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Disorder mediated biexcitonic beats in semiconductor quantum wells
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Beats in the transient four-wave-mixing signal from strongly inhomogeneously broadened semiconductor
guantum wells are observed. Based on their phase and polarization properties, the beats are assigned to
biexcitons in the mesoscopically disordered material. With increasing excitation intensity a halving of the beat
period is observed and is accurately reproduced by calculations including fifth-order contributions.
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The coherent interaction between light and semiconducthe confinement energy. In such a system the excitons can be
tors is a subject of extensive current interest. Under low tcsufficiently strongly localized by the interface fluctuations so
moderate excitation conditions, the coherent response ne#rat they actually behave as if they were confined in a quan-
the fundamental absorption edge in a direct-gap semicondutsm dot?~>*where the biexcitonic binding energy is greatly
tor is dominated by excitonic effects. Although early tran-enhanced>* We have performed experiments on two sets
sient  four-wave-mixing (TFWM) experiments on of thin multiple QW’'s(MQW). One set is GaAs/AlAs grown
semiconductorswere interpreted in terms of the existing by molecular-beam epitay (well width of 4.1 nm) and the
understanding for atomic and molecular systems based opther lattice matched(InGa)As/InP grown by metallo-
the optical Bloch equation€OBE),? it quickly became ap- organic vapor phase epitaxivell widths of 1.6 and 3.0
parent that this was not sufficient for semiconductors, sincédm 27 All samples exhibited inhomogeneously broadened
their coherent response is substantially more complex due @bsorption and luminescence lines of approximately 15-20
the many-body interactions of the electron-hole excitations.meV in width. For the(InGa)As/InP samples the alloy well
At the level of an effective Hartree-Fock approximation material also contributes to the inhomogeneous broadening
these interaction effects are included in the semiconductolestimated to be approximately 8 meV, with the remainder
Bloch equations(SBE). In a more phenomenological way being due to well width fluctuatiofisthe monolayer splitting
aspects of the interband exchange effects can be modeled igsaround 35 meV.

“local field” ® allowing a relatively simple numerical analy- A Kerr-lens-mode-locked Ti:sapphire laser producing
sis of experiments.Efforts to understand the polarization 110-fs pulses was used to perform the experiments on the
dependence of the TFWM sigfiaf demonstrated the impor- GaAs/AlAs samples. For théInGa)As/InP samples the
tance of interactions beyond the Hartree-Fock level such a$i:sapphire laser was used to synchronously pump a femto-
biexcitonic  contribution§® and excitation-induced second optical parametric oscillator that produced pulses in
dephasing.*® the 1.1-1.4um wavelength regimé The sample was held

The presence of inhomogeneous broadening due to wedit 5 K in helium vapor. All experiments were performed in
width fluctuations in quantum we{fQW) structures has both the standard two pulse TFWM geometry where two pulses
complicated interpretation and presented an opportunity fowith wave vectorsk, andk, are incident on the sample with
the study of disordet®?® The interplay of disorder and a time delayr between thentsee inset Fig. 1 The signal is
many-body interactions has recently been examfii¢nlthis  emitted in the direction R,—k, . For TI TFWM the signal is
paper, we present results that show that the combined comime integrated with a slow detector and measured as a func-
tributions of both biexcitons and strong inhomogeneoudion of 7. The excitation spectra were centered on the low-
broadening produce new features in the time integrate@nergy wings of the respective absorption spectra, where the
TFWM (TI TFWM) signal. In particular, in this situation, localization is expected to be the strongest.
biexcitonic beating becomes apparent in TI| TFWM showing In Fig. 1 we show the TI TFWM signal for three different
unique temporal and polarization dependences. Note that ingolarizations of the two incident pulse&@) cocircular, (b)
homogeneously broadened systambeating due to biexci- colinear, and(c) crossed linear, all for thélnGaAs/InP
tons is present in the TI TFWM signallthough it is present (1.6-nm well, 20.2-nm barrigrsample. Clear beats, corre-
in the time resolved TFWM signdlTR TFWM).'3 Further-  sponding to an energetic splitting of 3.2 mé¥ the GaAs/
more, we observe intensity-dependent half-period contribuAlAs sample the splitting is even as high as 5.2 méVare
tions to the beatd and show that these arise from fifth-order present in(b) while they are absent frorta). These results
contributions to the signal. strongly suggest that biexcitons are the origin of the beats as

Strong inhomogeneous broadening is typical of very thina biexciton is composed of excitons of opposite spins and,
QW'’s because an interface fluctuation of a single monolayehence, should not be excited by cocircularly polarized
is a significant fraction of the total well width, and hence of beams. Further confirmation of this assignment is obtained
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TFWM-Signal

Tg=129ps () 1} FIG. 2. (a) The five-level scheme used for the interpretation of

the dataE, is the 1s excitonic resonance energy andthe biexci-
tonic binding energy. The optical matrix elements and dephasing
rates of the exciton, biexciton, and two-exciton scattering state are
indicated as well as the circularly polarized selection rules for the
I Tg/2=0.64 ps ©t. | transitions.(b) Schematic diagram showing the various contribu-
1 o0 1' ' é ' é ' "1 ' é ' é 7 tions to the third-order polarization that result in beats. Each arrow
is labeled by the corresponding order in perturbation. The wiggly
arrows correspond to the radiating polarizations.

7 [ps]

FIG. 1. TI TFWM traces for th€1.6 nm/(20.2 nm (InGaAs/
InP MQW sample(a) Circularly copolarized pulsegp) linearly ~ become apparent in the TI TFWM signgFor a similar dis-
copolarized pulsedc) linearly cross-polarized pulses. The dotted cussion for the case of a three-level system see Ref. 31. The
line in (b) is a phenomenological fit with a damped sinusoidal func-photon echo nature of the signal was confirmed for the
tion. The experimental traces are normalized and shifted by on&aAs/AlAs sample earliezﬁ)
order of magnitude relative to each other. The inset illustrates the By analytically solving the OBE for the phenomenologi-
experimental geometry. cal 5LS depicted in Fig. @), this interpretation can be sub-
stantiated. While there exists a theoretical approach for biex-
citonic effects, based on extending the SBE to include terms
%eyond the usual Hartree-Fock approximafig® it does
not permit analytic solution. Recent work elucidated the cor-
Fespondences between the two approaches and showed that
, : . -~ the phenomenological approach is a good approximation of
have.f|t the dat"’.‘ for>1.5 ps using a S|mplg damped COSINE he rrr)lore complettsaJ theor’{;.?l'he phenomgenologﬁ)c?al approach
function, superimposed on an exponential de¢agoken used here was able to successfully model several experimen-

curve in Fig. 1b)]. tal results for homo 35
geneously broadened samiptés’
To understand why both the phase of the beats and the To obtain an analytic result that contains the basic fea-

very presence of the beats itself are surprising, the VariouﬁJres, we solve the OBE to third order in the laser field for

contributions to the TFWM from a biexcitonic 5-level sys- ¢ jgeqlized case of-function pulses. Additionally we as-
tem (5LS) [Fig. 2@)] must be more closely considered. As sume that the inhomogeneous broadening is sufficiently
mentioned abpve,_ for_ a hom(_)geneously broao!ened SySteg?rong that the TI TFWM signal is given by
there are no biexcitonic beats in the TI TFWM signal. ThereI (7)==, |P-(3)(t=27 7=0)|2, where

are beats in the TR TFWM signal that arise due to an inter- =Xy ' '

ference between the fields of a given handedness radiated by @) ) e

the transition between the one-exciton state to the bound P (t=271,7=0)=4i cosp{v"(e'*""+1)
biexciton state with those radiated by the transitions from
either the ground state to the opposite handed one-exciton
state and/or the one-exciton state to unbound two-exciton ‘
state. The radiating transitions are shown in Fidp) 2s wig- P(t=27,7=0)=4i sing{v?(e'*""+1)e” w7,

gly lines. Att=0 these two contributions destructively inter-

fere for colinear polarization because the population gratingslere we have assumed that the second pulse is polarized
in the ground state and one-exciton states have opposigarallel to thex axis, and that the polarization of the first is
signs, and these population gratings contribute to the souragetated by an angleb. The dephasing rates of the exciton
terms for the third-order polarization. For homogeneousand two-exciton states are denoted fy and vy, , respec-
broadening, there will be no beats in the time integrated sigtively. A is the biexciton binding energy ang, the optical

nal since the temporal shape of the TR TFWM is indepenmatrix element for the one-exciton to two-exciton transition
dent of 7; it just decreases in overall amplitude with increas-(see Fig. 2. For parallel polarization ¢=0) the signal in-

ing delay 7. In the presence of inhomogeneous broadeningleed starts with a minimum, while for perpendicular polar-
the TR TFWM becomes a photon echo, and, as the echization it starts with a maximum, in agreement with Figs.
position is 2r, it moves through the beats, causing them tol(b) and Xc) and our analysis.

from examining the temporal dependence of the beats in Fi
1(b) and naticing thathere is a beat minimum at=0. This
is obscured in the data due to effects caused by the finit
pulse duration around=0, so to aid in realizing this we

X e*(nyr YOI T e727x7'},
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FIG. 3. TI TFWM traces for thé4.0 nm/(3.0 nm GaAs/AlAs FIG. 4. Theoretical TI TFWM traces. Notation is the same as in
MQW sample showing the intensity dependen@.Linearly co-  Fig. 3. Parametersu=1, »,=0.85, v,,=0.7, 7;1:4.0 ps,
polarized pulses(b) linearly cross-polarized pulses. The vertical v, *=2.0 ps, andy,,=1.5 ps.
lines spaced by the beating peridd are guides to the eye. Note the
faster decay in the perpendicular situation.

are due to the fifth-order terms. The local fields are essential

This behavior should be contrasted with beats that arisfP" the correct reproduction of the phase of the half-period
from two excited states coupled to a common ground S‘t(,ﬂtgscnlanon. Addmonal'ly d|ffere.nt Qecay timé8& for cpp_olar-
by the light field (e.g., light hole—heavy hole, bound free, |zeq and cross-polarized excitation can be quallta_;ltlvely ex-
etc).% In this case the beats always start with a maximunPl2ined by our model, assuming a faster dephasing for the
for colinearly polarized pulses. This analysis shows that thé!PPer (two-pe_lr.ucle transitions than for the lowefone-
quantum beat phase yields important information as to th&2'ticle transitions.
underlying level system. Previously obtained experimental !N Summary, we have presented the results of TI TFWM

data might thus contain more and different information tharEXPeriments on strongly inhomogeneously broadened semi-
onductor MQW and their theoretical interpretation on the

hitherto realized. Note that because terms due to the biexck~"" .
ton contribute to the third-order respongieere will always asis of_the OBE. _We observe beats that, *?ased on their
be biexcitonic contributions to the linearly polarized re- POlarization properties and phase, we can assign to the com-
sponseand they will be density independent. bined presence of mhqmogeneous broadenlng_anq biexci-
An additional intriguing feature in Fig.(#) is the appear- (Ons: We show that the inhomogeneous broadening is essen-
ance of half-period beat&ee also Ref. 11 Our analysis Ul for biexcitonic beating to be present in the time
integrated signal, which has not previously been realized.

provides a natural explanation for this feature. In Fig. 3 we X .
present data for the GaAs/AIAs MQW sampfel-nm wells Half-period beats are also observed and are attributed to
he fifth-order effects. The TI TFWM technique allows one to

3.9-nm barriers showing an additional beating with half the ) o ) ;
period of the biexcitonic beat period for cross-polarizedP'€CiSely measure binding energies for inhomogeneously

high-intensity excitation, which is absent for all other condi- 2roadened excitonic absorption lines and complements the

tions. We observe similar behavior in six different samples ¢/assic” photoluminescence techniques, which work best

(see also Ref. 28 The intensity dependence suggests thatvhen the linewidth is considerably smaller than the binding

half-period beats arise from higher than third-order contribu*"€r9y-:

tions. We numerically solve the OBE to fifth order in the  The authors would like to acknowledge fruitful discussion
laser fields, including finite pulses, finite inhomogeneouswith K. Victor, V. M. Axt, and J. Kuhl. We thank M. Preis
broadening, and local field effects. The inhomogeneougor expert technical assistance. S.T.C. received funding from
broadening is assumed to be completely correlated; uncorr¢he Alexander von Humboldt Foundation. T.F.A. and M.K.
lated broadening would lead to a rapid decay of the b¥ats. received funding from the Alexander von Humboldt Founda-
The resultgFig. 4) do reproduce all of the features observedtion. T.M. received funding from the scientific branch of the
in the experiment: beating at the biexciton frequency for lowNATO through the Deutscher Akademischer Austauschdi-
intensity; beats start with a minimum for copolarized and aenst(DAAD). This work has been financially supported by
maximum for cross; half-period contributions for elevatedthe Deutsche Forschungsgemeinschaft through the Leibniz-
intensities; no beats for cocircular excitatidmot shown. and Gerhard-Hess-Fderpreis and through the Sonderfors-
The calculations clearly show that the half-period featureshungsbereich 383.
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