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Ultrafast coherent dynamics in quantum wells for multisubband excitation
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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 miEMgM) experiments with 100 fs
pulses were performed on a 500 A broad GaAgsd, _,As 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.
[S0163-182¢08)00744-9

I. INTRODUCTION volving the lowest discrete exciton transition and exciton
Fano continua. In this paper, we present a detailed experi-
Semiconductor quantum wells and quantum wires carnental study of the coherent emission from a quantum well
possess several electron and hole subbands, depending on the multisubband excitation. Spectrally resolved transient
properties of the confinement potential. In interband opticsfour-wave mixing (FWM) experiments with 100 fs pulses
the subband structure leads to the observation of several e¥tere performed over a wide range of carrier densities. These
citonic Rydberg series, each one corresponding to an optgXPeriments will shed light on the nonlinear optical proper-
cally allowed transition between an electron and a hole sublies of two-dimensional exciton Fano continua in quantum
band. The exciton resonance corresponding to thavells. .
energetically lowesh=1 electron and hole subbands is well To the best of our knowledge, the coherent emission from

separated from continuum transitions by its binding energ)’da;(rﬁlé%gioizllq?n;Or?(tel{:)l:a?(cirt]gr?s ?r?lﬁuﬁ)(eg;%sg\lfg'ﬁgtef%a?ne'
and, therefore, is a discrete transition. In contrast, higher; 9

) . he lowest Lorentzian exciton shows a distinctly different
order excitons corresponding to electron and hole subban

ith n>1 bedded i i tat £l | ehavior in coherent nonlinear optical experiments under a
with n are embedded In continuum states ot lower eeC'strong magnetic field compared to the zero-field Case.

tron and hole sub_band pairs. For atoml_c systems, it has be_elrherefore, it is not cleaa priori how the properties of mag-
shown that coupling between energetically degenerate digygipexciton Fano continua compare to the properties of ex-
crete and continuum states results in Fano interfefeiice citon Fano continua in quantum wells at zero field.
both types of states can be optically excited from a common \joreover, our experiments address the question how cou-
ground state. Fano interference manifests itself in linear oppling between the lowest Lorentzian exciton and the struc-
tics by an asymmetric absorption line shape, known as th@ured exciton Fano continua in the nonlinear regime affects
Fano profile! the coherent emission from a quantum well. The interaction
In semiconductors, Coulomb coupling between higherbetween the lowest Lorentzian exciton and continuum tran-
order excitons and lower-order continuum states has theoretsitions has been studied for the unstructured “flat” con-
cally been shown to result in Fano interference and in théinuum of the lowest subbait®and for the magnetoexci-
formation of Fano resonances in quantum wells and wirés. ton syster®® but not for exciton Fano continua in quantum
The exciton Fano resonance is a structured continuum, comnvells at zero magnetic field. We will point out the similari-
sisting of a higher-order exciton coupled to energetically deties and differences between the different exciton-continuum
generate continuum states by the bare Coulomb poténtialsystems.
These structured continua are the true eigenstates of one- andThe paper is organized as follows. In Sec. I, we briefly
two-dimensional semiconductors above the band edge. Exdiscuss our experimental technique. The results of transient
perimentally, Fano absorption profiles have been observed IRWM experiments for multisubband excitation of a quantum
quantum well3 and in bulk semiconductors under magneticwell at intermediate carrier densities are presented in Sec. IlI.
field®” The linear optical properties of these coupledWe determine the dephasing times of the different reso-
exciton-continuum resonances are well undersfo6d. nances from the width of the emission lines in the FWM
Much less is known about the coherent nonlinear opticakpectra. Our data show that the decay of the FWM emission
properties of quantum wells for multisubband excitation in-from quantum-well exciton Fano continua versus the time
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delay between the excitation laser pulses is not due to
dephasing at these densities. This effect is attributed to quan-
tum interference between exciton and continuum states,
which has its origin in many-body exciton-continuum cou-
pling. Similar results and conclusions were obtained in Refs.
8 and 16 for magnetoexciton Fano continua, showing that
this effect is of general importance for exciton Fano reso-
nances in semiconductors. In Sec. IV, we will discuss the
properties of the coherent emission from quantum wells for
multisubband excitation at high carrier densities. We finally
present our conclusions in Sec. V.
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Il. EXPERIMENT

Four-wave-mixing experiments were performed with 1571 : - L

. e : . . 510 1520 1530  1.540
bandwidth-limited 100 fs pulses from a Ti:sapphire laser in
the standard two-beam configuration with collinearly polar-

ized excitation pu_lses V\_”f[h wave vec_tok§ andk,. Both FIG. 1. (@ Linear absorption spectrum of the 500 A GaAs/
pulses had equal intensities. The excitation pulses are sepgr G, -As multiple quantum welidark gray and excitation laser
rated in time by a variable time delay which is controlled  gpectrum(iight gray) (temperature 7 K (b) Close-up of the mea-
by a stepper motor. The nonlinear interaction in the samplgyrede3-hh3 exciton absorption line shapgashed lingand cal-
gives rise to a FWM signal emitted in the phase-matchingyjated Fano profilésolid line).

direction X,—k;. We detect the FWM signal either
spectrally integratede [|P®)(w,7)|?dw, where P®)(w,7)

is the nonlinear polarization in third ordeas a function of
the time delayr or spectrally resolved«|P®)(w,7)|?] at

fixed time delaysr. The spectrally resolved FWM measure- h'ghr']quﬁ,“ti'] samgle. , 4 exci
ments as well as linear absorption experiments were per- |n€ higher-order exciton resonances are structured exci-

formed with a monochromator and a charge-coupled devicdn Fano continua with an asymmetric line shape which is
(CCD) array providing an overall spectral resolution of 0.1 the signature of Fano interference between exciton transi-
meV. tions and energetically degenerate continuum transitions.
Since the bandwidth of the 100 fs excitation pulses isThe different types of transitions are coupled by the bare
about 15 meV full width at half maximunFWHM), we  Coulomb potentiaf. If the exciton resonances are spaced
have chosen a quantum-well sample with a large well widtHrom each other far enough so that the model of a single
and small subband separations. This sample contains ten 5@éscrete resonance coupled to a continuum can be applied,
A broad GaAs/A}Ga-As quantum wells. To allow for the absorption line shape can be fitted by the expression
transmission experiments, the GaAs substrate of the sampfe(¢)* (e —)%(1+¢?) for the Fano absorption profife.
was removed by wet-etching. All experiments were per-Additional homogeneous broadening is neglecteth this
formed at the temperatuie="7 K. expressiong is the photon energy shifted by the energy of
the discrete state and normalized by the stredgtbf the
coupling between the continuum and the discrete state. The
Ill. DENSITIES WELL BELOW THE MOTT DENSITY parameteq essentially describes the ratio of the optical ma-
trix elements between the ground state and the discrete state
and between the ground state and the continuum states. We
Figure 1 shows the low-temperature linear absorptiorapply the above expression to te@-hh3 exciton resonance,
spectrum of the 500 A broad GaAsiAGa, -As multiple  which is fairly well separated from the adjacent resonances.
guantum well. The spectrum comprises several exciton resd-igure Xb) shows a close-up of the measured absorption line
nances which correspond to transitions between elecepn ( shape of the3-hh3 resonance and the calculated Fano pro-
and heavy-holéhh) subbands with the same quantum num-file for the parameterg=—2.41 andl'=0.53 meV. A rea-
bern, labeled ael-hhl, e2-hh2, ande3-hh3. The lowest sonable fit is obtained, which reconfirms the results of pre-
light-hole (Ih) exciton resonances1-Ih1, is found energeti- vious work?™®
cally below theel-hh1l exciton. This is because mechanical In the FWM experiments, the excitation laser spectrum,
strain at low temperatures has shifted both the hh and the lbentered at 1.530 eV, is tuned slightly below tb&-hh3
valence bands to lower energies where the shift of the Ilfesonance to excite simultaneously the lowestihl and
band is largefr’ and overcompensates the difference in quanel-hh1l excitons and higher-order exciton Fano continua, as
tization energies of thel-hhl andel-lhl excitons. The shown in Fig. 1. Power spectra of the FWM signal are plot-
linear absorption spectrum also shows several exciton resaded in Fig. 2 for different time delays between—100 and
nances WithNgecro Nhotle: Which have a finite oscillator 167 fs and a carrier densityio~3Xx10'° cm™2 per excita-
strength in quantum wells with a finite barrier height if tion pulse. Unlike the excitation pulse spectrum, the FWM
[Netectro— Nhoid 1S @an even numbéf The lowest exciton spectra show a distinct structure which arises from the exci-
transitionsel-hhl andel-lhl have symmetric Lorentzian ton transitions which are embedded in the continuum. This

Energy (eV)

line shapes with a FWHM of only 0.4 meV, demonstrating
small inhomogeneous and homogeneous broadening in this

A. Experimental results
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resonance in the linear absorption spectrum in Fig. 1, i.e., at
zero carrier density. We note that the FWHM of both reso-
nances is essentially independent of the time delay but in-
creases with increasing excitation density. The density de-
pendence of the linewidth of thel-hhl resonance in the
density range between zero andNg demonstrates that
density-independent inhomogeneous broadening makes only
a small contribution to the linewidth for densities lg§ and
AN 33 larger in this high-quality sample. The measured linewidths
. for Ny and N, are dominated by homogeneous broadening,
which is enhanced at higher carrier densities due to increased
carrier-carrier scattering. Two features of the data are note-
Time Delay (fs) worthy. (i) For a fixed carrier density, the homogeneous line-
2100 width of thee3-hh3 exciton Fano resonance is always larger
than the homogeneous linewidth of tk&-hhl Lorentzian
exciton. From Fig. 3, we obtain average linewidths of 0.87
FIG. 2. Power spectrum of the four-wave-mixing signal for mul- and 1.58 meV forN,, and 1.29 and 2.13 meV forhg,
tisubband excitation for different time delays. Carrier densiyy ~ respectively. This result reflects that, for Fano resonances,
~3%10' cm™2, temperature 7 K. the couplingI’ to the energetically degenerate continuum is
an additional intrinsic contribution to the total homogeneous

distinct structure is the signature of multisubband excitationbroadenmg’ which adds to the natural homogeneous broad-

", o o ening vy resulting from quasiparticle scattering.(ii) The
at lower densities. The largest emission line in the FWM g - .
. . Fano couplind’ is expected to decrease with increasing car-
spectrum at 1.514 eV originates from tae-hh1 exciton. A plind b g

e ot o rier density® becausel’ is due to Coulomb interactioh,
significant contribution to the FWM spectrum at 1.534 eV ich js weakened by screening at elevated carrier densities.

can be traced back to the8-hh3 exciton Fano continuum. awever, we observe that the total homogeneous linewidth
Very small contributions from thee2-hh2 transition and 4 the e3-hh3 exciton Fano resonance increases with in-
from transitions With Nejectror Nhole are also visible. All - creasing carrier density. Consequently, we conclude that the
emission lines in the FWM spectrum are much narrower thamatural homogeneous broadenipghows a strong increase
the laser spectrum. Since the dominatéig hhl ande3-hh3  with increasing carrier density which overcompensates the
resonances are well separated from the adjacent resonancdscrease of the Fano couplifig The same conclusion as for
these FWM resonances can be analyzed more quantitativelgxciton Fano continua in quantum wells was reached for
In Fig. 3, we have plotted the FWHM of thel-hhl Fano magnetoexcitorts,

Lorentzian resonance and te8-hh3 Fano resonance versus  Since inhomogeneous broadening is negligible at the car-
time delay for the excitation densitiy~3x 10 cm™2 rier densitiesNg and 3\,, we can estimate the dephasing
(open symbolg as obtained from Fig. 2. The filled symbols times of the different resonances from the FWHM of the
mark the FWHM of the resonances at the increased carriggMission lines in the FWM spectrum. A single dephasing

density N, and the dashed line is the width of teé-hh1  time characterizes each resonance for a given carrier density
since the FWHM of the resonances does not show a signifi-

cant dependence on the time delay. We use the fundamental

' ! I relationtp=T,/2=%/SE, wheret, is the decay timeT, is
the dephasing time, andE is the FWHM of the emission
lines® From this relation and from the average FWHM, we
can estimate dephasing times of 1.5 and 1.0 ps for the
el-hhl exciton at the excitation denshtlyy and N, respec-
tively. For thee3-hh3 resonance, we obtain dephasing times
of 0.83 ps atNy and 0.61 ps at Ry. We note that LO-
phonon emission does not limit the dephasing time of the
e3-hh3 transition since the small subband separations in the
500 A quantum well prohibit this process.
____________________ Figure 4 shows the spectrally integrated FWM signals for

] l l multisubband excitation and carrier densitidg and 3\,.

-100 0 100 The spectrally integrated FWM signals as a function of the
time delay between the excitation pulses follow the excita-
tion laser pulse shape over almost two orders of magnitude,

FIG. 3. Full width at half maximum of the resonances in the I-€-, the signals decay with a time constant of less than 100
four-wave-mixing spectra. Dotgl-hh1 exciton; squareg3-hh3  fS. Importantly, for the excitation densitf, none of the
exciton Fano continuum. Open symbols, carrier densiy~3 exciton resonances has a shorter dephasing time than the
x 10 cm™% filled symbols, density R, (temperature 7 K  €3-hh3 exciton. This dephasing time is 0.83 ps, much longer
Dashed line, full width at half maximum of thel-hhl exciton than the pulse-width limited decay of the spectrally inte-
resonances in the low-temperature linear absorption spectrum. grated FWM signal in the time-delay domain. Consequently,
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100F e3-hh3 exciton Fano continuum. This discrepancy is an in-

14 < 8ot ; herent property of exciton Fano continua in quantum wells.

j _§ 60l o ] These findings for exciton Fano continua in quantum
. 3 a0l ] wells are attributed to quantum interference between exciton
2 2 £ o0l ] and continuum transitions. We refer to this effect as destruc-
Z 0.1, o + + tive quantum interference. Destructive quantum interference

5 6 Ot s manifests itself by a pulse-width limited decay of the FWM
= 4 Density (No) signal in the time-delay domain if the dephasing time of the
g 2 resonance is much longer than the pulse width. The pulse-
£ 0.1 width limited decay dominates the shape of the FWM signal
§ : ‘ in the time-delay domain and any slowly decaying contribu-
e 4 N | tion to the signal is much smaller than expected from the
o ,’ \ weight of the slowly dephasing resonance in the FWM spec-
1 ] ] I trum.

04 02 00 02 04 The same behavior as for exciton Fano continua in quan-

Time Delay (ps) tum wells at zero magnetic field was found for magnetoex-

FIG. 4. Spectrally integrated four-wave-mixing signal vs time .Citon Fano cc.)ntinua'.lﬁThiS.Shows that destruqtive quantum
delay for multisubband excitation. Dashed line, carrier derdgy Ihterfqrence is of gener?" 'mp9rtance fo,r exciton Fano con-
~3% 10" cmZ solid line, carrier density B, (temperature 7 K tinua in one- arjd t_vvo—dlmenswnal'se_mlconductors, regard-
Inset, relative contribution of the1-hh1 (dots and thee3-hh3  |€sS of the application of a magnetic field. o
(crosseptransitions to the total four-wave-mixing emission vs car- | he coherent emission from the Lorentzian exciton is also
rier density. affected by destructive quantum interference in the multisub-
band experiments at the densiy in which exciton Fano

we conclude that the pulse-width limited decay of the speccontinua are excited. A pulse-width limited decay in the
trally integrated FWM signal is not caused by dephasing fotime-delay domain is observed although the dephasing time
multisubband excitation at the lowest densMy. For the of the Lorentzian exciton is much longer than the pulse
density 3\, dephasing is faster and the difference betweerwidth. Similar results were obtained at low densities for the
the dephasing times and the decay time of the spectrallgimultaneous excitation of the exciton and an energetically
integrated FWM signal becomes smaller. separated broadband flat continuum of the same subbdnd

In the inset of Fig. 4, we have plotted the relative contri-and for the interaction between Fano magnetoexciton con-
bution of the different resonances to the total FWM emissiorfinua and Lorentzian magnetoexcitdfisThis comparison
versus carrier density. We will discuss in more detail in Secshows that the discrepancy between the decay in the time-
IV that this relative contribution shows no significant depen-delay domain and the time scale of dephasing of the lowest
dence on the time delay in the parameter range investigate2kciton is of general importance in exciton-continuum sys-
here. Therefore, the average over the time delay could bt&ems, irrespective of the properties of the continuum. As a
plotted in the inset of Fig. 4. The coherent emission from theconsequence, destructive quantum interference dominates
Lorentzianel-hh1 exciton(dots is at least 60% of the total the decay of the FWM emission in the time-delay domain for
FWM emission for the excitation densitié, and AN,. The  Mmultisubband excitation in quantum wells at low and inter-
contribution from thee3-hh3 resonancécrosses is about Mediate densities.
10% of the total FWM emission at these densities. Therefore,
the pronounced pulse-width limited decay of the total, spec-
trally integrated FWM signal versus time delay implies that
neither the coherent emission from th&-hh1 exciton nor With regard to the mechanism of destructive quantum in-
the coherent emission from the8-hh3 exciton Fano con- terference, we first note that the effect for a single Fano
tinuum shows a pronounced slowly decaying tail whichcontinuum cannot be explained in the framework of the
would reflect the dephasing time of the respective resoatomic physics Fano modetven though this model can be
nances. For multisubband excitation at the lowest dehgjty  used to describe the linear absorption line shape, as shown in
the coherent emission from both th&-hh1 and thee3-hh3  Fig. 1. For a single Fano continuum, the atomic physics Fano
resonances decays much faster in the time-delay domain thamodel predicts a decay of the FWM emission in the time-
predicted by the dephasing times of the respective transidelay domain which is determined by the dephasing fifne,
tions. Consequently, the decay of the coherent emission frorm disagreement with the experimental result. The discrep-
theel-hh1 exciton and from the3-hh3 Fano continuum in ancy between the fast decay of the FWM signal in the time-
the time-delay domain is not due to dephasing for multisub-delay domain and the dephasing time can only be understood
band excitation at the densityy. if many-body Coulomb effects are considered both for a

In contrast, the decay of the coherent emission from thesingle exciton Fano continuum and for the excitation
el-hh1 exciton versus time delay reflects the dephasing timef the lowest exciton and an energetically separated
if only the Lorentzian excitons at the band edge are excitegontinuum®21315.16
(data not show as expecte&’ We conclude that the simul- To further illustrate this point for a single exciton Fano
taneous excitation of the Lorentzian exciton is not the reasorontinuum, we recall that the atomic physics Fano mbdel
for the discrepancy between the decay in the time-delay dosan be transformed into a system consisting of a ground state
main and the time scale of dephasing observed for theptically coupled taN excited states where the line shape of

B. Discussion
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the resonance is reflected by the energy dependence of titfee exciton Fano resonances. The decay of the FWM signal
optical matrix element between the ground and the exciteéh the time-delay domain is expected to follow the excitation
statest?! In such anN-level system, the dynamics of the pulse™ Our experimental observations in Figs. 2 and 4 are in
coherent emission is the same in the real time and the timeagreement with the EID model. These results suggest to at-
delay domain for short-pulse excitatiéhConsequently, a tribute the destructive quantum interference effect observed
pulse-width limited decay of the spectrally integrated FwMfor exciton Fano continua in quantum wells and in bulk
signal versus time delay implies a pulse-width limited decays€miconductors under magnetic ffétdl to the many-body

of the coherent emission in real time. Due to the FouriefXCiton-continuum coupling resulting from EID. In this re-
relation between energy and real time, this simple modedard, it is important to dlstmgwsh betv_veen the effects qf the
predicts a FWM spectrum which is as broad as the excitatio'21y-P0dy exciton-continuum coupling and the exciton-

laser spectrum in this situation, in disagreement with the exgontinuum couph_ng due_ to the bare Couloml_a potentlal_ at
perimental data. zero carrier density. While the former results in destructive

An obvious shortcoming of the above model is the as-duantum interference in nonlinear optical experiments, the

sumption of a constant coupling strength between discret@ttfar gives rise to Fano interference observed in linear
and continuum transitions. In semiconductors, the intersub(-)pt'cal'absOrptlon spectr_a. . .
band coupling results from Coulomb interactibmhich is of course, the dynam|_cs of the lowest Lme'ﬁtz'a'? exciton
weakened by screening with increasing carrier density. lehen excneq together W'.th exciton Fano continua in multi-
fact, for magnetoexciton Fano continua it has been experi§Ubb"’lrld excitation experiments can alsp be_descrlbed by the
mentally observed that the Fano coupliRglecreases with EID model since this experlmen_tal situation closely re-
increasing carrier densitiés.Therefore, the assumption of sembles the smgle-subband expenments in Refs. 12_15.'
constant Fano coupling is only justified for linear absorption The th_eory discussed so far is pL_lrer phe_nomenologl_cal.
experiments where indeed the absorption profiles of excitoﬁ‘ more rigorous theor_y for _the nor_llmear optical properties
Fano continua in quantum wells and in bulk semiconductoré)]c exciton Fano continua in semlqonducto_rs has o treat
under magnetic field can be described by the expressions &any;body Coulomb effect; on a microscopic level in qrder
the atomic physics Fano modifi.Besides the weakening of 0 pmpomt thg m'echamsmsf respon.3|ble for excnqn-
the Fano coupling’, the natural homogeneous broadening continuum coupling in the nonlinear regime and destructive

of exciton Fano continua strongly increases with increasin uantubm dlnti:ferencer.]_whe z(ii:je not avxéﬁ_r e of EI mlcrosscohpm
carrier density in nonlinear optical experiments due to any-body theory which addresses tis problem. such a

carrier-carrier scattering. This has been shown for excitoﬁheory is highly desirable in view of the increased impor-

Fano continua in quantum wells by the analysis of the exiance of broadband ultrafast pulse excitation in nonlinear op-
jcs of semiconductors.

perimental data in Fig. 3 and has also been observed fd
magnetoexciton Fano contind@&The density dependence of
the homogeneous broadening of exciton Fano continua sug- IV. HIGH-DENSITY REGIME

gests to consider excitation-induced dephasitigD).22

Excitation-induced dephasing results from screening of the The studies of the nonlinear optical coherent response of
Coulomb interaction in nonlinear optical experiments andthe 500 A quantum well were extended to the carrier density
manifests itself by a density-dependent dephasing®fate. ~ 10Ng~3x 10" cm™2. This density is approximately equal

EID has been considered in order to model FWM experit0 the Mott density calculated for GaAs quantum wells with
ments where only the lowest exciton at the band edge and dnfinitely high barriers® Power spectra of the FWM emis-
energetically separated broadband continuum of the lowe&ton at this density are plotted in Fig. 5 for time delays be-
subband were excited2° In such single-subband experi- tween—33 fs (bottom and 167 fs(top). The spectra show
ments at low densities, a pulse-width limited decay of thecontributions from the Lorentziael-hhl andel-lhl exci-
FWM emission in the time-delay domain was obserted?  tons below 1.517 eV, from the2-hh2 ande3-hh3 Fano
The corresponding FWM spectrum showed only a narrowgontinua at 1.521 and 1.534 eV, respectively, as well as from
line at the spectral position of the exciton from which atransitions withngecuror® Nnole- ComMpared to the data for the
dephasing time much longer than the pulse width could b&ensityN, in Fig. 2, all emission lines are much broader and
deduced? % These experimental results were modeled in-the FWM spectra are much less structured. Moreover, the
troducing a density-dependent dephasing rate in the semicirape of the high-density FWM spectra significantly depends
ductor Bloch equation%’t—15 As a consequence, the carrier on the time delay, in contrast to the results for the density
population in the continuum states can modify the polarizaNg. The data in Fig. 5 show that the Lorentzian excitons
tion of the exciton*~*°This is the essence of the nonlinear below the band edge contribute less to the total FWM emis-
exciton-continuum coupling. It has also been pointed out thagion at the largest positive time delay-167 fs than at ear-
the coupling between exciton and continuum states due tter time delays. The spectrally integrated FWM signal as a
EID can be described by a common ground-state picture ifunction of the time delay is pulse-width limited for the den-
which quantum interference effects naturally octur. sity 10N, (data not showp as for lower densities.

Further theoretical studies including EID on a phenom- A more quantitative analysis of the FWM spectra is pre-
enological level have shown that the FWM spectrum consistsented in Fig. 6, where the relative contributions of the
of a spectrally narrow line at the discontinuity of the linearel-hhl and thee3-hh3 transitions are plotted versus time
absorption spectrurf?. Therefore, for the excitation of struc- delay for carrier densitiesl, (circles, 3N, (triangles, and
tured exciton Fano continua, it is expected that the FWMLON, (squares We define the relative contribution of a reso-
spectrum comprises narrow emission lines corresponding tbance as the area of the resonance in the FWM spectrum
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’ y ' ' With regard to the shape of the high-density FWM spec-
tra, we recall that the natural homogeneous broadefiof
exciton Fano resonances strongly increases with increasing
density due to dephasing resulting from carrier-carrier scat-
tering. Likewise, screening at higher carrier densities weak-
ens the Coulomb Fano coupling. This has been directly ex-
perimentally observed for magnetoexciton Fano contffiua.
Both effects result in a loss of the structure of the Fano
absorption spectrum which smears out and broadens with
increasing density’ The same effect is seen in the high-
density FWM spectra in Fig. 5, which do not show the dis-
tinct structure of the FWM spectra at the density due to
the increased homogeneous broadening.

As an important consequence of the strong dephasing at
: high densities, there is not a clear discrepancy anymore be-
tween the pulse-width limited dynamics in the time-delay
domain and the width of the FWM spectrum or the dephas-

FIG. 5. Power spectrum of the four-wave-mixing signal for mul- INg times. Therefore, quantum interference effects become
tisubband excitation for time delays33, +33, +100, and+167 fs less important at higher carrier densities and the dynamics is

(from bottom to top. Carrier density 18,~3x10' cm 2 tem- dominated by the strong dephasing.
perature 7 K. With respect to the data in Fig. 6, we note that the con-

tribution from the Lorentziarel-hhl exciton to the FWM

divided by the total area of the spectrum. The relative conemission is rather large, given the small overlap of the laser
tribution of the different resonances does not significantlyspectrum with this resonance. This is at least partially due to
depend on the time delay for the densitig and 3,, as the large oscillator strength of the lowest exciton as com-
already mentioned in Sec. Ill. At the highest densit30 Pared to the exciton Fano contintiaThis excitonic en-
the e1-hh1 resonance loses strength at large time delays, &&tncement of the lowest excifris already seen in the lin-
discussed for Fig. 5. This is not reflected in Fig. 6 because §ar absorption spectrum. The nonlinear exciton-continuum
quantitative analysis of thel-hh1 resonance was not per- coupling®****and the longer dephasing tiffemay also
formed at large time delays since it seemed too uncertain dugontribute to the intense FWM emission at the spectral posi-
to the increased spectral overlap of the broadened emissidtpn of the lowest exciton. The data in Fig. 6 indicate that the
lines. For the same reason, we did not attempt a quantitativ@xcitonic enhancement of the lowest exciton is reduced as
analysis of thee3-hh3 emission line at M0,. However, the the carrler_densny appro_aches the Mott density. This ref!ects
data in Fig. 6 clearly demonstrate that the relative contributhe reduction of the oscillator strength of the lowest exciton
tion of the Lorentzianel-hhl exciton drops from 75% to due to the decrease of the binding enet¥his mechanism
60% and below 50% with increasing carrier density for aiS Not equal'ly effective for hlgher—order exciton Fano reso-
fixed time delay. The relative contribution of tre8-hh3 ~ hances, which shows the continuum nature of these transi-
Fano continuum stays constant at about 102 aand N,. tions. In fact, the same relative decrease of the FWM contri-
The decrease of thel-hhl contribution for a constant Pution from the lowest exciton and the increase of the
e3-hh3 contribution implies that the contributions from the continuum contribution with increasing density have been
e2-hh2 Fano continuum and from transitions WitBieeyon observed in smgle_—subband experiments on the Iqwest exci-
#Npye are enhanced as the carrier density increases. ton and a flat c_ontlnuurJriL. Therefore, fo_r higher carrier den-
sities, flat continua and structured exciton Fano continua be-

have similarly in this respect.

Intensity (arb. units)

1.51 1.I52 1.53 1.54
Energy (eV)

?100 ) ' ' ' For multisubband excitation, the time-delay dependence
& 80 A . of the shape of the FWM spectrum is only observed at the
5 [ e .. oo FCINE 1 highest density. The relative decrease of the coherent emis-
§ ool &+ “‘j' d A sion from the lowest exciton at positive time delays is remi-
=A N w4 ethnt g niscent of the results for single-subband excitation of the
5 S Y lowest exciton and a flat continuut?>2’ The comparison
(g 40r - 7 between the single-subband and multisubband excitation re-
= sults indicates that, at high carrier densities, the exciton Fano
S 20 " 1 continua show a behavior similar to a flat continuum.
o R e S Summarizing these findings, we can state that the distinct
0_1'00 0 700 500 structure of the FWM spectra, which is the signature of mul-

tisubband excitation at lower densities, is washed out at high
carrier densities. With increasing density, the FWM spectra

FIG. 6. Relative contribution of the1-hh1(upper half and the ~ for multisubband excitation resemble more and more the
e3-hh3(lower half transitions to the total four-wave-mixing emis- Spectra obtained for single-subband excitation of the lowest
sion vs time delay for carrier densitidy~3x 10'° cm 2 (circles,  exciton and a flat continuum. Moreover, at high densities, the
3N, (triangles, and 10N, (squarey temperature 7 K. FWM spectra for multisubband and single-subband excita-

Time Delay (fs)
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tion show similar features with respect to their time-delaybetween exciton and continuum transitions resulting from
dependence and with respect to the density dependence wfany-body exciton-continuum coupling. We have discussed
the contributions from the lowest exciton and the continuunthat many-body exciton-continuum coupling can result from
transitions. These findings are reasonable in view of the inexcitation-induced dephasing, following the lines of earlier
creased dephasing. Due to this strong dephasing at high carork on the exciton and an energetically separated
rier densities, quantum interference effects lose their imporeontinuum?=1°The effect of many-body exciton-continuum
tance. coupling is to be distinguished from the effect of the exciton-
continuum coupling by the bare Coulomb potential which
V. CONCLUSIONS results in Fano interference seen in linear spectra. Since the

) ] same dynamics as for exciton Fano continua in quantum
We have presented a comprehensive experimental studye|s at zero magnetic field was observed for magnetoexci-

of the linear absorption and the nonlinear optical coherenfon Fano continua in bulk Ga&<® we conclude that de-
response of a quantum well for multisubband excitation. Theryctive quantum interference is of general importance for
lowest Lorentzian exciton below the band edge and excitoRyciton Fano continua in low-dimensional semiconductors,
Fano continua corresponding to higher-order subband transjrespective of the type of the quantum confinement.

tions are simultaneously excited in multisubband excitation |4 the FWM experiments at a higher carrier density ap-
experiments. Fano mtgrference be;tyveen energetically deg‘?Broximater equal to the Mott density, we observe broad
erate exciton and continuum transitions is clearly observed i\ spectra with a continuum contribution which is much
the linear absorption spectrum at zero carrier density, whicless structured than at lower densities. At high carrier densi-
reconfirms the results of previous watkano interference in ties, the exciton Fano continua show a behavior similar to
linear absorption spectra and the formation of the couplegiat continua. Quantum interference effects lose their impor-
exciton-continuum  state are well understood consideringgnce due to the strong dephasing.

coupling between different subbands which results from the |, conclusion, we have demonstrated that the coupling

bare unscreened Coulomb potential at zero derisity. between excitons and energetically degenerate continuum
The FWM experiments at carrier densities well below theyansitions considerably affects the optical properties of

Mott density demonstrate that the signature of multisubbandemiconductor quantum wells for multisubband excitation.

excitation is a distinctly structured FWM power spectrum. pepending on the carrier density, Fano interference, destruc-

The FWM spectrum comprises narrow emission lines, whichjye quantum interference, or dephasing-dominated dynamics
can be traced back to the Lorentzian exciton and the excitogre ghserved.

Fano continuum transitions. The negligible inhomogeneous
broadening in our high-quality sample has allowed us to es-
timate the dephasing times of the different resonances from
the width of the FWM emission lines. The analysis has
clearly demonstrated that the decay of the FWM emission We would like to acknowledge helpful discussions with
from exciton Fano continua in the time-delay domain is notD. S. Chemla and P. Thomas. This work has been supported
caused by dephasing at lower carrier densities. This particlby the Swiss National Science Foundation under Contract
lar dynamics is attributed to destructive quantum interferencéo. 21-49298.96.
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