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Linear and dynamical photoinduced dichroisms of InAs/GaAs self-assembled quantum dots:
Population relaxation and decoherence measurements
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We present and model our pump-probe experiments measuring the photoinduced dynamics of an ensemble
of self-assembled InAs/GaAs quantum dots. A pulsed pump beam, linearly polarized along an in-plane sym-
metry axis of the quantum dots, photoinduces a linear dichroism. We show that the dynamics of this linear
dichroism is consistent with a long spin relaxation time and allows us to measure different radiative lifetimes
for both nondegenerate, low-lying, electron-hole pair states. In another experimental configuration, when the
pump beam creates a coherent superposition of these electron-hole pair states, it photoinduces a dynamical
dichroism, which gives information about quantum decoherence and provides the electron-hole anisotropic
exchange interaction energy splitting, 41+8 ueV at 1.343 eV. A model is developed, which accounts for the
dynamical dichroism and predicts the experimental observations with good accuracy.
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I. INTRODUCTION

The atomlike properties of semiconductor quantum dots!
(QDs) make these nanostructured materials very attractive
candidates for use in many quantum devices, such as single-
electron devices,” detectors,? single-photon sources,** and
solid-state quantum logic gates.>’ In this context, it is of
prime importance to have detailed knowledge of the elec-
tronic structure of the low-lying electron-hole (e-h) pair
states (often called “exciton ground states”) and also of the
characteristic times of their population relaxation and quan-
tum decoherence.

In recent years, progress in single-QD photoluminescence
(PL) experiments revealed the loss of the nominal rotational
symmetry of the low-lying e-h pair states of self-assembled
QDs. The micro-PL technique showed a fine-structure dou-
blet for the lowest-excited e-h pair states, exhibiting a pro-
nounced in-plane polarization anisotropy®~!* which singular-

izes the seemingly equivalent [110] and [110] directions.
Indeed, due to this symmetry lowering (induced by a shape

anisotropy and/or by the anisotropy between the [110] and
[110] directions in the zinc-blende crystal structure), the de-
generacy between the two bright states is lifted by the long-
range exchange interaction and the oscillator strengths of
these two nondegenerate states become different.!! The ex-
perimental determination of the value of this splitting (on the
order of several tens of weV) has been the center of recent
studies based on differential transmission,'%!3 transient four-
wave mixing,'# or PL.!>16

Time-resolved PL experiments are largely used to obtain
information about population lifetimes. Recently, the low-
temperature PL of QDs has shown a remarkable memory of
the polarization of the exciting light, which demonstrates an
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inefficient transfer mechanism between both e-/ pair states.
To have access to their decoherence time, it is, however,
necessary to experimentally create a coherent superposition
of the e-h pair states and to measure their relative phase.
That is possible in differential transmission,!” four-wave
mixing,'® and PL measurements.!>16

In this paper, we present and model our pump-probe ex-
periments, in which we measure the photoinduced dynamics
of an ensemble of InAs/GaAs QDs. Our model treats the
pump-QD interaction exactly, while the weak probe beam is
supposed to negligibly perturb the excited sample. Our mea-
surements allow us to get information not only about the fine
structure of the e-h pair states, but also about their popula-
tion lifetime and decoherence time. In particular, we have
obtained an energy splitting of the low-lying e-h states equal
to 418 ueV, at 1.343 eV, and have observed two different
radiative lifetimes for these states.

II. SAMPLE AND EXPERIMENTAL SETUP

The sample studied is made of 40 layers of self-assembled
InAs/GaAs QDs grown by molecular beam epitaxy. The
mean density of the QDs is N=4 X 10'° cm™? per layer, with
a typical dot height of 5 nm and a diameter of 15 nm. The
PL spectrum at 2 K shows a maximum at 1.34 eV and a full
width at half maximum of about 60 meV."

We use different beam-polarization configurations of our
pump-probe experimental setup in order to obtain informa-
tion on the electronic structure of the low-lying e-h pair
states and on the dynamics of their relaxation and decoher-
ence. Pump and probe pulses have a duration of 2 ps and are
supplied by a mode-locked Ti:sapphire laser with a repetition
rate of 76 MHz. The average intensity of the pump is about

©2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.73.085301

BERNARDOT et al.

1 W/cm? and typically 10 times larger than the probe inten-
sity. Both beams are quasicolinearly focused onto the sample
placed inside a cryostat. Measurements are performed at
2 K. After transmission through the sample, a balanced op-
tical bridge decomposes and analyzes the probe beam into

two linear components: aligned with the directions [110] and
[110] of the eigenaxes of the InAs/GaAs QDs for linear
dichroism measurements and aligned with the [100] and
[010] axes for dynamical dichroism experiments. The differ-
ence in the intensity of these two transmitted components is
finally measured. Intensity modulations of the pump and
probe beams are used to improve the signal-to-noise
ratio. %0

We have also performed circular dichroism experiments
in order to check the possible presence of charged QDs in
our nonintentionally doped sample. Indeed, this experimental
configuration is especially well adapted to evidence charged
QDs, because their eigenstates are circularly polarized. No
signal of circular dichroism during the e-A pair lifetime was
detected, leading to the assumption of a wholly undoped
sample.

III. PUMP-PROBE EXPERIMENTS: MODEL

In this paper we model our pump-probe experiments, in
which the photoinduced dynamics of an ensemble of
InAs/GaAs QDs is measured. For simplicity, we describe the
interaction of light with a sample containing a single layer of
independent QDs. The pump or probe optical
beam is approximated by a plane wave propagating along
the growth axis z of the sample. Aligned along the in-plane

[110] and [110] crystallographic directions, the linear x and
y light components couple the ground state |g) to the |x) and
[y) e-h pair states through II, and 11, transitions, respec-
tively. The |x) and |y) e-h pair states are +1 spin states along
the x axis: |x)=|/,=+1)=(|+)+|-))/\2 and |y)=|/,=—1)
=(|+)=|-))/i\2, where the |+)= J.=x1) are the states
coupled to the ground state through o, transitions when no
anisotropy is present. The energy level schema is V shaped
(see Fig. 1), with both e-h pair states lying an energy %iw,
above the ground state and separated by the e-h anisotropic
exchange energy splitting #.6;. The interaction with light of a
single QD located in the z=0 plane is described by a dipolar
interaction, whose Hamiltonian in the rotating-wave approxi-
mation is written

Hy(1)=— E d;Ee|j)g| +Hee., (1)

where d; is the dipole on the transition |g)/|j) and E; the
J component of the optical-field envelope (j=x,y). Linking
the “A.P” and “E.D” descriptions of H,(¢),>' one obtains
d;=—ep;lim,, where p; is the j component of the linear-
momentum matrix element between |g) and [j). Using
the envelope-function approximation to describe the states
|¢), |x), and |y) and the value? p;=1.27X 10* SI in InAs
for the linear-momentum matrix element between both
Bloch functions of an e-h pair, we estimate dj=1.l
X 10728 C m—assuming a perfect overlap of the electron and
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FIG. 1. Lowest-energy states in a quantum dot. |g) is the ground
state (filled valence band, empty conduction band). The |x) (|y))
electron-hole pair state is resonantly excited from |g) through a
linearly polarized optical transition II, (II,) of frequency w, (w,
+6)).

hole envelope functions.?? This electric dipole corresponds to
two elementary opposite charges +e separated by 0.7 nm.

The duration 7,=2 ps of the optical pulses being very
short as compared to 1/|w—wy|, light is supposed to be reso-
nant with both linear transitions of a QD; this condition
means that the II, transition is resonant as well, because
7,<1/|8)| is also expected. The envelopes Ej(f) of the
pump-field components have a slowly varying profile and
have maximum amplitudes E,;. We assume that there is no
relaxation in the QDs during the interaction of a pump or
probe pulse with the sample; in particular, a single QD inter-
acting with a pump pulse is well described by a pure quan-
tum state. The solution of the time-dependent Schrodinger
equation takes the following expression, immediately after
the pump pulse (centered at t=0):

|W (1)) = cos Qy7lg) + i sin Qre™ !
X{Q()x|x> + e—ié‘] lQOy|y>}/QO’ (2)

where 7 is the time integral of the normalized pulse profile
and the complex Rabi frequencies y;=d;Eq;/h (j=x,y)
characterize the coupling of the pump field with the II, and
IT, linear transitions of the QD (Qo=[|Qq|*+[Q,[*]").
Equation (2) generalizes the well-known formula concerning
a two-level system which interacts with a classical field;2* it
shows that the optical coherence of the pump pulse between
its x and y components—this coherence being marked by the
relative  weight |Eq|/|E,| and the relative phase
Arg(E,/ Ey,)—is transferred to the e-h pair part of the QD
state |W(r)) immediately after the pump pulse has passed,
with slight modifications brought by the QD itself (d,# d,,
8, #0). '
After their interaction with the pump pulse and before the
probe pulse arrives, the QDs freely evolve. To describe the
quantum state of a QD in presence of relaxation, we turn to
a density matrix formalism. Immediately after the pump
pulse, the density matrix of a single QD is p(z)
=|W(t))(W(1)|. Afterwards, the populations of |x) and |y) re-
lax to the ground state |g), with rates 1/7, and 1/,, respec-
tively; the lifetimes 7, and T, are a priori different, in accor-
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dance with d, # d,. Taking into account previous studies'>?

of resonant PL of the first-excited e-h pair states in our
sample, we consider that, at the nanosecond time scale of our
experiments, the spin relaxation between the |x) and |y)
states via a spin-flip mechanism is nearly absent in our InAs
QDs, and we neglect it completely. Dark states, with total
angular momentum J=2, are not considered because recent
studies on similar undoped InAs QDs have shown a very
long low-temperature spin-flip time between dark and bright
states [from 30 ns to 400 ns (Refs. 26 and 27)]. The popula-
tions of the e-h pair states are then written

p,(1) = (|Qq;7/Qg)sin® Q7 exp{- t/7}, (3)

j=x or y. Concerning the coherences, p,,(t) and p,,(7) are
possibly long lived;”® nevertheless, they cannot be measured
in our experiments, and we do not consider them further. On
the contrary, we are able to measure the coherence p,,(t)
between the e-h pair states |x) and |y); noting T», its charac-
teristic damping time, and using Eq. (2), we write

pylt) = (QOyQS)/Q(Z))sin2 Qqre™ % exp{—1/T,}. (4)

Note that Egs. (3) and (4) concern a single QD.

The populations p,(r) and p,(t) and the coherence py,()
are the physical quantities we are able to reach in our experi-
ments, in order to characterize the quantum dynamics of the
measured QDs. For this purpose, the probe pulse is sent to
the out-of-equilibrium sample at a time delayed from the
arrival of the pump pulse. As shown in the following, for
well-chosen polarization configurations of the pump and
probe beams, the detection of the probe pulse after its inter-
action with the QDs reveals their (averaged) quantum state
when it crossed them. The calculation of the measured signal
on the probe is achieved in two steps (cf. Appendix A). First,
the effect of the probe pulse on the density matrix of a QD is
evaluated to linear order in the probe optical field. Second,
the classical optical radiation of the QDs is added to the
probe field after it has crossed the plane of QDs, in a proce-
dure which do not necessitate a field quantization.? Finally,
taking into account the peculiarities of our polarization-
sensitive detection, we can write down formulas correspond-
ing to various polarization configurations for the pump and
probe beams. As experimentally demonstrated, appropriate
choices of polarizations for the pump and probe beams do
allow to reach all the quantities of interest concerning the
QDs—namely the populations p,(A#) and p,(Af) of both
e-h pair states and the coherence p,,(Af) between them—at
various delay times At between the pump and probe pulses.
From these, we deduce the lifetimes 7, and 7, the ratio of
the oscillator strengths d> and di and the fine-structure
splitting 6.

IV. PHOTOINDUCED LINEAR DICHROISM
EXPERIMENTS

We first consider the experimental configurations in which
the pump pulse is linearly polarized along the x axis, £,=0,
or along the y axis, E,=0. In these cases, {)5,=0 or {},=0;
then, no coherence can exist between the e-h pair states:
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py(A1)=0. Thus, the eigenpropagation modes for the probe
are linearly polarized along the x and y axes, at any time, and
the envelope of the probe field after crossing the layer of
QDs has the components

eoj{p(t —nzlc - At) = [p (A1) - pj(At)]df-Z(Nw/Zﬁ)

t—-nzlc
XJ di'p(t' =Ar) ¢, j=xory, (5)

—o0

where p(7) is the normalized profile of the optical pulses (n is
the GaAs index of refraction and Z its electromagnetic im-
pedance). After the layer of QDs, the modulus of the x com-
ponent of the probe field is diminished by an amount propor-
tional to [pg(At)—px(At)]d)zc. The p,(At) contribution is the
absorption decrease due to the depletion of the ground state;
the p,(Ar) contribution is the stimulated emission on the II,
transition originating from the population already existing in
the |x) state when the resonant probe crosses the sample.
Both preceding processes are proportional to the oscillator
strength d>. The same discussion is valid as well for the y
component of the probe. This means that a II, or II, pump
pulse modifies the linear dichroism along the x and y ei-
genaxes, which exists in the layer of QDs in the absence of a
pump beam, then creating a photoinduced linear dichroism.

Experimentally, the mean optical intensities /, and I, of
the x and y probe components after the sample are measured
by a quadratic detector, whose response time is much larger
than the duration 7,=2 ps of the pulses. The incident probe
beam has a linear polarization oriented at nearly 45° to the x
and y axes, in such a way that /, and /, are equal in the
absence of a pump pulse. Under this condition, the pump-
induced experimental signal when the pump beam is II, or
I1, polarized is found to be

L=, d{[1 = p(ADT+ p (AN} = di{[1 = p(AD)] + p,(AD)}.
(6)

This expression makes clear that the population disequilib-
rium on the transition IL, (IL,) is felt by the probe pulse
through the oscillator strength dfc (di) of this transition. For a
I, pump beam, p,(At)=0, and the signal is written

I—1,x(2- r)sin?| Q| 7exp{- At/7.}, (7a)

where r:di/ d? is the ratio of the oscillator strengths. When
the pump polarization is turned to II,, the signal becomes

I,—1,% = (2r = 1)sin®|Qq | T exp{- At/7,}. (7b)

Figure 2 shows the measured linear dichroism decay
curves observed at low temperature for a pump and probe
beam energy of 1.343 eV. The upper curve corresponds to a
pump linearly polarized along the vertical direction with re-
spect to the experimental setup, and the lower one corre-
sponds to a pump linearly polarized along the horizontal di-
rection. Horizontal and vertical directions are parallel to the

two crystallographic axes [110] and [110]. Both decays are

nonsymmetric with respect to the zero line, both in ampli-
tude and in characteristic damping time; that is a conse-
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FIG. 2. Linear dichroism, at 2 K, as a function of the pump-
probe delay, for a pump and probe energy of 1.343 eV. The solid
(dotted) line represents experimental data for a vertically (horizon-
tally) polarized pump beam.

quence of the difference in the oscillator strengths for the II,
and II, transitions. Using the semilogarithmic plot of Fig. 3,
we measure a very short decay time of 20 ps and a longer
one in the nanosecond scale. One possible explanation for
this two-exponential decay is that, at a given energy, the
pump beam is able to excite two different assemblies of
QDs: one assembly of large-sized QDs, excited in the
second-excited states of the e-h pair, and a second assembly
of small-sized QDs, excited in the first-excited e-h pair
states. The shorter characteristic time obtained from the two-
exponential decay curves of Fig. 3 represents the lifetime of
the second-excited states to the first-excited states or to the
ground state in the largest QDs.>* The long-time decay is
associated to the resonant excitation of the |x) or |y) states in
small QDs, which is the studied situation.

Fits of the long-time decays of Fig. 3 with Egs. (7) give
7y=1038+18 ps and 7;=1164+36 ps, which leads to an os-

1 0 T T T T T T T

o vertical pump
= horizontal pump

a
0
o
&
;]

Linear dichroism (arb units)

0 400 800 1200
Pump-probe delay time (ps)

FIG. 3. Semilogarithmic plot of Fig. 2, for positive pump-probe
delays. The open (solid) squares represent the experimental data for
a vertically (horizontally) polarized pump beam. The straight lines
are one-exponential decay fits, for the long-time signals; two differ-
ent decays are measured, 7y=1038+18 ps and 75=1164+36 ps,
which are consistent with the relative amplitudes of the curves.
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cillator strengths ratio r=0.89+0.04, according to the Fermi
golden rule 7'« d?. These mean decay times are in good
agreement with time-resolved PL experiments on this
sample, which have demonstrated an e-h pair radiative decay
of about 1 ns, at 1.33 eV.!> Moreover, as we estimate |7
to be less than 0.5 rad, we replace sin|Q[7 by (|Q;7)?* in
Eqgs. (7), which implies a small error of the order of 1% when
manipulating the ratio of these equations; then, from the ex-
trapolated long-time signal amplitudes to Ar=0 of the upper
and lower curves of Fig. 2, we obtain an oscillator strengths
ratio r=0.88+0.02: the relative amplitudes of both curves of
Fig. 2 are in complete agreement with their relative decay
times.

Let us comment on the absence of the biexciton state in
our analysis. It is possible for the biexciton transition to be
resonant in our experiment—i.e., its binding energy to be
within the 1 meV width of the laser energy; nevertheless, the
following reasons indicate that the biexciton state is negli-
gible. First, our pump intensity is too weak to create a reso-
nant biexciton with a non-negligible probability. Second, if
we assume that the probe transmission is sensitive to a reso-
nant biexciton transition, then the linear dichroism, given in
Eqgs. (7), is affected only in its amplitudes at A¢=0, but not in
its temporal behavior: the fact that the initial amplitudes are
consistent with the damping rates, in the framework of our
model, is a strong indication that the biexciton state plays a
negligible role in our experiment.

V. DYNAMICAL DICHROISM EXPERIMENTS

When the pump pulse is not linearly polarized along the x
or y eigenaxis, some coherence builds up between the |x) and
|y) e-h pair states, in addition to the induced modification of
their populations. At the time r=A¢ when the probe pulse
impinges the sample, one can hope that this |x)/[y) coher-
ence is still present, p, (Ar)#0. The full expression of
G;,(t)—pj,(Ar), Egs. (A3), then needs to enter in the field

£,(z>0,1) radiated by the layer of QDs as the probe crosses
it (j=x or y), Egs. (A6). Experimentally, we use an incident
probe beam linearly polarized along the x axis; the measured
signal is the optical intensity difference in the two orthogonal
components which are at +45° to the incident polarization.
Under these conditions, the signal is written, beside a con-
stant factor,

(Re{e,(t — nzlc - At)*gy(z > 0,1 —nzlc)}), (8)

where (---) stands for a time averaging and is then propor-
tional to the rotation 6(Ar) undergone by the polarization of
the incident x-polarized probe after the sample; more pre-
cisely, 6(Ar) is the angle between the x axis and the major
axis of the probe polarization after the sample. This angle
finally takes the expression

B(AD) = Re{p,, (A1)} & Re{Eq Ey e 13 exp{— Ai/T)},
(9a)

where, as a result of the averaging over the QDs, J; is a
mean value and T; replaces T, (the exponential decay as-
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FIG. 4. Dynamical dichroism, at 2 K, as a function of the pump-
probe delay, for a pump and probe energy of 1.343 eV. Open (solid)
circles represent experimental data for a circular (linear at 45° to the
QD eigenaxes) pump; the line represents a fit of the experimental
data to a damped sine (cosine) function. From these data, we de-
duce a mean energy splitting 75,=41+8 ueV and T;: 16 ps.

sumes a Lorentzian distribution of fine-structure splittings
among the QDs, which will be discussed in the following).

For a pump beam linearly polarized at +45° to the x and y
axes, Ey,=+E, and

O(Ar) o« £ cos(8,Ar)exp{- At/T;}, (9b)

whereas in the case of a circularly polarized pump, E,,
=+iE,, and

O(At) o+ sin(8;Ar)exp{- At/T;}. (9¢)

We can trace the origin of the initial phase for the oscilla-
tions of 6(Ar). Considering the case of a circularly polarized

pump for example, the y component g},mpyx(At) [cf. Egs.
(A6), (A3b), and (2)] of the QD-radiated field is in quadra-
ture with the x-polarized incident probe at Ar=0. The field
after the sample is then elliptically polarized with a principal
axis along x, so that no signal is observed. Afterwards,
p,.(Af) o +ie” 14" gains a nonzero real part, the principal
axis of the polarization ellipse turns, and the signal begins to
exist; later, the signal is maximum at Ar=m/2|8;| when
pyc(At) is purely real, then starts to decrease as p,. (A7) is
reacquiring a nonzero imaginary part, and so on. For the case
of a linear pump polarization at +45° to the x and y axes,
the discussion is the same, except for a nonzero signal at
Ar=0" arising from a pure real p,,(0%).

These 6(Ar) oscillations arise from the existence of a
quantum coherence p,, (A7) between the |x) and |y) e-h pair
states and thus have no counterpart in classical optics. Ap-
pendix B shows that this phenomenon comes from a dichro-
ism between two elliptical eigenpropagation modes in the
sample, the eigenpolarizations and associated absorptions
varying in time. We are thus facing a dynamical dichroism,
which exists as long as the |x)/|y) quantum coherence is
observable and whose oscillating character comes from the
|x)/|y) energy splitting.

Figure 4 shows the dynamical dichroism decay curves
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obtained for a circular and for a linear pump beam. In the
case of a linearly polarized pump beam, a spurious small
signal of linear dichroism is superimposed onto a damped
cosine function; this unwanted effect is attributed to an ex-
perimental misalignment of the x and y sample axes with
respect to the experimental setup axes.’! For the case of a
circularly polarized pump beam, the signal-vs-delay curve
clearly shows a damped sine oscillation. Fits of these two
curves to cosine or sine damped functions, following Egs.
(9b) and (9¢), give a period of 100+20 ps, from which we
deduce the mean energy splitting 75, =41+8 ueV between
the linear e-h pair states. These fitting curves also give a
lower limit to the value of the decoherence time for a QD:
T;: 16 ps. This value, very small as compared to the radia-
tive lifetime (around 1 ns), is likely to result from a wide
distribution of the energy splitting 7 8, over the collection of
measured QDs, this distribution including possibly positive
and negative energy splittings (the assumption of a Gaussian
distribution only weakly reduces the width of the dispersion
on f.6;, without improving the fits, and conserving the main
conclusion of its wide distribution among the QDs). Our re-
sults are consistent with time-resolved PL measurements per-
formed on the same sample,'> which yield 28, =303 ueV
and T,=30 ps. They are also comparable to T;:SS ps and
7:6,=40 eV obtained by Lenihan et al.'?> Recently, Tartak-
ovskii ef al.'” have obtained, at 10 K, in self-assembled In-
GaAs QDs presenting a very narrow distribution of fine-
structure splitting energies, a decoherence time of 400 ps,
comparable to the lifetime.

VI. CONCLUSION

In conclusion, the dynamics of the photoinduced linear
dichroism of our InAs QDs, studied under strictly resonant
conditions, is consistent with a very long spin-flip time, as
compared to the radiative time; it gives two different popu-
lation lifetimes of mean value 1.1 ns, arising from two dif-
ferent oscillator strengths for the II, and II, transitions,
which are in the ratio r=0.88+0.02. In addition, dynamical
dichroism experiments provide a measurement of the fine-
structure splitting of the e-h pair states, which is found to be
41+8 weV at 1.343 eV, and fix a minimum value to the spin
decoherence time of about 16 ps. We developed a simple
model of our pump-probe measurements, describing very
satisfactorily our experimental results. In order to reveal the
spin decoherence in InAs QDs, experiments measuring the
dynamical dichroism of a single QD would be very interest-
ing.
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APPENDIX A

To measure the temporal evolution of the QDs after the
pump pulse excitation, the probe pulse is sent to the out-of-
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equilibrium sample at a time delayed from the arrival of the
pump pulse; this variable pump-probe delay is denoted Az.
As shown in the following, for well-chosen polarization con-
figurations of the pump and probe beams, the detection of the
probe pulse after its interaction with the QDs reveals their
(averaged) quantum state at Az. The envelopes of the probe
field linear components being e;(r)=ey; p(t—At) (j=x,y) in
the z=0 plane, the coupling of the probe with the II, and II,
transitions is characterized by the Rabi frequencies w;
=d,e;/h (j=x,y). In the following, the density matrix de-
scribing a single QD while it is interacting with the probe
field is denoted o(7), the notation p(¢) being kept for the free
evolution after the pump pulse. The initial condition is o(¢)
=p(1) just before the arrival of the probe pulse on the layer of
QDs. The evolution equation for o(z),

d
md—‘t’m = [Hy+ H,(1),o(1)] (A1)

[where now the probe field enters in H,(f), instead of the
pump field; see Eq. (1)], being treated to linear order in the

probe field, the coherences of |x) or |y) with the ground state
are written:

jglt) = Gjg(D)e™,  j=xory, (A2)
with envelopes
0g(1) = Prg(A1) + {[ pg (A1) = p (A1) ]y,
— po(An @y} f ; dr'p(t' - Ar) (A3a)
and
0y(1) = Pyg(A1) + i{{ py (A1) = p\ (A1) Jwy,
= Py A @t t dt'p(t' - Ar).  (A3b)

—00

The expressions of Egs. (A3) are valid for times ¢ within or
very near the time interval [At—7, Ar+7,] of the probe
pulse, for the relaxation to be negligible. Clearly, the weak-
probe condition is written |w,|7<< 1, which is fulfilled in our
experiments. The expression of (), Eq. (A3a), shows that
the |x)/|g) coherence built by the probe pulse comes from
two origins: (i) the probe-induced II, transition, with initial
|¢) and |x) populations modified by the pump pulse ( term
with factor [p,(Ar)—p,(Ar)]w,,) (ii) the pump-induced
|x)/|y) coherence transferred to |x)/|g) coherence by the
probe-induced 11, transition [term with factor p,,(Af)wq,].
The same kind of processes arise in the creation of &,(r).
Up to now, we took the usual point of view employed
when a classical electromagnetic field is interacting with a
quantum system: the field remains unchanged, for it is sup-
posed strong enough to be treated classically, and the quan-
tum evolution of the material system is calculated. However,
our goal here is to evaluate the influence of a layer of QDs
on the probe field upon transmission. There is a way to
achieve this program, even though the electromagnetic field
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is not quantized:> each QD is transformed into a classical
object represented by its dipole quantum-mean value, of
components

(d)(0)=Tilo(0)d;] = dj(o;,(1) +c.c), j=xory,
(A4)

whose the probe-induced part radiates a classical electromag-
netic field which is added to the probe field after the sample
(i.e., in the half space z>0). The superposition of the indi-
vidual fields radiated by the ensemble of QDs gives an av-
eraged optical electric field, copropagating with the probe
field, which possesses the components

E(z>0,0)= Ej(z > 0,0)e'*) 4 cc., j=xory,
(A5)

where the envelopes are

E(z> 0,1) =iZ(wNI2)d,[5,,(t — nzlc) = pjo(An)],;
(A6)

N is the mean number of QDs per unit surface which are at
resonance and Z=(u,/&,)"?/n is the electromagnetic imped-
ance of the GaAs matrix embedding the z=0 layer of QDs
(k=nw/c). An ensemble average is taken on &;,—p;,(A1),
involving averages of the populations p;(t), j=x or y [Eq.
(3)], and of the coherence p,.(t) [Eq. (4)] over the collection
of resonant QDs. Finally, the electric field of the probe beam
after it has crossed the sample (z>0) possesses the compo-
nents

[e;(t—nzlc) + gi(z >0,1)]e'* ) +cc., j=xory,
(A7)

where the envelopes zj(z>0,t) originating from the QDs
are given by Egs. (A6) and (A3).

To conclude this appendix, let us stress that the envelope
of the QD-radiated field, E,'j(z>0,t), is proportional to the
part of the |j)/|g) coherence which is due to the probe and
then contains all the matrix elements of the density matrix
p(Ar) characterizing the photoinduced dynamics of the QDs
[see Eqs. (A3)]—only p, (A7) and p,,(Ar) are missing.

APPENDIX B

In order to physically interpret the effect of the out-of-
equilibrium sample on the polarization of the probe beam,
the relation between the classical dipole (@) =Tr[o-(t)&] of
a QD and the incident probe electric field is diagonalized.
Writing (@) =(@) (1) +c.c., (d)(1) being a slowly vary-
ing envelope, Egs. (A4) and (A3) give the relation between
the classical dipole of a QD and the probe field, in the form

(B1)

—o0

(@) = é( f di'p(t' - At))[A]eo,

where the elements of the Hermitian matrix [A] are
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A =[py(AD) - p(AD)]d7, (B2a)
Ayy=[p(A0) = p,(AD]dS, (B2b)
Ay, =(A,)" ==p,(Andd,. (B2c)
The diagonalization of this relationship gives
~ if [
(@).(r) = Z( J di'plt’ - At])Aieoi, (B3)

where the eigenvalues
Ar=(AL+A )R =[(A,—A, )4+ A, 1T (B4a)

are associated with the eigenpropagation modes
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( cos 6 ) (sin He‘iryx) (B4b)
€ = - ) €)= )
0+ 7\ Z sin GeTy 0 cos 6

with tan260=2|A,|/(A,-A,) (0<6<m/2) and T,
= Arglp, (A)]= g 311

Finally, if the complex envelope of the probe is eg.p(t
—nz/c—At) before transmission (z<<0), then it becomes

t—nzlc

€os) p(t —nzlc — Ar) - AiZ(Nw/zﬁ)f dt'p(t' — Ar)

(B5)

after the layer of QDs (z>0), with no change of the polar-
ization e,: the eigenpropagation modes are differently ab-
sorbed by the sample. Thus the probe optical pulse feels a
dichroism effect on its e,. components. More precisely, the
eigenpropagation modes e, evolving with time as well as
their absorptions A,—because of the evolution of the sample
density matrix p(Ar) with delay A—we are in fact facing a
dynamical dichroism.
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