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We propose an implementation of the quantum XOR (controlled-NOT) gate on the basis
of coupledasymmetriqquantum dots. Results of our numerical simulations show that the
coupling constant of the dipole—dipole interaction and the probability of spontaneous emis-
sion can be tuned over a wide range by a proper choice of the potential profile, material
parameters, and distances between the dots. We argue that the use of the asymmetric po-
tential profile provides better conditions for having the Ising-type interaction between the
dots than earlier proposed schemes based on regular symmetric quantum dots biased with
an electric field. Our system gives better resolution of different quantum states, avoids any
undesirable time evolution of these states, and can be driven with a femtosecond laser. The
gubit manipulation and time coherency requirements are also discussed.
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1. Introduction

Development of guantum computation schemes has led to many proposals of potentially realizable quantum
computers based on various physical systems. Among the most well-known are quantum computers that
utilize laser-trapped ions [1], nuclear magnetic resonance (NMR) systems [2], all-optical logic gates [3],
Josephson junctions [4] and semiconductor nanostructures [5]. Successful experimental demonstrations of
one and two qubit computers were reported for laser-trapped ion systems [6] and NMR systems [7]. The
progress in theoretical and experimental development of quantum logic gates on the basis of semiconductor
nanostructures has been far short of these systems. This is primarily due to the difficulties in fabrication of
high quality quantum dot arrays with a number of almost identical dots, and the decoherence problem [8]
which is inherently more severe for solid state systems [9]. On the other hand, if these problems are overcome,
the quantum computer based on semiconductor quantum dots offers an attractive alternative to other physical
implementations due to its compactness, robustness, and the larger number of qubits which can be realized
[10]. Some of these advantages were discussed previously in the context of nanoelectronic architecture for
Boolean logic gates [11, 12]. Another important advantage of the quantum dot implementation is that further
development can make use of well-developed conventional semiconductor technology [13].

In this paper we propose a solid state implementation of the quantum XOR gate (also called controlled-NOT
gate) based on coupladymmetrical quantum dot/e present a feasibility study of this implementation which
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includes calculation of the coupling constants and the decoherence time. The rest of the paper is organized as
follows. The gate structure and its operation are outlined in Sections 2 and 3, respectively. In Section 4, we
present numerically calculated charge density distributions and coupling constants in asymmetric quantum
dots. These results are followed by a discussion and comparison with other implementations. Evaluation of
the decoherence processes associated with our structure is presented in Section 5. Conclusions are given in
Section 6.

2. Gate structure

A classical controlled-NOT gate is a two-bit operator, in which the first bit is the control and the second bit
is the target. Its operation or the truth table can be written as follows.

CN :=100)(00] + |01)(01} + |10)(11) + |11)(10. (2)

Here, if the control bit is in the stat@), the target bit does not change its value after the action of the gate, but
if the control bit is in the statgl), the target changes its value after the action of the gate (the last two terms of
egn (1)). Since this gate is logically and physically reversible, it is in principle capable of quantum computing
[5, 14]. In order to do this, the gate must act on superpositions of bits (qubits) and coherently transform them
in accordance with the rukg00) + b|11) — a|00) + b|10). Here each member of the quantum superposition
transforms according to the classical rule for the gate. Such a gate is conventionally called the quantum XOR
gate.

We propose an implementation of the XOR gate with the computational basis §f@ite$1)} formed by
the ground and the first excited states of two semiconductor single-electron quantum dots. Application of a
7 /2 pulse or some other fractions ofrgpulse will place the gate into a coherent superposition of two states
|0) and|1) thus allowing for initial preparation of a qubit. Owing to the asymmetry of the confining potentials
of the two dots and their corresponding uneven charge distributions, the dipole mgmgeiigand pexcited
are induced in the ground and excited staf@sand|1), respectively (since the dipoles are parallel, we do
not use the vector notation). These dipoles are defined as

W/24+A
P = / viz¥ dz, 2
—W/2—A

wherez is the axis along the growth direction (see inset to Fig\iL)is the size of the dot along theaxis,
W is the electron wavefunctiony is the maximum wavefunction barrier penetration depth, and the index
denotes either thgroundor excitedstates of the same dot.

The conditional dynamics of the two-dot structure is achieved via dipole—dipole interaction between two
neighboring dots as in Ref. [5]. The first quantum dot with resonant effresgfthe transition energy between
stateg1) and|0)) acts as the control qubit while the second dot with resonant eresggcts as the target
qubit. The gate is driven optically by application of a proper train 0 pulses ( is some positive number)
which allow one to prepare the qubits, perform Hadamard transfers, and other operations needed for quantum
computing [15].

The asymmetry of the potential well has an effect similar to that of applying an electric field [5] while
allowing for more degrees of freedom. Control of the potential profile provides better tuning capabilities for
dipole moments, so that dipoles of the computational basis states can be made exactly equal in their absolute
values while opposite in their signs

Pground = — Pexcited 3
The latter is required to have a desirable Ising-type coupling interaction between the dipoles of the two dots.

Moreover, we will argue that it is extremely difficult if not impossible to meet the requirement of eqn (3) in
symmetric quantum dots for realistic values of material parameters and a biasing electric field. In principle,
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Fig. 1. Structure of the single-electron asymmetric quantum dots. Inset shows an example of the potential profile of a quantum dot along
the growth direction.

conditional quantum dynamics with the resonant frequency of one dot depending on the neighboring dot’s state
can be built from any such dots brought close together in the Coulomb interaction range [10, 16]. But it turns
out that in order to have a better resolution of different quantum states and to avoid any undesirable evolution
of these states, it is better to construct a system which can be described by an Ising-type interaction [14].
The proposed structure can be implemented using state-of-the-art technology of quantum dots which
can be fabricated in a vertical configuration [17, 18]. Specifically, we will consider a@a#l yAs/GaAs
vertical quantum dot structure containing a tunable number of electrons. Experimental demonstrations of such
structures containing from zero to 50 electrons were reported in Refs [19, 20]. By controlling the potential
profile of the dots along the growth direction, one can adjust the system in such a way that the condition of
eqgn (3) holds true [21]. An example of a prototype structure with the desirable potential profile is shown in
Fig. 1. The gate bias which is required for localization of one electron in the dot structure is of the order of
VG| = 0.1-0.7 V. The electric field induced by this bias will tilt the potential profile shown on Fig. 1, but
will not introduce any significant change in the values of the dipoles as will be shown in Section 4.

3. Operation of the gate

To a good approximation, the Hamiltonian of noninteracting quantum dots commutes with the Hamiltonian
of the dipole—dipole interactio¥in¢, which can be written as

VintIn, k) = (=) h(3/2)|n, k), 4)

whereh is Plank’s constanty = 0, 1 denotes the state of the control qubit (the first diot}; 0, 1 denotes
the state of the target qubit (the second dot); and the constant of the dipole—dipole interaction is given by

Pc Pt
h)= ——— 5
2meger R’ ©®)
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Fig. 2. Energy levels of two dipole—dipole interacting quantum dots. It is assumetlitiat |wt|.

where R is the distance between the dotg,and¢; are the vacuum and relative dielectric permittivities,
respectively. Throughout the paper, the subscripgsmdt refer to the control and target qubits (or dots),
respectively. One can see from eqgns (4) and (5) that the system of interacting dipoles can be described by
the Ising-type interaction where the dipoles associated with the confined quantum dot statefactias
spins This particular form of the interaction Hamiltonian is desirable because all classical bit states are the
eigenstates of this interaction, so that there is no undesirable time evolution of the quantum states. Meanwhile,
application of an appropriate pulse (or its fraction) to the target qubit can induce a time evolution which
corresponds to the action of the XOR gate.

The overall Hamiltonian of the system is given by

—DMestidtd  _wE®)  —pcE®) 0
Ho o | ~mED Ao o0 —ncE() ©)
—1cE(®) 0 Moctd) - —jE)
0 —ueE(M)  —uE@M) el

Herepuct is the dipole matrix element between sta@sand|1) in the control (target) qubit, anB(t) is
the optical field used to drive the gate. Using egn (6) we can construct an energy diagram for two interacting
dots in the absence of the field. This is shown in Fig. 2, where we have assumeg thab;. When the
control dot is in stat¢l), the resonant frequency for the target dot becomes

Ei1— E 1 1
of = —H = = S(@et o — )~ S@c—or+I) = - J. (7)

As aresult, ar pulse of frequencw; — J causes the transitigd) — |0) only provided that the control dot
is in statel1) (see Fig. 2). In order to be able to determine the state of the system experimentally, the coupling
constant has to be relatively large so that

Aw=wtc—J <T, (8)

whererl is the line broadening due to interaction with phonons, impurities, etc. The probability of spontaneous
transitions has also to be small. The latter will be discussed in Section 5.
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4. Calculation of dipoles and coupling constants

In order to determine the electron wavefunctions, confined energies, and dipoles for each quantum dot, we
use the envelope function approximation. The three-dimensional confinement potential can be written as

U(x, Y, 2) = Ux()Uy(y)V (2), C)

whereV () is a finite quantum-well profile along the growth direction, anddke are assumed to be infinite
potential barriers in the normal plane. Neglecting excitonic effects, we may write the envelope function of
a conduction band electron confined by the potential of eqn (9 as¢ (X)v (Y) x (2), whereg (x), ¥ (y)

are regular particle-in-a-box states, apntz) is the envelope along the growth direction to be determined
numerically. Since the confinement potential is modified alongttigection, the relevant properties of the

dot will be mostly defined by (z). This component of the wavefunction is found using the transfer matrix
method [22] which allows us to take into account the potential profile variation and wavefunction barrier
penetration. The dipoles due to the uneven charge distributions (see eqn (2)¢ iarttiedots can now be
rewritten as

We,t/24+A
Pt = / Xet(@D2zxiy (2 dz (10)
—Wet/2—A

Material parameters used in simulations correspond to GaAs. The electron effective mass is assumed to be
0.067g, wheremg is the free electron mass. The relative permittivity of GaAs is taken to be 10.9.

The charge density distributions for the first two confined states together with their corresponding confined
energies, dipole moments and the profile of the confinement potential along the growth direction are shown in
Fig. 3. The height of the potential step approximately corresponds to the heterojunction band offset between
GaAs and Ay 2Gay gAs. As one can see, the dipoles due to the uneven charge distributions along the growth
direction are equal in absolute values but opposite in directions. The chosen potential profile gives a much
better control of the equalitexcited = — Pgroundthan the simple step well profile. It is interesting to note here
that the dot size can be scaled up to a certain extent while keeping the ground state and the excited state dipoles
equal in their absolute values. This is an important capability since (i) the resonance frequencies of the dots
should be differentw: # wt; and (ii) this allows for the tuning of the dipole—dipole coupling consthrdne
should note here, that it is almost impossible to meet the condition of eqn (3) for the simple symmetric dot
(well) structure biased with an electric field. Fig. 4 shows such a structure biased with=a60 kV cm1
electric field. As one can see, the dipoles due to the uneven charge distribution are very different in their
values Qground= —12 e—A andpexcited= 1.5 e—A) so that the Ising-like interaction model is not applicable.

Using egns (5) and (10), we have calculated the dipole—dipole interaction coupling constant for two asym-
metric quantum dots with the potential profile shown in Fig. 3 (the lowest panel). The coupling cahstant
as a function of the effective si2& of the dot is presented in Fig. 5. The solid curves correspond to the case
when the size of both dots is scaled up, while the dashed curves corresponds to the case when the control dot
sizeis fixed at 100 A and only the target dot size is changed. The results are presented for several different dot
separation distances. The curves denoted by letters A, B are plotted for dots grown on top of a substrate and
are thus separated by aé (= 1). The dash-dotted curve C corresponds to two dots separated by a material
with ¢, = 10.9 when both dot sizes vary.

Rather large values of the coupling (as compared to the broadening) constant allow for experimental
resolution of different quantum states. It also reduces the requirements foy Meulse selectivity. The
length of the pulse, has to be in the range specified by the condition below

1
j < Tz < Tcoh, (11)

wheretcon is the quantum coherence time, which depends on the system structure and temperature. For the
time allowed for computationt{ep), we want to use as many driving pulses as possible for increasing the
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Fig. 3. Charge density distribution in the asymmetric quantum dot. Results are shown for the ground (upper panel) and first excited states
(middle panel). Dipole moments due to the asymmetricity of the distributions are equal in absolute values but opposite in directions. A
potential profile which creates such charge density distributions is shown below (lower panel).

number of computations. Since it is difficult to increase the upper limit of the inequality (11), we may try
to decrease the lower limit. For the asymmetric dot implementation, the inverse of the coupling constant is
on the order of B x 10~14 s. For comparison, the number obtained in Ref. [5] for the gate based on square
potential quantum dots biased with an electric field is of the order ot26. This means that in our XOR

gate driven with a femtosecond laser, it is possible to have a sufficient number of qubit manipulation steps.
The only technological problem left here is the search for a femtosecond laser in the appropriate frequency
range (intersubband transitions).

5. Quantum coherence requirements

It is well-known that a quantum computing algorithm can be implemented only if the quantum coherence
of the system is preserved during the time of computatigp: tcom < tcon- Here we estimate the limit of
Tcoh, CONsidering the dominant decoherence processes relevant to the proposed implementation. Under the
assumption of having high quality structures at low temperatures, we may expect that the decoherence of our
system occurs by spontaneous transitions between intersubband states which serve as the computational basis.
These transitions include both radiative and non-radiative processes, which have been well studied for coupled
asymmetric quantum well structures [23, 24]. In general, for quantum wells, the nonradiative lifetime of the
transition (1) — |0)) is on the order of 0.1-10 ps while the radiative lifetime is on the order of 10-100 ns [23].
To our knowledge, the study of relaxation processes in quantum dots has not been completed. It remains a
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Fig. 4. Charge density distribution in the symmetric quantum dot biased with an electric field. Results are shown for the ground (upper
panel) and first excited states (middle panel). Dipole moments induced by the electric field are very different in absolute values. A
potential profile is shown below (lower panel).

subject of debate, particularly regarding the effect of the ‘phonon bottleneck’ on the carrier relaxation rates
[25, 26]. Itis generally believed, however, that the level quantization in quantum dots slows carrier relaxation
toward the ground state and thus may increase the coherence time of our basic states.

Here, we evaluate the spontaneous radiative Iifeﬁg};&and electron—phonon scattering time for a given
geometry of our XOR gate structurx{poncan be found as [27]

1 n, 2E? j
- = 3 . 5 fi,j, (12)
Tspon  2mepC Mph

wheren; is the refractive indexg is the speed of lightf; j is the intersubband separation energy between
stated andj, andfj j is the oscillator strength given by
2moE; |

h2
We use eqns (11)—(13) to calculat,,, for transitions between the ground and the first excited states
(i =0, j = 1), and determine how it changes for different potential profiles. The results of the numerical
simulations are presented in Table 1.

We can estimate the lifetime of the basic states limited by the non-radiative transitions using the formalism
of Ref. [28]. It follows that phonon emission rate by an electron in the stiatgiven as

1 21

—=7 > oA @U(Wele W) %8 (E — Ei + Eq)[No(T, Eq) + 11, (14)
p f.q

fij = 1(j1zli)12. (13)



516 Superlattices and Microstructures, Vol. 25, No. 3, 1999

30 . :

L ]

20 A:R=120A, epsilon=1.0
B: R=200 A, epsilon=1.0
C: R=100 A, epsilon=10.9

15

Dipole—dipole coupling (meV)

Quantum dot size (&)
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when the sizes of both dots are being scaled up. The dashed curves correspond to the case when the size of the control dot is fixed at
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where the sum extends over all possible final-electron quantum nunibargl phonon wavevectois,

No(T, Eq) is the Bose—Einstein distribution functioBg is the energy of a phonon with wavevectp!T is

the temperature, andis the coupling constant. An analogous expression can be written for phonon absorption.
One has to consider the coupling of electrons to longitudinal acoustic (LA) phonons via deformation potential
and Fohlich interaction between the electron and longitudinal optical (LO) phonons. These two mechanisms
are expected to be dominant for our structure although much weaker than in the bulk. Interaction with
longitudinal optical phonons in the quantum dot structure occurs when the level separation is close to the LO
phonon energfwo. In our calculations we assume tihat; o ~ 36 meV. The expressions for the coupling
constants are given in Ref. [28]. We perform the calculations with the material parameters which correspond to
GaAs/AlGaAs system. The numerical simulationToe= 4 K shows thatph ~ 10~8-10"7 for a 200 A wide
quantum dot structure, which is comparable to the radiative relaxation time. For higher temperatures, the
non-radiative relaxation is stronger afgh < gy, Having these numbers in mind, let us assume that we
use 100 fs laser pulse to drive our gate. Taking the average coupling constant from Fig. 5 and assuming that
Teoh & 1072 < min{zph, Tdp0n, We can see that inequality eqns (11) holds:#0< 1072 < 107° for our

gate. Thus, the strong coupling allows us to use fast laser pulses for optical driving of the quantum XOR gate
and perform many computations during the tirgg, provided that the temperature is sufficiently low.

6. Conclusions

We propose an implementation of the quantum XOR gate basedupied asymmetriguantum dots. The
structure can be realized using state-of-the-art nanotechnology. The qubit preparation and manipulation is
achieved by application of proper trainsmofpulse fractions. The results of our numerical simulations show
that the coupling constant of the dipole—dipole interaction in asymmetric dots can be tuned over a wide range
by the choice of the potential profile, separation distances, and material parameters of the dots. This provides
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Table 1: Spontaneous radiative lifetime
vS. asymmetric dot size.

w, (A) Tsrpon (s)
50 7.0x107°°
100 5.0<10°8
125 8.8<10°8
150 1.210°7
175 1.6<10°7
200 1.8<10°7

conditions for having the Ising-type interaction between the dots. The latter can be achieved more easily in
our structure than in earlier proposed schemes based on symmetric quantum dots biased with an electric field.
We also examine quantum coherence requirements for the operation of the quantum gate. Finally, we argue
that our gate can be driven by a femtosecond laser if one is designed for an appropriate frequency range.
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