
Controlling the capture dynamics of traveling wave packets into a quantum dot

D. Reiter, M. Glanemann, V. M. Axt, and T. Kuhn
Institut für Festkörpertheorie, Westfälische Wilhelms-Universität Münster, Wilhelm-Klemm-Strasse 10, 48149 Münster, Germany

�Received 28 November 2005; revised manuscript received 16 February 2006; published 24 March 2006; corrected 10 May 2006�

An analysis of the control of capture processes from a traveling wave packet in a semiconductor quantum
wire into localized states of a quantum dot is presented. On ultrafast time scales this capture in general leads
to occupations of the discrete states as well as to coherences among these states. We show that both occupa-
tions and coherences can be efficiently controlled by excitation with a pair of spatially localized laser pulses
which are spatially, temporally, or spectrally displaced with respect to each other. The coherences between
discrete dot states are controlled by spatially nonoverlapping pulses by varying either their spatial or their
temporal displacement. For spatially overlapping pulses an effective pulse shaping occurs which modifies both
occupations and coherences. By using two-color laser pulses the dot states can be selectively addressed which
may result in particularly pronounced coherences.
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I. INTRODUCTION

Controlling a process of any kind and size has always
been a principal task to physics. Such a control is particularly
challenging if the process to be controlled occurs on a mi-
croscopic level. Here the dynamics is governed by quantum
mechanics and one usually has only a limited access to the
system via some external fields or parameters. Recently
some powerful tools have been developed to control the
quantum dynamics in very different systems based on the
general technique of coherent control. Coherent control re-
lies on the fact that quantum mechanical states do not only
have an amplitude but also a phase which can be addressed
by suitable external excitations. Due to quantum mechanical
interferences this phase information can then also couple
back to the amplitudes and, thus, to occupation probabilities.
Coherent control techniques have previously been developed
to control the outcome of chemical reactions.1–3 In recent
years they have been applied to a wide variety of phenomena
in semiconductor physics including the coherent control of
terahertz emission from quantum wells,4–6 exciton and spin
densities,7,8 heavy-light hole and phonon quantum beats,7,9–11

charge and spin currents,12–14 light absorption,15 quantum
states in a quantum dot,16,17 and the pure dephasing due to
acoustic phonons in quantum dot structures.18,19

The subject of this paper is the control of a specific type
of quantum dynamics, the transition of carriers in a nano-
structured sample from delocalized continuum states into lo-
calized discrete states. Such transitions between states of dif-
ferent dimensionality are abundant in modern nanostructured
devices and systems where they often provide a key ingredi-
ent for their functionality as, for example, in quantum well or
quantum dot semiconductor laser. Because of their impor-
tance for heterostructure semiconductor lasers capture rates
obtained from Fermi’s golden rule have been calculated for
many years, first mainly for the capture into quantum well
states20–24 and more recently also for the capture into quan-
tum dot states.25–28 Only recently the limitations of such a
semiclassical treatment based on Fermi’s golden rule have
been overcome by using a quantum kinetic approach29–32

which accounts for quantum coherences during the scattering

process as well as the fundamental quantum mechanical un-
certainties. Such quantum phenomena are of particular im-
portance on ultrashort length and time scales.33 In our study
we are particularly interested in the combination of transport
and capture processes, i.e., we assume that the carriers are
generated in the continuum states in a region which is spa-
tially separated from the localized states. They then move
toward the region with the localized states where they either
may be captured by means of the emission of phonons or
they leave this region again after being reflected or transmit-
ted.

To be specific we will analyze a structure where a quan-
tum dot is embedded in a quantum wire. Such kinds of struc-
tures have already been fabricated, e.g., by cleaved edge
overgrowth34 where a dot forms at the intersection of
T-shaped quantum wires or as zigzag quantum wires on a
patterned substrate where dot states show up at the corners.35

For such a structure we have recently shown that the capture
dynamics when studied on ultrashort length and time scales
involve a series of genuine quantum features.32 Even at low
temperatures where only phonon emission processes are pos-
sible the occupation of the bound states does not rise mono-
tonically with time as would be expected if the capture were
described by a simple capture rate. The reason is the buildup
of phonon Rabi oscillations between the localized state with
a phonon emitted and the delocalized state without phonon.
Furthermore, in general the capture does not only lead to
certain occupations of the bound states but coherent super-
positions of these states may show up which then lead to a
nontrivial spatiotemporal dynamics of the bound carrier den-
sity. These phenomena can only be obtained if the dynamics
is treated on the quantum kinetic level which treats on the
same quantum mechanical footing both transport and capture
processes. Furthermore, coherences between discrete dot
states are generated in wave packet transport only when the
wave packet is sufficiently strongly localized in space.30

Thus by using excitations that are ultrashort simultaneously
in space and time a regime is reached where the quantum
nature of the processes becomes visible.

In Ref. 32 we have studied the capture dynamics of a
wave packet generated on a nanometer scale with a femto-
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second laser pulse. Such localized, ultrafast excitations can
be achieved by exciting the system through the tip of an
optical near-field microscope.36,37 Recently spatial resolu-
tions smaller than 10 nm have been realized experimentally
by using near-field techniques.38–40 The basic idea of the
present paper is to replace this single pulse excitation by an
excitation with two pulses where we either vary the spatial
separation of these pulses or the time delay between these
pulses. An additional flexibility is gained if we furthermore
allow the pulses to have different central frequencies corre-
sponding to different excess energies above the band gap. We
will show that in all cases an efficient control of the quantum
mechanical details of the capture dynamics becomes pos-
sible.

When the pulses are focused on the same spot we recover
a typical coherent control scenario: The first pulse generates
an interband polarization and the second pulse interacts with
the polarization created by the first pulse. This interference
leads to a shaping of the effective pulse spectra and therefore
modifies the generation process. If the pulses are spatially
separated, on the other hand, no direct interference occurs
and the phases of the pulses are of minor importance. In this
case the spatial and temporal delays of the wave packets
generated by the pulses become the quantities which are of
central importance. The capture of the first wave packet in-
duces coherences in the trapped carrier dynamics. The phase
of these coherences at the time when the second wave packet
arrives at the dot then gives rise to the control of the dynam-
ics. We are thus dealing with a control by transport phenom-
ena. In the most general case we have a combination of both
control mechanisms, the control by spectrally shaping the
exciting pulses and by the wave packet transport. By using
different scenarios in combination with different quantum
dot structures involving one, two, or three bound states we
will analyze in detail the different control mechanisms as
well as their combined action.

The paper is organized as follows: In Sec. II we briefly
summarize the basic idea of the theoretical approach. In Sec.
III we present numerical results for different control sce-
narios. After introducing the model system and discussing
the general scenario of the two-pulse excitation we show
how to control the coherences between the quantum dot
states by using spatially separated pulses. Then we will con-
sider the control of both occupations and coherences by us-
ing pulse shaping techniques. Finally, we show results for
excitation with two-color pulses which will allow us to se-
lectively address specific states and coherences. In Sec. IV
we summarize our results and draw some conclusions.

II. THEORY

The calculations are based on the density matrix approach
to quantum kinetics.41 Starting point is a two-band model for
a semiconductor including spatially inhomogeneous single-
particle potentials both for electrons and holes.42 In particu-
lar we consider a semiconductor quantum wire with an em-
bedded quantum dot. In the lateral direction we assume
infinitely high potential barriers while in the longitudinal di-
rection the quantum dot is modeled by a potential Ve/h�z�

=−V0
e/hsech�z /a� for electrons and holes, respectively. Here,

V0
e/h describes the depth of the electron/hole potential and a is

a measure for the width of the dot. We take V0
h= 2

3V0
e. This

potential is only weakly reflecting and therefore allows us to
concentrate on the capture process.32 Besides the single-
particle potential the model includes the coupling to an ex-
ternal laser field with arbitrary space and time dependence
treated in the usual dipole and rotating-wave approximations.
Note that the spatial variation of the laser pulses creates an
effective potential for the electronic motion and thus may
lead to light forces43,44 which are fully taken into account by
our theory. In our model we disregard the band degeneracies.
Thus our calculation applies to a situation with fixed polar-
izations of all light fields. In addition our theory comprises
the coupling to bulklike longitudinal optical phonons �LO
phonons� via the Fröhlich interaction, and the Coulomb in-
teraction which is treated on the mean field level. Thus, ex-
citonic effects and the Coulomb enhancement/suppression of
optical transitions are included. Details of the model can be
found in Refs. 32 and 42.

The basic dynamical variables in the density matrix ap-
proach to quantum kinetics are the single-particle density
matrices. In contrast to a semiclassical treatment involving
transition rates the quantum kinetic formulation is indepen-
dent of the choice of the single-particle basis which, there-
fore, may be chosen according to its convenience for numeri-
cal calculations. As has been discussed in Ref. 32, for the
case of excitations sufficiently close to the band gap a rep-
resentation in terms of eigenstates of the single-particle po-
tentials is most favorable. In this representation the single-
particle density matrices are defined as

�n�,n
e = �cn�

† cn�,�n�,n
h = �dn�

† dn�,pn�,n = �dn�cn� , �1�

where cn
† and dn

† �cn and dn� describe the creation �annihila-
tion� of an electron and a hole in the nth eigenstate. The
occupations of the single-particle states are given by the di-
agonal elements of the density matrix �n,n and the coherences
between these states by the off-diagonal elements �n�,n �n
�n��. Typically, in our case the lowest few values of n refer
to the discrete bound states in the quantum dot while the
higher values describe quasi-continuous states in the quan-
tum wire.

Due to the many body nature of the problem, here caused
by the electron-phonon interaction, the equations of motion
for the single particle density matrices lead to an infinite
hierarchy of equations. In this paper the hierarchy is trun-
cated on the level of the quantum kinetic second Born ap-
proximation. The corresponding equations of motions can be
found in Ref. 42.

III. RESULTS

The general theory has been applied to a quantum dot
embedded in a GaAs cylindrical quantum wire with 100 nm2

cross section. The material parameters used in the simula-
tions are summarized in Table I. The semiconductor quantum
wire is excited with ultrashort laser pulses which are Gauss-
ian in time and space and are modeled by a classical electric
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field. Results for the case of excitation by a single, spatially
localized pulse in the vicinity of the quantum dot have been
discussed in Ref. 32. Here we extend these studies by con-
sidering a pair of such laser pulses j=1,2 characterized by
the time of the pulse maxima tj, the amplitudes E j, the posi-
tion of excitations zj, and the frequencies � j = ��gap+�Ej� /�,
�Ej denoting the corresponding excess energies above the
band gap �gap of the quantum wire. The pulse durations � and
the spatial widths �z are assumed to be the same for both
pulses. Then, the positive frequency component of the light
field is given by

E�+��z,t� = �
j=1

2

E j exp�−
�t − tj�2

�2 −
�z − zj�2

2�z
2 − i� jt� . �2�

The time delay between the pulses is thus given by �t= t2
− t1. Because of rather low excitation conditions taken in our
calculations it is justified to treat the phonon system as a
bath. We will restrict ourselves to the case of low tempera-
tures where essentially only phonon emission processes oc-
cur and phonon absorption processes are negligible.

The general scenario for all our calculations is as follows:
The carriers are excited above the band gap in the quantum
wire outside the region of the dot. The generated wave pack-
ets, which include both positive and negative wave vector
components, then split into two parts. The part with the wave
vectors not directed toward the dot moves away from the
quantum dot and is therefore of no interest for the capture
process while the other part moves toward the quantum dot.
For excess energies lower than the LO phonon energy there
is no phonon emission possible as long as the wave packets
are in the wire region. However, when the carriers reach the
region of the dot, they can efficiently interact with phonons
resulting in transitions to the bound states of the dot by emit-
ting a phonon. As has been discussed in detail in Ref. 32 this
capture results in general in a nonmonotonically rising occu-
pation of the bound states even at low temperatures which
reflects the presence of phonon Rabi oscillations. Further-
more, depending on the excitation conditions and the param-
eters of the quantum dot spatiotemporal oscillations inside
the dot may occur demonstrating the capture into coherent
superpositions of the localized states. In the following sec-
tions we will discuss different scenarios to control the occu-
pations and/or the coherences which are based on two-pulse
excitations. We will mainly focus on the behavior of the
electron density matrices because, as has been shown in Ref.
32 the holes move much slower and therefore for the present

excitation conditions they show no interesting features on the
ultrafast time scales studied here.

A. Control by time delay and spatial displacement

Let us first consider the case where the two pulses have
no spatial overlap. In particular we will study the case where
one pulse excites a wave packet on the left side of the dot
while the other acts on the right side. We consider a quantum
dot with the values V0

e =40 meV and a=10 nm, so that the
quantum dot has three bound levels at the energies −30.6,
−15.2, and −5.8 meV �see Fig. 1�a�	. The laser pulses have
an excess energy of �E=20 meV and a duration of �
=50 fs corresponding to a full width at half maximum
�FWHM� of the field amplitude of approximately 83 fs. The
position of each pulse is described by its starting position z1/2
and the variance is �z=10 nm corresponding to a FWHM of
the amplitude of about 24 nm. At the time t=0 the laser
pulse located at z=z1 has maximum amplitude. The field
amplitude is chosen rather low so that the occupations and
coherences exhibit their leading order scaling with the field
amplitudes.

If we excite only one packet on the left side located at
z1=−90 nm it splits and the parts move in both directions.
The part moving toward the dot needs approximately 0.15 ps
to reach the region of the dot. There it interacts with the
phonons and some part of the wave packet is captured inside

TABLE I. Material parameters for GaAs-based structures �m0 is
the free electron mass�.

Effective mass of an electron: 0.067 m0

Effective mass of a hole: 0.45 m0

Energy of a LO phonon: 36.4 meV

Band gap energy: 1519 meV

Static dielectric constant: 12.91

Optical dielectric constant: 10.94

FIG. 1. �a� Electron density at t=0 as generated by the two laser
pulses at positions z1=−z2=−90 nm for �t=0 �top part� and quan-
tum dot potential profile including the three bound states with their
corresponding binding energies �lower part�. �b� Real part of the
coherences �01 between the ground and first excited state in the dot
potential as a function of time for the case of excitation by 50 fs
laser pulses at z1=−90 nm and z2=90 nm. Top curve: excitation
only by one pulse at z1 at the time t=0. Other curves: excitation by
two pulses; the maximum of the pulse at z1 is at t=0, the maximum
of the pulse at z2 at the delay time given in the figure in units of the
oscillation period T=270 fs. The imaginary part exhibits a similar
behavior and is therefore not shown.
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the dot. In addition the packet initiates spatial oscillations
inside the dot. The strength of these oscillations is related to
the amplitude of the coherences. The coherence between the
ground state and the first excited state �01 generated by the
single pulse excitation is shown in Fig. 1�b� �top curve�. We
find an almost undamped oscillation starting immediately af-
ter the wave packet reaches the dot. The period of this oscil-
lation is T=270 fs corresponding to the energy difference of
15.4 meV between the two states. This result which has been
discussed in detail in Ref. 32 will now serve as a reference
for the results of the two-pulse calculations.

Let us now add a second laser pulse with the same prop-
erties but located at the same distance on the other side of the
dot, i.e., at z2=90 nm. Because of the spatial separation the
pulses cannot interfere so that the relative phases of the two
laser pulses are irrelevant in this scenario. This second pulse
has a time delay with respect to the first pulse given by �t.
Because of the spatial separation the wave packets do not
interact when they are generated. The potential and the gen-
erated electron density profile at t=0 for the case of �t=0
are shown in Fig. 1�a�. The resulting coherences between the
ground state and the first excited state for various values of
�t given in units of T=270 fs are shown in Fig. 1�b�. Plotted
is the real part of the density matrix element �01; the imagi-
nary part exhibits a similar behavior and is therefore not
shown. We clearly observe a strong dependence of the co-
herences on the time delay of the two pulses.

When the second pulse acts simultaneously ��t=0� the
system is excited completely symmetrically with respect to
z=0. This symmetry is preserved during the evolution and
thus no spatial oscillations may build up. In this case all
density matrix elements between an odd and an even single-
particle state remain zero, in particular also �01 as can be
seen in Fig. 1�b� �second curve from the top�. On the other
hand, when the delay time is T /2=135 fs the second packet
reaches the dot when the captured density induced by the
first packet has completed half a period. At this time both
packets are at the same side of the dot. Thus the wave packet
generated by the second pulse is in phase with the oscillating
packet inside the dot and therefore amplifies the oscillation.
Indeed it is clearly seen in Fig. 1�b� that the amplitude of the
second oscillation in this case is twice as large as the first
oscillation and also twice as large as for the single pulse
excitation.

When the second packet is delayed by T /4=67.5 fs or
3T /4=202.5 fs the amplitude is increased by about 
2 due to
a relative phase of ±	 /2 between the coherences. In addition
the maxima and minima of the coherences are slightly
shifted. The delayed packet reaches the dot when the oscil-
lating packet is close to the middle of the dot. If the oscillat-
ing packet is moving toward the incoming second packet the
oscillation is somehow slowed down when the second packet
enters the dot and the maxima of the oscillation are shifted to
the left. If the oscillating packet is moving away from the
incoming packet the maxima are shifted to the right.

Finally, if the time delay is one period T=270 fs, the co-
herence is essentially switched off when the second packet
enters the dot. The oscillation induced by the first packet is
clearly observable, but it is damped when the delayed packet
arrives at the dot. Again the first packet can be imagined

moving back and forth through the dot and being in the
starting position when the incoming delayed packet enters
the dot. At this moment we have a nearly symmetrical situ-
ation for the captured electrons as if there was no time delay
and the coherence is annihilated. However, this symmetry
now holds only approximately and thus some very small
oscillations remain in contrast to the case of zero delay
where the symmetry holds exactly.

So far we have only discussed the coherence between
ground and first excited state. In general, however, also co-
herences between ground and second excited states ��02� as
well as between first and second excited states ��12� are gen-
erated by the capture process. Figure 2 shows the amplitude
of these three coherences as a function of the time delay. The
amplitudes have been extracted after the capture of both
wave packets, i.e., at times t
1 ps. For �01 we recover the
periodic behavior discussed above with a period of 270 fs.
Also the other coherences exhibit a periodic behavior with
periods determined by the respective energy differences of
the states involved. We observe that, as expected, for sym-
metry reasons �01 and �12 vanish for �t=0 while �02, which
describes a coherence between two even states, has a maxi-
mum in this case. Such a coherence does not lead to spatial
oscillations but to a breathing behavior of the captured elec-
tron density. This is shown in Fig. 3 where we have plotted
this density at three different values of the time delay in a
contour plot. For �t=0 �Fig. 3�a�	 we observe a spatially
symmetric electron density which is breathing with a period
of 160 fs. For �t=135 fs �Fig. 3�b�	 the coherence �01 domi-
nates leading to pronounced spatial oscillations with a period
of 270 fs. In the envelope we observe a period of 440 fs
resulting from �12 which is also rather strong in this case �see
Fig. 2�. This period is visible in the tails of the electron
density because the spatial extension of the bound states in-
creases with increasing energy of the state. For �t=270 fs
�Fig. 3�c�	 essentially only �12 is nonvanishing leading to
spatial oscillations with a period of 440 fs.

Instead of varying the time delay between the two laser
pulses the coherence may also be controlled by varying the
spatial position of the second laser pulse while both pulses
are applied at the same time ��t=0�. Figure 4�a� shows the

FIG. 2. Amplitude of the coherences between the three bound
states in the quantum dot after the capture of both wave packets �at
t
1 ps� as a function of the time delay between the two 50 fs laser
pulses localized at z1=−90 nm and z2=90 nm. The lines are meant
as a guide to the eye.
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real part of the coherence �01 for this scenario where the
spatial position z2 of the right laser pulse is varied by in-
creasing the distance to the quantum dot. The position of the
left pulse is kept at z1=−90 nm. The top curve again shows
the reference case of a single pulse. The second curve �z2

=90 nm� is the completely symmetrical case discussed above
where no coherence between even and odd states may build
up. In the other curves now the wave packet created by the
left sided pulse arrives first while the packet created by the
right sided pulse arrives with some delay. Results are shown
for z2=130, 160, 190, and 230 nm. We again observe a pe-
riodic change between amplification and reduction of the co-
herence when increasing the distance of the second laser
pulse from the dot. In Fig. 4�b� the amplitude of the coher-
ence �01 is plotted as a function of the position of the right
laser pulse. Obviously, the behavior is qualitatively very
similar to the case of excitation with variable time delay.

However, when quantitatively analyzing the results it
turns out that here some spatial transport effects come into
play. Taking the group velocity of the electrons at the excess
energy of the electrons, the minima in Fig. 4�b� correspond
to delays in the arrival of the wave packet of about 235 and
470 fs while the maxima correspond to delays of about 120
and 350 fs. These values are similar to integer multiples of
T /2=135 fs, which have been found above as the character-
istic delay times for minima and maxima. However, they do

not exactly agree with these values. The reason is that due to
the dispersion in the continuum states there is a rather large
broadening of the traveling wave packets before they reach
the dot region �see, e.g., the spatial profiles plotted in Ref.
32� which leads to deviations from the simple estimates
based only on the pulse maximum. This broadening is also
responsible for the fact that the remaining coherence in the
minimum is larger than in the case of excitation with tempo-
ral delay. In the case of the spatial displaced excitation the
second wave packet is considerably broader when it arrives
at the dot than the first one. Spatially broader wave packets,
on the other hand, induce smaller coherences.30 Therefore,
the destructive interference is less perfect in this case.

The results discussed in this section have shown that co-
herences induced by carrier capture processes can be effi-
ciently controlled by an excitation with two spatially sepa-
rated laser pulses. As long as we remain in the low density
regime, where phase space filling effects are negligible, the
occupations of the quantum dot states are not changed by
varying the temporal delay or spatial displacement of the
laser pulses. The final occupations of the bound states in the
two pulse cases studied here is always twice the value of the
single pulse excitation. To control the density a different
strategy has to be taken as will be discussed in the next
section.

FIG. 3. Contour plot of the trapped carrier density as a function
of space and time for the case of excitation by two 50 fs laser pulses
at z1=−90 nm and z2=90 nm. The delay time between the pulses is
�a� 0 fs, �b� 135 fs, and �c� 270 fs corresponding to 0, 0.5, and 1
times the oscillation period of the coherence between ground and
first excited state.

FIG. 4. �a� Real part of the coherence �01 between the ground
and first excited state in the dot potential as a function of time for
the case of excitation by 50 fs laser pulses with zero delay time at
z1=−90 nm and variable position z2. Top curve: excitation only by
one pulse at z1. Other curves: excitation by two pulses; the position
z2 of the second pulse is as given in the figure. �b� Final amplitude
of the coherence �01 �taken at t
1 ps� as a function of the position
of the second laser pulse.
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B. Control by pulse shaping

In the cases studied in the previous section the relative
phases of the two laser pulses have been irrelevant. This
changes if the pulses excite the quantum wire at the same
position but with a certain time delay. If there is a temporal
overlap, i.e., if the delay is shorter than the pulse duration �
the pulses interfere resulting in a modified spectral distribu-
tion. Even if the delay is longer than � but shorter than the
effective dephasing time of the interband polarization such
an interference is still possible giving rise to the well known
coherent control phenomena.7 Such a scenario will be the
subject of the present section. Two identical pulses with the
same parameters as in the previous section but with a time
delay �t excite the quantum dot at z1=z2=−90 nm. The en-
ergy spectrum of such a pulse pair is shown in Fig. 5�a� for
different values of the delay. To study the influence of this
pulse shaping on the capture dynamics we first consider a
quantum dot with only one bound level at −14.4 meV. This
dot is characterized by the values V0

e =30 meV and a=4 nm.
For this structure and pulse parameters the carriers have an
excess energy approximately one LO phonon energy ��LO
above the energy of the quantum dot state allowing for a
resonant capture process.

Figure 5�b� shows the occupation of the ground state as a
function of time for the delay times 0 fs �single pulse�,
48.35, 49.30, 49.71, and 50.00 fs normalized to the total gen-
erated carrier density. These delay times refer to different
representative scenarios reflecting the spectral characteristics
as shown in Fig. 5�a�. Obviously the delay time has a pro-
nounced influence on the capture efficiency. For a time delay
of �t=48.35 fs the spectrum is narrower than the spectrum
of the single pulse. Therefore the capture efficiency is with
about 20% even higher than in the case of one pulse where
only 18% of the generated density is captured inside the dot.
We can also suppress the maximum of the spectrum by
choosing a delay of �t=49.71 fs. In this case there is no
electron density generated at the resonance energy. For this
reason nearly nothing is trapped in the quantum dot. A shift
of the peak in the spectrum to lower or higher energies is
achieved by a time delay of �t=49.30 or 50.00 fs. Now the
maximum in the energy distribution of the generated carriers
is off resonant and the capture rate is lower than in the case
of resonant excitation, but it does not completely vanish.
Because the energy spectra are shifted almost symmetrically

compared to the single pulse spectrum, the capture efficien-
cies for these two values of the delay are nearly equal and
have a value of about 9%. By varying the time delay in
fractions of a femtosecond any capture efficiency between
almost 0 and 20 % can be reached. This is summarized in
Fig. 6 where we have plotted the final occupation of the
bound state after the traveling wave packet has passed the
dot region. As is typical for an interference phenomenon, the
occupation oscillates periodically with an oscillation period
given by 2	 /� j, in our case about 2.7 fs.

With the same laser pulses we now consider the quantum
dot with three bound levels used in Sec. III A. By adjusting
the pulse spectra we can now selectively address the capture
into a specific bound state. We will see that this allows us
also to gain control over the coherences between the levels.
Figure 7 �left panel� shows the occupations of the three
bound levels of the dot and the resulting total occupation of
the bound states normalized to the total generated density as
a function of time for different time delays. Here, as in the
previous figures the occupations have been normalized to the
total number of generated carriers. The curves therefore di-
rectly show the capture efficencies. However, it should be
noted that the total number of carriers varies by about 60%
when varying the time delay between the pulses. In the case
of the coherences between the bound states shown in the left
panel of Fig. 7 such a normalization has not been performed
since here we are more interested in the total degree of co-
herence for varying pulse delay. As a reference the occupa-
tions and coherences for the laser pulse pair with vanishing

FIG. 5. �a� Shaped energy
spectra normalized to the same
area of the two 50 fs laser pulses
which are delayed by a time �t as
given in the figure. �b� Corre-
sponding ground state occupation
of a quantum dot with one bound
level at −14.4 meV as a function
of time normalized to the total
generated electron density.

FIG. 6. Final occupation of the ground state of a dot with a
single bound states after excitation with a pair of laser pulses at
z1=−90 nm as a function of the time delay normalized to the total
generated electron density.

REITER et al. PHYSICAL REVIEW B 73, 125334 �2006�

125334-6



time delay are also shown. In this case the spectrum is the
same as that of a single pulse and we call it unshaped. Be-
cause delay zero corresponds to maximally constructive in-
terference the total intensity of the shaped pulses is always
lower than the intensity of the unshaped pulse. For the time
delays the same values as above have been taken, therefore
the spectra are the same as in Fig. 5�a�. Keeping in mind that
the highest capture efficiencies are given by a resonant pulse
whose energy is approximately one LO phonon energy above
the energy of the quantum dot state we will expect that
pulses with lower peak energies will mainly populate the
ground state while pulses with higher peak energies will
mainly populate the excited states.

Indeed the narrower pulse with a time delay of �t
=48.35 fs increases the occupation of the first excited state
of the quantum dot �11 because the pulse energy is nearly in
resonance with this state while the occupations of the other
levels remain nearly the same as in the case of the unshaped
pulses. The coherences remain also nearly the same as in the
case of unshaped pulses. For a time delay of �t=49.30 fs the
higher energies are not excited and the occupation of the

second excited state �22 is completely suppressed due to the
low excitation energy. Accordingly there is no coherence be-
tween the ground level or the first excited level and the sec-
ond excited level. Only the coherence between the ground
state and the first excited state �01 remains. When the exci-
tation at the maximum of the single pulse spectrum is sup-
pressed by choosing pulses with a time delay of �t
=49.71 fs the occupation of the first excited state �11 be-
comes negligibly consistent with the results above. The oc-
cupation of the second excited level �22 is suppressed as
well. Simply because there is nearly no occupation in the
excited states and only the ground state is populated no
strong coherences can build up either. By suppressing lower
energies and allowing higher energies with a time delay of
�t=50.00 fs the occupation of the second excited state �22 is
increased while the occupations of the first excited state �11

stays below �22. The final occupations of both excited states
turn out to have a similar value and consequently the coher-
ence between the excited state �12 is higher than the coher-
ences with the ground states �01 and �02.

FIG. 7. Left panel: Occupation of the ground
state ��00�, the first ��11�, and second ��22� ex-
cited state, as well as the total occupation of the
three bound states ��tot� as a function of time for
a quantum dot with three bound states after exci-
tation with a pair of laser pulses at z1=−90 nm
for the time delays given in the figure. Right
panel: Real part of the corresponding coherences
��01, �02, and �12� between the bound states.
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C. Control by two-color pulses

Even more flexibility is achieved if we allow the pulses to
have different excess energies, i.e., in the case of excitation
by two-color pulses. In this third and last scenario we con-
sider two pulses with different excess energies which are
adjusted such that each pulse excites selectively in resonance
for capture into one of the bound states of a two level dot.
Here we take a dot potential with the parameters V0

e

=43 meV and a=7 nm giving rise to bound states at the
energies −30.1 and −10.5 meV. The excitation energies of
the pulses are tuned one LO phonon energy above these
bound states. In order to get a sharper energy distribution we
take longer pulses with a pulse duration of �=80 fs
�FWHM�133 fs�. With spectrally sharper pulses we cannot
only address selectively the occupations, but also the coher-
ences are reduced when increasing the pulse length. A pulse
with an excess energy of �E=7 meV is used to excite the
ground state. The resulting occupations and coherence of a
single pulse with this excess energy can be seen in Fig. 8�a�.
We find that essentially only the ground state �00 is occupied
and we get a moderate coherence. To excite the first excited
state of the dot a laser pulse with an excess energy of �E
=26 meV is taken. Its energy is too low to allow for two
phonon processes. For a single pulse with this excess energy
the occupation of the first excited state �11 is considerable
higher than the occupation of the ground state �00 and the
coherence is as moderate as in the case of the low energy
single pulse �Fig. 8�b�	. Intending higher coherences in the
following we now apply both laser pulses to the quantum
wire. In order to obtain nearly equal occupations of the
bound states, the amplitude of the laser pulse with the excess
energy of 26 meV has been taken to be a factor of 1.5 larger
than the amplitude of the pulse with the lower excess energy.

Different control mechanisms are examined and presented
in Fig. 8. If we locate the two laser pulses at both sides of the
dot and displace their starting position we obtain results
similar to Sec. III A. Two examples for the low energy
packet starting at z1=−90 nm and the high energy packet at
the opposite site at z2=120 and 150 nm are shown in Figs.
8�c� and 8�d� taken from a series of results where the dis-
tance of the packet with higher energy was varied in steps of
10 nm from z2=90 nm up to z2=200 nm. The occupations
are nearly the same at about 13% for all conditions �Figs.
8�c� and 8�d� left panel	. But the coherence varies with in-
creasing distance from the dot similar to the results discussed
in Sec. III A. In Fig. 8�c� �right panel� a maximum of the
coherence is obtained by placing the wave packet with the
higher energy at z2=120 nm. The amplitude of the coherence
is about twice as high as in the single pulse case. This indi-
cates that the coherences are essentially simply added. In
contrast a minimum is shown in Fig. 8�d� �right hand figure�
where the right wave packet starts at z2=150 nm. However,
the minimum is not as pronounced as the minima obtained in
Sec. III A and the oscillation is not completely suppressed
when the second wave packet arrives. The reason is that now
the wave packets arriving from the left and right side are
different leading after the capture also to somewhat different
wave packets inside the dot which cannot completely com-
pensate each other.

If we now put both lasers on the same side of the dot we
find that we can get very high coherences. Now both pulses
start from the same spot z1=z2=−90 nm and we control the
coherence by varying the time delay between the pulses. In
the figure we show two examples where the pulse with
higher energy was delayed by �t=190 fs �Fig. 8�e�	 and by
�t=170 fs �Fig. 8�f�	. When both packets start at the same
side we have a mixture of pulse shaping and selective ad-

FIG. 8. Occupations of the ground state �00

and the first excited state �11 normalized to the
total density �left panel� and real part of the cor-
responding coherence between the ground and
first excited state �01 �right panel� as functions of
time for a quantum dot with two bound states for
the following cases: �a� single laser pulse with an
excess energy of 7 meV, �b� single laser pulse
with an excess energy of 26 meV, �c� and �d�
combination of both laser pulses located at both
sides of the dot with different distances, �e� and
�f� combination of both laser pulses at the same
position with different time delays.
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dressing. Though the excess energies of the pulses are differ-
ent, they interfere and the energy spectra are shaped. The
spectral selectivity resulting from the pulse shaping modifies
the occupation of the discrete dot states and influences the
coherence. In Fig. 8�e� the delay was adjusted to obtain a
maximum of coherence. We find that the amplitude of the
coherence is about six times higher than the amplitude of the
coherence caused by a single laser pulse. Such a high ampli-
tude cannot be reached when the two pulses are located at
different sides of the dot. In Fig. 8�f� the delay was set to
obtain a minimum of the coherence. Still the amplitude of
the coherence is higher than the amplitude of the coherence
induced by a single pulse. Thus, though the coherence can be
controlled in this case it cannot be completely suppressed.
This is a consequence of the selective excitation of the two
dot states.

IV. CONCLUSIONS

As has been shown recently, capture processes from de-
localized into localized states when studied on ultrashort
length and time scales exhibit pronounced quantum features
which cannot be described in terms of semiclassical capture
rates. An oscillatory contribution in the occupation of the
bound states is a signature of phonon Rabi oscillations and in
the presence of more than one bound state coherent superpo-
sitions of these states may be populated resulting in a non-
trivial spatiotemporal dynamics of the trapped carriers.32

This genuine quantum mechanical behavior opens a variety
of new possibilities to interact with the system and control
the capture dynamics. In this paper we have shown various
strategies which allowed us to efficiently control both the
capture efficiency and the coherences among the localized
states. All scenarios are based on the excitation with a pair of
spatially localized femtosecond pulses. We employ a combi-
nation of two different control mechanisms to achieve a
strong flexibility. One mechanism is of the well-known co-
herent control type, i.e., it is based on the relative phases of
the light pulses which leads to a spectral shaping of the car-
rier distributions. This mechanism requires spatially overlap-
ping pulses. The other mechanism which also works for spa-
tially nonoverlapping pulses is a control by transport. Here
the relative phases which are necessary to control the coher-
ences of the trapped carriers result from the spatial or tem-
poral delay of wave packets. In this case, the control is trig-
gered by the arrival times of the wave packets at the dot.

In our first scenario two wave packets have been gener-
ated on both sides of a quantum dot and the coherence of the

trapped carriers was controlled either by varying the time
delay between the two pulses or by displacing the excitation
position of one of the pulses. Amplification up to twice the
value of the coherence induced by a single pulse was ob-
tained. In the same way coherences which have been gener-
ated by the wave packet which arrived first at the dot could
be switched off and essentially completely suppressed. In
this scenario the phases of the light pulses were completely
irrelevant. We thus have a pure control by transport.

In the second scenario the two laser pulses have been
applied on the same side of the dot at the same position so
that the pulses could interfere either directly or the second
pulse could interfere with the interband polarization gener-
ated by the first one. This is a typical coherent control sce-
nario, here, however, extended to the case of strongly inho-
mogeneous excitations. Due to the interference the pulse
spectra are shaped depending on the time delay between the
two pulses. By selecting the excitation energy we were able
to control the final occupation of the discrete dot states. Typi-
cal for a coherent control phenomenon, the final occupation
oscillates with the time delay, the period given by the optical
period of the exciting pulses. Controlling the occupations of
the dot states resulted also in a control of the coherences
because a coherence between two states requires that both
states have a certain occupation. We have shown that it is
possible to either suppress all coherences or only a few of
them.

In the third scenario we have used two-color pulses for
the optical excitation. By suitably choosing the excess ener-
gies each of the pulses could be tuned such that the generated
carriers are captured in essentially only one of the quantum
dot states. By varying the arrival times of the wave packets
generated by the two pulses very strong coherences could be
achieved. In this scenario we use therefore a combination of
spectral shaping of the excitation and control by wave packet
transport giving rise to a large flexibility in the selection of
the desired spatiotemporal dynamics of charge carriers in
nanostructured samples.

In conclusion, when the excitation conditions involve si-
multaneously utrashort length and time scales such that a
regime is reached where the quantum nature of matter is
revealed, an efficient and selective control of the capture
dynamics and the resulting final quantum state is feasible.
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