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Ultrafast coherent dynamics in quantum wells for multisubband excitation
in different density regimes

S. Arlt, U. Siegner, F. Morier-Genoud, and U. Keller
Swiss Federal Institute of Technology Zurich, Institute of Quantum Electronics, ETH Honggerberg HPT, CH-8093 Zurich, Switz

~Received 16 April 1998; revised manuscript received 8 July 1998!

We present an experimental study of the coherent dynamics in quantum wells for the simultaneous excitation
of Lorentzian excitons below the band edge and structured exciton Fano continua corresponding to higher-
order subband transitions. Spectrally resolved transient four-wave mixing~FWM! experiments with 100 fs
pulses were performed on a 500 Å broad GaAs/AlxGa12xAs quantum well over a wide range of carrier
densities. At lower carrier densities, the dephasing times of the different exciton transitions were determined
from the width of the narrow resonances in the distinctly structured FWM spectra. These data demonstrate that
the decay of the FWM signal from exciton Fano continua in the time-delay domain is not determined by
dephasing at the lowest carrier densities. This is indicative of quantum interference which has its origin in
many-body exciton-continuum coupling. At higher carrier densities, the FWM spectra are much less structured
due to stronger dephasing, quantum interference effects lose their importance, and the structured exciton Fano
continua show properties similar to unstructured continua without embedded exciton transitions.
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I. INTRODUCTION

Semiconductor quantum wells and quantum wires
possess several electron and hole subbands, depending o
properties of the confinement potential. In interband opt
the subband structure leads to the observation of severa
citonic Rydberg series, each one corresponding to an o
cally allowed transition between an electron and a hole s
band. The exciton resonance corresponding to
energetically lowestn51 electron and hole subbands is we
separated from continuum transitions by its binding ene
and, therefore, is a discrete transition. In contrast, high
order excitons corresponding to electron and hole subba
with n.1 are embedded in continuum states of lower el
tron and hole subband pairs. For atomic systems, it has b
shown that coupling between energetically degenerate
crete and continuum states results in Fano interference1 if
both types of states can be optically excited from a comm
ground state. Fano interference manifests itself in linear
tics by an asymmetric absorption line shape, known as
Fano profile.1

In semiconductors, Coulomb coupling between high
order excitons and lower-order continuum states has theo
cally been shown to result in Fano interference and in
formation of Fano resonances in quantum wells and wires2–4

The exciton Fano resonance is a structured continuum,
sisting of a higher-order exciton coupled to energetically
generate continuum states by the bare Coulomb poten3

These structured continua are the true eigenstates of one
two-dimensional semiconductors above the band edge.
perimentally, Fano absorption profiles have been observe
quantum wells5 and in bulk semiconductors under magne
field.6,7 The linear optical properties of these coupl
exciton-continuum resonances are well understood.2–6

Much less is known about the coherent nonlinear opt
properties of quantum wells for multisubband excitation
PRB 580163-1829/98/58~19!/13073~8!/$15.00
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volving the lowest discrete exciton transition and excit
Fano continua. In this paper, we present a detailed exp
mental study of the coherent emission from a quantum w
for multisubband excitation. Spectrally resolved transie
four-wave mixing ~FWM! experiments with 100 fs pulse
were performed over a wide range of carrier densities. Th
experiments will shed light on the nonlinear optical prop
ties of two-dimensional exciton Fano continua in quantu
wells.

To the best of our knowledge, the coherent emission fr
exciton Fano continua has only been studied for o
dimensional magnetoexcitons in bulk GaAs.8 We note that
the lowest Lorentzian exciton shows a distinctly differe
behavior in coherent nonlinear optical experiments unde
strong magnetic field compared to the zero-field cas9

Therefore, it is not cleara priori how the properties of mag
netoexciton Fano continua compare to the properties of
citon Fano continua in quantum wells at zero field.

Moreover, our experiments address the question how c
pling between the lowest Lorentzian exciton and the str
tured exciton Fano continua in the nonlinear regime affe
the coherent emission from a quantum well. The interact
between the lowest Lorentzian exciton and continuum tr
sitions has been studied for the unstructured ‘‘flat’’ co
tinuum of the lowest subband10–15 and for the magnetoexci
ton system16 but not for exciton Fano continua in quantu
wells at zero magnetic field. We will point out the similar
ties and differences between the different exciton-continu
systems.

The paper is organized as follows. In Sec. II, we brie
discuss our experimental technique. The results of trans
FWM experiments for multisubband excitation of a quantu
well at intermediate carrier densities are presented in Sec
We determine the dephasing times of the different re
nances from the width of the emission lines in the FW
spectra. Our data show that the decay of the FWM emiss
from quantum-well exciton Fano continua versus the ti
13 073 ©1998 The American Physical Society
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delay between the excitation laser pulses is not due
dephasing at these densities. This effect is attributed to q
tum interference between exciton and continuum sta
which has its origin in many-body exciton-continuum co
pling. Similar results and conclusions were obtained in R
8 and 16 for magnetoexciton Fano continua, showing t
this effect is of general importance for exciton Fano re
nances in semiconductors. In Sec. IV, we will discuss
properties of the coherent emission from quantum wells
multisubband excitation at high carrier densities. We fina
present our conclusions in Sec. V.

II. EXPERIMENT

Four-wave-mixing experiments were performed w
bandwidth-limited 100 fs pulses from a Ti:sapphire laser
the standard two-beam configuration with collinearly pol
ized excitation pulses with wave vectorsk1 and k2. Both
pulses had equal intensities. The excitation pulses are s
rated in time by a variable time delayt, which is controlled
by a stepper motor. The nonlinear interaction in the sam
gives rise to a FWM signal emitted in the phase-match
direction 2k22k1. We detect the FWM signal eithe
spectrally integrated@}* uP(3)(v,t)u2dv, where P(3)(v,t)
is the nonlinear polarization in third order# as a function of
the time delayt or spectrally resolved@}uP(3)(v,t)u2# at
fixed time delayst. The spectrally resolved FWM measur
ments as well as linear absorption experiments were
formed with a monochromator and a charge-coupled de
~CCD! array providing an overall spectral resolution of 0
meV.

Since the bandwidth of the 100 fs excitation pulses
about 15 meV full width at half maximum~FWHM!, we
have chosen a quantum-well sample with a large well wi
and small subband separations. This sample contains ten
Å broad GaAs/Al0.3Ga0.7As quantum wells. To allow for
transmission experiments, the GaAs substrate of the sam
was removed by wet-etching. All experiments were p
formed at the temperatureT57 K.

III. DENSITIES WELL BELOW THE MOTT DENSITY

A. Experimental results

Figure 1 shows the low-temperature linear absorpt
spectrum of the 500 Å broad GaAs/Al0.3Ga0.7As multiple
quantum well. The spectrum comprises several exciton re
nances which correspond to transitions between electrone)
and heavy-hole~hh! subbands with the same quantum nu
ber n, labeled ase1-hh1, e2-hh2, ande3-hh3. The lowest
light-hole ~lh! exciton resonance,e1-lh1, is found energeti-
cally below thee1-hh1 exciton. This is because mechanic
strain at low temperatures has shifted both the hh and th
valence bands to lower energies where the shift of the
band is larger17 and overcompensates the difference in qu
tization energies of thee1-hh1 ande1-lh1 excitons. The
linear absorption spectrum also shows several exciton r
nances withnelectronÞnhole, which have a finite oscillator
strength in quantum wells with a finite barrier height
unelectron2nholeu is an even number.18 The lowest exciton
transitionse1-hh1 ande1-lh1 have symmetric Lorentzia
to
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line shapes with a FWHM of only 0.4 meV, demonstrati
small inhomogeneous and homogeneous broadening in
high-quality sample.

The higher-order exciton resonances are structured e
ton Fano continua with an asymmetric line shape which
the signature of Fano interference between exciton tra
tions and energetically degenerate continuum transitio1

The different types of transitions are coupled by the b
Coulomb potential.3 If the exciton resonances are spac
from each other far enough so that the model of a sin
discrete resonance coupled to a continuum can be app
the absorption line shape can be fitted by the expres
a(«)}(«2q)2/(11«2) for the Fano absorption profile.1

Additional homogeneous broadening is neglected.19 In this
expression,« is the photon energy shifted by the energy
the discrete state and normalized by the strengthG of the
coupling between the continuum and the discrete state.
parameterq essentially describes the ratio of the optical m
trix elements between the ground state and the discrete
and between the ground state and the continuum states
apply the above expression to thee3-hh3 exciton resonance
which is fairly well separated from the adjacent resonanc
Figure 1~b! shows a close-up of the measured absorption
shape of thee3-hh3 resonance and the calculated Fano p
file for the parametersq522.41 andG50.53 meV. A rea-
sonable fit is obtained, which reconfirms the results of p
vious work.2–5

In the FWM experiments, the excitation laser spectru
centered at 1.530 eV, is tuned slightly below thee3-hh3
resonance to excite simultaneously the loweste1-lh1 and
e1-hh1 excitons and higher-order exciton Fano continua
shown in Fig. 1. Power spectra of the FWM signal are pl
ted in Fig. 2 for different time delayst between2100 and
167 fs and a carrier densityN0'331010 cm22 per excita-
tion pulse. Unlike the excitation pulse spectrum, the FW
spectra show a distinct structure which arises from the e
ton transitions which are embedded in the continuum. T

FIG. 1. ~a! Linear absorption spectrum of the 500 Å GaA
Al0.3Ga0.7As multiple quantum well~dark gray! and excitation laser
spectrum~light gray! ~temperature 7 K!. ~b! Close-up of the mea-
surede3-hh3 exciton absorption line shape~dashed line! and cal-
culated Fano profile~solid line!.
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distinct structure is the signature of multisubband excitat
at lower densities. The largest emission line in the FW
spectrum at 1.514 eV originates from thee1-hh1 exciton. A
significant contribution to the FWM spectrum at 1.534 e
can be traced back to thee3-hh3 exciton Fano continuum
Very small contributions from thee2-hh2 transition and
from transitions with nelectronÞnhole are also visible. All
emission lines in the FWM spectrum are much narrower t
the laser spectrum. Since the dominatinge1-hh1 ande3-hh3
resonances are well separated from the adjacent resona
these FWM resonances can be analyzed more quantitati

In Fig. 3, we have plotted the FWHM of thee1-hh1
Lorentzian resonance and thee3-hh3 Fano resonance vers
time delay for the excitation densityN0'331010 cm22

~open symbols!, as obtained from Fig. 2. The filled symbo
mark the FWHM of the resonances at the increased ca
density 3N0 and the dashed line is the width of thee1-hh1

FIG. 2. Power spectrum of the four-wave-mixing signal for m
tisubband excitation for different time delays. Carrier densityN0

'331010 cm22, temperature 7 K.

FIG. 3. Full width at half maximum of the resonances in t
four-wave-mixing spectra. Dots,e1-hh1 exciton; squares,e3-hh3
exciton Fano continuum. Open symbols, carrier densityN0'3
31010 cm22; filled symbols, density 3N0 ~temperature 7 K!.
Dashed line, full width at half maximum of thee1-hh1 exciton
resonances in the low-temperature linear absorption spectrum.
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resonance in the linear absorption spectrum in Fig. 1, i.e
zero carrier density. We note that the FWHM of both res
nances is essentially independent of the time delay but
creases with increasing excitation density. The density
pendence of the linewidth of thee1-hh1 resonance in the
density range between zero and 3N0 demonstrates tha
density-independent inhomogeneous broadening makes
a small contribution to the linewidth for densities ofN0 and
larger in this high-quality sample. The measured linewid
for N0 and 3N0 are dominated by homogeneous broadeni
which is enhanced at higher carrier densities due to increa
carrier-carrier scattering. Two features of the data are n
worthy. ~i! For a fixed carrier density, the homogeneous lin
width of thee3-hh3 exciton Fano resonance is always larg
than the homogeneous linewidth of thee1-hh1 Lorentzian
exciton. From Fig. 3, we obtain average linewidths of 0.
and 1.58 meV forN0, and 1.29 and 2.13 meV for 3N0,
respectively. This result reflects that, for Fano resonan
the couplingG to the energetically degenerate continuum
an additional intrinsic contribution to the total homogeneo
broadening, which adds to the natural homogeneous bro
ening g resulting from quasiparticle scattering.19 ~ii ! The
Fano couplingG is expected to decrease with increasing c
rier density19 becauseG is due to Coulomb interaction,3

which is weakened by screening at elevated carrier densi
However, we observe that the total homogeneous linew
of the e3-hh3 exciton Fano resonance increases with
creasing carrier density. Consequently, we conclude that
natural homogeneous broadeningg shows a strong increas
with increasing carrier density which overcompensates
decrease of the Fano couplingG. The same conclusion as fo
exciton Fano continua in quantum wells was reached
Fano magnetoexcitons.19

Since inhomogeneous broadening is negligible at the
rier densitiesN0 and 3N0, we can estimate the dephasin
times of the different resonances from the FWHM of t
emission lines in the FWM spectrum. A single dephas
time characterizes each resonance for a given carrier de
since the FWHM of the resonances does not show a sig
cant dependence on the time delay. We use the fundame
relation tD5T2/25\/dE, wheretD is the decay time,T2 is
the dephasing time, anddE is the FWHM of the emission
lines.16 From this relation and from the average FWHM, w
can estimate dephasing times of 1.5 and 1.0 ps for
e1-hh1 exciton at the excitation densityN0 and 3N0, respec-
tively. For thee3-hh3 resonance, we obtain dephasing tim
of 0.83 ps atN0 and 0.61 ps at 3N0. We note that LO-
phonon emission does not limit the dephasing time of
e3-hh3 transition since the small subband separations in
500 Å quantum well prohibit this process.

Figure 4 shows the spectrally integrated FWM signals
multisubband excitation and carrier densitiesN0 and 3N0.
The spectrally integrated FWM signals as a function of
time delay between the excitation pulses follow the exc
tion laser pulse shape over almost two orders of magnitu
i.e., the signals decay with a time constant of less than
fs. Importantly, for the excitation densityN0 none of the
exciton resonances has a shorter dephasing time than
e3-hh3 exciton. This dephasing time is 0.83 ps, much lon
than the pulse-width limited decay of the spectrally in
grated FWM signal in the time-delay domain. Consequen
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we conclude that the pulse-width limited decay of the sp
trally integrated FWM signal is not caused by dephasing
multisubband excitation at the lowest densityN0. For the
density 3N0, dephasing is faster and the difference betwe
the dephasing times and the decay time of the spectr
integrated FWM signal becomes smaller.

In the inset of Fig. 4, we have plotted the relative con
bution of the different resonances to the total FWM emiss
versus carrier density. We will discuss in more detail in S
IV that this relative contribution shows no significant depe
dence on the time delay in the parameter range investig
here. Therefore, the average over the time delay could
plotted in the inset of Fig. 4. The coherent emission from
Lorentziane1-hh1 exciton~dots! is at least 60% of the tota
FWM emission for the excitation densitiesN0 and 3N0. The
contribution from thee3-hh3 resonance~crosses! is about
10% of the total FWM emission at these densities. Theref
the pronounced pulse-width limited decay of the total, sp
trally integrated FWM signal versus time delay implies th
neither the coherent emission from thee1-hh1 exciton nor
the coherent emission from thee3-hh3 exciton Fano con
tinuum shows a pronounced slowly decaying tail whi
would reflect the dephasing time of the respective re
nances. For multisubband excitation at the lowest densityN0,
the coherent emission from both thee1-hh1 and thee3-hh3
resonances decays much faster in the time-delay domain
predicted by the dephasing times of the respective tra
tions. Consequently, the decay of the coherent emission f
thee1-hh1 exciton and from thee3-hh3 Fano continuum in
the time-delay domain is not due to dephasing for multis
band excitation at the densityN0.

In contrast, the decay of the coherent emission from
e1-hh1 exciton versus time delay reflects the dephasing t
if only the Lorentzian excitons at the band edge are exc
~data not shown!, as expected.20 We conclude that the simul
taneous excitation of the Lorentzian exciton is not the rea
for the discrepancy between the decay in the time-delay
main and the time scale of dephasing observed for

FIG. 4. Spectrally integrated four-wave-mixing signal vs tim
delay for multisubband excitation. Dashed line, carrier densityN0

'331010 cm22; solid line, carrier density 3N0 ~temperature 7 K!.
Inset, relative contribution of thee1-hh1 ~dots! and thee3-hh3
~crosses! transitions to the total four-wave-mixing emission vs ca
rier density.
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e3-hh3 exciton Fano continuum. This discrepancy is an
herent property of exciton Fano continua in quantum we

These findings for exciton Fano continua in quantu
wells are attributed to quantum interference between exc
and continuum transitions. We refer to this effect as destr
tive quantum interference. Destructive quantum interfere
manifests itself by a pulse-width limited decay of the FW
signal in the time-delay domain if the dephasing time of t
resonance is much longer than the pulse width. The pu
width limited decay dominates the shape of the FWM sig
in the time-delay domain and any slowly decaying contrib
tion to the signal is much smaller than expected from
weight of the slowly dephasing resonance in the FWM sp
trum.

The same behavior as for exciton Fano continua in qu
tum wells at zero magnetic field was found for magneto
citon Fano continua.8,16 This shows that destructive quantu
interference is of general importance for exciton Fano c
tinua in one- and two-dimensional semiconductors, rega
less of the application of a magnetic field.

The coherent emission from the Lorentzian exciton is a
affected by destructive quantum interference in the multis
band experiments at the densityN0 in which exciton Fano
continua are excited. A pulse-width limited decay in t
time-delay domain is observed although the dephasing t
of the Lorentzian exciton is much longer than the pu
width. Similar results were obtained at low densities for t
simultaneous excitation of the exciton and an energetic
separated broadband flat continuum of the same subband12–15

and for the interaction between Fano magnetoexciton c
tinua and Lorentzian magnetoexcitons.16 This comparison
shows that the discrepancy between the decay in the ti
delay domain and the time scale of dephasing of the low
exciton is of general importance in exciton-continuum s
tems, irrespective of the properties of the continuum. A
consequence, destructive quantum interference domin
the decay of the FWM emission in the time-delay domain
multisubband excitation in quantum wells at low and inte
mediate densities.

B. Discussion

With regard to the mechanism of destructive quantum
terference, we first note that the effect for a single Fa
continuum cannot be explained in the framework of t
atomic physics Fano model1 even though this model can b
used to describe the linear absorption line shape, as show
Fig. 1. For a single Fano continuum, the atomic physics F
model predicts a decay of the FWM emission in the tim
delay domain which is determined by the dephasing tim16

in disagreement with the experimental result. The discr
ancy between the fast decay of the FWM signal in the tim
delay domain and the dephasing time can only be unders
if many-body Coulomb effects are considered both for
single exciton Fano continuum and for the excitati
of the lowest exciton and an energetically separa
continuum.8,12,13,15,16

To further illustrate this point for a single exciton Fan
continuum, we recall that the atomic physics Fano mod1

can be transformed into a system consisting of a ground s
optically coupled toN excited states where the line shape



f
ite
e
m

M
a
ie
d
tio
e

as
re
u

. I
e

f
ion
ito
or
s
f

in
to

ito
ex

f
f

su

th
n

r
d
e

i-
th

ow
a
b

in
i

er
za
ar
h
e
e

m
is
a
-
M

g

nal
on
in
at-

ved
lk

-
the
n-
at

ive
the
ear

on
lti-

the
e-
.
cal.
es
eat
er
n-
ive
pic
h a
r-
op-

e of
sity
l

ith
-
e-

om
e
nd
the
nds
ity
ns
is-

s a
n-

re-
he
e

o-
trum

PRB 58 13 077ULTRAFAST COHERENT DYNAMICS IN QUANTUM . . .
the resonance is reflected by the energy dependence o
optical matrix element between the ground and the exc
states.1,21 In such anN-level system, the dynamics of th
coherent emission is the same in the real time and the ti
delay domain for short-pulse excitation.21 Consequently, a
pulse-width limited decay of the spectrally integrated FW
signal versus time delay implies a pulse-width limited dec
of the coherent emission in real time. Due to the Four
relation between energy and real time, this simple mo
predicts a FWM spectrum which is as broad as the excita
laser spectrum in this situation, in disagreement with the
perimental data.

An obvious shortcoming of the above model is the
sumption of a constant coupling strength between disc
and continuum transitions. In semiconductors, the inters
band coupling results from Coulomb interaction,3 which is
weakened by screening with increasing carrier density
fact, for magnetoexciton Fano continua it has been exp
mentally observed that the Fano couplingG decreases with
increasing carrier densities.19 Therefore, the assumption o
constant Fano coupling is only justified for linear absorpt
experiments where indeed the absorption profiles of exc
Fano continua in quantum wells and in bulk semiconduct
under magnetic field can be described by the expression
the atomic physics Fano model.5,6 Besides the weakening o
the Fano couplingG, the natural homogeneous broadeningg
of exciton Fano continua strongly increases with increas
carrier density in nonlinear optical experiments due
carrier-carrier scattering. This has been shown for exc
Fano continua in quantum wells by the analysis of the
perimental data in Fig. 3 and has also been observed
magnetoexciton Fano continua.19 The density dependence o
the homogeneous broadening of exciton Fano continua
gests to consider excitation-induced dephasing~EID!.22

Excitation-induced dephasing results from screening of
Coulomb interaction in nonlinear optical experiments a
manifests itself by a density-dependent dephasing rate.22

EID has been considered in order to model FWM expe
ments where only the lowest exciton at the band edge an
energetically separated broadband continuum of the low
subband were excited.12–15 In such single-subband exper
ments at low densities, a pulse-width limited decay of
FWM emission in the time-delay domain was observed.12–14

The corresponding FWM spectrum showed only a narr
line at the spectral position of the exciton from which
dephasing time much longer than the pulse width could
deduced.12–14 These experimental results were modeled
troducing a density-dependent dephasing rate in the sem
ductor Bloch equations.13–15 As a consequence, the carri
population in the continuum states can modify the polari
tion of the exciton.13–15 This is the essence of the nonline
exciton-continuum coupling. It has also been pointed out t
the coupling between exciton and continuum states du
EID can be described by a common ground-state pictur
which quantum interference effects naturally occur.12

Further theoretical studies including EID on a pheno
enological level have shown that the FWM spectrum cons
of a spectrally narrow line at the discontinuity of the line
absorption spectrum.15 Therefore, for the excitation of struc
tured exciton Fano continua, it is expected that the FW
spectrum comprises narrow emission lines correspondin
the
d
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the exciton Fano resonances. The decay of the FWM sig
in the time-delay domain is expected to follow the excitati
pulse.15 Our experimental observations in Figs. 2 and 4 are
agreement with the EID model. These results suggest to
tribute the destructive quantum interference effect obser
for exciton Fano continua in quantum wells and in bu
semiconductors under magnetic field8,16 to the many-body
exciton-continuum coupling resulting from EID. In this re
gard, it is important to distinguish between the effects of
many-body exciton-continuum coupling and the excito
continuum coupling due to the bare Coulomb potential
zero carrier density. While the former results in destruct
quantum interference in nonlinear optical experiments,
latter gives rise to Fano interference observed in lin
optical-absorption spectra.

Of course, the dynamics of the lowest Lorentzian excit
when excited together with exciton Fano continua in mu
subband excitation experiments can also be described by
EID model since this experimental situation closely r
sembles the single-subband experiments in Refs. 12–15

The theory discussed so far is purely phenomenologi
A more rigorous theory for the nonlinear optical properti
of exciton Fano continua in semiconductors has to tr
many-body Coulomb effects on a microscopic level in ord
to pinpoint the mechanisms responsible for excito
continuum coupling in the nonlinear regime and destruct
quantum interference. We are not aware of a microsco
many-body theory which addresses this problem. Suc
theory is highly desirable in view of the increased impo
tance of broadband ultrafast pulse excitation in nonlinear
tics of semiconductors.

IV. HIGH-DENSITY REGIME

The studies of the nonlinear optical coherent respons
the 500 Å quantum well were extended to the carrier den
10N0'331011 cm22. This density is approximately equa
to the Mott density calculated for GaAs quantum wells w
infinitely high barriers.23 Power spectra of the FWM emis
sion at this density are plotted in Fig. 5 for time delays b
tween233 fs ~bottom! and 167 fs~top!. The spectra show
contributions from the Lorentziane1-hh1 ande1-lh1 exci-
tons below 1.517 eV, from thee2-hh2 ande3-hh3 Fano
continua at 1.521 and 1.534 eV, respectively, as well as fr
transitions withnelectronÞnhole. Compared to the data for th
densityN0 in Fig. 2, all emission lines are much broader a
the FWM spectra are much less structured. Moreover,
shape of the high-density FWM spectra significantly depe
on the time delay, in contrast to the results for the dens
N0. The data in Fig. 5 show that the Lorentzian excito
below the band edge contribute less to the total FWM em
sion at the largest positive time delayt5167 fs than at ear-
lier time delays. The spectrally integrated FWM signal a
function of the time delay is pulse-width limited for the de
sity 10N0 ~data not shown!, as for lower densities.

A more quantitative analysis of the FWM spectra is p
sented in Fig. 6, where the relative contributions of t
e1-hh1 and thee3-hh3 transitions are plotted versus tim
delay for carrier densitiesN0 ~circles!, 3N0 ~triangles!, and
10N0 ~squares!. We define the relative contribution of a res
nance as the area of the resonance in the FWM spec
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divided by the total area of the spectrum. The relative c
tribution of the different resonances does not significan
depend on the time delay for the densitiesN0 and 3N0, as
already mentioned in Sec. III. At the highest density 10N0,
the e1-hh1 resonance loses strength at large time delays
discussed for Fig. 5. This is not reflected in Fig. 6 becaus
quantitative analysis of thee1-hh1 resonance was not pe
formed at large time delays since it seemed too uncertain
to the increased spectral overlap of the broadened emis
lines. For the same reason, we did not attempt a quantita
analysis of thee3-hh3 emission line at 10N0. However, the
data in Fig. 6 clearly demonstrate that the relative contri
tion of the Lorentziane1-hh1 exciton drops from 75% to
60% and below 50% with increasing carrier density for
fixed time delay. The relative contribution of thee3-hh3
Fano continuum stays constant at about 10% atN0 and 3N0.
The decrease of thee1-hh1 contribution for a constan
e3-hh3 contribution implies that the contributions from t
e2-hh2 Fano continuum and from transitions withnelectron
Þnhole are enhanced as the carrier density increases.

FIG. 5. Power spectrum of the four-wave-mixing signal for m
tisubband excitation for time delays233, 133, 1100, and1167 fs
~from bottom to top!. Carrier density 10N0'331011 cm22, tem-
perature 7 K.

FIG. 6. Relative contribution of thee1-hh1~upper half! and the
e3-hh3~lower half! transitions to the total four-wave-mixing emis
sion vs time delay for carrier densitiesN0'331010 cm22 ~circles!,
3N0 ~triangles!, and 10N0 ~squares!, temperature 7 K.
-
y
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With regard to the shape of the high-density FWM spe
tra, we recall that the natural homogeneous broadeningg of
exciton Fano resonances strongly increases with increa
density due to dephasing resulting from carrier-carrier sc
tering. Likewise, screening at higher carrier densities we
ens the Coulomb Fano coupling. This has been directly
perimentally observed for magnetoexciton Fano continu19

Both effects result in a loss of the structure of the Fa
absorption spectrum which smears out and broadens
increasing density.19 The same effect is seen in the hig
density FWM spectra in Fig. 5, which do not show the d
tinct structure of the FWM spectra at the densityN0 due to
the increased homogeneous broadening.

As an important consequence of the strong dephasin
high densities, there is not a clear discrepancy anymore
tween the pulse-width limited dynamics in the time-del
domain and the width of the FWM spectrum or the deph
ing times. Therefore, quantum interference effects beco
less important at higher carrier densities and the dynamic
dominated by the strong dephasing.

With respect to the data in Fig. 6, we note that the co
tribution from the Lorentziane1-hh1 exciton to the FWM
emission is rather large, given the small overlap of the la
spectrum with this resonance. This is at least partially due
the large oscillator strength of the lowest exciton as co
pared to the exciton Fano continua.11 This excitonic en-
hancement of the lowest exciton24 is already seen in the lin
ear absorption spectrum. The nonlinear exciton-continu
coupling10,15,25 and the longer dephasing time26 may also
contribute to the intense FWM emission at the spectral p
tion of the lowest exciton. The data in Fig. 6 indicate that t
excitonic enhancement of the lowest exciton is reduced
the carrier density approaches the Mott density. This refle
the reduction of the oscillator strength of the lowest excit
due to the decrease of the binding energy.11 This mechanism
is not equally effective for higher-order exciton Fano res
nances, which shows the continuum nature of these tra
tions. In fact, the same relative decrease of the FWM con
bution from the lowest exciton and the increase of t
continuum contribution with increasing density have be
observed in single-subband experiments on the lowest e
ton and a flat continuum.11 Therefore, for higher carrier den
sities, flat continua and structured exciton Fano continua
have similarly in this respect.

For multisubband excitation, the time-delay depende
of the shape of the FWM spectrum is only observed at
highest density. The relative decrease of the coherent e
sion from the lowest exciton at positive time delays is rem
niscent of the results for single-subband excitation of
lowest exciton and a flat continuum.10,25,27The comparison
between the single-subband and multisubband excitation
sults indicates that, at high carrier densities, the exciton F
continua show a behavior similar to a flat continuum.

Summarizing these findings, we can state that the dist
structure of the FWM spectra, which is the signature of m
tisubband excitation at lower densities, is washed out at h
carrier densities. With increasing density, the FWM spec
for multisubband excitation resemble more and more
spectra obtained for single-subband excitation of the low
exciton and a flat continuum. Moreover, at high densities,
FWM spectra for multisubband and single-subband exc
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tion show similar features with respect to their time-de
dependence and with respect to the density dependenc
the contributions from the lowest exciton and the continu
transitions. These findings are reasonable in view of the
creased dephasing. Due to this strong dephasing at high
rier densities, quantum interference effects lose their imp
tance.

V. CONCLUSIONS

We have presented a comprehensive experimental s
of the linear absorption and the nonlinear optical coher
response of a quantum well for multisubband excitation. T
lowest Lorentzian exciton below the band edge and exc
Fano continua corresponding to higher-order subband tra
tions are simultaneously excited in multisubband excitat
experiments. Fano interference between energetically de
erate exciton and continuum transitions is clearly observe
the linear absorption spectrum at zero carrier density, wh
reconfirms the results of previous work.5 Fano interference in
linear absorption spectra and the formation of the coup
exciton-continuum state are well understood consider
coupling between different subbands which results from
bare unscreened Coulomb potential at zero density.3

The FWM experiments at carrier densities well below t
Mott density demonstrate that the signature of multisubb
excitation is a distinctly structured FWM power spectru
The FWM spectrum comprises narrow emission lines, wh
can be traced back to the Lorentzian exciton and the exc
Fano continuum transitions. The negligible inhomogene
broadening in our high-quality sample has allowed us to
timate the dephasing times of the different resonances f
the width of the FWM emission lines. The analysis h
clearly demonstrated that the decay of the FWM emiss
from exciton Fano continua in the time-delay domain is n
caused by dephasing at lower carrier densities. This part
lar dynamics is attributed to destructive quantum interfere
t.
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between exciton and continuum transitions resulting fr
many-body exciton-continuum coupling. We have discus
that many-body exciton-continuum coupling can result fro
excitation-induced dephasing, following the lines of earl
work on the exciton and an energetically separa
continuum.12–15The effect of many-body exciton-continuum
coupling is to be distinguished from the effect of the excito
continuum coupling by the bare Coulomb potential whi
results in Fano interference seen in linear spectra. Since
same dynamics as for exciton Fano continua in quan
wells at zero magnetic field was observed for magnetoe
ton Fano continua in bulk GaAs,8,16 we conclude that de-
structive quantum interference is of general importance
exciton Fano continua in low-dimensional semiconducto
irrespective of the type of the quantum confinement.

In the FWM experiments at a higher carrier density a
proximately equal to the Mott density, we observe bro
FWM spectra with a continuum contribution which is muc
less structured than at lower densities. At high carrier de
ties, the exciton Fano continua show a behavior similar
flat continua. Quantum interference effects lose their imp
tance due to the strong dephasing.

In conclusion, we have demonstrated that the coupl
between excitons and energetically degenerate contin
transitions considerably affects the optical properties
semiconductor quantum wells for multisubband excitatio
Depending on the carrier density, Fano interference, dest
tive quantum interference, or dephasing-dominated dynam
are observed.
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