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We report on coherent control of the fundamental exciton state in a single quantum dot by means of two
phase-locked picosecond laser pulses. By analyzing the experiments performed in the Rabi regime and com-
paring them to numerical simulations, we show that we can address the exciton coherence and get an insight
into the involved dephasing processes. The total decoherence time 7, (170 ps) is comparable to the effective
exciton lifetime 7 (200 ps), although not reaching the upper theoretical limit of 27',. We conclude that energy
relaxation and pure dephasing processes due to virtual scattering with phonons both contribute on an equal
footing to the loss of coherence in this kind of monolayer-step-induced GaAs quantum dots.
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I. INTRODUCTION

Coherent manipulation of quantum states is a crucial step
toward quantum information processing. Semiconductor
quantum dots (QDs) offer unique opportunities to investigate
quantum optical effects in a solid-state system and appear as
promising candidates to be the elementary bricks for quan-
tum computing.! The coherent control (CC) of the excitonic
polarization in a QD optically driven by a pair of phase-
tailored pulses has been addressed both in the weak and in
the strong coupling regimes.>> In the latter one, Rabi oscil-
lations (ROs) have been observed, thereby demonstrating the
ability of manipulating a given quantum state.*

Of fundamental importance is the quantum coherence of
the exciton, which is affected by the interaction between the
QD and its environment, thus limiting the number of pos-
sible quantum operations. Decoherence mechanisms are
mainly due to radiative recombination, interaction with
phonons, and fluctuations of the electrostatic surrounding.>
In order to take advantage of the longest possible coherence
time, it is more interesting to drive the lowest lying level of
the exciton since it is the least interacting state with its en-
vironment. The real challenge is however to be able to detect
the emission of the resonantly excited exciton fundamental
state. Despite this difficulty, ROs of this state have been
demonstrated so far in guided wave geometry’: or with other
techniques such as differential transmission,” four-wave
mixing,' and photodiode spectroscopy.'! However, CC has
been performed on the excited levels of QDs, which populate
the emitting fundamental state after relaxation.”* In that
case, the resulting dephasing time is short, due to an addi-
tional contribution of relaxation to coherence loss.

In this paper we report and discuss CC of the truly reso-
nantly driven fundamental exciton in a single QD. Experi-
ments are performed on monolayer-step-induced GaAs QDs
embedded in a one-dimensional waveguide. By addressing
different excitation regimes, depending on pulse delay and
power, we show that CC provides a useful tool not only to
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manipulate the excitonic state but also to measure its
relaxation-time constants. A common approach used to de-
duce the overall dephasing time 7, is the measurement of the
homogenous broadening of the emission line, -either
directly,’” or by high-resolution Fourier spectroscopy.!?
However, the physical mechanisms responsible for dipole
decoherence cannot be elucidated in a straightforward man-
ner. For instance, in Besombes et al.,'? the homogeneous
broadening of the QD luminescence line is attributed to
strong exciton-phonon interaction leading to the formation of
polarons. In Berthelot et al.,'? the fluctuations of the transi-
tion energy due to Coulomb interaction with charges trapped
in the vicinity of the QD explain the homogeneous broaden-
ing. Four-wave-mixing and CC experiments are techniques
based on the dipole interferences and thus any long-term
fluctuations leading to spectral diffusion can be singled out.
In such a case, very long coherence times can be demon-
strated comparable with the exciton lifetime.'* Therefore, a
clear understanding of the physical processes underlying ex-
citon dephasing is of fundamental interest to predict and con-
trol decoherence toward applications of QDs in quantum
computing.

The paper is organized as follows: in Sec. II, we introduce
general concepts of CC with two identical pulses. In Sec. III,
we present experimental results and numerical simulations in
two limiting regimes: the case of maximum coherence ob-
tained for 7/2 pulses (Sec. Il A) and the case of zero co-
herence obtained for 7 pulses (Sec. III B).The overall
dephasing constant 7, is easily determined in the first case
while the second one provides the exciton lifetime 7. As a
consequence, CC experiments in different excitation regimes
allow us to address both energy and pure phase relaxation
mechanisms.

II. CONCEPTS OF COHERENT CONTROL

When excited near resonance, the QD can be considered
as a two-level system: the |0) and |1) states stand for the
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ground (vacuum, absence of electronic excitation) and the
fundamental state of the confined exciton, respectively. In
order to take into account the interaction of such two-level
system with its environment (fluctuations of the vacuum
electromagnetic field, phonons, and charges), one can use the
matrix density formalism, which is based on two phenom-
enological relaxation constants: 7, and 7,. The lifetime T}
stands for the relaxation time of the excitonic population |1)
and T, for the relaxation time of the field-induced coherence
between the two states |0) and |1). In the {|0),|1)} basis, the
density matrix p of a two-level system reads

aoo(t) Uon(f))
oo(t) o0 )

The diagonal terms o(f) and o,(¢) stand for the popu-
lation of the fundamental and excited state, respectively,
while the off-diagonal terms oy, (z) and o,() stand for the
coherence of the quantum state. The evolution of these terms
is driven by the well-known optical Bloch equations.!>!® In
the following, we use this formalism to simulate and inter-
pret coherent control experiments. Such experiments are
based on the use of two laser pulses that interact successively
with the QD. The laser pulse is characterized by its area 6,

p(t)=( (1)

0= f - ';L—LEO(t)dt, 2)

—o0

w being the dipole moment of the transition and E,, the pulse
electric field envelope.

The first pulse prepares a quantum superposition p(r=0)
that can be controlled by changing its area 6,

2( 0) sin? 0
COS™\ —
0) S @)
P sin® 0 . 2( 9)
sin~\ —
2 2

Then, the exciton dipole interacts with the second pulse
which, in turn, modifies the quantum superposition. This
modification is driven by the area of the pulse and its phase
difference with the dipole oscillation.

Here, we consider pulses with same area 6 with short
duration 7 compared to the other relevant time constants: 7
<T,, T,. Physically, this means that we neglect population
and coherence relaxation during the laser-matter interaction.
Under this assumption, Bloch equations can be analytically
solved, as shown in the Appendix. Figure 1 shows the
excited-state population o;,(r) of a single QD interacting
with two pulses delayed by 6. After creation of an exciton, in
the time-interval [0, 8], the luminescence decay is exponen-
tial with the characteristic time 7. Between & and &%, the
second pulse interacts with the two-level system and modi-
fies its quantum state. Finally, for 1> &*, the population de-
cays again with the same time constant 7;. The integral of
this curve corresponds to the time-integrated luminescence
measured experimentally.

In order to evaluate the integrated luminescence, the main
task is to calculate o;(8%), the excitonic population after the
interaction with the second pulse. Using the results obtained
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FIG. 1. (Color online). Population of the excited-state o vs
time (red solid curve) of a QD driven by two 6 pulses delayed by an
arbitrary 6=200 ps (blue dashed curves).

in the Appendix [see Eq. (A5)], we can write o ;(5") in the
following way:

a,(6%,6,¢) = sin2<g>e-é"”l, (4)
. 0
- s1n2(5>A(é“), (5)
L. 2 -8YT
+ Esm 0 cos e "2, (6)

where A(&87) is the population inversion at t= 48", defined as
A(S5)=0,(5)—0yy(5), and ¢ is the relative phase between
the two pulses.

Term (4) can be interpreted as the excited-state population
01,(87) created by the first pulse just before the QD interacts
with the second pulse. Term (5) expresses the variation in o,
due to the incoherent part of the interaction with the second
pulse. It deals with the competition between the absorption
probability, proportional to the |0) state population, and the
stimulated emission probability, proportional to the |1) state
population. The resulting contribution to ¢;,(8") is propor-
tional to the population inversion at delay &, i.e., A(5). It is
convenient to express this term as a function of A(0), the
inversion of population induced by the first pulse, instead of
A(57). Thus, term (5) splits in

sin2<g)A(5) = sin2<g)A(0)e_5/T1 (7)

0
+sin2(5>[l —e79] (8)
with

A(0) = 0,(0) — 00(0) = sin2<g) - cosz(;—g> . 9)

The e~971 factor in term (7) and the additional repopulation

term (8) arise from spontaneous emission in the interval

[0, 8], which increases the absorption probability as a func-
tion of time.

Term (6) deals with the coherent part of the interaction

between the exciton and the second pulse. This contribution
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subsists during the coherence time of the two-level system.
The cos ¢ factor accounts for the phase difference between
the exciton dipole and the pulse electric field. Note that for
delays 6=T,, two in-phase 6 pulses are equivalent to one 26
pulse.

In a CC experiment, we record the single QD lumines-
cence as a function of the relative phase and the delay be-
tween the two pulses. The luminescence oscillates with ¢ at
a given delay and the fringes contrast decays with increasing
delays. In the nonlinear Rabi regime, the contrast is a func-
tion not only of the delay & and T, but depends as well on T}
and 6.

III. EXPERIMENTAL RESULTS

The studied QDs are naturally formed by monolayer
thickness fluctuations at the heterointerfaces of a GaAs/
GaAlAs quantum wire grown by metal-organic vapor-phase
epitaxy on a nonplanar GaAs substrate.!” The QDs are elon-
gated along the free axis of the quantum wire and their typi-
cal length ranges between 10 and 100 nm.'® Since the con-
finement potential is quite weak, only one or a few discrete
states are confined in each dot, depending on its size. In
order to address the fundamental exciton state at resonance,
the dots are embedded in a one-dimensional monomode
waveguide built from several GaAlAs layers with different
aluminum concentrations. The waveguiding geometry has
several advantages: first, due to the spatial confinement of
light, the coupling with the QDs is enhanced. Second, the
laser light propagation direction is perpendicular to the lumi-
nescence detection direction. Indeed, the single QD lumines-
cence is collected from the waveguide top surface by a con-
focal microphotoluminescence (uPL) detection setup.'”
Moreover, in these nonplanar structures which are grown on
a V-grooved substrate, the optical mode is well confined in
the bottom of the V-shaped layers, a few microns far from
the top surface. Since the laser light is contained in the
guided mode, the scattered light is greatly suppressed and the
resonant luminescence is almost background free, at low
pump power. However, under strong excitation, laser scatter-
ing remains a severe limitation for the observation of reso-
nant RO.” The ps excitation pulses are provided by a Ti-
sapphire laser and the pair pulses are generated using a
stabilized Michelson interferometer, which allows control-
ling their relative optical phase on a scale of A/100.2° The
spatial resolution of the setup is diffraction limited to
1 wm?. The spectral resolution, 40 eV, is not sufficient to
measure the narrow linewidth of the QD emission, thus pre-
venting the estimate of the corresponding dephasing time 7.
The optical eigenmodes of the waveguide and the QD eigen-
states are both linearly polarized. Thus, for low pump power,
the QD uPL and the laser are, as expected, copolarized.
Measurements are performed at 10 K.

A. Dephasing processes

In this section we focus on the case of /2 pulses, which
maximizes quantum interferences [term (6)]. Indeed, the co-
herence of a quantum state prepared with a /2 pulse [|)
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FIG. 2. (Color online) (a) uPL intensity L vs delay & for 27/2
in-phase (red open circles) and out-of-phase (blue solid circles)
pulses. The corresponding theoretical curves (solid and dashed
lines, respectively) are calculated for T,=170 ps (see Fig. 3). Inset:
time-integrated (10 s) uPL intensity vs ¢ for a fixed delay. [(b) and
(c)] Calculated o;(r) for two in-phase (red solid curves) and out-
of-phase (blue dashed curves) pulses (7,=200 ps and 7,=170 ps).

=%(|0>+|1>)] has a maximum amplitude equal to 1/2. More-
over, since the fundamental and excited-state populations are
equal, i.e., A(0)=0, the absorption and stimulated emission
processes cancel each other. Thus, the two terms driving the
fringe visibility are the repopulation term (8), which resets
the excited-state population o,(8") to its initial value 1/2
and the interference term (6). The resulting population after
interaction with the second pulse reads

1
0,(85,0=m2,¢) = 5(1 +cos ¢peT2). (10)

Then, the population oscillates as a function of ¢ at a given
delay as shown in the inset of Fig. 2(a). The open (solid)
circles show the experimental wPL intensity from a single
QD as a function of the delay between the two driving in-
phase (out-of-phase) pulses. They represent the upper and
lower envelopes of the interference fringes. Data dispersion
stems from uPL intensity fluctuations due to mechanical
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drifts or laser power fluctuations during the long-term data
acquisition. However, this effect does not influence the con-
trast, as shown below. Solid lines on Fig. 2(a) represent the
theoretical curves obtained from Egs. (A5) and (A6), whose
expression as a function of the delay and relative phase be-
tween the pulses reads

L(5,¢) = %(2—{5”1 +cos ¢peT2). (11)

At variance with the weak-coupling regime,” here the en-
velopes are not symmetric: the maximum is nearly constant
whereas the minimum increases monotonically from 0 to-
ward the maximum envelope at longer delays. For short de-
lays [Fig. 2(b)], the time-resolved luminescence depends
mainly on the relative phase between the two pulses. From a
microscopic point of view, the exciton photocreated by the
first pulse has not lost its phase memory yet, resulting in a
strongly phase-dependent interaction with the second pulse.
If the dipole oscillates in phase with the electric field of the
second pulse, then constructive interferences occur turning
the 7r/2 state into a 7 state (red solid curve). In the case of
phase opposition, destructive interferences annihilate the di-
pole oscillation (blue dashed curve).

On the contrary, for long delays, the time-resolved lumi-
nescence is nearly phase independent. Indeed, the integrals
in the =0 and ¢=1r cases [red and blue curves on Fig. 2(c)]
are almost equal, the small difference arising from residual
interferences. The main term driving o, at =4 is repopula-
tion, which is phase independent. The exciton created by the
first pulse has a high probability to recombine and the inter-
action with the second pulse creates an identical exciton.
Accordingly, in this incoherent regime the luminescence sig-
nal does not strongly depend on the phase and it is maximum
for two in-phase pulses at 6=0.

The comparison of the two above regimes reveals that the
time-integrated luminescence for in-phase pulses [red solid
curves in Figs. 2(b) and 2(c)], for short and long delays is
almost equal. This is consistent with the slow variation in the
upper envelope of the interference fringes [Fig. 2(a)]. On the
contrary, this is not the case for two out-of-phase pulses. In
addition to these regimes, a third one can exist, for which the
QD is “transparent.” This phenomenon occurs each time an
exciton has lost its phase memory without relaxing, after a
pure dephasing process.’ In this case, the second pulse can
neither interfere with the dipole, as it has lost its coherence,
nor create a second exciton, as the first one has not yet re-
laxed. In that case, everything goes as if the second pulse
was not interacting with the QD.

The fringe visibility is defined by Eq. (A7) and the con-
trast for 7r/2 pulses reads, using Eqs. (A5) and (A6),

9T
C(o) = m. (12)

The experimental results are shown in Fig. 3 from the data
presented in Fig. 2(a). As previously mentioned, in the non-
linear Rabi regime, the contrast depends on 7, but also on
T,. In order to fit the experimental data, the value of 7| was
fixed to 200 ps, as measured by time-resolved uPL experi-
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FIG. 3. (Color online) Quantum interference contrast as a func-
tion of delay & (solid circles) fitted with Eq. (12) for fixed T}
=200 ps (solid red line). The dephasing time obtained is 7,
=170 ps.

ments (not shown here), T, being the only fitting parameter.
It is worth noticing that the resonant radiative lifetime mea-
sured in our experiments is modified by the particular elec-
tromagnetic environment due to the presence of the wave-
guide. The coupling to the guided mode enhances the
spontaneous emission process, reducing the lifetime. Similar
results have been reported by Kuroda et al.?!

By fitting the experimental data we deduce a coherence
time 7,=170 ps, comparable with the exciton lifetime, al-
though shorter than the upper theoretical limit 27°. This im-
plies that pure dephasing processes are also involved. The

total dephasing rate can be written as L:#ﬁl where

T, T3’
1/T) is the energy relaxation rate and 1/T, the pure2 dephas-
ing term.

The first term accounts for inelastic scattering due to
spontaneous emission of photons and absorption or emission
of phonons that change the exciton final state. Thus, 7 can
be identified as the effective lifetime of the exciton. The
contribution due to inelastic scattering with acoustic phonons
has been calculated for similar QDs as a function of the QD
length.?? In the case of the ground exciton state, only phonon
absorption has to be taken into account. The calculations
show that at 10 K, the coupling between the ground exciton
state and the first excited state in the dot occurs over long-
time scales ranging between 1.5 and 0.5 ns for 35- and 45-
nm-long QDs, respectively, which are typical lengths for this
kind of QDs.? Moreover, we do not observe emission from
excited states when pumping at resonance the ground exciton
state, contrary to recently reported results.?* Thus, relaxation
by phonons is not very efficient and in our case the effective
lifetime is limited only by photons emission. For longer
QDs, the exciton lifetime is mainly limited by the coupling
with the phonon bath while for shorter lengths, the oscillator
strength is not sufficient and the system cannot undergo Rabi
oscillations.

The second term, corresponding to the pure dephasing
term, originates from elastic scattering due to interactions
with virtual phonons,’ polarons,'? or environmental fluctuat-
ing charges,'3 which leave the exciton in the same state but
modify its phase. In the case discussed here, 7,=270 ps, so
the probability of having pure dephasing is as important as
the spontaneous emission probability. It is worth noticing
that a CC experiment, whose relevant time scale is 75, is not
sensitive to charge fluctuations which occur on a much

085301-4



COHERENT CONTROL OF A SEMICONDUCTOR QUBIT IN...

longer time scale on the order of 1 ms. In addition, due to
low enough temperature, we can exclude the presence of
polarons as well, as confirmed by the absence of lateral
wings in the emission line shape. Therefore, the pure dephas-
ing contribution is due to virtual phonon-scattering mecha-
nisms.

Finally, we may notice that in the weak-coupling regime
the general formula for the contrast given by Eq. (12) can be
expanded in the limit #<< 7 and becomes a simple exponen-
tial decay

C(d) =€, (13)

matching the results obtained by Fedorov et al.>> However,
this regime does not allow to fully manipulate the population
of a quantum superposition.> Only in the strong coupling
regime, does CC become a powerful tool to manipulate both
the population and the coherence of a quantum superposi-
tion.

B. Radiative recombination

In the case of a pure 7 state, the coherence term is van-
ishing so that the relative phase ¢ does not play any role.
The luminescence, L, only depends on the energy relaxation-
time 7} and so CC experiments with 7 pulses allow us to
measure the effective lifetime of excitons. Figure 4(a) shows
the uPL intensity from the same QD investigated above,
recorded versus the delay between the two 7 pulses. Since
the integrated uPL signal is proportional to the exciton popu-
lation, by using the general relations (4)—(9) for 7 pulses, we
obtain

01(8,0=m,¢)=1-e"1, (14)

L(8) =2T,(1 - 9M). (15)

The effect of a sequence of two 7 pulses can then be easily
understood: after the first exciton has been created, the sec-
ond pulse can either stimulate the emission of a photon or
create an identical exciton in the same state, depending on
the delay & as compared to T,. For delays shorter than T}
[Fig. 4(b)] the stimulated emission is predominant and the
residual luminescence is due to the finite recombination
probability. On the contrary, for delays much longer than T,
the first exciton has recombined and the second pulse re-
populates the system. The integrated luminescence signal for
any delay 6> T, is then directly proportional to the exciton
recombination probability at time #= 4. This can be observed
in Fig. 4(c), where the probability to create an exciton is high
for both pulses and the resulting time-integrated lumines-
cence intensity is twice than for a single pulse. By fitting
experimental data in Fig. 4(a) with Eq. (15), we obtained an
effective lifetime of 200 ps, in satisfactory agreement with
the time-resolved uPL results. CC in this excitation regime
then becomes an interesting method to measure lifetimes es-
pecially in wavelength domains where specific detectors
have not yet been developed.

IV. CONCLUSION

Coherent control in the strong coupling regime is demon-
strated on the fundamental exciton transition of a single
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FIG. 4. (Color online) (a) uPL intensity L vs delay & for two 7
pulses: experimental data (solid symbols) and fit with Eq. (15)
(solid line), giving T;=200 ps. [(b) and (c)] Calculated excited-
state population o; vs time for 6=20 ps and =400 ps,
respectively.

monolayer-step-induced GaAs QD. The dephasing time T, as
well as the effective lifetime 7', can be measured in this
regime by using phase-locked pairs of 7/2 and 7 optical
pulses, respectively. In this kind of samples, only QDs with
lengths ranging around 40 nm, corresponding to an oscillator
strength of 40, can reach the strong coupling regime and
exhibit RO because of the competition between radiative de-
cay and relaxation by phonon absorption. In this case, we
measure an exciton lifetime 7, of about 200 ps and an over-
all dephasing time 7, of the same order of magnitude. We
conclude that in this situation, the probability of pure
dephasing processes due to virtual absorption and/or emis-
sion of phonons is comparable to that of spontaneous emis-
sion.

APPENDIX: BLOCH EQUATIONS SOLUTION IN THE
CASE OF A SHORT PULSE

The purpose of this appendix is to demonstrate expres-
sions (4)—(8) for the exciton population o;(5%) just after
interaction with the second pulse. While at any other time
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o;(t) undergoes a free evolution, simply described by an
exponential decay, its variation during the second pulse is not
trivial to evaluate. In order to account for the perturbation of
the pulse electromagnetic field, Bloch equations have to be
solved in the time-interval [ 5, 8*] during which this interac-
tion takes place. With this aim, the two following assump-
tions are made: first, an excitation pulse resonant with the
fundamental transition and second, a pulse duration much
shorter than the relaxation constants 7, and 7, are consid-
ered. Therefore, every relaxation term in the Bloch equations
can be neglected and, over the exciton characteristic time
scale, a Dirac pulse can be assumed (i.e., =8 =6"). Under
these assumptions, the two following equations hold: oy
+o0,=1 and 09g=-0y,;, where oy, and oy, are real quantities
while the coherence terms are purely imaginary. Then, the
following set of two coupled differential equations has to be

solved:
a11(1) == Q1) oy (1) (A1)

tr']o(r):n(r)[an(r)— ﬂ

We have set ()= £E(), where E(r) is the envelope of the
electric field. The initial conditions are the following:

011(8) = 0,(0)e™" (A2)

010(87) = 010(0)e™ 92 cos ¢,

where o;(0)[0(0)] is the excited-state population (coher-
ence term) induced by the first pulse. By substitution, we
obtain
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0
o(8) = sin2<5)e_‘w1 (A3)
sin 6
o10(8) = e 2 cos ¢
with
+o0
0= f Q)dt', (A4)
Finally, integration of Eq. (A1) gives
1 % 1
o (6 ==+ sin2<—>e_5/T1 ——|cos @
2 2 2
L ot .
+ Ssin Oe=%"2 cos ¢ [sin 6. (A5)

The following step is to calculate the integrated lumines-
cence L(5, 6, ). Knowing o;,(5, 6, ¢), we can easily derive
L:

0\ (° oo
L(5,0,¢) =sin2<§)f e Mdt + oy, (6, d))f Tidr.
0

0
(A6)

Finally, an analytical expression for the contrast can be
found, which is given by

L(8,6,0) - L(5,0,)
L(6,6,0)+L(5,6,)

C(8,0) = (A7)
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