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Simultaneous SU(2) rotations on multiple quantum dot exciton qubits using a single shaped pulse
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Recent experimental demonstration of a parallel (π , 2π ) single qubit rotation on excitons in two distant
quantum dots [Nano Lett. 13, 4666 (2013)] is extended in numerical simulations to the design of pulses for more
general quantum state control, demonstrating the feasibility of full SU(2) rotations of each exciton qubit. Our
results show that simultaneous high-fidelity quantum control is achievable within the experimentally accessible
parameter space for commercial Fourier-domain pulse shaping systems. The identification of a threshold of
distinguishability for the two quantum dots (QDs) for achieving high-fidelity parallel rotations, corresponding to
a difference in transition energies of ∼0.25 meV, points to the possibility of controlling more than 10 QDs with
a single shaped optical pulse.
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I. INTRODUCTION

Optimal quantum control (OQC) describes the science of
controlling the evolution of quantum systems to transfer an
initial state to a desired final state [1,2]. (For a recent review,
see Ref. [3].) In quantum systems controlled by laser fields,
one can use sophisticated pulse-shaping techniques coupled
with closed-loop evolutionary algorithms to manipulate the
interaction Hamiltonian that governs the dynamics. Adaptive
algorithms are particularly effective for the optimization of
imprecisely characterized systems [4,5] or for those with a
numerically intractable system Hamiltonian. They have, for
example, been used to control chemical reaction pathways
[6,7], to detect molecular species [8], and to generate high
harmonics [9,10]. In the field of quantum information science,
OQC may be applied to the optimization of quantum gate
fidelity and/or operating speed. This approach has been applied
in recent experiments involving multiple-qubit gates in trapped
ion systems [11] and superconducting qubits [5], as well as
spin entanglement in nitrogen vacancies [12]. OQC could also
aid in the development of complex instruction set approaches
to quantum computing, wherein multiple single- and two-
qubit gates are replaced with a single system transformation,
reducing the time required to carry out the computation while
exploiting the relative ease of control pulse engineering [13].
Progress along these lines has been realized in molecular qubit
systems with the demonstration of a multiple-input AND gate
[14]. The achievement of such goals in scalable solid state
systems is particularly attractive due to the advantages of
such platforms in terms of future integration with classical
technologies.

Among the solid state systems being explored for quantum-
enabled device development, semiconductor quantum dots
(QDs) offer a number of advantages. A QD-based device archi-
tecture would leverage existing semiconductor and photonic
fabrication infrastructure with the possibility of optically medi-
ated quantum state control and read-out at telecommunication
wavelengths, facilitating integration with existing hardware.
The implementation of short laser pulses for rapid manipula-
tion of QD excitations paves the way toward fast quantum
gates and potential THz operation rates. Demonstrations
of fundamental quantum control processes involving charge
and spin states in QDs have included single-qubit rotations

(involving excitons [15–19], biexcitons [20,21], and single
carrier spins [22,23]), quantum state tomography [18,24–
29], manipulation of exciton spin superpositions [30,31], the
establishment of entanglement between excitons [32–34], and
the use of an optical microcavity for selective control of
QDs within an ensemble [35]. These studies illustrate the
ease of coherent optical control of quantum states within
semiconductor QDs; however, the exclusive use of control
pulses with constant phase severely limits the scope and
flexibility of the quantum control process.

The extension of the above optical control experiments
to tailored quantum state control via OQC in QDs has
been explored in recent years [36–38]. A reduction in the
control pulse duration for a C-ROT gate involving two exciton
qubits confined to a single QD [32,39] to the subpicosecond
regime was demonstrated in numerical applications of OQC
[36,38], where pulse shaping ensured the achievement of
high-fidelity conditional dynamics despite the large pulse
bandwidth. General pulse shape engineering has also been
applied experimentally in the implementation of simultaneous
π and 2π single qubit rotations in two uncoupled QDs using a
single laser pulse [37]. These proof-of-principle experiments
demonstrated the feasibility of parallel quantum computing
enabled by the stochastic variations in optoelectronic proper-
ties that result from the quantum dot self-assembly process.
In this work, we numerically explore the ability to achieve
independent SU(2) control of excitons in a pair of quantum dots
using a single shaped pulse. Our calculations show that high
fidelity parallel qubit rotations can be found for an arbitrary
choice of state inversions and phases of the two exciton
qubits provided the pair of QDs utilized have sufficiently
different optoelectronic properties: A difference in either the
dipole moment (∼2 debye) or transition energy (>0.25 meV)
is sufficient, commensurate with typical variations in self-
assembled quantum dot ensembles [19,40–43]. These findings
demonstrate the feasibility of parallel quantum state control in
systems of more than 10 quantum dots using conventional laser
and pulse shaping systems. The simultaneous manipulation
of multiple qubits using a single shaped laser pulse would
help reduce the required laser resources for qubit control and
promote scalability of these systems for quantum information
processing.
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II. OPTIMAL QUANTUM CONTROL:
NUMERICAL METHODS

We model each QD as a two-level system, defined by states
|0〉 and |1〉 that are separated in energy by �ω10. The qubits
possess an optical dipole moment μ10 = 〈1|μ|0〉, which allows
for manipulation using an ultrafast laser pulse with an electric
field given by

E(t) = 1
2 ε̂E0(t){e−i[ωl t+φ] + e+i[ωl t+φ]}. (1)

Here ε̂ is a unit vector representing the polarization state of
the laser field, E0(t) is the field envelope, ωl is the center
frequency of the laser pulse, and φ is the pulse phase. The
control Hamiltonian for the two-level system in the presence
of the light field is given in the rotating wave approximation
(RWA) by

H = Re[��R]

2
σ̂x + Im[��R]

2
σ̂y + ��

2
σ̂z, (2)

where ��R = (μ10 · ε̂) E0(t)e−iφ is the complex Rabi energy,
� = ω10 − ωl is the detuning of the laser from the QD
transition, and σ̂x,y,z are the Pauli spin matrices. The resulting
equation of motion for the Bloch vector s, where sj = 〈σ̂j 〉, is

ṡ = s × �, (3)

which describes the rotation of the Bloch vector about a
torque vector � = (−Re[�R], − Im[�R],�) determined by
the characteristics of the optical pulse.

During a Rabi rotation, for which � = 0 and φ is constant
in time, the direction of � does not change during the control
pulse and the Bloch vector rotates about a fixed axis. Shaping
the laser pulse [e.g., by incorporating a time-dependent phase
φ(t)] leads to a time-dependent control vector �, thereby
allowing for deterministic control over the trajectory of the
Bloch vector and/or the choice of target final quantum state.
We demonstrate the versatility of this approach to coherent
control of multiple solid state qubits by applying general pulse
engineering to the optimization of simultaneous single qubit
rotations for excitons confined to two uncoupled quantum
dots, referred to as QD1 and QD2. This approach was used
in Ref. [37] to implement simultaneous (π , 2π ) rotations,
representing an experimental demonstration of independently
specified occupation states. Here we extend this to the design
of numerically optimized pulses for arbitrary SU(2) control
of the two quantum dot excitons. We note that, in real QDs
for the most typical case of growth on [001]-oriented sub-
strates, the anisotropic exchange interaction and elongation
of the quantum dots with their long (short) axes aligned
along [110] ([11̄0]) leads to two exciton transitions with
orthogonally-polarized dipole moments, forming a V-system
involving the crystal ground state [44–46]. While it may be
possible to exploit the polarization state of the light field to en-
hance the degree of flexibility of the optimal quantum control
process [46], our treatment of the exciton system in each QD as
a simple two-level system reflects our choice here to restrict the
controlling light field to linearly polarized pulses aligned with
one of the symmetry directions of the quantum dots, together
with the slow carrier spin relaxation in these systems [44].

In the general case, the amplitude, phase, and frequency
of the control laser pulse can be manipulated in either

the time domain by using devices such as acousto-optic
modulators or in the frequency domain by placing controllable
elements in the Fourier plane of a 4f pulse shaper. The most
common approach for frequency-domain shaping, for which
the optimum pulse shapes obtained here are intended, is to use
a programmable liquid crystal spatial light modulator (SLM)
containing an array of nematic liquid crystal elements each
with an electrically tunable index of refraction [47]. The effect
of the SLM in the Fourier plane on the laser pulse can be
described by a mask function M(ω) that alters the input pulse
spectrum Ẽin(ω) to produce an output spectrum, Ẽout(ω), given
by

Ẽout(ω) = M(ω)Ẽin(ω). (4)

The input pulse spectrum Ẽin(ω) is the Fourier transform of
a Gaussian pulse with constant phase φ and a field envelope
E0(t) = |E0| exp [−2 ln(2)t2/τ 2], with τ = 120 fs. A dual-
mask SLM can provide independent control over the amplitude
and phase of the frequency components, such that the mask
function can be defined in terms of an amplitude mask AM (ω)
and phase mask φM (ω), where

M(ω) = AM (ω) exp [iφM (ω)]. (5)

The desired form of AM (ω) and φM (ω) can be determined
using numerical techniques that optimize any desired attribute
of the quantum control process. In this work, we apply OQC to
optimize the fidelity of parallel single qubit rotations involving
multiple uncoupled semiconductor QDs.

We apply a phase-only mask [AM (ω) = 1], which has the
advantage of reducing light losses in the system [36]. Any
convenient function may be used to parametrize φM (ω). Here
we adopt a sinusoidal phase mask, given by

φM (ω) = α cos [γ (ω − ωl) − δ]. (6)

The parameters α, γ , δ, and the pulse area � = (μ ·
ε̂/�)

∫ +∞
−∞ E0(t) dt are optimized numerically subject to the

following constraints:

0 �α � π,

0 �γ � 325 fs,

−π �δ � π,

0 �� � 8π.

(7)

The limits on α and γ are chosen to restrict the gradient in the
phase |dφM (ω)/dω|max to π/10 radians per pixel assuming the
resulting optimized pulses are implemented on a pulse shaping
system containing a 128 pixel SLM. This is a conservative
requirement as commercial pulse shapers with a pixel count of
640 are readily available. (The implications of the resolution
of the phase mask are discussed in more detail below.) The
constraints on � are intended to simplify the experimental
implementation, although Rabi rotations of up to 14π have
been achieved in similar QDs [48].

For a given choice of the parameters in Eq. (6), the fidelity
of the operation is defined as F = Tr[ρPρI] = f (α,γ,δ,�),
where ρP is the physical density matrix at the end of
the control process, calculated by integrating Eq. (3), and
ρI is the ideal density matrix for the intended parallel
single qubit rotation. We search for local optima in fidelity
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Fopt = f (αopt,γopt,δopt,�opt) by choosing initial vectors con-
taining the free parameters α, γ , δ, and �, denoted by
qi = (αi,γi,δi,�i), and using the constrained optimization
by linear approximations algorithm. We choose 500 initial
vectors using a Sobol’ sequence [49] to provide sufficient
coverage of the four-dimensional space defined by Eq. (7).
The parameters corresponding to local optima with the highest
fidelity determine the optimal pulse shape. In the RWA, the
phase of the qubit oscillates at a frequency � even after
the end of the pulse. Therefore, we determine the fidelity
of the control process by reading the state of the qubits at
a fixed time t = 3 ps after the arrival of the laser pulse [t = 0
in Eq. (1)]. In experimental implementations of quantum
algorithms, flexibility in the timing of multiple control pulses
would likely be exploited. The stringent requirement of a fixed
read time allows us to explore the quality of arbitrary final state
control under the most conservative conditions.

III. RESULTS AND DISCUSSION

A. Arbitrary rotations of QD excitons

Figure 1 presents exemplary results of parallel control of
excitons in two different QDs. For all results in this work,
the laser pulse has a fixed tuning with �ωl = 1.0 eV. For the
calculation in Fig. 1, the transition energies of the two QDs
are �ωQD1 = 1.00125 eV and �ωQD2 = 0.99875 eV, chosen
to be within the bandwidth of the controlling laser pulses,
and the dipole moments are taken as μQD1 = 25 debye and
μQD2 = 28 debye, reflecting typical values for self-assembled
QDs [19]. For these results, the pulse is optimized assuming

FIG. 1. (Color online) Application of OQC to quantum control
transferring the excitons in QD1 and QD2 from their respective
ground states to the final states in Eq. (8). (a) Bloch sphere dynamics
for QD1 (QD2) are indicated by a black solid (red dashed) curve. (b)
The spectral amplitude (phase) of the pulse are indicated by a black
solid (blue dashed) curve. (c) Temporal intensity of the shaped pulse.
(d) The x, y, and z components of � are indicated by black, blue, and
red curves, respectively, with solid curves corresponding to QD1 and
the dashed curves corresponding to QD2.

that the qubits are initialized in their respective ground states
(|ψQD1〉i = |0〉, |ψQD2〉i = |0〉) with a target set of final states
for the two QDs given by

|ψQD1〉f = 1
2 (|0〉 + e−iπ/2

√
3|1〉), and

|ψQD2〉f = 1
2 (

√
3|0〉 + e−i3π/2|1〉).

(8)

The final quantum states in Eq. (8) contain different state
inversions and phases for the two QDs, providing a useful
test to illustrate the OQC approach. Figure 1(a) shows the
trajectory of the Bloch vector of QD1 (QD2) when driven by
the optimized laser field, represented by the black solid (red
dashed) curves, with the final quantum state of the two-dot
system at the chosen read time of 3 ps indicated by the
black (red) dot. The target final states in Eq. (8) for QD1
(QD2) are indicated on the Bloch sphere by a black (red)
cross. The optimal pulse, characterized by parameters qopt =
(0.312π,235 fs,0.373π,3.25π ), implements the simultaneous
qubit rotation with a fidelity of 0.996. This high fidelity
is evident on the Bloch spheres by the close proximity of
the final states for each QD and the respective target final
states. Figure 1(b) shows the spectral intensity (black solid
curve) and phase (blue dashed curve) of the corresponding
optimal pulse, and Fig. 1(c) shows the resulting temporal field
intensity. The temporal evolution of the three components of
the optical torque vector, �, that drives the qubit dynamics of
QD1 (QD2) is shown in Fig. 1(d) as solid (dashed) curves.
The high-fidelity control process depicted in Fig. 1(a), with
a target final state that differs for the two quantum dots in
both inversion and phase, illustrates the efficacy of pulse shape
control for independently tailoring the quantum state dynamics
of the excitons in the two quantum dots.

We explore the flexibility of this scheme for achieving a
range of final states by optimizing the fidelity as a function of
the difference in inversion, denoted by δsz = sz,QD2 − sz,QD1,
taking sz,QD2 = −sz,QD1, and the difference in phase of the two
qubits, denoted by δφ = φQD2 − φQD1, taking φQD2 = −φQD1.
The resulting final state space spans all representative states
on the Bloch spheres for the two QDs. The input laser
characteristics, QD initial states, transition frequencies, and
dipole moments are identical to those used for the calculated
results in Fig. 1. The featureless contour plot in Fig. 2(a)
demonstrates that optimized pulses producing high fidelity
can be found for any choice of δsz and δφ within the defined
parameter space of Eq. (7). This result indicates that arbitrary
independent high-fidelity control of the two quantum dot
excitons is feasible using the OQC approach and general pulse
shape engineering.

B. Dependence on QD optoelectronic properties

Next we implement optimal quantum control involving
the target final quantum states in Eq. (8) and allow the
optoelectronic properties of QD2 to vary while holding the
properties of QD1 constant. The results of these calculations
are presented in Fig. 2(b). If the QDs have nearly identical
optoelectronic properties, it is impossible to find any pulse
shape that drives the qubits from the same initial state to
two different final states with high fidelity, leading to the
dip in fidelity in Fig. 2(b) where the properties of QD1
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FIG. 2. (Color online) (a) Optimized fidelity as a function of
the difference in phase and inversion of the two qubits for the
optoelectronic properties used in Fig. 1. (b)–(d) Optimized fidelity of
the quantum control process shown in Fig. 1 as a function of (b) the
detuning of QD2 from the laser frequency [��QD2 = �(ωQD2 − ωl)]
and its dipole moment, while holding the properties of QD1 constant
(�ωQD1 = 1.00125 eV and μQD1 = 25 debye), (c) the dipole moment
of the two quantum dots while holding the transition frequencies
constant (�ωQD1 = 1.00125 eV and �ωQD1 = 0.99875 eV), and (d)
the detuning of the QD transitions from the laser frequency while
holding the dipole moments constant (μQD1 = 25 debye and μQD2 =
28 debye).

and QD2 coincide. Nevertheless, for QDs with sufficiently
different properties, optimized pulses can be engineered to
implement the parallel single qubit rotation with high fidelity.
In particular, it is not necessary to have a difference in both
the dipole moment and transition energy for the two QDs:
a difference in either property will suffice. This is evident
from calculations that optimize the same control process as in
Fig. 1 as a function of the dipole moments while holding the
transition frequencies constant [Fig. 2(c)], and as a function of
the transition frequencies while holding the dipole moments
constant [Fig. 2(d)]. In all cases, we find that control pulse
shapes realizing high fidelity gates may be found within the
accessible parameter space of the pulse shaping system.

C. Parallel quantum control: Scaling the approach

The optimization scheme described here may be extended
to independent simultaneous control of excitons in more
than two quantum dots. The results in Fig. 2(b) show that
independently addressing distinct QDs is possible provided
that their optoelectronic properties are sufficiently different.
Since a difference in either the dipole moment or the transition

FIG. 3. (Color online) Same calculation as in Fig. 2(b) taking the
assumption of a higher resolution pulse shaping system, incorporating
a 640 pixel SLM.

energy is sufficient for high-fidelity control, we will focus
here on differences in the transition energy of the two QDs.
The width of the dip in fidelity in Fig. 2(b) versus transition
energy is limited by the resolution of the SLM, which was
assumed to contain 128 pixels. The calculation of Fig. 2(b)
was repeated assuming a higher-resolution pulse shaping
system incorporating a 640 pixel SLM. The results of these
calculations are shown in Fig. 3. A larger SLM resolution
expands the available parameter space for α and γ in Eq. (7)
while keeping the maximum phase change per pixel constant.
In Fig. 3, the width of the low-fidelity feature is below the
resolution of the calculation mesh (0.25 meV), providing
an upper bound on the minimum distinguishability in the
transition energy required for independent high fidelity control
of the two QDs. The fundamental limit on the number of QDs
that could be controlled simultaneously will be determined
by the resolution of the pulse shaping system. (For example,
for the pulse bandwidth considered here, this resolution
corresponds to 0.05 meV/pixel.)

For typical self-assembled QD ensembles, the transition
energy spread is in the range 30 to 70 meV depending on
the growth conditions and type of barrier material [40,43].
Using the upper bound value of 0.25 meV for the minimum
difference in transition energy, this indicates that simultaneous
high fidelity control of many QDs would be possible. The use
of a more sophisticated phase mask function rather than the
simple sinusoidal mask used here, as well as the freedom
to employ combined amplitude and phase control, would aid
in optimizing the performance of parallel quantum control
of multiple quantum dots. One simple approach would be to
utilize a phase-only mask parameterized by a superposition
of several sinusoidal functions with independently adjustable
parameters, which would permit sensitive control of various
orders of spectral chirp at each of several QD resonances [37].
This approach exploits the ease of experimentally realizing
arbitrary pulse shape control using standard, user-friendly
pulse shaping systems while transferring the complexity
to the design of the pulse shape in a physical system of
QDs, for which modeling the quantum state dynamics is
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FIG. 4. (Color online) Application of OQC to the simultaneous
manipulation of excitons in three QDs. For this calculation, the final
state of the third quantum dot, QD3, with �ωQD3 = 1.00005 eV
and μQD3 = 24 debye, is |ψQD3〉f = (|0〉 + e−i3π/4|1〉)/√2, while for
QD1 and QD2 the final states are given by Eqn. (8). (a) Bloch
sphere dynamics for QD1, QD2, and QD3 are indicated by the
black solid curve, the red dashed curve, and the blue dot-dashed
curve, respectively. The optimal pulse in this case is defined by
qopt = (0.730π,134 fs, − 0.726π,2.12π ) and when implemented
results in a quantum gate fidelity of 0.985. (b) The spectral amplitude
(phase) of the pulse is indicated by a black solid (blue dashed) curve.
(c) Temporal intensity of the shaped pulse. (d) The x, y, and z

components of � are indicated by black, blue, and red curves,
respectively, with solid curves corresponding to QD1, dashed curves
corresponding to QD2, and dot-dashed curves corresponding to QD3.

straightforward. Numerically optimized quantum control in-
volving three QDs is shown in Fig. 4 using the same single-
cosine phase mask as for the two-dot control calculations con-
sidered here, illustrating the flexibility of the OQC approach as
the number of QDs is increased. Our findings indicate that the
simultaneous control of more than 10 QDs should be readily
achievable in experimental implementations.

If combined with controllable entanglement between dis-
tant quantum dots via microcavity modes [50], this approach
may enable the realization of complex instruction set quantum
computing in a solid state system of QDs. In such a system, the
laser pulse could be designed taking into account the differing
resonance conditions for each QD in relation to the modes of
the optical microcavity as well as the ability to tailor the energy
and bandwidth of microcavity modes for optimized coupling of
several QDs [51]. Such an achievement would complement re-
cent experimental progress towards an integrated quantum dot
nanophotonic chip [52–57], and would build upon the recent
demonstration of a multiple-input AND gate using six qubits
encoded in the rovibrational eigenstates of a lithium molecule
[14]. In that demonstration, the laser pulse and final state
read-out conditions were tailored to the individual resonances
and strength of the coupling between the different rovibrational
states. One could foresee engineering the QD ensemble size

distribution to have a spread of transition energies that matches
the bandwidth of convenient commercial laser systems, in line
with successful efforts to obtain narrow energy distributions
coinciding with telecommunications wavelengths for QD laser
applications [43].

D. Tolerance to experimental uncertainties

In the presence of uncertainties in experimental parameters,
the fidelity of the control process will be reduced. The primary
limitation on the sensitivity of the fidelity to such non-ideal
conditions is the choice here to impose a fixed read time
[3 ps after t = 0 in Eq. (1)] due to the rapid evolution of
the phase of the exciton qubit in any particular QD outside the
pulse envelope. For instance, a laser tuning error of 0.05 nm
produces a drop in fidelity of 0.01 averaged over the parameter
space in Fig. 2(a). For comparison, the fidelity is much less
sensitive to deviations in laser intensity: A typical specification
for mode-locked laser systems of 0.5% gives a fidelity drop of
only 0.001. In the implementation of circuit-model quantum
computing with multiple control pulses, one could minimize
such errors experimentally by incorporating active feedback
on the relative time delays for different control pulses. Small
deviations in qubit phase could also be compensated for by
implementing empirical feedback to the pulse shaping system,
so that the optimum mask parameters may be adjusted via
a genetic algorithm. Such an approach would also benefit
complex instruction set implementations. Quantum state read-
out via differential transmission [58] or photocurrent [16] is
only sensitive to the state occupations and so phase uncertainty
would have no impact on the final quantum state detection. We
also note that, while biexciton dynamics are not included in
the present calculations, in full simulations of the coupled
exciton-biexciton system it is possible to build into the OQC
optimization the need to have the occupation of the biexciton
state vanish at the end of the control pulse, as shown for the
case of the C-ROT gate in Ref. [38].

E. Influence of dephasing

It is instructive to examine the influence of sources of
dephasing of the exciton qubit on the fidelity of the quan-
tum control process. Calculations within the relaxation time
approximation incorporating typical measured dephasing and
recombination times in InAs self-assembled QDs [59] indicate
only a minor reduction in fidelity (e.g., a drop from 0.996 to
0.991 for the test gate in Fig. 1), reflecting the short time scale
of the optical pulse relative to these decay times. We also
examine the effects of a power-dependent dephasing process,
often referred to as excitation-induced dephasing (EID),
in which deformation potential coupling with longitudinal
acoustic phonons causes transitions between the dressed states
of the optically driven quantum dot system [48,60–63]. Such
a process leads to damping of Rabi oscillations [48,61] and
a dependence of the exciton inversion on the sign of pulse
chirp in adiabatic rapid passage experiments [64,65]. The
strength of the EID process is dictated by the real part
of the exciton-phonon response function, K(ω), which is
evaluated at the instantaneous value of |�|. Taking a linear
dispersion relation for the bulk phonon modes of the barrier
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FIG. 5. (Color online) Fidelity for the calculation shown in Fig. 1
incorporating excitation-induced dephasing caused by coupling to
longitudinal acoustic phonons as a function of the cutoff energy,
�ωc, of the exciton-phonon response. The phonon modes of bulk
GaAs are assumed, for which α = 0.027 ps2. The top x axis shows
the corresponding width of the norm squared of the carrier wave
function. Inset: The calculated phonon response function taking
�ωc = 1.38 meV, corresponding to d = 5.76 nm.

material (chosen here as GaAs, appropriate for InAs/GaAs
self-assembled quantum dots), and assuming a spherical
quantum dot for simplicity with a carrier wave function of
the form ψ(x) ∝ exp [−2 ln (2)x2/d2], the exciton-phonon
response function is given by [62]

Re[K(ω)] = π

2
αω3e−ω2/ω2

c coth (ω/2kBT ), (9)

where α is a coupling constant that depends on the
deformation-potential constants of the barrier material, T

is the temperature, and kB is the Boltzmann constant. The
exciton-phonon response function is characterized by a cutoff
frequency, ωc, that is inversely proportional to the spatial extent
of the wave function, d [60]. This implies that the impact of

EID on the fidelity of the quantum control process depends
on both the size of the quantum dot and the magnitude of
the instantaneous Rabi energy. Figure 5 shows the fidelity
for the calculation shown in Fig. 1 as a function of �ωc and
d for T = 10 K. For cutoff energies less than ∼1.38 meV
(d > 5.76 nm), the reduction in fidelity is less than 2 %. This
error is quite modest, but nevertheless would be reduced by
incorporating EID into the OQC numerical optimization due to
the dependence of this process on the pulse shape. In addition,
the exploration of alternate mask parametrizations may be
beneficial. The use of engineered quantum dot distributions
with a larger mean size would also reduce the influence of
EID and increase the fidelity of quantum control.

IV. CONCLUSIONS

In conclusion, we have applied optimal quantum control in
numerical simulations of laser-driven dynamics of excitons
in semiconductor quantum dots. Our findings demonstrate
the feasibility of independent, simultaneous SU(2) control of
qubits in two or more quantum dots using a single shaped laser
pulse. Our results show that pulse engineering with a simple
sinusoidal phase mask leads to high-fidelity parallel single
qubit rotations over a wide range of optoelectronic properties
and final states, indicating that this is a versatile approach
to multiqubit control. Quantum control processes optimized
using this scheme could either be implemented directly
in experiments, as demonstrated in Ref. [37], or provide
seeding candidates for the initial population of a genetic
feedback algorithm, which would aid in the compensation for
experimental uncertainties. The use of arbitrary pulse shaping
of broad-bandwidth control pulses builds upon the recent
experimental demonstration of simultaneous (π , 2π ) rotations
[37] and a subpicosecond adiabatic rapid passage gate [64].
The results presented here enhance the potential scalability of
QD-based platforms for quantum information applications.
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