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Excitation-induced dephasing and biexcitonic effects in the coherent control of excitonic
polarization in pulse-transmission experiments

Tobias Voss,* Hans Georg Breunig, Ilja Ru¨ckmann, and Ju¨rgen Gutowski
Institut für Festkörperphysik, Universita¨t Bremen, P.O. Box 330 440, D-28334 Bremen, Germany

~Received 25 June 2003; revised manuscript received 26 November 2003; published 27 May 2004!

Optical coherent manipulation of excitonic polarization is studied in pulse-transmission experiments at
medium to high excitation intensities. As a well-defined model system a ZnSe single-quantum well is used. It
is found that for constant excitation intensities the dephasing time of the polarization in the sample changes
significantly if the cases of coherent amplification and destruction are compared. This effect is explained in
terms of an excitation-induced dephasing. The change of the dephasing time of the polarization is quantified.
Furthermore, the simultaneous excitation of the exciton and exciton-biexciton resonances is shown to strongly
influence the signal of the polarization in the coherent-control experiments. Both the excitation-induced
dephasing and the biexcitonic effects are simulated by use of phenomenological models which give a good
agreement with the experiments.
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I. INTRODUCTION

Optical coherent control1–4 has become a very promisin
tool in the last few years which could eventually provi
ultra-high-speed all-optical switching devices.5 Such a tech-
nique is, for example, needed in the field of quantum-opt
information processing where different quantum states m
be addressed and manipulated with high precision on
trashort time scales.6,7 One possibility to achieve this cohe
ent control is to excite an appropriate system with two c
linearly propagating phase-locked laser pulses, i.e., with
pulses whose relative phase can be tuned and stabilized
an accuracy of a fraction of their center wavelength.7–13 De-
pending on the relative phase the second pulse will ei
enhance or diminish the coherent optical polarization gen
ated by the first pulse.

However, mainly two processes limit the time scale
which the coherent-control technique can be applied t
system: the lifetime of the quantum-mechanical excitat
and the dephasing time of the optical polarization. For
most all cases the dephasing time is the main limiting fac
since it is some orders of magnitude shorter than the lifeti
In semiconductor quantum wells, for example, the dephas
time of excitonic polarization, which is very well suited t
study coherent-control mechanisms, is of the order of sev
picoseconds at a temperature ofT54 K ~Refs. 8, 14, and 15!
whereas the lifetime of the resulting exciton population c
be within the nanosecond regime. Therefore, it is neces
to apply ultrashort laser pulses to achieve and study the
herent control in such samples.

It has been found in many previous experiments that
dephasing time of the induced optical polarization is not c
stant but noticeably depends on the excitation density.15–17

This so-called excitation-induced dephasing~EID! ~Ref. 18!
is known to strongly affect the optical response of semic
ductor nanostructures and might be microscopically cau
by different scattering processes such as exciton-contin
and two-pair-continuum scattering.10 This has been studie
in different interferometric four-~Ref. 10! and six-wave-
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mixing experiments19 on semiconductor quantum well
where the excitation-induced dephasing has been foun
play an important role especially if the two pulses of t
phase-locked pair overlap in time. It must be noted, howe
that there is still a lack of an intuitively easy understandi
of the underlying mechanisms. In previous work19,20 sophis-
ticated microscopic models including phenomena of high
der in the electric field have been used to explain the exp
mentally observed features. In another approach
semiconductor Bloch equations have been phenomeno
cally extended by an EID to reproduce these features.9,10The
main reason for the lack of an intuitive explanation is t
complexity of transient four-wave-mixing experimen
where an additional third pulse is applied to the sample
monitor the coherent control achieved with the phase-loc
pulse pair in a background-free direction. Obviously, the
teraction with this third pulse leads to a variety of furth
important microscopic processes which a theory must
count for in order to be able to explain the experime
Therefore, pulse-transmission experiments in which only
phase-locked pair of laser pulses is applied to a sam
promise an easier interpretation of the underlying proces
Furthermore, a real-time resolved observation of the cha
of the dephasing time in coherent-control experiments sho
allow for a direct analysis of the effect of the EID in suc
experiments and has so far not been reported.

Another important fact which has to be taken into acco
is the existence of usually more than one single resonanc
the sample. If ultrashort laser pulses (&100 fs) which pos-
sess a spectral width of at least several meV are used fo
coherent control, the simultaneous resonant excitation of
or more resonances lying in that energy range may lead
complex interplay in the final optical response of the ma
rial. For the heavy-hole/light-hole exciton system this h
already been studied in coherent-control experiments wh
make use of a pulse-transmission setup.8 The interplay of the
simultaneous excitation of the exciton and exciton-biexci
resonance, however, has not been analyzed in pu
transmission experiments with coherent control so far.
semiconductor quantum wells the transition from a on
©2004 The American Physical Society18-1
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VOSS, BREUNIG, RU¨ CKMANN, AND GUTOWSKI PHYSICAL REVIEW B 69, 205318 ~2004!
exciton state to a bound biexciton state is usually exc
together with the fundamental exciton transition.14,19,21,22

Therefore, it is important to analyze how the excitation
this additional resonance which is not independent of
strongly coupled to the fundamental exciton resonance
influence the coherent optical manipulation of the ove
polarization in the sample.

In this paper we report on detailed experiments conce
ing the signal modifications resulting from the simultaneo
excitation of the exciton and exciton-biexciton resonan
and the influence of EID in coherent-control experimen
We apply the coherent control to a ZnSe single-quantum w
which serves as an excellent model system to study the
evant mechanisms. However, the experimental results ca
easily transferred to other systems to which coherent-con
techniques are applied. The coherent control is studied
transmission geometry where the phase-locked pulses
the signal of the polarization are real-time resolved by use
a cross-correlation technique. With this experimental se
we directly show how the EID and the exciton-biexcito
resonance influence the shape of the polarization transie
The EID shows its impact here even for fixed pulse inten
ties but different interpulse delays for which we are able
quantify the dephasing time. Furthermore, we analyze
intensity dependence of the observed features and com
them with simulations based on phenomenological mode

II. EXPERIMENTAL SETUP AND PROPAGATION OF A
TRANSMITTED SINGLE PULSE

The experimental setup is shown in Fig. 1. The pha
locked pulse pair is generated by sending the pulses fro
frequency-doubled, self-mode-locked Ti:sapphire la
through an actively stabilized Michelson interferometer.
this the temporal delayt int5t int

0 1Dt int between the two 120
fs ~full width at half maximum! pulses can be tuned an
stabilized with an accuracy of 40 as.t int

0 denotes the basic
interpulse delay time andDt int the fine tuning of the inter-
pulse delay on a femtosecond time scale with a s
femtosecond accuracy. A linear or circular polarization st
of the pulse pair can be chosen by use of a Pockels cell.
pulse pair is then focused down to a spot size of'100 mm

FIG. 1. Schematic experimental setup. The phase-locked p
pair is generated by an actively stabilized Michelson interferom
~not shown!. The real-time shape of the transmitted signal is m
sured by use of an up-conversion~UPC! technique. The UPC signa
is either recorded for a fixed interpulse delayt int as a function oftupc

which yields real-time transients of the transmitted signal or fo
fixed tupc as a function ofDt int which yields the coherent-contro
signal.
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and sent through the sample. The sample with a total th
ness of about 1mm consists of a ZnSe single-quantum we
which is embedded into ZnSSe cladding layers. It was gro
on an opaque GaAs substrate which thus had to be remo
by wet chemical etching to allow for the experiments
transmission geometry. All experiments are performed a
temperature ofT54 K. The quantum well has a thickness
10 nm and shows a sharp heavy-hole excitonic resonanc
an energy of 2.826 eV which is'30 meV below the lowest
free-electron-hole transition. The relatively small spect
width of '15 meV of the laser pulses allows for an excl
sive excitation of this resonance together with its associa
exciton-biexciton transition at 2.821 eV. The transmitted s
nal which consists of the laser pulses and a signal origina
from the polarization which has been induced in the sam
is then analyzed by use of a cross-correlation technique.
signal is overlapped noncollinearly with an additional IR g
ing pulse in ab-barium borate crystal. In the crystal the su
frequency of the signal and the gating pulse is genera
~up-conversion technique, UPC!. The gating pulse~central
wavelengthlcent'880 nm) is temporally scanned over th
signal (lcent'440 nm) by changing the time delaytupc. The
sum-frequency signal (lcent'293 nm) is only generated in
the temporal and spatial overlap region of the signal and
gating pulse. Due to phase matching conditions the su
frequency signal is spatially separated from the signal
the gating pulse. The time resolution of the UPC techniqu
mainly given by the temporal width of the infrared gatin
pulse which was measured to be 100 fs.

Typical up-conversion measurements of the transmiss
of a single pulse~without the interferometer! through the
ZnSe quantum well for a pulse energy of 18 pJ are show
Fig. 2. Aroundtupc50 ps the almost Gaussian shaped la
pulse can be observed~compare solid with dotted curve in

se
r
-

a

FIG. 2. Normalized up-conversion measurements of sin
pulses with an energy of 18 pJ. Exciton-biexciton beats are
served for linearly polarized excitation~solid line!. For the excita-
tion with a circularly polarized pulse~dot-dashed line! the forma-
tion of biexcitonic polarization is forbidden~beats are absent!. The
inset shows up-conversion measurements with and without
sample for a pulse energy of 1.2 pJ. All signals are shown on lo
rithmic scales.
8-2
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EXCITATION-INDUCED DEPHASING AND . . . PHYSICAL REVIEW B69, 205318 ~2004!
the inset which were obtained with and without the sam
for a low pulse energy of 1.2 pJ!. After 400 fs the measured
intensity has decreased by three orders of magnitude an
radiation of the polarization which has been induced in
sample by the pulse becomes visible. Due to dephasing
cesses the measured intensity now mainly decreases
noexponentially since predominantly the heavy-hole ex
tonic resonance was excited. The solid line correspond
the transient measured for a linearly polarized excitat
pulse, the dot-dashed line to that for a circularly (s1) polar-
ized pulse. For the linearly polarized pulse the excitation o
bound-biexciton polarization is allowed in addition to th
excitonic polarization. Therefore, exciton-biexciton beats
clearly visible and their origin can be verified in two way
First, the beat period of 850 fs can be converted into
energy separation ofExx54.8 meV between the two in
volved resonances. This separation exactly correspond
the energy difference of the exciton and exciton-biexci
resonance observed in four-wave-mixing experiments. S
ond, the beats are not observed if a circular polarization s
of the excitation pulse is chosen~dot-dashed line!. In this
case excitons are exclusively excited with one spin orien
tion which prevents the generation of a bound-biexciton
larization that requires opposite exciton spins.23 The dephas-
ing timeT2 is found to be slightly different for the two case
i.e., 1.5 ps for the linear and 1.1 ps for the circular polari
tion state. The comparison of theseT2 times with T2
51.9 ps obtained at low excitation intensity~1.2 pJ/pulse!
shows that for high excitation intensity~18 pJ/pulse! EID
significantly shortens the dephasing time of the excitonic
larization. The dephasing times have been calculated by
suming a predominantly homogeneous broadening of
resonances in the sample.

III. COHERENT CONTROL OF EXCITONIC
POLARIZATION AND THE IMPACT OF EXCITATION-

INDUCED DEPHASING

For the following coherent-control measurements a pu
pair obtained from the interferometer is used. The u

FIG. 3. Coherent-control signal as a function ofDt int for tupc

511.0 ps andt int
0 '2300 fs. As the pulse energy is increased

reduction of the contrast ratio and additional minima at the posi
of the original maxima due to excitation-induced dephasing are
served.
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conversion signal is either recorded for a fixed interpu
delay t int as a function oftupc to analyze the resulting tran
sient of the phase-locked pulse pair in real time, or fo
fixed tupc as a function ofDt int to analyze the coherent
control signal.

Figure 3 shows coherent-control signals for increas
pulse energies. For these measurementstupc was fixed at
11.0 ps, t int

0 was tuned to'2300 fs, and the UPC signa
was recorded as a function of the fine tuning of the de
Dt int over a range of 5.7 fs. For an excitation energy of 3
the coherent-control signal has still the shape of a cosine
oscillation. This results from the successive change betw
constructive and destructive interference of the polarizati
and occurs for linear interference conditions of the polari
tions generated by the first and second pulse of the ph
locked pair, respectively. As the excitation energy is
creased to 11 pJ per pulse the contrast ratio (I max
2Imin)/(I max1Imin) significantly decreases from 0.3 to 0.
Simultaneously, additional minima evolve at those positio
where for low excitation intensities maxima of the cohere
control signal occur. This fine structure observed in t
coherent-control signal is similar to the one previously o
tained in four- and six-wave-mixing experiments.9,19,20 For
the theoretical explanation of the results of these wa
mixing experiments, the semiconductor Bloch equatio
were phenomenologically extended by an EID~Ref. 9!
which results in an excellent agreement with the expe
ments. This implies that for constant excitation intensitie
dependence of the dephasing time on the relative phas
the pulse pair should be directly observable which, howe
has not been experimentally proven so far. The results
sented in Fig. 2 furthermore strongly suggest that also
pulse-transmission experiments EID significantly modifi
the coherent-control signal at medium to high excitation
tensities and causes the additional fine structure.

n
b-

FIG. 4. Real-time transients~logarithmic signal scale! for differ-
ent Dt int demonstrating the occurrence of the fine structure due
excitation-induced dephasing. Cuts along thetupc axis correspond to
the real-time transients, cuts along theDt int axis yield coherent-
control traces. Black lines: positions of constructive interferen
where for tupc.1 ps additional minima in the coherent-contr
traces occur. The pulse energy was 7 pJ.
8-3
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VOSS, BREUNIG, RU¨ CKMANN, AND GUTOWSKI PHYSICAL REVIEW B 69, 205318 ~2004!
To directly show that the fine structure is indeed produc
by EID, 28 real-time transients were recorded for differe
but fixed values oft int around'2300 fs for moderate exci
tation intensities (Epulse57 pJ). After each measureme
Dt int was increased by'0.12 fs. In Fig. 4, the 28 transient
are depicted on a logarithmic signal scale. In this plot
transients correspond to cuts along thetupc axis, whereas the
coherent-control signals can be extracted for fixed value
tupc as cuts along theDt int axis. Fortupc50.5, . . . ,1.0 ps the
coherent-control traces show the sinusoidal shape whic
expected for linear interference of the polarizations indu
by each pulse of the pulse pair. Fortupc.1.0 ps, however,
they exhibit additional minima at the positions of constru
tive interference~follow black lines in Fig. 4!. These addi-
tional minima gradually evolve with increasingtupc and are
most distinctly visible in a range oftupc51.6, . . . ,2.2 ps.

It becomes clear from Fig. 4 how the fine structure in t
coherent-control signal is caused by EID. Although the c
structive interference leads to maxima in the cohere
control signals fortupc,1 ps the faster decay due to depha
ing of the large polarization just at these positions leads
the evolution of minima on the long-term scale, i.e., f
tupc.1. This eventually yields a certain fine structure of t
coherent-control traces. Obviously, also the contrast rati
the coherent switching process is decreased by this ef
The most important fact, however, is that a significant eff
of EID is directly observed here for aconstantexcitation
intensity in a configuration where the phase-locked pul
are well separated in time which to our knowledge has
been reported so far. A phenomenological model that
plains the observed effects in terms of exciton-exciton s
tering at high densities will be discussed in Sec. VI.

IV. EXCITATION-INDUCED DEPHASING AND
BIEXCITONIC EFFECTS

In order to increase the effect of the EID even more a
quantify the change of the dephasing timeT2 as a function of

FIG. 5. Real-time transients~logarithmic signal scale! as a func-
tion of Dt int for t int

0 '2430 fs measured at a pulse energy of 25
Exciton-biexciton beats are clearly resolved on the transients.
tupc.1.5 ps the fine structure occurs in the coherent-control sig
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Dt int , the measurements shown in Fig. 4 were repeated u
similar conditions, but for a higher pulse energy ofEpulse

'25 pJ. In this case the phase-locked pulses were sepa
by t int

0 '2430 fs which corresponds to half the period of t
exciton-biexciton beats in the sample~compare to Sec. II!.
The results obtained with these parameters are shown in
5. Now, the fine structure is even more distinctly visible th
in Fig. 4. Additionally, exciton-biexciton beats are visible o
the transients~cuts along thetupc axis!. Since the basic sepa
ration t int

0 of the phase-locked pulses corresponds toTbeat/2
one would expect that, apart from the change ofT2 as a
function of the fine tuningDt int , also a change of the ampli
tude and phase of the beat structure should occur in
coherent-control measurements.

To analyze these two effects Fig. 6 exemplarily sho
four transients obtained from Fig. 5. The transient wh
corresponds to constructive interference of the induced
larizations ~solid line! shows a much faster decay (T2
'1.1 ps) than the other three transients~dotted and dashed
line T2'1.6 ps, intermediate cases; dot-dashed lineT2
'1.8 ps, destructive interference!. This distinct difference in
the dephasing times results in a crossing of the transients
constructive interference and for the intermediate case
0.7 ps&tupc&1.0 ps. This crossing leads to the fine structu
in the coherent-control signals which thus can be obser
for tupc.1.0 ps.

Furthermore, the transients which correspond to the in
mediate cases~dashed and dotted line! show much stronger
exciton-biexciton beats than the other two. Att int

0 'Tbeat/2
constructive interference for the exciton transition simul
neously implies destructive interference for the excito
biexciton transition. Since the intensity of the excitonic p
larization for linearly polarized excitation is usually sever
orders of magnitude larger than the biexciton
polarization16,14 the overall strength of the measured sign
in transmission experiments is dominated by the excito

.
or
l.

FIG. 6. Four transients from Fig. 5~logarithmic signal scale! for
constructive interference (Dt int52.4 fs, solid line!, two intermedi-
ate cases (Dt int52.1 fs, dashed line andDt int52.8 fs, dotted line!,
and destructive interference (Dt int51.8 fs, dot-dashed line!.
8-4
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EXCITATION-INDUCED DEPHASING AND . . . PHYSICAL REVIEW B69, 205318 ~2004!
contribution. Consequently, a reduction of the excito
biexciton beats should occur for the transients correspon
to constructive interference. Exactly this effect can be see
Fig. 6. On the transient for destructive interference the be
are also weaker than in the intermediate case. This ca
easily understood by considering that in this case much
excitonic polarization is excited than in the other two cas
This makes the formation of biexcitonic polarization by t
absorption of an additional photon much more unlikely a
consequently weakens the biexcitonic signatures in the
nal. Additionally, the beat structures superimposed to tr
sients corresponding to the intermediate cases show a
tive phase shift of half a period. This phase shift is anot
clear indication of the separate control of the excitonic a
biexcitonic polarizations. A phenomenological model th
describes these effects in terms of two coupled oscilla
will be discussed in Sec. VII.

V. QUANTITATIVE ANALYSIS OF THE EID

In order to analyze the effect of EID more quantitative
the dephasing time for each transient depicted in Fig. 5
been extracted. The dephasing of the polarization toge
with the superimposed exciton-biexciton beats leads to a
nal which can be phenomenologically described in the
lowing way:

I ~ t !}exp~22t/T2!@11C sin~vt1f!# ~1!

The first factor describes the monoexponential decay of
measured signalI (t) due to dephasing of the polarizatio
with a decay timeT2/2 if a predominantly homogeneou
broadening of the exciton resonance is assumed. The se
factor describes the modulation of the decay with
exciton-biexciton beats whereC gives the amplitude of the
beats,v ('7.4 ps21 in the present case! their frequency, and
f their phase.

FIG. 7. Dephasing timeT2 of the polarization as a function o
the interpulse fine-tuning delay timeDt int ~circles! extracted from
the transients of Fig. 5 by numerical fitting. The squares sho
corresponding coherent-control signal measured at a low excita
intensity for tupc51.0 ps. The lines are best fits with cosine fun
tions.
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Figure 7 shows the dephasing timeT2 as a function of the
interpulse fine-tuning delayDt int as extracted from Fig. 5 by
numerically fitting each transient with Eq.~1! ~circles! in
comparison with a coherent-control measurement perform
at a low excitation intensity fortupc51.0 ps~squares!. It is
obvious that the dephasing time is strongly correlated w
the coherent switching of the polarization because it os
lates with the same frequency. However, the two oscillatio
are clearly out of phase with a phase difference of'p. This
means that for destructive interference the dephasing t
has a maximum which in this experiment amounts toT2

max

'1.8 ps. On the contrary, constructive interference of
induced polarization leads to a faster dephasing withT2

min

'1.0 ps due to enhanced EID. Again it must be noticed t
the change of the dephasing time of 44% is exclusiv
caused, for aconstantexcitation intensity, by the coheren
control process although the two phase-locked pulses
clearly separated in time by more than 400 fs. This eviden
shows that the impact of EID on coherent-control expe
ments at medium to high excitation densities is not negligi
and strongly alters the shape of the signal by adding a
structure to the expected cosine oscillation. It also disti
tively reduces the achievable contrast ratio in the cohe
switching process.

In the following two sections phenomenological mode
will be discussed that describe the EID and the biexcito
effects. Since the results in Fig. 4 show that the effect of E
occurs already at medium excitation intensities where bi
citonic effects are not yet observed, we will separately d
cuss the EID and the biexcitonic effects to simplify a dire
comparison of the simulated and experimentally obtain
features.

VI. MODEL: EID

To model the EID we use an approach similar to the o
in Refs. 24 and 9. We neglect all propagation effects a
describe the decay of the coherent excitonic polarization

a
on

FIG. 8. Simulated coherent-control signal with a phenome
logical EID accounting for exciton-exciton and exciton-continuu
scattering as a function ofDt int for t int

0 52429.4 fs. The model
reproduces the experimentally observed fine structure. The pa
eter values are given in the text.
8-5
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VOSS, BREUNIG, RU¨ CKMANN, AND GUTOWSKI PHYSICAL REVIEW B 69, 205318 ~2004!
introducing a phenomenological dephasing rateg. g is ex-
panded into Taylor series as a function of the excitonicf 1s
and continuum population(nf n where only the first noncon
stant terms are kept:

g5g01g1f 1s1g8(
n

f n . ~2!

The parameterg05(1.9 ps)21 is taken from the low-density
experiments andg1 , g8 are taken as fitting parameters. B
cause of the relatively small spectral width ofDE
'15 meV of our laser pulses and the resonant excitation
the excitonic resonance we expect the exciton-exciton s
tering to be the dominant process to lower the dephas
time of the polarization.

A simulated coherent-control signal is shown in Fig. 8.
the simulations the electric field was represented by two n
malized Gaussian-shaped pulses with a temporal width
120 fs and a separation oft int . The result was obtained with
t int
0 52429.4 fs, tupc513.5 ps, g15g0 /(6d2) and g8510

3g0 /d2 (d, dipole-matrix element!. With this choiced5p
leads to a good agreement with the experimental results.
shape of the coherent-control signal is qualitatively in
excellent agreement with the experimental results show
Fig. 3. The model of the EID is indeed able to reproduce
experimentally observed fine structure. Furthermore, the
culated signal shows a slightly asymmetric shape with
spect to the ‘‘dip’’ at the position of constructive interferen
which is also observed in the experiments. By selectiv
switching off the exciton-exciton or the exciton-continuu
scattering we were able to identify the exciton-exciton sc
tering to give a symmetric, but dominating contribution
the fine structure due to the lowering of the dephasing t
precisely for constructive interference. The off-resonant c
tribution of the exciton-continuum scattering is found to on
cause the slight asymmetry of the coherent-control signa

FIG. 9. Squares: calculated dephasing timesT2 as a function of
Dt int for t int

0 52429.4 fs. Upper solid line: numerical fit with a co
sine function to the values ofT2 obtained with the simulation
Lower solid line: calculated coherent-control signal for low exci
tion intensities~i.e., change between constructive and destruc
interference!.
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it was expected from the argument based on the small s
tral width of the laser pulses given above.

The phenomenological model is not only able to rep
duce the shape of the coherent-control signal at medium
high excitation intensities. By extracting the dephasing ti
for each simulated transient we also obtain an excel
quantitative agreement of the simulated and experiment
found change of the dephasing time as a function ofDt int .
The result of the simulation with the parameter values giv
above is shown in Fig. 9. The simulation yields a continuo
change of the dephasing time in the range of 1.10 ps<T2
<1.65 ps in good agreement with the experimentally o
served range of 1.0 ps<T2<1.8 ps shown in Fig. 7. The
results of our simulations strongly support the interpretat
of the experiments in terms of an excitation-induced deph
ing of the excitonic polarization which is mainly caused
exciton-exciton scattering at medium to high excitation
tensities. The additional influence of the exciton-biexcit
transition of the shape of the transients at high excitat
intensities will be modeled in the following section.

VII. MODEL: CONTROL OF BIEXCITON BEATS

In order to simulate the coherent manipulation of both
exciton and exciton-biexciton transitions we use an appro
based on the average polarization model25,26 that has been
previously applied to successfully simulate the coherent
sponse of the exciton-biexciton system. The following tw
equations for the exciton transition amplitudeY and the
bound-biexciton transition amplitudeB are used to model the
dynamics:

~] t1gx1 ivx!Y5 idE1 inYYY* 1 imY* B,

~] t1gxx1 ivxx!B5 imYY. ~3!

These equations are obtained from a microscopic mo
based on the dynamics-controlled truncation scheme27 by ne-

-
e

FIG. 10. Simulated polarization transients~logarithmic signal
scale! around t int'2428 fs for constructive interference~dashed
line!, two intermediate positions~solid and dotted lines!, and de-
structive interference~dot-dashed line!. The parameter values use
for the simulation are given in the text.
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glecting the contributions from the exciton continuum
well as the Pauli blocking, and averaging over thek depen-
dence. In the equationsvx is the exciton frequency an
vxx52vx2Exx /\ the frequency of the biexciton oscillato
For the following calculations their dephasing rates are
sumed to be equal,gx5gxx5(1.9 ps)21. The polarization is
driven by the electric fieldE in dipole coupling with the
dipole-matrix elementd. The term inYYY* describes the
Coulomb interaction andm gives the strength of the nonlin
ear coupling of the two oscillators. For the following sim
lations n5m251026 was chosen to achieve a good agre
ment with the experiment. The electric field and the dipo
matrix element were chosen according to the values give
Sec. VI.

Four simulated real-time transients of the polarization
shown in Fig. 10 fort int'2428 fs. To achieve a bette
agreement with the experiment a limiting background sig
with a level of 1022

•I max was added to the calculated sign
where I max denotes the signal intensity fortupc50.5 ps at
constructive interference.

The transients corresponding to intermediate positi
~solid and dotted line! clearly show the strongest exciton
biexciton beats which is in excellent agreement with the
perimental results presented in Fig. 6. At the positions
destructive~dot-dashed line! and constructive interferenc
~dashed line! the beat amplitude is reduced. For the positi
of constructive interference this effect is due to the simu
neous destructive interference of the biexciton oscillator
the chosen value oft int

0 '2428 fs'Tbeat/2. The reduction of
the relative beat amplitude at the position of destructive
terference is basically due to the finite background level
this background is not added to the simulations also str
beats occur in this configuration which is, however, not o
served in the experiment since they are superimposed
signal which is a factor of'10 smaller than the backgroun
level in the experiment. The strong beats that occur in
simulation without a finite background level can be und
stood in the following way: at the position of destructiv
interference the contributions from the exciton oscillator
diminished and their overall strengths become more com
rable to the strength of the biexciton oscillator thus lead
to an increase of the beat amplitude. This is due to the
that the destructive interference is always incomplete
cause of the dephasing of the polarization between the ar
of the first and second phase-locked pulse.
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Furthermore, we also find an excellent agreement of
experiments and the simulations with respect to the ph
shift of the exciton-biexciton beats that is observed for
two intermediate positions in Figs. 10 and 6. This phase s
again indicates that the exciton and exciton-biexciton re
nances are separately coherently manipulated in the pu
transmission experiments.

VIII. CONCLUSIONS

In conclusion, we have presented a detailed experime
and theoretical analysis of the impact of excitation-induc
dephasing and the exciton-biexciton transition in all-opti
coherent switching experiments. We have shown that
constant medium to high excitation intensities the chan
between constructive and destructive interference of the
duced polarizations in the coherent switching process
very distinctly decrease the dephasing time of the polar
tion ~in our case up to 44%!. This result was obtained for a
configuration where the two phase-locked pulses did
overlap in time, and it could be phenomenologically mode
by exciton-exciton scattering processes. By real-time res
ing the time evolution of the excitonic polarization we we
able to give an intuitive picture of how the EID gradual
leads to a fine structure in the coherent-control signal as
time at which the signal is detected is increased. Furth
more, we found that the simultaneous excitation of t
exciton-biexciton transition strongly affects the shape of
transients and the coherent-control signal. Exciton-biexci
beats on the transients were observed which could be
hanced or diminished in the coherent-control process. Ag
a phenomenological model was able to reproduce the
served features. Our results show that excitation-indu
dephasing and the influence of the exciton-biexciton re
nance can be coherently manipulated in pulse-transmis
experiments. Both effects strongly reduce the contrast r
in the coherent all-optical switching process and modify
shapes of the transients.
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