ~2b!
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with the Coulomb matrix elements accounting for electro
electron (H ee), hole-hole (H hh), and electron-hole (H eh)
interactions; in Eq.~2! an implicit summation overm̄ and n̄
has been assumed. In our computational approach, we
for electrons and holes, respectively, the 10 energetic
lowest single-particle states, and solve Eqs.~2a! and~2b! by
direct diagonalization of the Hamiltonian matrix; this a
proach was recently proven successful in giving a reali
description of experiment.13,17

Figure 1~a! shows the linear absorption spectrum of t
dot16 as computed from the solutions of Eq.~2a!.18 We ob-

FIG. 1. Absorption spectra for semiconductor quantum dots
scribed in the text, which are initially prepared in:~a! vacuum state;
~b! excitonuX0& state~exciton ground state!; ~c! excitonuX1& state;
~d! biexciton uX01X1& state. Photon energy zero is given by t
ground state excitonX0 ~Ref. 18!.
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serve two pronounced absorption peaks (X0 andX1) with an
energy splitting of the order of the confinement energy.
closer inspection of the exciton wave functionsCme

nh;x reveals

that: the dominant contribution of the ground state exci
X0 is from the energetically lowest electron and hole sing
particle states~with s-type character!; the dominant contribu-
tion of theX1 exciton is from the first excited electron an
hole single-particle states~with p-type character!.12,14,19

Figure 1~b! shows the absorption spectrum for the d
initially prepared in the exciton ground stateuX0&. Because
of state filling, the character of the corresponding opti
transition changes from absorption to gain~i.e., negative ab-
sorption!. Moreover, the higher-energetic transition is shift
to lower energy; this pronounced redshift is attributed to
formation of a biexcitonic state, whose energy is reduced
an amount ofD'8 meV because of exchange interactio
between the two electrons and holes, respectively.14 A closer
inspection of the biexcitonic wave function shows that t
dominant contribution is from excitonsX0 and X1, and we
therefore label this state withuX01X1&. More specifically,
with the exciton creation operatorsI X0

and I X1
for excitons

X0 and X1 , respectively, we find thatI X0
1I X1

u& has more

than 95% overlap with stateX01X1u& thus providing the
product-type Hibert space required for quantum-informat
processing. Finally, Figs. 1~c! and 1~d! report the absorption
spectra for the dot initially prepared in stateX1 and X0
1X1, respectively. We checked that optical excitatio

TABLE I. Assignment of the excitonic states to the compu
tional degrees of freedom~qubits!.

Excitonic state Energy Qubit state

uvac& 0 u00&
uX0& EX0

u10&
uX1& EX1

u01&
uX01X1& EX01X1

5EX0
1EX1

2D u11&

-
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within the energy region shown in Fig. 1 cannot excite a
higher-excitonic states.

As the central step within the present proposal, we n
assign according to Table I the excitonic states to the c
putational degrees of freedom~qubits!. In the following, we
shall demonstrate that for this choice it is indeed possible
perform the conditional and unconditional qubit operatio
required for quantum-information processing. We first o
serve in Fig. 1 that the appearance and disappearanc
peaks at the frequencies indicated by the~solid and dashed!
shaded areasconditionallydepends on the setting of specifi
qubits: E.g., the optical transitions atvX0

2D is only present
if the second qubit is set equal to one@Figs. 1~c! and 1~d!#,
whereas the transition atvX0

only appears if the second qub
is set equal to zero@Figs. 1~a! and 1~b!#; an analogous be
havior can be found for the other two transitions. Indeed, i
this conditional on and off switching of optical transition
en
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that enablesp/2 laser pulses to modify the state of one qu
or not, depending on the setting of the other qubit.

To illustrate the essence of our scheme, in the follow
we consider the somewhat simplified excitation scenario o
laser pulse with rectangular-shaped envelopeEo(t) and with
central frequencyvX0

2D, and we assume that only trans

tions atvX0
2D are affected by the laser~results of our more

realistic simulations will be presented further below!. Then,
the effective qubit-light Hamiltonian of Eq.~1! reads:

Hop52
1

2
MEo~ t !~eivtu11&^01u1e2 ivtu01&^11u!v5vX0

2D ,

~3!

with the dipole-matrix elementM5^X0uP̂uX01X1&. If the
duration of the pulse isT, its action on the system can b
expressed through the unitary transformation:
U~ t.T,0!5S 1 0 0 0

0 e2 iEX0
t 0 0

0 0 e2 iEX1
t cos~VRT! 2 ie2 iEX1

t sin~VRT!

0 0 2 ie2 iEX01X1
t sin~VRT! e2 iEX01X1

t cos~VRT!
D , ~4!
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which is supposed to act on a state vector with compon
(u00&,u10&,u01&,u11&); hereVR5MEo is the Rabi frequency
Apparently,U(t,0) manipulates the first qubitonly if the sec-
ond qubit is set equal to one. The details of such manip
tions depend on the specific choices fort and T; e.g., for
VRT mod 2p56(p/2) ~i.e., p/2 pulse!, EX0

t mod 2p50,

EX1
t mod 2p56(p/2), andEX01X1

t mod 2p56(p/2), the
unitary transformation of Eq.~4! precisely corresponds to
controlled NOT~C-NOT! operation.20 By inspection of Fig.
1, we observe that a completely analogous scheme, altho
with different conditional qubit settings, applies for the op
cal transitions at different photon energies~the conditional
dependence is indicated at the top of Fig. 1!. Within our
proposed scheme, the unconditioned qubit operations~i.e.,
rotation of a single qubit!, which are requested besides t
C-NOT operations for an implementation of a universal
of gates, can be simply achieved by combining two con
tional operations at different photon energies: E.g., in or
to perform a NOT operation on the first qubit~independent
of the setting of the second qubit! we first have to perform a
C-NOT operation at frequencyvX0

2D, followed by a

C-NOT operation atvX0
~see also Fig. 2; other single-qub

rotations can be performed by choosing different durationT
of the laserpulses!; in principle, it is not even necessary t
perform the two operations in sequence, but one could u
single appropriately tuned two-color laserpulse instead.

We finally address the possibility of experimental realiz
tion of our proposed scheme. Quite generally, the feasib
of quantum-information processing depends on the num
of qubit operations which can be performed on the time sc
ts

a-

gh

t
i-
r

a

-
y
er
le

FIG. 2. Results of our simulations~neglecting dephasing! of
qubit manipulations by means of coherent-carrier control. He
c00, c10, c01, andc11 are the coefficients of the state vector corr
sponding to the different qubit configurations. The solid~dashed!
lines present results of simulations where the system is initi
prepared in theu01& (u00&) state. The sequence of pulses and t
corresponding photon energies are indicated at the top of the fig
for the envelopes of the laser pulses we use Gauss
}exp(2t2/2t2), with t50.5 ps. The first operation at time zer
corresponds to a C-NOT operation where the second qubit ac
the control qubit; the sequence of the two pulses corresponds
NOT operation on the first qubit.
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of dephasing. We therefore have to estimate the time
quired for performing single qubit manipulations~i.e., the
durationTpulse of the laser pulse! and the typical dephasin
times (Tdephasing). In order to perform within our scheme qu
bit manipulations at certain frequencies without affecting
other transitions, it is necessary that the spectral width of
laser pulse is narrow as compared to the energy separ
between neighbor peaks; from the basic relationD3Tpulse
;\, we can estimate a lower limit ofTpulse*0.1 ps ~note
that much longer pulses would be required in case of n
spin-selective excitations, where the typical energy splitt
of peaks in the optical spectra would be of the order o
meV!. We also performed for the studied dot structure sim
lations of qubit manipulations~C-NOT and unconditioned
qubit rotations!. Figure 2 shows typical results of our simu
lations; for conceptual clarity, we have chosen rather str
laser pulses to demonstrate that even for such high ele
fields the laser only manipulates components of the s
vector with appropriate energies. From our simulations
safely conclude that manipulation timesTpulse'0.25 ps
completely suffice to suppress any population of compone
of the state vector at nonmatching energies. For the typ
dephasing times of optical excitations in semiconduc
QD’s, we assume a conservative estimate ofTdephasing
'40 ps, which is based on the results of a recent ingen
experiment of Bonadeoet al.;2 thus,Tpulse!Tdephasing. Since
the primary requirement for a successful implementation
the proposed scheme is the coherent optical manipulatio
single excitons and biexcitons, we strongly believe that
experimental realization is possible within the superb st
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dards of present day coherent-carrier control. We fina
stress that one of the major advantages of our propo
scheme is the fact that quantum gates can be solely
formed by means of ultrashort laser pulses, and no additio
external fields, which would introduce longer manipulati
times and additional decoherence, are required.

In conclusion, we have presented an all-optical implem
tation of quantum-information processing in semiconduc
QD’s. Identifying the qubits with excitonic states, we ha
demonstrated that both conditional and unconditional qu
operations can be performed. We have discussed that
implementation of the proposed scheme is experiment
possible with the available tools of sample growth a
coherent-carrier control. Generalization of our scheme
three or four qubits~i.e., three or four excitons! is possible,
where further scaling is not easy because of the more c
plicated optical density-of-states and the resulting difficult
to make frequencies commensurable. In this respect, sam
quality and the question of how many excitons can be hos
in a single dot without suffering losses due to Auger-ty
processes will be of essential importance. Future work w
also address excitonic states in arrays of coupled semi
ductor QD’s, where similar excitonic renormalization effec
would allow the implementation of quantum-informatio
processing for a moderate number of qubits.
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