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Effects of Coherent Polarization Interactions on Time-Resolved Degenerate Four-Wave Mixing
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%'e report the first observation of coherent polarization interactions in dense media in time-resolved

degenerate four-wave mixing in semiconductors. For near-resonant ultrashort-optical-pulse excitation,
these interactions lead to a diffracted signal at negative delay times, with a slope half that for positive

delay times. At higher intensities, two temporal maxima appear in the diffracted signal, in agreement
with many-body theory.

PACS numbers: 42.50.Md, 42.65.Re, 71.35.+z

Time-resolved degenerate four-wave mixing (DFWM)
is a very powerful technique to study the nonlinear
response and the loss of coherence of optically excited
states in atoms, molecules, and solids. In the so-called
two-pulse self-diffraction geometry sketched in the inset
of Fig. 1, two perpendicularly polarized laser pulses

propagating in the directions k~ and k2 interfere in the
sample and generate an orientational grating, as long as
their time delay T=t2 —t~ is of the order of the polar-
ization dephasing time T2. Photons of beam 2 are dif-
fracted by this grating, giving rise to a nonlinear signal
in the direction k3=2k2 —kl. For an ensemble of homo-

geneously broadened two-level systems and ultrashort
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FIG. l. DFWM signals in GaAs/AlGaAs vs time delay for

different lattice temperatures and low excitation intensity. In-
set: Experimental configuration.

optical pulses, the third-order theory of Yajima and
Taira predicts that this diffracted signal is identical to
zero for T (0 and decays as -exp( —2T/T2) for T )0.
Measurements of the temporal evolution of the DFWM
signal thus yield information about the phase-relaxation
processes and the nature of the excited states. In fact, in

previous experiments on semiconductors, time-resolved
DFWM has been used to determine the dephasing of ex-
citons and free electrons and holes due to scattering
with phonons or other excitons and free electrons and
holes. These studies have concentrated on the decay of
the diffracted signal at positive time delays.

In this Letter, we report the observation of a diffracted
signal at negative time delays, for which the two-level
theory predicts no signal at all. For near-resonant
ultrashort-optical-pulse excitation of semiconductors,
this signal due to coherent polarization interactions rises
as -exp(4T/T2), as predicted theoretically in Ref. 4.
At higher excitation intensities, the coherent polarization
interaction rnanifests itself in the form of two temporal
maxima that evolve continuously out of the rising signal
at negative time delays. We analyze these novel experi-
mental results in two different material systems with a
microscopic theory based on the solution of the quantum
kinetic equations for interacting excitons in semiconduc-
tors. ' We discuss the importance of polarization in-
teraction efects for four-wave-mixing experiments in all
dense media.

In a first set of experiments, we have studied the dy-
namics of DFWM at low excitation intensities in a 170-
A. GaAs/AlGaAs multiple-quantum-well structure. The
GaAs substrate of the sample was removed by etching,
thereby allowing transmission experiments. The inset of
Fig. 2 shows the transmission spectrum at 5 K in the
spectral vicinity of the heavy-hole (hh) and light-hole
(lh) excitons. The linewidth of the hh exciton is about
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FIG. 2. Rise (triangles) and decay (circles) times of the
DFWM signals of Fig. 1 vs lattice temperature. The time reso-
lution of the experiment (-300 fs) is indicated by the dashed
line. Inset: Sample transmission (solid curve) at 5 K and the
pulse spectrum (dashed curve).
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FIG. 3. DFWM signals in InGaAs/InAlAs vs time delay for
a lattice temperature of 5 K, 10-meV laser detuning, and
diA'erent excitation intensities. Inset: Sample absorption at 5
K and the pulse spectrum.

0.7 meV. The results for the dephasing time T2 (see
below) and the very small Stokes shift between photo-
luminescence and photoluminescence-excitation spectra
of less than 0.2 meV demonstrate the high quality of the
sample and show that the inhomogeneous contribution to
the linewidth is small. The laser source is a tandem, syn-
chronously pumped, dye (LDS 751) laser system that
produces 500-fs pulses tunable between 700 and 815 nm.
The pulse spectrum is also shown in the inset of Fig. 2.
The excitation wavelength was chosen to be 3 meV
below the hh exciton to avoid direct generation of ener-
getically higher states like the lh exciton.

Figure 1 shows the time-integrated diffracted signal
versus time delay T for three different lattice tempera-
tures, 5, 40, and 70 K, and low excitation intensity
(-160 kWcm ). The signals are asymmetric in time
and consist of exponentially rising and decaying wings.
It is immediately visible that they cannot be described by
the simple two-level theory: With increasing lattice tem-
perature, both the decay and the rise time get shorter,
ruling out the pulse profile as determining either of them.

This is shown in more detail in Fig. 2, in which the rise
and decay times of Fig. 1 are plotted versus the lattice
temperature. At low temperatures, where the thermal
phonon contribution to the dephasing is small, the decay
time is found to be about 1150 fs, in reasonable agree-
ment with earlier measurements on GaAs/A1GaAs.
The corresponding rise time is about 650 fs, i.e., about a
factor of 2 smaller, as predicted theoretically in Ref. 4.
With increasing lattice temperature, both time constants
decrease and the time resolution of the experiment
(-300 fs, indicated by the dashed line) causes an in-

creasing deviation from the 2:1 ratio. Similar behavior is
observed if T2 is decreased by increasing the excitation

intensity.
In a second set of experiments, we have studied the

dynamics of DFWM at high excitation intensities in a
high-quality 200-A InGaAs/InA1As multiple-quantum-
well structure grown on InP (a 200-A InGaAs/InP struc-
ture gave identical results). The laser source is an
additive-pulse mode-locked color-center laser that pro-
duces pulses of about 140 fs duration tunable around
1500 nm. The absorption spectrum of the sample at 5 K
and the pulse spectrum are shown in the inset of Fig. 3.
The excitation wavelength is again slightly tuned below
the exciton resonance to avoid direct generation of free
electrons and holes.

Figure 3 shows the time-integrated diA'racted signal
versus time dealy T for five different excitation intensi-
ties, Io (-3 MWcm ), 3Io, 5IO, 10Io, and 20Io, 10-
meV laser detuning, and a lattice temperature of 5 K.
At low excitation intensities (Io), an asymmetric signal
is observed, similar to the ones shown in Fig. 1. The de-
cay time is about 140 fs which is an order of magnitude
shorter than in GaAs/AlGaAs. The additional dephas-
ing is most likely due to scattering off local band-gap
variations in the ternary alloy InGaAs.

With increasing excitation intensity, the DFWM sig-
nal exhibits striking changes. The top of the asymmetric
signal flattens (3Io) and finally develops two distinct
temporal maxima (20Io), with a "temporal hole" near
zero time delay. At the same time, the decay constant
decreases to about 80 fs, due to exciton-exciton scatter-
ing. With decreasing laser detuning, these dramatic
changes become less pronounced and one observes only a
shoulder at negative time delays as the intensity is in-
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creased. In the intensity range accessible to us, the
GaAs/AlGaAs sample also shows the latter behavior.

As already alluded to, these experimental observations
cannot be understood on the basis of the isolated two-
level model, but require a theory taking into account the
interaction of the nonlinear species probed by DFWM.
In our case, one needs a microscopic theory of the
coherent nonlinear optical response of excitons. Such a
theory has been developed some time ago and has re-
cently been applied to time-resolved DFWM. The most
important feature of the theory is that it treats on an

equal footing the applied electric field E and the
Coulomb potential V& I, which is responsible for the for-
mation of excitons as well as their interaction. In partic-
ular, it accounts for the fact that the optically coupled
electron-hole pair amplitudes yi, corresponding to verti-
cal transitions at wave vector k, do not only experience
the applied Rabi frequency pl, E (pl, is the interband di-

pole matrix element), but also the potential of all the
other pairs at k'. Hence the total coupling is hI, =@I,E
+2k Vl, i, y„. For ultrashort laser pulses E-b(t), the
first term in dl, varies like b(t)-and produces a
DFWM signal with a time dependence that follows the
two-level model of Yajima and Taira. The induced pair
amplitude iA and thus the second term in dl„however,
exhibit a steplike rise and a -exp( —t/Tp) decay. The
associated polarization (P=gkpf, yl, ) can and does in-

teract with the polarization grating for both T & 0 and
T & 0. This interaction involves two polarizations propa-
gating in the direction k2 and one propagating in the
direction k~ and hence produces a -exp(4T/Tq)
DFWM signal for negative time delays. (For positive
time delays, the resulting DFWM signal decays as the
signal arising from the first term in hj„with a similar
magnitude. ) The free induction decay itself does not
produce a signal in the direction k3.

Although we have observed and discussed this efl'ect

for the particular case of Wannier-exciton interactions, it
is clear that it should be observable in other systems as
well. Its generality can be inferred by considering an
(symbolic) expansion of the free energy in powers of the
electric field and the polarization, as is often performed
in nonlinear optics. Besides a two-level-like nonlinear
P E term, one obtains a nonlinear (anharmonic oscilla-
tor) P term, describing, e.g. , an exciton wave function
and energy renormalization due to exciton-exciton in-

teractions, as observed previously in nonlinear
frequency-domain (transmission) experiments. ' In
the context of DFWM, the P term can be directly
thought of as describing the scattering of the polariza-
tion P off a polarization grating (while the P E term de-
scribes the scattering of the electric field E); it should be
present in many other dense media for which strong non-

linear couplings of the macroscopic polarization occur. '

For finite pulse duration and higher excitation intensi-
ties, calculations can only be performed numerically.
Figure 4 shows theoretical DFWM signals for 110-fs
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Gaussian pulses with peak Rabi frequencies of 0.2, 0.6,
and 0.8 excitonic rydbergs (%„) tuned 3%,„below the
exciton resonance. The material parameters are those of
bulk GaAs and a dephasing time of T2 =0.4%,„' was as-
sumed. T~ (here the carrier lifetime) is much larger
than T2 and is therefore neglected in the analysis. In
qualitative agreement with the experimental data of Fig.
3, the low-intensity signal (Io) first flattens (9Io) and
then evolves into a signal with two distinct temporal
maxima (16IO). This is due to a subtle interference be-
tween the third-order response discussed above and
higher-order processes which manifests itself at the max-
imum intensity, i.e., when the two pulses overlap in time
at T-0. The theory also reproduces the shoulder ob-
served at small detuning; we note, however, that the de-
tails are quite sensitive to the different time and energy
scales in the problem. '

In conclusion, we have demonstrated that coherent
exciton-exciton interactions give rise to novel eA'ects in
time-resolved degenerate four-wave mixing in semicon-
ductors. The unusual signals observed in GaAs/A1GaAs
and InGaAs/InA1As quantum-well structures are in

qualitative agreement with theoretical results based on
the solution of the quantum kinetic equations for in-
teracting electrons and holes. The results show that the
theory based on isolated two-level systems, ' which has
been used up to now to analyze DFWM experiments, '

is insufficient. The polarization interaction effects, which
we have studied here for excitons in quantum wells, are
much more general and should be important in all dense
media.
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