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We propose an all-optical implementation of quantum-information processing in semiconductor quantum
dots, where electron-hole excitatiofexcitong serve as the computational degrees of freedqubity. 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.

Coherent-carrier control in semiconductor nanostructureslistic material and dot parameters; this will allow us to ar-
has recently attracted enormous intefesbecause it allows gue that an implementation of the proposed scheme should
the coherent manipulation of carrier wave functions on &e possible with the present state-of-the-art sample growth
timescale shorter than typical dephasing times. Such a corand coherent-carrier control.
trolled “wave function engineering” is an essential prereq- The initial ingredients of our calculations are the single-
uisite for a successful implementation of ultrafast opticalparticle states, which we numerically obtain for a prototypi-
switching and quantum-information processing in a purecal dot confinement that is parabolic in they) plane and
solid state system. In this respect, semiconductor quanturnoxlike alongz, such confinement potentials have been dem-
dots (QD’s) appear to be among the most promising candi-onstrated to be a particularly good approximation for various
dates, since the strong quantum confinement gives rise tokinds of self-assembled dots® We compute the single-
discrete atomiclike density of states and, in turn, to a supparticle statesu.) and energiess;’:h for electrons and

pressed 4%oupl|ng to the solid-state environme®tg.,, poles by numerically solving the three-dimensional single-

phonong.™” It thus has been envisioned that optical excita-particle Schidinger equation within the envelope-function

tions in QD s could _be7successfully exploited for quantum-g.q effective-mass approximatiotfs.

information processing’ _ , Let us suppose that the dot is subjected to a series of short
Recently, optical spectroscopy of single QD's has re+4ger pulses. We describe the light-matter coupling within the

vealed a surprisingly rich fine structutet! With increasing usual dipole and rotating-wave approximations:

excitation density, additional emission peaks appear in the '

spectra, which supersede the original lines at even higher 1 _ _

densities. It has been demonstrated that these optical nonlin- Hop=— 5 > 0ty (e tpreioipty, 1)

earities are due to the strong quantum confinement, which 25

results in a strongly reduced phase space and an overall en- Ry , ) .

hancement of Coulomb correlatiotfs** In fact, whenever Where&y’(t) is the time envelope of thieh laser pulse with

one additional electron-hole paiexciton is added to the central frequencyo”, and IS:E#e'VhMZththCMe is the

QD, the optical spectrum must change because of the resulhterband-polarization operator, witM, , the dipole-

N9 add.ltlonal exciton-exciton interactions. . matrix element for the optical transition betweep andv;
In this Rapid Communication we show that such optical . + T X
the field operators,, (dyh) create an electron in staje,

nonlinearities in semiconductor QD’s can be successfully ex- i . .
ploited for performing elementary quantum-computational(hole in stater). To illustrate the action ofi{,, on the
operationgquantum gatesMore specifically, we shall iden- guantum d_ot,_ let us assume that _before the first Ia§er pulse
tify the different excitonic states in QD’s with the computa- the dot is in its ground statwaq) (i.e., no electrons in the
tional degrees of freedorgubits, and we will show for a  conduction band and no holes in the valence bafuh ar-
prototypical dot structure that a coherent manipulation ofiival of the first pulse, the laser light will creattaroughP™)
biexcitonic resonances can perform conditional two-qubitan interband polarization, i.e., a superposition between the
operations. Indeed, such controlled-NQT-NOT) opera- vacuum state and the different excitonic states, which will
tions, which form a cornerstone for any implementation ofpropagate in phase with the driving laser. It is precisely this
guantum-information processing, naturally arise from thecoherent evolution of the interband polarization, which then
strong internal interaction channels in the electron-hole sysallows the subsequent pulses to coherently manipulate the
tem. To complete the requirements for implementing a unicorrelated QD electron-hole states and to perform specific
versal set of quantum gates, we will demonstrate that singlguantum-computational operations.

qubits can be manipulated by performing two C-NOT opera- As an important step within our proposal, we use the fact
tions at different photon energies. Our model for calculatingthat in most semiconductors, electron-hole pairs with given
the correlated electron-hole states in the dot is based on repin orientation can be selectively created by photons with a
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well-defined circular polarization. Throughout this paper, wesubspaces of spin -selective electron-hole excitations,
shall only consider excitons with parallel spin orientations
because of their strongly reduced available phase space and-e

the resulting simplified optical density of stafésvioreover,
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i.e.,
P X and ¢ >

Kebe

respect to the exchange of the two electron and hole coordi-

(the latter states are antisymmetric with

as will be discussed further below, within the proposednates. The excitonic eigenenergies and eigenstates are then
scheme we can restrict ourselves to single excitons and biexbtained from the solutions of the two- and four-particle
citons. We expand the exciton and biexciton states within thé&chralinger equations:
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with the Coulomb matrix elements accounting for electron-serve two pronounced absorption peaKg &ndX;) with an

electron ¢£°), hole-hole ¢+""), and electron-hole 7 ")
interactions; in Eq(2) an implicit summation over. and »

energy splitting of the order of the confinement energy. A
closer inspection of the exciton wave functloﬂ§h reveals

has been assumed. In our computational approach, we kegpat: the dominant contribution of the ground ‘state exciton
for electrons and holes, respectively, the 10 energeticallX is from the energetically lowest electron and hole single-

lowest single-particle states, and solve E@®) and(2b) by
direct diagonalization of the Hamiltonian matrix; this ap-

proach was recently proven successful in giving a realistidhole single-particle statesvith p-type characte

description of experimerit:’

particle stategwith s-type character the dominant contribu-

tion of the X; exciton is from the first excited electron and
r.12,14,19

Figure 1b) shows the absorption spectrum for the dot

Figure Xa) shows the linear absorption spectrum of theinitially prepared in the exciton ground stdté;). Because

dot!® as computed from the solutions of E@a).*® We ob-
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FIG. 1. Absorption spectra for semiconductor quantum dots de-

scribed in the text, which are initially prepared {®) vacuum state;
(b) exciton|X,) state(exciton ground staje(c) exciton|X,) state;
(d) biexciton |Xy+ X,) state. Photon energy zero is given by the
ground state excitoX, (Ref. 18.

of state filling, the character of the corresponding optical
transition changes from absorption to géie., negative ab-
sorptiorn). Moreover, the higher-energetic transition is shifted
to lower energy; this pronounced redshift is attributed to the
formation of a biexcitonic state, whose energy is reduced by
an amount ofA~8 meV because of exchange interactions
between the two electrons and holes, respectitfedycloser
inspection of the biexcitonic wave function shows that the
dominant contribution is from excitons, and X;, and we
therefore label this state withX,+ X;). More specifically,
with the exciton creation operatotg andlxl for excitons

Xo and X;, respectively, we find thaltxo+lxl|) has more

than 95% overlap with statX,+ X;|) thus providing the
product-type Hibert space required for quantum-information
processing. Finally, Figs.(&) and Xd) report the absorption
spectra for the dot initially prepared in sta¥y and X
+X,, respectively. We checked that optical excitations

TABLE I. Assignment of the excitonic states to the computa-
tional degrees of freedoitgubits.

Excitonic state Energy Qubit state
|vac 0 |00)
1Xo) Ex, |10)
IX1) Ex, |01)
[Xo+X1) Ex,+x,=Ex,TEx,—A |12)
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within the energy region shown in Fig. 1 cannot excite anythat enablesr/2 laser pulses to modify the state of one qubit
higher-excitonic states. or not, depending on the setting of the other qubit.

As the central step within the present proposal, we next To illustrate the essence of our scheme, in the following
assign according to Table | the excitonic states to the comwe consider the somewhat simplified excitation scenario of a
putational degrees of freedofgubits. In the following, we  laser pulse with rectangular-shaped envel6g) and with
shall demonstrate that for this choice it is indeed possible tgentral frequencywy —A, and we assume that only transi-

perform the conditional and unconditional qubit operationsijgng atwy — A are affected by the laséresults of our more

requirgd fo_r quantum-information processing. We first Ob'r listic simulations will be presented further bejowhen
serve in Fig. 1 that the appearance and disappearance ﬁ?:effective qubit-light Hamiltonian of Ed1) reads: ’

peaks at the frequencies indicated by tkelid and dashed
shaded areasonditionallydepends on the setting of specific 1
qubits: E.g., the optical transitions @ — A is only present 7, = — EMSO(t)(eiw‘|1l)<01| +e*“"t|01><11|)w:a,X NS

if the second qubit is set equal to offéigs. 1c) and Xd)], ° 3)
whereas the transition aty only appears if the second qubit

is set equal to zerpFigs. 1a) and Ab)]; an analogous be- with the dipole-matrix elemenil =(Xo|P|Xo+X4). If the
havior can be found for the other two transitions. Indeed, it igduration of the pulse ig, its action on the system can be
this conditional on and off switching of optical transitions expressed through the unitary transformation:

1 0 0
0 e 'Ext 0 0

U=T0=fo o e 'Ex,! cog QRT) —ie Extsin(QRT) | (4)
0 0 —ie Bxrxtsin(QrT) e Bxorxtcog QRT)

which is supposed to act on a state vector with components
(100),]10),|01),]11)); hereQg=ME&, is the Rabi frequency. Ox8 “%o
Apparently2/(t,0) manipulates the first quliinly if the sec-

ond qubit is set equal to one. The details of such manipula- ‘ ‘
tions depend on the specific choices foand T; e.g., for 5
QRT mod 2= *(m/2) (i.e., m/2 pulsg, Ex t mod27=0,
Ex,t mod 2= = (7/2), andEy . x t mod 2=+ (7/2), the 0
unitary transformation of Eq4) precisely corresponds to a 1
controlled NOT(C-NOT) operatior?® By inspection of Fig. s
1, we observe that a completely analogous scheme, although e 0
with different conditional qubit settings, applies for the opti- 1
cal transitions at different photon energigbe conditional
dependence is indicated at the top of Fig. Within our
proposed scheme, the unconditioned qubit operatiaes
rotation of a single qubjt which are requested besides the
C-NOT operations for an implementation of a universal set
of gates, can be simply achieved by combining two condi-

tional operations at different photon energies: E.g., in order S ST
to perform a NOT operation on the first quitihdependent Time (ps)

of the setting of the second qubwe first have to perform a FIG. 2. Results of our simulationéeglecting dephasingof
C-NOT operation at frequencyuXO—A, followed by a  qubit manipulations by means of coherent-carrier control. Here,

C-NOT operation atl’xo (see also Fig. 2; other single-qubit Coos €10, Co1, andc,, are the coefficients of the state vector corre-

rotations can be performed by choosing different duratibns sponding to the different qubit configurations. The safigshed

f the | | X inciole. it i lines present results of simulations where the system is initially
of the laserpuls@sin principle, it is not even necessary to prepared in thé01) (]00)) state. The sequence of pulses and the

pgrform the tW_O operations in sequence, but one could use &rresponding photon energies are indicated at the top of the figure;
single appropriately tuned two-color laserpulse instead. ¢, the envelopes of the laser pulses we use Gaussians

~ We finally address the possibility of experimental realiza-, exp(~t2/272), with 7=0.5 ps. The first operation at time zero
tion of our proposed scheme. Quite generally, the feasibilityeorresponds to a C-NOT operation where the second qubit acts as

of quantum-information processing depends on the numbene control qubit; the sequence of the two pulses corresponds to a
of qubit operations which can be performed on the time scal®OT operation on the first qubit.
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dards of present day coherent-carrier control. We finally

of dephasing. We therefore have to estimate the time restress that one of the major advantages of our proposed

quired for performing single qubit manipulatiorise., the
durationT e Of the laser pulseand the typical dephasing

scheme is the fact that quantum gates can be solely per-
formed by means of ultrashort laser pulses, and no additional

times (Tdephasinér In order to perform within our scheme qu- thernal ﬁelds,- Wthh would introduce Ionggr manipulation
bit manipulations at certain frequencies without affecting theimes and additional decoherence, are required.
other transitions, it is necessary that the spectral width of the [N conclusion, we have presented an all-optical implemen-

laser pulse is narrow as compared to the energy separatié

between neighbor peaks; from the basic relatdor T,se
~%h, we can estimate a lower limit 6f,sc=0.1 ps(note

that much longer pulses would be required in case of non

spin-selective excitations, where the typical energy splittin

of peaks in the optical spectra would be of the order of 1

meV). We also performed for the studied dot structure simu
lations of qubit manipulation§C-NOT and unconditioned

qubit rotation$. Figure 2 shows typical results of our simu-
lations; for conceptual clarity, we have chosen rather stron

laser pulses to demonstrate that even for such high electr
fields the laser only manipulates components of the stat
vector with appropriate energies. From our simulations we

safely conclude that manipulation timeB,,s¢~0.25 ps

completely suffice to suppress any population of component%1
of the state vector at nonmatching energies. For the typica

dephasing times of optical excitations in semiconducto
QD’s, we assume a conservative estimate TQfpnasing

gtion of quantum-information processing in semiconductor
QD’s. Identifying the qubits with excitonic states, we have
demonstrated that both conditional and unconditional qubit
operations can be performed. We have discussed that the
jmplementation of the proposed scheme is experimentally
ossible with the available tools of sample growth and
oherent-carrier control. Generalization of our scheme to
three or four qubitgi.e., three or four excitonds possible,
where further scaling is not easy because of the more com-

licated optical density-of-states and the resulting difficulties
0 make frequencies commensurable. In this respect, sample
guality and the question of how many excitons can be hosted
n a single dot without suffering losses due to Auger-type
processes will be of essential importance. Future work will
Iso address excitonic states in arrays of coupled semicon-
uctor QD’s, where similar excitonic renormalization effects
ould allow the implementation of quantum-information
processing for a moderate number of qubits.
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