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

In semiconductors, interactions between energetically Our results can be understood if the discrete exciton and
nondegenerate optical excitations can play an important rolehe Fano continuum transitions are modeled as a multitude of
in the coherent regim&.* These inter?ctions have their ori- excited states coupled to a common ground staféis
gin in excitation-induced dephasifg:" A powerful tool for  model is based on the strong nondegenerate coherent inter-
the experimental study of nondegenerate coherent interagiions petween exciton and continuum transitfrge will
tions is partially nondegenera®®ND) four-wave mixing argue that the transfer of the amplitude of the nonlinear co-

(FWM).? In @ PND-FWM experiment, one applies two exci- herent polarization is at the origin of the experimental find-
tation laser pulses with only partially overlapping spectra, polarization 1 g1 xper !

and analyzes the coherent emission from transitions th4P9S: The amplitude of the nonlinear coherent polarization
have only been excited by one of the two excitation pulsesdetermines the dynamical evolution of transient FWM sig-
The PND-FWM technique has been used to study nondegefials in the time delay domain, in which the transfer of co-
erate coherent interactions between the discrete exciton afgerent dynamics is observed.

unstructured continuum transitions of the same subband in We have performed transient FWM experiments in the
quantum well$. In these experiments, coherent emissionstandard two-beam configuration with parallel polarized la-
from_ the exciton.has been generated .due to the excitation &fer pulses with wave vectoks andk,. The FWM signal, in
continuum transitions, proving the existence of strong nongjrection X,—k,, is measured either temporally and spec-
degenerate coherent interactirihe PND-FWM technigue trally integrated versus time delayt between the excitation

has also been applied to study nondegenerate coherent inter- . .
actions between discrete quasi-zero-dimensional magnetoei?ser pulses or spectrally resolved at fixed time delssA

citons in quantum welfsand between discrete excitons in | -SaPphire laser generates 16 fs pulses with a 82 meV wide
inhomogeneously broadened ensemples. spectrum(full width at half maximum, FWHM centered at

In degenerate FWM experiments, strong coupling hadl-55 eV. The laser pulse with wave vecthy is passed
been observed between discrete excitons and exciton Fatldrough a spectral amplitude filter, which consists of two
continua’* Thus, these systems are well suited to exploreSF 10 prisms in double-path configuration and an adjustable
the consequences of strong nondegenerate coherent interadit.*> This setup allows us to change the center wavelength
tions with the PND-FWM technique. In this paper, we reportand the FWHM of pulse spectruky . In all experiments, the
on the PND-FWM studies of discrete excitons and excitorfiltered narrow-band pulsek; have a spectral FWHM of
Fano continua in quantum wells. We analyze the dynamicg&bout 9 meV and a temporal width of about 200 fs. The pulse
using a complete set of four PND-FWM traces, i.e., we meawith wave vectork, is not spectrally filtered. This experi-
sure the dynamics at the discrete excitons and in the cormental scheme is referred to as PND-FVIM.
tinuum for two different excitation conditions. These data The PND-FWM experiments were performed on a
show that the coherent dynamics of discrete excitons can b@8aAs/Al, Ga, ;As multiple quantum well with 160 A wells
detected in the coherent emission from exciton Fano conand 150 A barriers, repeated 30 times. To allow for trans-
tinua and vice versa. In particular, this transfer of coherentnission experiments, the sample was glued on a sapphire
dynamics allows for the observation of the quantum beatinglisk and the GaAs substrate was removed by chemical wet
between the discrete heavy and light hole excftdrisco-  etching. The sample is antireflection coated at the front side.
herent emission from the continuum is detected. The transfehll experiments have been performed at 10 K.
of coherent dynamics in PND-FWM can generate coherent Figure 1 shows the linear absorption spectrum of the mul-
radiation from the continuum that is absent in degeneratéiple quantum well and the broadband and narrow-band laser
FWM. Earlier work*71011:3nly demonstrated the suppres- spectra. The absorption spectrum comprises heavy(hbje
sion of excitonic coherent emission due to interaction withand light hole(lh) excitonic transitions corresponding to dif-
continuum transitions. Thus, our results give new insight intderent electrorn(e) and hole subbands with subband index
the consequences of non-degenerate coherent interactionsThe e(n=1)hh(hn=1) exciton transition at 1.528 eV has a
semiconductors. FWHM of 1.0 meV, demonstrating small inhomogeneous
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FIG. 1. Linear absorption spectruiiblack-solid ling of the i
quantum well sample at 10 K. Spectrum of the broadband laser i
pulsek, (gray-solid line exciting all resonances. Spectrum of the e TS
narrow-band laser pulsk, exciting either theelhhlklhl exci- 152 154 156 1.58 1.60 1.62
tonic resonanceggray-solid ling or thee2hh2 exciton Fano con- Energy (eV)
tinuum (gray-dashed line

ethh3

FIG. 2. Spectrally resolved four-wave-mixing sigrisblid line)

broadening in this high-quality sample. The other resonancefr narrow-band laser puldg excitation(dashed lingat thee2hh2
can be assigned to thetlhl (at 1.5315 eV, the elhh3 (at exciton Fano continuurfa),_aqd at _theelhhlbllhl discrete e_xci-
1.556 eV}, thee2hh2(at 1.581 eV, and thee2lh2 (at 1.603 ton resongnceéb)._ The emission S|gn_al 'around tle@ hh2 exciton
eV) excitonic transitions. The broadband laser pigeex- Fano continuum |r.(b) has been multlplleq by a factor qf 25. All
cites all these transitions while the narrow-band pikse datg are taken at time delays corresponding to the maximum FWM
selectively excites either treslhh1£1lh1 or thee2hh2 tran- emission.
sition, as shown in Fig. 1. In all experiments, pulsepro-  pulse. This observation demonstrated strong interaction be-
duces a pulse energy fluence of 2d/cm % whereas the tween nondegenerate interband transitions in the coherent
fluences of pulsé, are 0.18wJ/cnf and 0.17xJ/cnt at the regime. Direct emission from the unstructured continuum
elhhl ande2hh2 resonances, respectively. was not observed in Ref. 2. In Fig(é2, we observe both

Note that the higher-order excitons, suche&hh2, are direct and indirect emission. This is due to the large oscilla-
coupled to the energetically degenerate continua of lowertor strength of exciton resonanééshat are inherently in-
order subband pairs and form exciton Fano contfid4!® volved in a Fano continuum.
In degenerate FWM experiments, exciton Fano continua Figure Zb) shows the spectrally resolved PND-FWM sig-
generate a FWM signal only if the excitation pulses overlapnal if the narrow-band pulsk,; excites the discrete excitons
in time, leading to a pulse width limited FWM trace vs time elhhl andellhl. Coherent emission from all resonances
delay At.**® This behavior is not related to dephasing butbetween the band-edge and th2lh2 exciton Fano con-
has its origin in many-body exciton-continuum couplity’®  tinuum is observed. Figurg®)) demonstrates that nondegen-
In contrast, the FWM signal of the discreg&hhl andellhl  erate coherent interactions can generate indirect coherent
excitons is determined by dephasing and quantum béating emission from continuum transitions.
in the At domain. This allows one to assign the FWM dy-  The temporal evolution of the direct and indirect coherent
namics to either the discreeihhlkllhl excitons or to the emission in the time delay domain is shown in Fig. 3 for
exciton Fano continua. excitation with the narrow-band pulde, at e2hh2 (a) or

In Fig. 2 we compare spectrally resolved PND-FWM sig-elhhlkllhl (b). The FWM emission has been integrated
nals at fixed time delayAt corresponding to the maximum over a 25 meV wide spectral window centered either at the
of the FWM emission. In Fig. (@) the narrow-band pulsle; elhhl or thee2hh2 resonance. The spectral windows are
excites thee2hh2 exciton Fano continuum. FWM signals are defined by interference filters whose transmission character-
emitted at theelhhl andellhl discrete exciton resonances istics ensure that the coherent emission from the different
and at the spectral positions of ta&#hh3 ande2hh2 exciton transitions is measured separately. The dagti@dk solid)
Fano continua. Theelhhl emission dominates the FWM lines in Figs. 8a) and 3b) show the coherent emission
spectrum although thelhhl exciton is not excited by the around thee2hh2 (elhhl) resonance. For excitation at
narrow-band laser pulde;. We refer to coherent emission e2hh2, the FWM traces at both emission positions show a
as “indirect emission” if only the broadband pulég has pulse width limited decay, characteristic for exciton Fano
frequency components at the spectral position of the emissontinua. In contrast, for excitation afthhlellhl, the de-
sion. By the same token, “direct emission” is generated ifcay of the FWM signal at positive time delays is well re-
both pulsesk; and k, have frequency components at the solved at both detection positions, as shown in Fig).3
spectral position of the emission. Moreover, for excitation at the band edge, we observe a pro-

Strong indirect emission at the lowest exciton resonanc@ounced beating modulation for detection aroedtihl and
was observed in Ref. 2 if an unstructured continuum withoute2hh2. The beat detected arouethhl can be fitted with a
embedded excitons was excited by the narrow-band lasdyeat period of 1.14 ps, which well matches the energy split-
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{ prrTreT T can create a population grating together with that part of the
\ (a) broadband spectrum of pulde, which overlaps with the

spectrum ofk,. A population grating is created if permitted

by the coherence properties of the transitions excited by

pulsek,, e.g., if the polarization excited by pul&g has not

yet dephased when pulég is applied. If so, the pulsels,;

andk, create a population gratirig the ground statend in

the excited states with an energy matched to the photon en-

ergies in thek, spectrumt®®In the common ground-state

o (b) model, all frequency components in the broadband spectrum

k, excitation k, can couple to the population grating in the ground state.

at ethhi/etlht Therefore, pulsek, can generate nonlinear polarization in

& third order in the electric field at transitions involving excited

states that have not been excited by putgse This third-

order polarization gives rise to a coherent emission that is

frequency shifted with respect to the spectrunkpf?° This

001 b coherent emission constitutes the indirect emission. For in-

Y05 00 05 10 15 20 homogeneously broadened systems, a similar mechanism has

Time Delay (ps) been discussed in the context of accumul&tadd two-color
photon echoe#

FIG. 3. (@ Temporally integrated four-wave-mixing signal vs  The strength of the population grating determines the am-
time delay for narrow-band laser pulkg excitation at thee2hh2  plitude of the third-order polarization directly after pulsg
exciton Fano continuure) or at theelhhlkllhl discrete exciton has been applied and, therefore, the amplitdds the indi-
resonances(b). Thick-solid lines: coherent emission at the rect coherent emission, i.e., its maximum value in real
elhhléllhl exeiton resonances. Dashed Iir_1es: eoherent emissiOﬂme_18,19 The strength of the population grating is deter-
at thee2hh2 exciton Fano continuum. The thin-solid lineinisa  mineqd by the coherence properties of the transitions excited
fit to the dashed curvésee text by pulsek;. For example, the population grating will be

weak if the polarization of these transitions rapidly dephases.
ting of 3.5 meV between thelhhl andellhl discrete exci- As a consequence, the coherence properties of the transitions
ton resonances seen in linear absorption. Consequently, fekcited by pulsek,; determine the amplitude of the third-
excitation and detection arouredhhl, the hh-lh beating of order polarization and the amplitudeof the indirect coher-
the lowest excitons is Observed, characteristic for the Coherent emission, independent of the coherence properties of the
ent dynamics of these discrete exciton transitiohs. emitting transitions. In this way, coherence properties are

The thin-solid line in Fig. &) shows a fit to the dashed yansferred between spectrally separated transitions. Note

curve (emission ate2hh2) with the beat period of 1.14 ps, w5 the amplitude of the third-order polarization and the am-
taken from the fit to the emission detected aroeddhl in litude A of the indirect coherent emission depend on the

Fig. 3(b). The excellent agreement between the FWM trac ime delayAt between the pulsde, andk,: A=A(At).
detected ae2hh2 an(_j_the f.'t shows that the hh-Ih beat of t.he In real timet, the emitting transitions determine the decay
lowest-exciton transitions is observed at the spectral position T L . .
) o of the indirect coherent emission and, in turn, its spectrum.
of the e2hh2 Fano continuum. Moreover, for excitation at heref f itati nelhhl. the beati .
elhhl, the direct and the indirect coherent emission shova— eretore, Tor excitation arou (€ bealing seen in
very similar decay times of 0.32 and 0.40 ps, respectively. the tlme de_lay domam around tre2hh2 exciton Fane con-
Figure 3 clearly demonstrates that the coherent dynamic‘i%nuum in Fig. 3b) is not reflected _by an energy s_pllttmg n
of the discrete excitons can be detected in the coherent emid!€ Spectrum around the2hh2 exciton Fano continuum in
sion from exciton Fano continuaig. 3(b)] and vice versa E|g. 2(_b).. The decay of the |nd|reet coherent emission in real
[Fig. 3@)]. Due to this transfer of coherent dynamics, indi- ime t is independent of the amplitude Therefore, one can
rect coherent emission from the exciton Fano continuum cadrite  for the indirect coherent emissionS(t,At)
be generated at time delays larger than the pulse widtiA(At)f(t), wheref(t) describes the real-time decay de-
which is impossible for direct emissidrt® termined by the emitting transitions. ${t,At) is temporally
The transfer of coherent dynamics between discrete excintegrated and plotted vs time delawt, f(t) only deter-
ton transitions and exciton Fano continua in PND-FWM canmines the height of this curve whereas the shape is solely
be understood in the common ground-state picture ofletermined byA(At). As a consequence, the transfer of co-
strongly interacting transitions. This model was put forwardherence properties between spectrally separated transitions is
to explain the generation of indirect coherent emission inobserved as a transfer of coherent dynamics inAhedo-
semiconductoré.We will argue that the transfer of the am- main, as demonstrated for discrete exciton transitions and
plitude of the nonlinear coherent polarization is at the originexciton Fano continua in Fig. 3.
of the experimental results of Fig. 3. For convenience, in the We like to emphasize that the transfer of coherent dynam-
following we assume that inhomogeneous broadening can bies based on the described mechanism should be observable
neglected. in any multilevel system with a common ground state. In
In a PND-FWM experiment, the narrow-band pulsge  these systems, PND-FWM can be used to detect the coherent

k, excitation
at e2hh2
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dynamics of one set of transitions in the emission from othecoherent emission from exciton Fano continua and vice
ones. versa. This result sheds light on the consequences of strong

In conclusion, partially nondegenerate four-wave-mixinghondegenerate coherent interactions in semiconductors.
experiments in a semiconductor quantum well show that the This work was supported by the Swiss National Science
coherent dynamics of discrete excitons can be detected in tHeoundation.
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