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Biexcitonic four-wave-mixing signal in quantum wells: Photon-echo versus free-induction decay

H. Nickolaus and F. Henneberger
Institut für Physik, Humboldt-Universita¨t zu Berlin, Invalidenstrasse 110, D-10115 Berlin, Germany

~Received 5 November 1997; revised manuscript received 29 December 1997!

We have performed time-integrated as well as time-resolved femtosecond degenerate four-wave-mixing
measurements on inhomogeneously broadened~Zn,Cd!Se/ZnSe quantum-well structures. Potential fluctuations
due to alloy disorder in the ternary wells give rise to localized quasi-zero-dimensional excitons and biexcitons.
For time-integrated detection, they manifest themselves by distinct~disorder-renormalized! quantum beats.
Time resolving these transients reveals a free-induction-decay-like emission nature of the biexciton in contrast
to the photon-echo exciton contribution. Using a five-level scheme, containing both biexcitons and antibound
two-exciton states, this striking emission-type change is explained by fluctuation and correlation effects upon
the biexciton binding energy. A combination of time-resolved and time-integrated four-wave mixing is thus a
powerful tool to gain information about the disorder in a given kind of quantum structure.
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Disorder is an inherent feature of semiconductor quan
wells ~QW’s!. Despite numerous works, its role in degen
ate four-wave mixing~DFWM! is, however, still under de
bate~e.g., Refs. 1–6 and references therein!. In an atomlike
two-level system, inhomogeneous broadening manifests
self in a photon-echo-type signal. The DFWM transients
QW’s are much more involved, as result of the comp
interplay between disorder and many-body effects. Sev
groups1,4–8reported that the DFWM signal decay for linear
cross-polarized~CRP! beams is considerably faster than
the copolarized configuration~COP!. Partly, this is concomi-
tant with a change of the DFWM signal character from
photon-echo to a free-induction decay,9,10 while other au-
thors observe a photon echo regardless of the polarizatio5,7

It is clear that biexcitons—as the lowest-order many-bo
effect—are crucial for the understanding
the DFWM scenario, at least at moderate excitation.2,11 The
DFWM signal of II-VI QW’s is indeed governed by pro
nounced biexciton features, separated by 10–15 meV f
the exciton resonance.6 This allows a clear distinction be
tween the various processes contributing to the signal for
tion, and makes these structures ideal candidates for an
amination of the DFWM problem.

Disorder~interface roughness, alloy fluctuations, etc.! in a
QW gives rise to localization and an associated domin
inhomogeneous broadening of the optical transitions. LetGX
be the respective width of the exciton resonance. Local
tion sites of the same exciton energyEX may vary in their
biexciton binding energyDB .12 The inhomogeneous broad
ening of the exciton-biexciton transition (\v5EX2DB) is
thus both affected byGX and the width of theDB fluctuation,
denoted byGD . However, an additional contribution arise
from the fact that there is a correlation betweenDB andEX .
In Fig. 1~a!, we illustrate the physically more reasonab
case: The stronger the localization, the largerDB will be.
Assuming in first order a linear relation of sloper ~Ref. 12!
and using Gaussian distributions forEX andDB , one obtains
a widthGB

25GD
2 1(11r )2GX

2 of the exciton-biexciton transi
tion, centered at\v5EX

02DB
0 with EX

0 and DB
05DB

QW
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0) representing the respective average energ
In a recent study,13 disorder of the biexciton state has be
investigated by time-integrated DFWM measurements.
what follows, we demonstrate that the above-described fl
tuation and correlation of the biexciton binding energy
rectly and crucially controls the character of the signal em
sion in the time domain.

The third-order response of the exciton-biexciton syst
in the presence of localization is appropriately treated wit
a five-level scheme, sketched in Fig. 1~b!.6,14 The suscepti-
bility describing the DFWM signal then readsx5xX1xB
1xA , symbolizing the contributions from excitons (X),
biexcitons (B), and antibound two-exciton states (A). The
explicit expression ofx for the homogeneously broadene
system is given, e.g., in Ref. 6. Averaging this susceptibi
with Gaussian distributions ofEX andDB yields for the rel-
evant terms of the biexciton contribution in the time doma

xB~ t,t!}GB
2Q~ t2t!exp$2@ i ~EX

02DB
02\v!1gXB#

3~ t2t!%expH @ i ~EX
02\v!2gX#t2

GB
2

16 ln 2

3~ t2tem!22
1

16 ln 2 S GXGD

GB
D 2

t2J , ~1!

with

tem5t~11Q!, Q5~11r !S GX

GB
D 2

. ~2!

t is the pulse delay,v the carrier frequency,gX andgXB are
the homogeneous widths of the exciton and excito
biexciton transitions, respectively@for the meaning ofGB ,
see Fig. 1~b!#. tem defines the time where the maximum
the DFWM signal emission occurs. Figure 2 represents a
of this time versus the biexciton parametersr and GD /GX .
With no disorder of the biexciton state, a photon ec
evolves (tem52t). For negativer , the signal emerges with
8774 © 1998 The American Physical Society
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57 8775BRIEF REPORTS
even longer delay, while both increasingGD /GX andr make
the emission more and more free-induction-like. This de
onstrates that the time-resolved biexciton DFWM signal i
sensitive probe of the prevailing disorder and its chara
may thus change when different samples are conside
Conversely, the exciton contributionxX(t,t)}Q(t2
t)exp@2gXt2i(EX2\v)(t22t)2GX

2(t22t)2/16 ln 2# always
has a photon-echo character.6,15 The contribution from the
antibound two-exciton states follows from Eq.~1!, replacing
DB

0 by 2DA
0 ~repulsion!, and using the respective broade

ings (gXA ,GA) and correlation parameterr * . Fourier trans-
formation of Eq.~1! provides the DFWM spectrum

xB~v,t!}GB
2expH 2gXt2

GX
2

16 ln 2
t2J

3expH 4 ln 2S S

GB
D 2J erfcH 2Aln 2S S

GB
D J , ~3!

S5gXB2
GB

2Qt

8 ln 2
1 i ~EX

02\v2DB
0 !. ~4!

FIG. 1. ~a! Variation of the biexciton binding energy in th
presence of disorder.DB

QW andEX
QW are the biexciton binding and

exciton energy, respectively, of the ideal QW.~b! Five-level
scheme for the DFWM response of the exciton-biexciton syst
GB,A

2 are the oscillator strengths of the exciton–two-exciton tran
tions, normalized to the one of the single-exciton resonance.

FIG. 2. Emission timetem vs the biexciton parametersr and
GD /GX .
-
a
r
d.

Settingl5(11r )GX /GB , Eq. ~3! of Ref. 13 is recovered
Only for r 50 andGD50, a strict photon-echo clipping spec
trum follows, being typical for single excitons.15

Our experimental study was performed on a prototy
molecular-beam-epitaxy ~MBE!-grown ~Zn,Cd!Se/ZnSe
structure consisting of five QWs of 5-nm thickness and a
content of 13%, separated by 85-nm-wide ZnSe barriers
the ternary~Zn,Cd!Se QW, alloy disorder is the main caus
of localization.12 In photoluminescence~PL!, a prominent
biexciton feature emerges at moderate excitation levels.12 PL
excitation and previous DFWM measurements have yiel
an inhomogeneous heavy-hole exciton linewidth ofGX

58 meV, and an average biexciton binding energyDB
0 of 11

meV, ensuring sufficiently separated exciton and biexci
resonances. The homogeneous broadeninggX is instead on a
100 meV scale.6 The light-hole resonance is split off by 3
meV, and may hence be ignored in the present context.
optical pulses were provided by an optical parametric am
fier ~OPA! pumped by a regenerative Ti:Sa oscillato
amplifier system, emitting 6-mJ pulses of 200-fs duration at
200-kHz repetition rate. The polarization of the pulses w
controlled by polarization filters and rotating a half-wa
plate to a ratio better than 100:1. Removing the GaAs s
strate by wet etching allowed measurements in forward
ometry. The DFWM signal was either spectrally resolv
with a monochromator, or time resolved by cross-correlat
it with a reference pulse. All experiments were carried ou
T55 K.

The inset of Fig. 3 shows normalized DFWM spectra f
t5400 fs together with the laser spectrum. In the COP ca
biexcitons appear as a clear but weaker feature on the

.
i-

FIG. 3. Time-integrated DFWM transients for the COP a
CRP cases. Dotted curves: Experiment for detection at diffe
photon energies. Full curves: Calculations usinguxX(v,t)
1xB(v,t)u2 for the COP anduxB(v,t)2xA(v,t)u2 for the CRP
configuration, respectively. Parameters:Ex52.68 eV, GX58 meV,
GB5GA58.8 meV, DB

0511 meV, DA
051 meV, gX50.5 meV,

gXB5gXA50, GB50.7, GA50.4, GD52.7 meV, and r 5r *
50.05. Inset: DFWM spectra att5400 fs for the COP and CRP
cases, respectively. Dashed line: laser spectrum.
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8776 57BRIEF REPORTS
energy side of the exciton resonance, whereas they e
dominate the spectrum in the CRP configuration. Accord
to the relevant polarization selection rules,6 the exciton con-
tribution xX is strongly suppressed in the latter case. W
therefore assign the residual high-energy feature locate
meV above the exciton resonance to antibound two-exc
states (\v5EX1DA). For the intermediate case of COP a
CRP~angle of 45° between the beam polarizations! configu-
rations, we indeed observe a continuous high-energy s
when analyzing the DFWM signal polarization step by ste6

This signifies clearly a change from single-exciton to tw
exciton features with repulsive interaction.

In Fig. 3, the time-integrated transients for several det
tion energies are depicted, together with curves calculate
combining the appropriate susceptibilities from the abo
model. The excitation was centered at the biexciton tra
tion. In the COP configuration, strongly damped beats oc
superimposed on the long decay of the exciton sig
(}uxXu2), governed by the dephasing rate 4gX . They are
most distinct for detection betweenB and X. The beat fre-
quency of 9.6 meV (Tbeat5430 fs) is smaller than the sepa
ration of the DFWM peaks ofDB

0511.0 meV. This is pre-
dicted by Eq. ~2!, yielding an exciton-biexciton beat o
frequencyQDB

0 (Q<1), when the total COP signal}uxX

1xBu2 is considered. The dramatically fastened CRP de
~note the logarithmic scale! close to the exciton resonance

FIG. 4. Time-resolved DFWM for the COP configuration,t
5400 fs, and different densities. Upper part: Photon echo signa
excitation at the exciton. Lower part: Excitation at the biexcit
transition (F0'0.08mJ/cm2).
en
g

e
1
n

ift
.
-

-
by
e
i-
r,
l

y

consistent with the occurrence of anti-bound two-excit
states with a total DFWM signal}uxB2xAu2.6 The shoulder
in the CRP decay transients indicates a beat between bie
ton and antibound two-exciton states of periodh/Q(DB

0

1DA
0). Again, the beat period ofTbeat5385 fs corresponds

to a somewhat smaller energy difference of 10.7 meV co
pared to the spectra (DA

01DB
0512.0 meV). In marked con-

trast to the exciton contribution, the decay associated w
the~either bound or antibound! two-exciton states is not con
trolled by a microscopic dephasing2gXB andgXA are set to
zero in the fit in Fig. 3—but by the inhomogeneous ra
Geff5GXGD /GB,A .13 In agreement with this, detecting at th
biexciton maximum~not shown in Fig. 3!, we observe a fas
decay regardless of the polarization conditions, since the
nal is here dominated byuxBu2.

More direct evidence of the biexciton disorder is revea
when the DFWM signal is resolved in time. The upper p
of Fig. 4 shows data for excitation with COP pulses cente
at the exciton transition. Indeed, a clean photon echo
pears. We note that the signal duration is close to the c
correlation of the excitation pulses, and hence somew
larger than expected from the inhomogeneous broadeni
However, when the excitation maximum is shifted to t

or

FIG. 5. Time-resolved DFWM for the CRP configuration an
t5400 fs. Lower part: Experiment for excitation at the biexcito
transition and different densities. Upper part: The solid line sho
the calculated signal emission usinguxB(t,t)2xA(t,t)u2 in the
time domain. Parameters: see Fig. 3. The dashed lines repre
uxB(t,t)u21uxA(t,t)u2 and the modulation term with period
h/(DB

01DA
0), respectively.
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57 8777BRIEF REPORTS
biexciton to pronounce this transition, an additional, fre
induction-decay-like signal appears~the lower part of Fig.
4!. Its distinct rise with excitation density is consistent wi
previous studies,6,11 having signified an increasing contribu
tion from biexcitons to higher-order susceptibilities. In F
5, time-resolved transients for the CRP case are depic
Here the prompt emission clearly dominates the signal
second, much weaker signal structure occurs closer to
photon-echo timet52t. Both features are qualitatively re
produced by the theoretical analysis presented in the u
part of Fig. 5. The beat between biexciton and antibou
two-exciton states in the time-integrated CRP decay tr
sients~lower part of Fig. 3! now gives rise to a modulation o
the DFWM emission in the time domain, yielding a doub
structure as seen in the experiment.

In conclusion, we have both theoretically and experim
tally demonstrated that disorder of the biexciton state
change the character of the DFWM emission from phot
echo to free-induction decay. It also shows up as a renorm
ization of the exciton-biexciton beat period. These findin
might explain the partly contradictory data of differe
groups,7,9 dealing obviously with QW structures of differen
disorder. On the other hand, DFWM turned out to be a s
sitive probe, and can be utilized to diagnose the disorder
given structure. For the present~Zn,Cd!Se QW with alloy
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disorder, characterized by the hierarchyDB.GX.GD , the
fits of the experimental data yield a biexciton binding-ener
width of GD52.7 meV, and a correlation parameterr
50.05. This, at first glance, somewhat surprisingly low c
relation is in agreement with a previous theoretical treatm
of the biexciton state with alloy disorder.12 For a binary
ZnSe QW, time-integrated data have yieldedGX'GB and
GD52.2 meV, even resulting in a negative value forr . It
will be interesting to study this correlation for structures w
much stronger zero-dimensional confinement, as, e.g., q
tum dots. The prompt biexciton DFWM emission in o
study is not a consequence of a very large correlationr , but
results from an interference between bound and antibo
two-excitons, demonstrating again the substantial role of
latter, particularly for the CRP configuration. Using for the
states the same disorder parameters as for the biexciton
were able to fit the CRP transients reasonably well. Thou
our experimental findings are in qualitative accord with t
predictions of the third-order approach, the data also sign
the importance of higher-order contributions. This point d
serves further investigation.
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