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We present an experimental and theoretical investigation of ultrafast transient four-wave mixing of GaAs/
Al,Ga; _,As quantum wells for coherent excitation of exciton and continuum states. The signal appears at the
exciton resonance and is shown to consist of two contributions: an intense spectrally narrow part only present
for short time delays and a weak exponentially decaying part reflecting the intrinsic coherence properties of the
exciton states. The intense part of the signal is due to the excitation of the continuum states mediated by
interaction-induced nonlinearitiegS0163-182606)50444-3

Recent transient four-wave mixingFWM) experiments states, which is not consistently demonstrated. TFWM ex-
on semiconductors have shown unexpected results whgreriments on bulk GaAs for coherent exciton and continuum
both discrete exciton states and continuum states have beemrcitation have indicated values'®f70 fs and 14 fs for the
excited coherently by spectrally broad, ultrafast laserdephasing time of the continuum states, in both cases limited
pulses'~® The decay of the TFWM signal, as a function of by the laser pulse duration. These values are in clear contra-
delay 7, is significantly faster than the dephasing time of thediction to the intrinsic broadening observed in linear trans-
excitons. However, the width of the spectrally resolved ex-mission experiments, from which dephasing times of several
citonic TFWM response and the real-time evolution of thepicoseconds can be extracted. Indeed, dephasing times of
TFWM signal reflect the intrinsic excitonic dephasing time. this order have been reported from experiments with Bloch
The microscopic origin of these observations has so far reescillations using transmissive electro-optic sampfing,
mained unsettled. technique that probes directly the intraband polarization of

The coherent superposition of a number of eigenstates bihe coherent electron wave packets, and is independent of the
ultrafast laser excitation is a well-known concept in atomicinterband polarization, contrary to TFWM.
physics. In this case, the formation of electron wave packets In this paper, we demonstrate experimentally and theoreti-
has been observed in pump-probe experiments on the Rydally that the TFWM signal for coherent excitation of exci-
berg states of, e.g., atomic rubidithSimilar effects have ton and continuum states is well explained by the interaction
been investigated in semiconductor physics, where the forinduced nonlinearities in the semiconductor Bloch equations
mation of excitonic wave packets has been observed, eithdBBE’s) with the inclusion of excitation induced dephasing
in coupled double quantum wellsas Bloch oscillations in  (EID). The TFWM signal at the excitonic resonance is
biased superlattice structur®er as the pure excitonic eigen- shown to consist of essentially two contributions: a prompt
states of a strained quantum well structtire. signal due to the coherently excited continuum states medi-

However, one important difference between atomic andated by interaction-induced nonlinearities, and a purely exci-
semiconductor wave packets is that the atomic wave packéonic signal, showing the same features as the TFWM signal
is unaffected by coherent excitation of the continiim, from a selectively excited excitonic resonance.
while the excitonic counterpart is dramatically changéd. These interaction-induced signals are related to the coher-
The recovery of the electron wave packet after orbital motiorent continuum density, in which both dephasing and destruc-
is observed in atomic physics while TFWM experiments ontive interference take place. When the continuum is excited
semiconductors indicate a rapid destruction of the excitonievith a broad laser pulse, the density gratings associated with
wave packets. each state stay coherent for a time corresponding to the in-

The decay of the strong initial continuum contribution verse excitation width. For short time delays, the spatial grat-
(CC) to the TFWM signal has been attributed to interferenceings lead to a strong diffraction of the exciton polarization
between the coherently excited microscopic polarizationsvave. The diffracted excitonic signal reflects then, naturally,
rather than dephasirfgHowever, this explanation implies the intrinsic features of the exciton, resulting in long real-
that coherent excitation of exciton states and continuuniime decay and hence narrow spectral TFWM lines. For
states of different quantum wells should show the same C@®nger time delays, the continuum density has interfered de-
effect. This aspect has so far not been demonstrated. Astructively and diffraction in the associated gratings is no
alternative explanation is that the CC is due to TFWM withlonger possible.
the continuum statesThis TFWM signal would be spec- The essential new concept of these findings is that the
trally centered at and above the continuum edge, which castrong initial TFWM signal at an isolated excitonic reso-
easily be verified using spectrally resolved TFWM. This ex-nance originates from the excitation of energetically different
planation also relies on a fast dephasing of the continuunsontinuum states. To study these effects in detail, we present
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spectrally resolved TFWM signals to achieve simultaneous
real-time and delay-time information. This also allows for a
clear separation of different contributions to the TFWM sig-
nal.
Excitonic TFWM without coherent continuum excitation
has succesfully been modeled with the SBE'S? whereas
modeling including continuum excitation has been less
conclusivet® Incoherent scattering processes have in most
cases been modeled with a density-independent dephasing 4
time T,. However, in semiconductors the dephasing is par-
tially due to Coulomb scattering among the excited particles.
In the incoherent regime this simply results in an increased
dephasing rate of the induced polarizatidnit has been
shown recently that the EID may contribute significantly to
the excitonic nonlinear respon¥kand hence to the excitonic Photon energy [eV]
TFWM signal®® In fact, it has been shown that on)@®
level the local-field and EID effects contribute to the TFWM  FIG. 1. Transient four-wave mixing spectra as a function of
signal in a similar way. delay. The absorption profile and the laser spectrum are also shown.
A multiple guantum well structure containing ten wells of
each of the thicknesses 80 A, 100 A, 130 A, and 160 A, washe hhx resonance of the 100-A well shows pronounced
grown by molecular-beam expitaxy. The wells are separatefieavy-hole—light-hole quantum beats due to coherent excita-
by 150-A AlyGay-As barriers, and after the growth the tion of heavy- and light-hole excitons.
structure was lifted off the substrate and mounted on a sap- The TFWM signals from the hhx of the 130-A and
phire disk. The sample was kept in a liquid He cryostat at 5160-A wells show a dramatic change as compared to those
K during the experiments. The linear optical properties offrom the 100-A and 80-A wells. In these cases where the
this sample have been reported previodSlghowing narrow  continuum states are excited coherently with the excitonic
(<1 meV) exciton absorption peaks and a negligible Stokestates we observe the aforementioned CC to the TFWM. A
shift. beat structure is seen in the TFWM signal from the hhx of
For the TFWM experiments, the sample was excited bythe 130-A well due to beats with the light-hole exciton and
parallel linearly polarized 100-fs pulses from a self-mode-the X state of the hhx, which is well resolved in the absorp-
locked Ti:sapphire laser. The spectral width of the laser wasion spectrum. However, it is evident from the data that these
approximately 15 meV, corresponding to near transform lim-beats are of much lower intensity than the CC to the TFWM
ited pulses. The laser spot size was focused to approximatebignal. In fact, the intensity of the TFWM signal from the
60 um on the sample surface, and the TFWM experimenthihx of 130-A well should be compared to that of the hhx of
were performed in the two-beam self-diffraction geoméfry, the 80-A well since these have comparable excitation
where two beams with wave vectdks andk, are incident  strengths. The hhx of the 160-A quantum well is even more

TFWM intensity

1.63 154 155 156 1.57

on the sample under a small angle. The pulse inkthdi-  weakly excited and still shows a quite intense TFWM signal
rection arrives with a delay of after the pulse in thd;  for short delay times.
direction, and the TFWM signal propagates in the2k; It is shown in Fig. 1 how the excitonic TFWM signal is

direction. The signal was dispersed in a 0.6 m spectrometeframatically changed depending on whether the continuum
and detected by an optical multichannel analyzer with a restates are excited or not. However, it is clearly demonstrated
sulting resolution better than 0.1 meV. in this experiment that this effect is not related to incoherent
The TFWM spectrum is shown as a function of delay inscattering processes, since these will lead to spectral broad-
Fig. 1 together with the absorption spectrum of the samplening or faster real-time decay. We observe no additional
and the laser spectrum. Heavy- and light-hole exciton abbroadening of the hhx resonances in the TFWM spectra for
sorption peaks are seen in the absorption spectrum and tlentinuum excitation. On the contrary, we observe an in-
peaks are labeled with their corresponding well thicknessegreasing spectral narrowing compared to the linewidths of
The maximum of the laser spectrum is tuned in resonancthe absorption spectrum for increasing continuum excitation.
with the heavy-hole excitorthhx) of the 100-A quantum It is also shown that the CC phenomena only occur when
well. The continuum states of the 160-A and 130-A wells arethe exciton and the continuum belong to the same quantum
excited for this tuning of the laser, whereas the continuumwells. When the laser is tuned in resonance with the hhx of
states of the 100-A well are marginally excited by the wingthe 100-A quantum well, the continuum states of the hhx of
of the laser and the hhx of the 80-A well is excited belowthe 130-A quantum well are also excited and no CC effect is
resonance. We estimate a carrier density~df.5x10° cm  observed in the TFWM signal from the 100-A hhx reso-
~2 for the resonantly excited 100-A quantum well. nance. This proves that the CC is not related to simple
The decay of the TFWM signal for the hhx of the (photon-echo-typeinterferences in the polarizations, as ear-
80-A well is long and it has a delayed maximum since thelier proposed, but rather due to interaction-induced nonlin-
laser predominantly excites the localized tail of the excitonearities.
resonanc&.The TFWM signal is in this case due to a photon  For a direct comparison, we show the TFWM intensities
echo involving destructive interference and rephasing of that the hhx resonances of the 100-A, 130-A, and 160-A quan-
polarizations of the localized states. The TFWM intensity fortum wells in Fig. 2. The curves are normalized and displaced
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FIG. 2. Four-wave mixing intensities at the heavy-hole exciton . FIG. 3. Four-wave mixing intensities at _the dxciton resonance
resonance of the 100-A, 130-A, and 160-A quantum wells for theSimulated from the SBE with EID for detunings from theeixciton
excitation shown in Fig ’1 ' of (a) 0 meV,(b) 10.5 meV, andc) 23 meV. The dashed lines show

an exponential decay with,= 750 fs.

for clarity. It is seen how the CC decays faster for increasing
continuum excitation. It is also seen that the initial CC in- 1
creases in intensity for increasing continuum excitation as y() =yt 7'§§k: [fer(t) + fre(t)]. 3
compared with the exponential excitonic part.

To confirm these experimental findings we present nu-
merical simulations based on the SBE’s, which are the equa- The main difference between the EID and the Hartree-
tions of motion of the occupation numbe‘@z(a}rkajk) and  Fock nonlinearities is the number of states they involve. The
the microscopic polarization®,=(a/,a). For a simple Coulomb potential is localized in momentum space and
two-band model, the particle indgxis e for the electrons couples only a limited number of states. The EID, on the
andh for the holes. The SBE read contrary, models the decay of the polarization due to scatter-

ings with other particles. This interaction is not local, be-

d , ) cause an exciton can be scattered by essentially any free
=1 Px= ~il€ek(t) +en(t) +iy(D) JPy(t) carrier or other excitons. With the inclusion of E8) in Eq.
(1) we find that the polarization wave associated with an
il 1= fe(t) = Fr(H) JOR(D), exciton transition can scatter in the density gratings formed

by the continuum states through the scattering potenfial
thus giving rise to an additonal four-wave mixing signal at
Sfik=—2 IM[ QP (1)]. () the exciton transition enerdy.
The SBE are solved for a TFWM geométhusing the
The mean-field, or Hartree-Fock part of the carrier-carriefyuymerical procedure proposed in Ref. 21 with and without
interaction contributes to the Rabi frequerﬁ? (|0ca|-fie|d) EID. The exciting laser f|e|dz(t) is taken to be the sum of
and to the single-particle energié®; (band-gap renormal- two delayed, but otherwise identical, Gaussians with an in-

ization): tensity FWHM of 72 fs. Figure 3 shows the resulting TFWM
signals computed with EID at the spectral possition of the 1s
ROR() = dE(1) + z VP o) exciton for excitations with a detuning from the 1s exciton of
K 2 5 A ket (@ 0, (b) 10.5 meV, andc) 23 meV. In Fig. 3,y, is taken to

be 1/1200 fs and’ =3x 10" 2 cm?/fs. The latter value cor-
responds to the experimentally determined value for EID due
hejk(t):sjk_zq: Vafjl—q/(D)- 2 to nonthermalized carrier$,and to the value reported in

Ref. 12. For the calculations without EID we take
Within the rotating wave approximatiof(t) denotes only  y,=1/750 fs, ensuring the same average dephasing time. We
the pulse envelopal is the interband optical matrix ele- find that for case$a) and(b) the simulations with and with-
ment.Vq=27-re2/eoq is the bare 2D Coulomb potential with out EID give the same spectral width of the TFWM signal,
the background dielectric constasyt The single-particle en- whereas in casé) we find a slight line narrowing if EID is
ergies are given by e,=(hk)%2m,—A, and included, consistent with the experimefts.
en= (7k)%/2m;,. Here, Ao=hwo—E, is the detuning be- The simulated data shows®s beats and a clear CC to
tween the central frequenay, of the pulse and the unrenor- the signal in(b) and(c). In Fig. 3c) the CC to the signal has
malized band gapE,. We include in the simulation a about equal contributions from local field effects and EID,
phenomenological, carrier-independent dephasing ratthe latter of which is responsible for the temporal narrowing.
(70=1/T,), as well as an excitation-induced péste Refs. The calculated intensity ratio between the initial peak and the
14, 15, and 18 exponential tail is smaller than experimentally observed.
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However, a better agreement with the experiment can onljHence, pulse limited decay times obtained in this type of

be achieved by increasing the EID coupling strength experiment¥® should not be taken as an indication of ex-
These observations show that the excitonic TFWM signatremely fast dephasing times for the continuum interband

as a function of delay is composed by two contributions forpolarization. Instead, much longer dephasing times should be

coherent excitation of exciton and continuum states: Aconsidered, as obtained with, e.g., transmissive electro-optic

Strong initial CC that is due to coherent excitation of thesamp"ng techniques\sin agreement with linear transmission

continuum states mediated through interaction-induced noryata.

linearities, and a weaker exponentially decaying part, nearly

identical to that of the resonantly excited excitons, indepen- We would like to thank C.B. 8ensen, 11I-V NANOLAB,

dent of the continuum excitation. for the sample preparation. This work was supported by the
It is also shown that, in the case of coherent excitation ofCenter for Nanostructurg€NAST) and the Danish Natural

exciton and continuum states, the decay of the excitoniScience Research Council. K. El Sayed acknowledges sup-

TFWM is not directly related to the dephasing time of theport from the National Science Foundation through Grant

continuum states, but rather to the width of the excitationNo. DMR-9520191.
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