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Transfer of coherent dynamics between discrete excitons
and exciton Fano continua in quantum wells

S. Arlt, J. Kunde, F. Morier-Genoud, U. Keller, and U. Siegner
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Four-wave-mixing in semiconductor quantum wells with spectrally shaped broadband laser pulses demon-
strates that the coherent dynamics of discrete excitons can be detected in the coherent emission from exciton
Fano continua and vice versa. In particular, quantum beating between discrete heavy and light hole excitons is
observed in the coherent emission from the continuum. The results can be understood in a common ground-
state picture of strongly coupled transitions. This model shows that the transfer of the amplitude of the
nonlinear coherent polarization is at the origin of the experimental results.
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In semiconductors, interactions between energetic
nondegenerate optical excitations can play an important
in the coherent regime.1–4 These interactions have their or
gin in excitation-induced dephasing.2,5,1 A powerful tool for
the experimental study of nondegenerate coherent inte
tions is partially nondegenerate~PND! four-wave mixing
~FWM!.2 In a PND-FWM experiment, one applies two exc
tation laser pulses with only partially overlapping spec
and analyzes the coherent emission from transitions
have only been excited by one of the two excitation puls
The PND-FWM technique has been used to study nonde
erate coherent interactions between the discrete exciton
unstructured continuum transitions of the same subban
quantum wells.2 In these experiments, coherent emissi
from the exciton has been generated due to the excitatio
continuum transitions, proving the existence of strong n
degenerate coherent interactions.2 The PND-FWM technique
has also been applied to study nondegenerate coherent
actions between discrete quasi-zero-dimensional magnet
citons in quantum wells2 and between discrete excitons
inhomogeneously broadened ensembles.6

In degenerate FWM experiments, strong coupling h
been observed between discrete excitons and exciton F
continua.7,4 Thus, these systems are well suited to expl
the consequences of strong nondegenerate coherent int
tions with the PND-FWM technique. In this paper, we rep
on the PND-FWM studies of discrete excitons and exci
Fano continua in quantum wells. We analyze the dynam
using a complete set of four PND-FWM traces, i.e., we m
sure the dynamics at the discrete excitons and in the c
tinuum for two different excitation conditions. These da
show that the coherent dynamics of discrete excitons ca
detected in the coherent emission from exciton Fano c
tinua and vice versa. In particular, this transfer of coher
dynamics allows for the observation of the quantum bea
between the discrete heavy and light hole excitons8,9 if co-
herent emission from the continuum is detected. The tran
of coherent dynamics in PND-FWM can generate coher
radiation from the continuum that is absent in degene
FWM. Earlier work2,4,7,10,11,3only demonstrated the suppre
sion of excitonic coherent emission due to interaction w
continuum transitions. Thus, our results give new insight i
the consequences of non-degenerate coherent interactio
semiconductors.
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Our results can be understood if the discrete exciton
the Fano continuum transitions are modeled as a multitud
excited states coupled to a common ground state.2 This
model is based on the strong nondegenerate coherent i
actions between exciton and continuum transitions.2 We will
argue that the transfer of the amplitude of the nonlinear
herent polarization is at the origin of the experimental fin
ings. The amplitude of the nonlinear coherent polarizat
determines the dynamical evolution of transient FWM s
nals in the time delay domain, in which the transfer of c
herent dynamics is observed.

We have performed transient FWM experiments in t
standard two-beam configuration with parallel polarized
ser pulses with wave vectorsk1 andk2 . The FWM signal, in
direction 2k22k1 , is measured either temporally and spe
trally integrated versus time delayDt between the excitation
laser pulses or spectrally resolved at fixed time delaysDt. A
Ti:sapphire laser generates 16 fs pulses with a 82 meV w
spectrum~full width at half maximum, FWHM! centered at
1.55 eV. The laser pulse with wave vectork1 is passed
through a spectral amplitude filter, which consists of tw
SF 10 prisms in double-path configuration and an adjusta
slit.12 This setup allows us to change the center wavelen
and the FWHM of pulse spectrumk1 . In all experiments, the
filtered narrow-band pulsesk1 have a spectral FWHM of
about 9 meV and a temporal width of about 200 fs. The pu
with wave vectork2 is not spectrally filtered. This experi
mental scheme is referred to as PND-FWM.2

The PND-FWM experiments were performed on
GaAs/Al0.3Ga0.7As multiple quantum well with 160 Å wells
and 150 Å barriers, repeated 30 times. To allow for tra
mission experiments, the sample was glued on a sapp
disk and the GaAs substrate was removed by chemical
etching. The sample is antireflection coated at the front s
All experiments have been performed at 10 K.

Figure 1 shows the linear absorption spectrum of the m
tiple quantum well and the broadband and narrow-band la
spectra. The absorption spectrum comprises heavy hole~hh!
and light hole~lh! excitonic transitions corresponding to di
ferent electron~e! and hole subbands with subband indexn.
The e(n51)hh(n51) exciton transition at 1.528 eV has
FWHM of 1.0 meV, demonstrating small inhomogeneo
1588 ©2000 The American Physical Society
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broadening in this high-quality sample. The other resonan
can be assigned to thee1lh1 ~at 1.5315 eV!, the e1hh3 ~at
1.556 eV!, thee2hh2~at 1.581 eV!, and thee2lh2 ~at 1.603
eV! excitonic transitions. The broadband laser pulsek2 ex-
cites all these transitions while the narrow-band pulsek1
selectively excites either thee1hh1/e1lh1 or thee2hh2 tran-
sition, as shown in Fig. 1. In all experiments, pulsek2 pro-
duces a pulse energy fluence of 2.1mJ/cm22, whereas the
fluences of pulsek1 are 0.18mJ/cm2 and 0.17mJ/cm2 at the
e1hh1 ande2hh2 resonances, respectively.

Note that the higher-order excitons, such ase2hh2, are
coupled to the energetically degenerate continua of low
order subband pairs and form exciton Fano continua.13,14,15

In degenerate FWM experiments, exciton Fano contin
generate a FWM signal only if the excitation pulses over
in time, leading to a pulse width limited FWM trace vs tim
delay Dt.4,16 This behavior is not related to dephasing b
has its origin in many-body exciton-continuum coupling.3,4,10

In contrast, the FWM signal of the discretee1hh1 ande1lh1
excitons is determined by dephasing and quantum beatin8,9

in the Dt domain. This allows one to assign the FWM d
namics to either the discretee1hh1/e1lh1 excitons or to the
exciton Fano continua.

In Fig. 2 we compare spectrally resolved PND-FWM s
nals at fixed time delaysDt corresponding to the maximum
of the FWM emission. In Fig. 2~a! the narrow-band pulsek1
excites thee2hh2 exciton Fano continuum. FWM signals a
emitted at thee1hh1 ande1lh1 discrete exciton resonance
and at the spectral positions of thee1hh3 ande2hh2 exciton
Fano continua. Thee1hh1 emission dominates the FWM
spectrum although thee1hh1 exciton is not excited by th
narrow-band laser pulsek1 . We refer to coherent emissio
as ‘‘indirect emission’’ if only the broadband pulsek2 has
frequency components at the spectral position of the em
sion. By the same token, ‘‘direct emission’’ is generated
both pulsesk1 and k2 have frequency components at th
spectral position of the emission.

Strong indirect emission at the lowest exciton resona
was observed in Ref. 2 if an unstructured continuum with
embedded excitons was excited by the narrow-band l

FIG. 1. Linear absorption spectrum~black-solid line! of the
quantum well sample at 10 K. Spectrum of the broadband la
pulsek2 ~gray-solid line! exciting all resonances. Spectrum of th
narrow-band laser pulsek1 exciting either thee1hh1/e1h1 exci-
tonic resonances~gray-solid line! or the e2hh2 exciton Fano con
tinuum ~gray-dashed line!.
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pulse. This observation demonstrated strong interaction
tween nondegenerate interband transitions in the cohe
regime. Direct emission from the unstructured continuu
was not observed in Ref. 2. In Fig. 2~a!, we observe both
direct and indirect emission. This is due to the large osci
tor strength of exciton resonances17 that are inherently in-
volved in a Fano continuum.

Figure 2~b! shows the spectrally resolved PND-FWM si
nal if the narrow-band pulsek1 excites the discrete exciton
e1hh1 ande1lh1. Coherent emission from all resonanc
between the band-edge and thee2lh2 exciton Fano con-
tinuum is observed. Figure 2~b! demonstrates that nondege
erate coherent interactions can generate indirect cohe
emission from continuum transitions.

The temporal evolution of the direct and indirect cohere
emission in the time delay domain is shown in Fig. 3 f
excitation with the narrow-band pulsek1 at e2hh2 ~a! or
e1hh1/e1lh1 ~b!. The FWM emission has been integrate
over a 25 meV wide spectral window centered either at
e1hh1 or thee2hh2 resonance. The spectral windows a
defined by interference filters whose transmission charac
istics ensure that the coherent emission from the differ
transitions is measured separately. The dashed~thick solid!
lines in Figs. 3~a! and 3~b! show the coherent emissio
around thee2hh2 (e1hh1) resonance. For excitation
e2hh2, the FWM traces at both emission positions show
pulse width limited decay, characteristic for exciton Fa
continua. In contrast, for excitation ate1hh1/e1lh1, the de-
cay of the FWM signal at positive time delays is well r
solved at both detection positions, as shown in Fig. 3~b!.
Moreover, for excitation at the band edge, we observe a p
nounced beating modulation for detection arounde1hh1 and
e2hh2. The beat detected arounde1hh1 can be fitted with a
beat period of 1.14 ps, which well matches the energy sp

er

FIG. 2. Spectrally resolved four-wave-mixing signal~solid line!
for narrow-band laser pulsek1 excitation~dashed line! at thee2hh2
exciton Fano continuum~a!, and at thee1hh1/e1lh1 discrete exci-
ton resonances~b!. The emission signal around thee2hh2 exciton
Fano continuum in~b! has been multiplied by a factor of 25. Al
data are taken at time delays corresponding to the maximum F
emission.
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ting of 3.5 meV between thee1hh1 ande1lh1 discrete exci-
ton resonances seen in linear absorption. Consequently
excitation and detection arounde1hh1, the hh-lh beating o
the lowest excitons is observed, characteristic for the co
ent dynamics of these discrete exciton transitions.8,9

The thin-solid line in Fig. 3~b! shows a fit to the dashe
curve ~emission ate2hh2) with the beat period of 1.14 p
taken from the fit to the emission detected arounde1hh1 in
Fig. 3~b!. The excellent agreement between the FWM tra
detected ate2hh2 and the fit shows that the hh-lh beat of t
lowest-exciton transitions is observed at the spectral posi
of the e2hh2 Fano continuum. Moreover, for excitation
e1hh1, the direct and the indirect coherent emission sh
very similar decay times of 0.32 and 0.40 ps, respective

Figure 3 clearly demonstrates that the coherent dynam
of the discrete excitons can be detected in the coherent e
sion from exciton Fano continua@Fig. 3~b!# and vice versa
@Fig. 3~a!#. Due to this transfer of coherent dynamics, ind
rect coherent emission from the exciton Fano continuum
be generated at time delays larger than the pulse wi
which is impossible for direct emission.4,16

The transfer of coherent dynamics between discrete e
ton transitions and exciton Fano continua in PND-FWM c
be understood in the common ground-state picture
strongly interacting transitions. This model was put forwa
to explain the generation of indirect coherent emission
semiconductors.2 We will argue that the transfer of the am
plitude of the nonlinear coherent polarization is at the ori
of the experimental results of Fig. 3. For convenience, in
following we assume that inhomogeneous broadening ca
neglected.

In a PND-FWM experiment, the narrow-band pulsek1

FIG. 3. ~a! Temporally integrated four-wave-mixing signal v
time delay for narrow-band laser pulsek1 excitation at thee2hh2
exciton Fano continuum~a! or at thee1hh1/e1lh1 discrete exciton
resonances~b!. Thick-solid lines: coherent emission at th
e1hh1/e1lh1 exciton resonances. Dashed lines: coherent emis
at thee2hh2 exciton Fano continuum. The thin-solid line in~b! is a
fit to the dashed curve~see text!.
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can create a population grating together with that part of
broadband spectrum of pulsek2 , which overlaps with the
spectrum ofk1 . A population grating is created if permitte
by the coherence properties of the transitions excited
pulsek1 , e.g., if the polarization excited by pulsek1 has not
yet dephased when pulsek2 is applied. If so, the pulsesk1

andk2 create a population gratingin the ground stateand in
the excited states with an energy matched to the photon
ergies in thek1 spectrum.18,19 In the common ground-stat
model, all frequency components in the broadband spect
k2 can couple to the population grating in the ground sta
Therefore, pulsek2 can generate nonlinear polarization
third order in the electric field at transitions involving excite
states that have not been excited by pulsek1 . This third-
order polarization gives rise to a coherent emission tha
frequency shifted with respect to the spectrum ofk1 .20 This
coherent emission constitutes the indirect emission. For
homogeneously broadened systems, a similar mechanism
been discussed in the context of accumulated21 and two-color
photon echoes.22

The strength of the population grating determines the a
plitude of the third-order polarization directly after pulsek2

has been applied and, therefore, the amplitudeA of the indi-
rect coherent emission, i.e., its maximum value in r
time.18,19 The strength of the population grating is dete
mined by the coherence properties of the transitions exc
by pulsek1 . For example, the population grating will b
weak if the polarization of these transitions rapidly dephas
As a consequence, the coherence properties of the transi
excited by pulsek1 determine the amplitude of the third
order polarization and the amplitudeA of the indirect coher-
ent emission, independent of the coherence properties o
emitting transitions. In this way, coherence properties
transferred between spectrally separated transitions. N
that the amplitude of the third-order polarization and the a
plitude A of the indirect coherent emission depend on t
time delayDt between the pulsesk1 andk2 : A5A(Dt).

In real timet, the emitting transitions determine the dec
of the indirect coherent emission and, in turn, its spectru
Therefore, for excitation arounde1hh1, the beating seen i
the time delay domain around thee2hh2 exciton Fano con
tinuum in Fig. 3~b! is not reflected by an energy splitting i
the spectrum around thee2hh2 exciton Fano continuum in
Fig. 2~b!. The decay of the indirect coherent emission in re
time t is independent of the amplitudeA. Therefore, one can
write for the indirect coherent emissionS(t,Dt)
5A(Dt) f (t), where f (t) describes the real-time decay d
termined by the emitting transitions. IfS(t,Dt) is temporally
integrated and plotted vs time delayDt, f (t) only deter-
mines the height of this curve whereas the shape is so
determined byA(Dt). As a consequence, the transfer of c
herence properties between spectrally separated transitio
observed as a transfer of coherent dynamics in theDt do-
main, as demonstrated for discrete exciton transitions
exciton Fano continua in Fig. 3.

We like to emphasize that the transfer of coherent dyna
ics based on the described mechanism should be observ
in any multilevel system with a common ground state.
these systems, PND-FWM can be used to detect the cohe

on
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dynamics of one set of transitions in the emission from ot
ones.

In conclusion, partially nondegenerate four-wave-mixi
experiments in a semiconductor quantum well show that
coherent dynamics of discrete excitons can be detected in
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coherent emission from exciton Fano continua and v
versa. This result sheds light on the consequences of st
nondegenerate coherent interactions in semiconductors.
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