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Biexcitonic contribution to the degenerate-four-wave-mixing signal from
a GaAslAl„Gat —„As quantum well
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Max Plan-ck Insti-tut fiir Festkorperforschung, Heisenbergstrasse I,

D 7000-Stuttgart 80, Federal Republic of Germany
(Received 4 October 1990)

We report experiments on degenerate-four-wave mixing in a high quality GaAs/Alo3Gao7As
quantum well using the time-resolved self-diAraction technique. Frequency-dependent measure-
ments around the heavy-hole exciton transition reveal a strong biexcitonic nonlinearity.

Time-resolved degenerate-four-wave mixing (DFWM)
has proven to be a powerful tool to study the relaxation
dynamics of excitons in GaAs/Al, Ga~ —,As quantum
wells (QW). In the last few years, the dephasing time Tz,
the lifetime ~, and the orientational relaxation time Tl of
excitons have been determined with DFWM. ' Recently,
quantum beats of excitons in QW have been demonstrated
with this technique. '

In most experiments, a special configuration of DFWM,
the self-diAraction technique, has been used. With this
technique, the phase relaxation of a system can be investi-
gated. We apply this method to study the phase relaxa-
tion of the heavy-hole (hh) exciton in a GaAs/Alo�-
3Gao�7 single QW. Two short laser pulses are tuned to
the exciton resonance and focused on the sample. Due to
interference between the two laser pulses and absorption
of the laser light, an excitonic grating is generated in the
sample. Each of the two laser pulses is subsequently
difI racted by this grating, pulse 1 into the direction
2k~ —kq and pulse 2 into the direction 2k2 —k l, where k

~

and k2 denote the wave vectors of the incoming laser
pulses. When pulse 2 is delayed with respect to pulse 1,
the polarization coherence in the sample that has been in-
duced by pulse 1 is reduced at the time when pulse 2 ar-
rives on the sample due to phase-breaking processes.
Therefore the grating amplitude and the self-diA'racted in-
tensity decay with increasing delay between the two
pulses. For a homogeneously broadened transition, the
diA'racted intensity decays exponentially with T2/2 for in-

creasing delays, and for inhomogeneously broadened tran-
sitions the exponential decay time is Tq/4. Recently, the
third-order density-matrix theory of Yajima and Taira
which describes the self-difI'raction experiment has been
extended to the case of quantum beats and an additional
contribution to the measured signal for negative time de-
lays. This additional contribution has first been men-
tioned by Gobel et al. and attributed to anharmonic
exciton-exciton interaction. We have recently pointed out
that there could be yet another process contributing to the
DFWM signal from a GaAs/AI, Gat -„As QW for nega-
tive delays: the large nonlinearity of the biexciton transi-
tion, which has been thoroughly studied in II-VI com-
pounds. The existence of this biexciton nonlinearity in
GaAs/Al, Ga~ -„As QW has recently been predicted, but
to the best of our knowledge no experimental evidence for
it has been reported up to now, possibly because of the

small biexciton binding energy (compared to the II-VI
compounds) of less than 1 meV, ' which is in the range
of the inhomogeneous line broadening of the samples in-
vestigated so far and less than the spectral width of the
laser pulses normally used. In our experiments, we use
spectrally narrow laser pulses [0.9 meV full width at half
maximum (FWHM)] and a QW sample with a modified
layer sequence resulting in an extremely narrow hh exci-
ton line with no line splitting caused by monolayer Auc-
tuations. We are therefore able to demonstrate the biexci-
ton nonlinearity of a GaAs/Al, Ga~ — As QW in the self-
diA raction experiment.

There are three ways to build up a third-order nonlinear
signal into the direction 2k2 —k] using the wave vectors k~

and k2 of the two incoming laser pulses. The first process
is the grating process described above, where we start with
the first pulse (giving us the wave vector —k~) and then
the desired signal is obtained by double interaction of the
polarization in the sample with the electric field of the
second pulse. We denote this process as ( —k~+kq+k2),
thus indicating the order of the interactions between light
and matter.

In order to get a signal for negative delays, we must re-
verse the time axis of the experiment, i.e., delay pulse 1

with respect to pulse 2. In the following, we will always
use the term "negative delay" for the case when pulse 2
arrives on the sample before pulse 1. The polarization
created in the sample by pulse 2 then interferes with pulse
1 and again produces a grating. In the third-order
density-matrix theory of Yajima and Taira, this leads to
a small contribution to the signal for negative delays when
the delay is smaller or comparable to the laser-pulse
width, because then the rest of pulse 2 can be diff'racted by
the grating which was just built up together with pulse 1.
However, if the negative delay is larger than the laser-
pulse width, the grating is still produced but pulse 2 can-
not be diAracted any more. We denote this process by
(+k2 —ki +k2).

Recently, it has been pointed out that anharmonic
exciton-exciton interaction also results in a process (+kq—k~+kq) giving an additional contribution to the self-
diff'racted signal even for negative delays considerably
larger than the laser-pulse width. '' In an In„Ga~ —„As/
In, Al~ ~, As multiple QW for laser intensities exceeding
10 MW/cm, even a fifth-order process contributing to
the signal for negative delays has been identified; it also is
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process should generate an additional contribution to the
DFWM signal for negative delays.

In Fig. 3 we show the dephasing curves for four
different settings of the laser photon energy. In Fig. 3(a),
the laser is tuned to the high-energy side of the spectral
response given in Fig. 2, and the resulting dephasing curve
is as expected from the Yajima and Taira theory without
additional signal for negative delays. However, as the
laser spectrum partly covers the shoulder in the spectral
response in Fig. 2 [Figs. 3(b) and 3(c)], there arises a sig-
nal for negative delays. This signal increases and finally
dominates the dephasing curve in Fig. 3(d), when the
laser is tuned to the low-energy side of the spectral
response of the self-diff'racted intensity. We interpret our
results as follows: (i) At 1.5215 eV, the hh exciton transi-
tion which is found in the PL and PLE measurements
gives rise to the usual strong self-diffracted signal. When
we tune the laser to the high-energy shoulder of the hh ex-
citon nonlinear response [Fig. 3(a)], the temporal behav-
ior of the self-diA'racted intensity (dephasing curve) can
be fitted by the two-level theory of Yajima and Taira, "
and we find Tq=6 ps for the hh exciton. (ii) At about
1.5211 eV, which is 0.4 meV below the hh exciton transi-
tion, the biexcitonic nonlinearity generates another self-
diAracted signal. The time axis of the biexcitonic non-
linear signal is reversed in comparison to the hh exciton
nonlinear signal, ' as is clearly demonstrated in Fig. 3(d).
We can rule out exciton-exciton interaction as the origin
of this signal, because for negative delays it decays with
approximately the same time constant as the signal for
positive delays in Fig. 3(a). However, for the case of
exciton-exciton interaction, the decay for negative delays
is found to be twice as fast as for positive delays. '' By
tuning the laser across the nonlinear response curve of
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FIG. 3. Self-diAracted intensity vs delay for four diAerent

laser photon energies. (a): dash-dotted line, 1.5220 eV; (b):
dotted line, 1.5216 eV; (c): dashed line, 1.5212 eV; (d): solid
line, 1.5206 eV.
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Fig. 2, we can continuously vary the biexcitonic contribu-
tion to the DFWM signal from the hh exciton, as demon-
strated in Fig. 3(a)-3(d).

To conclude, in various II-VI semiconductors, a strong
third-order nonlinearity on the biexciton transition is well
established, which gives rise to a DFWM signal in the
self-diffraction geometry for negative delays. We demon-
strate the existence of this biexcitonic nonlinearity in a
GaAs/Alo 3Gao 7As quantum well.
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