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We report time-resolved degenerate four-wave-mixing experiments on a high-quality single GaAs
quantum well. The signals for parallel and cross-polarized exciting pulses show pronounced quantum
beats with different frequencies corresponding to the heavy/light-hole splitting and the biexciton
binding energy, respectively. Comparison of the experimental data with solutions of the optical
Bloch equations for a phenomenological model system shows that these features result from strong
contributions of the biexcitonic state. The importance of biexcitons to the nonlinear coherent
response of the two-dimensional exciton is further confirmed by the frequency dependence of the
time-integrated four-wave-mixing signal amplitudes measured for the two polarization geometries.

I. INTRODUCTION

Theoretical modeling of light-hole (lh) and heavy-hole
(hh) excitons in GaAs quantum wells by two indepen-
dent three-level systems with opposite circular polariza-
tion selection rules leads to serious disagreement with
many experimental results, which have been observed
in polarization-dependent time-integrated (TI) and time-
resolved (TR) degenerate four-wave-mixing (DFWM)
experiments. For example, changes in the polariza-
tion angle 0 between two linearly polarized excitation
pulses strongly afI'ect the DFWM signal amplitude and
polarization, as well as the dephasing time and the phase
of quantum beats. Furthermore, a shift of the DFWM
signal emission time from t = 2w to t = w for inhomo-
geneously broadened transitions has been observed if the
polarization of the exciting pulses is switched from par-
allel to cross-polarized fields. '

In several papers, ' it has been shown that most of
these discrepancies can be resolved if coupling between
o+ and 0 excitons via Coulomb interaction and sam-
ple disorder are taken into account. This coupling has
been analyzed in the framework of discrete multilevel
systems. Solutions of the optical Bloch equations with
phenomenologically included terms for the various inter-
action mechanisms reveal the infIuence of these mech-
anisms on TI- and TR-DFWM signals. Coulomb in-
teraction between excitons implies an increase in the
phase relaxation rates of the excitonic states, with in-

creasing exciton density (excitation induced dephasing,
EID), exchange or local field effects (LFE),is and
may even lead to the formation of excitonic molecules
(biexcitons). Although evidence for biexciton formation
(BIF) has been seen in many experiments, e.g. , density
dependent photoluminescence (PL) measurements, i4 is

pump-probe studies ' and signal modulations observed
in TI-DFWM experiments, its importance for the non-
linear coherent optical response of 2D excitons remains
controversial.

Recently, we have suggested a diH'erent three pulse
TI-DFWM configuration, which allows the identification
of features characteristic of HID, LFE, and BIF contri-
butions to the nonlinear response. Application of this
technique to a high quality GaAs quantum well (QW)
revealed that the combination of LFE and BIF is able
to explain the polarization dependence of the amplitude
and temporal profile of the TI-DFWM signal. It should
be noted that the dependence of the signal amplitude
and polarization on the polarization angle 0 has also
been explained within a full many-body theory, where
the symmetry properties of the Luttinger Hamiltonian
are discussed for a cubic system.

In this paper, we present polarization-dependent
DFWM measurements using a two-pulse, self-difI'raction
geometry on a homogeneously broadened GaAs quan-
tum well. Systematic studies of the polarization and fre-
quency dependence of the TI- and TR-DFWM signals
reveal the contributions of hh and lh excitons, as well as
their respective bound and free two-exciton states to the
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FIC. 1. Ten-level scheme for circularly polarized lh and
hh exciton transitions consisting of one ground, four sin-
gle-exciton, and five two-exciton states including the bound
two heavy-hole exciton state BX (biexciton).

coherent nonlinear optical response of the lowest exciton
transition of a QW.

These experiments exhibit polarization-dependent fea-
tures which, so far, to our knowledge, have not been
reported: (i) two remarkably different sets of quantum
beats are observed in the TR-DFWM signal, correspond-
ing to the hh-lh-exciton energy splitting and the biexci-
ton binding energy, for parallel and cross polarized ex-
citation with 120 fs pulses, respectively; (ii) different
beat frequencies for positive and negative time delays
in TR-BFWM for parallel polarization; (iii) distinctly
longer decay time of the TI signal for negative delays in
the case of cross-polarized (CP) as compared to parallel
polarized (PP) pulses. In earlier analyses, the experi- '

rnental data were compared to theoretical calculations
based on phenomenological multilevel systems, which in-
cluded Coulomb interactions. ' For the interpretation of
the present experiment, this model has been extended to
a ten-level scheme (see Fig. 1), which takes into account
third-order processes. Comparisons between experimen-
tal results and theoretical calculations prove that many
of the surprising observations can be explained as biex-
citonic contributions to the nonlinear optical response.

Additionally, we have found that the ratio of the TI
signal amplitudes for the CP and PP configurations de-
creases strongly if the laser frequency is tuned from the
low energy side of the hh-exciton line to the high energy
side of lh line. This demonstrates that biexciton states
are important for the case of two hh excitons, whereas
contributions from the remaining two-exciton states, con-
sisting of a hh and a lh exciton or two Ih excitons, play
a less significant role.

II. EX.PER.IMENT

All experiments were performed on a high quality 20
nm GaAs/Alo sGao 7As single quantum well, which was
mounted in a continuous-How helium cryostat and main-
tained at 8 K. For sample characterization, PL and PL
excitation (PLE) spectra were measured with a tunable

cw dye laser. The hh exciton at 1.5252 eV has a PL
linewidth of 0.3 meV and shows no measurable Stokes
shift between the PL and PLE spectra. The energy of
the lh exciton is 1.5290 eV. A feature in the PL at 1.2
meV below the hh exciton line was identified as a biex-
citon (BX) by intensity dependent PL measurements.

The excitation pulses for the DFWM experiments were
generated by a mode-locked Ti:sapphire laser operating
at a repetition rate of 76 MHz and providing transform
limited pulses as short as 120 fs. In order to measure the
frequency dependence of the DFWM signal, the pulse
duration was increased to 720 fs by external spectral
Altering. The polarization of the two input pulses was
adjusted by Gian-Thompson polarizers and A/2 plates
providing polarization definition of better than 200:1.
The DFWM signal with k, = 2k~ —kq was detected in
the self-difFraction backward (reflection) geometry. The
difFracted signal was time-resolved via a cross correla-
tion, with a 120 fs reference pulse in a 2 mm thick LiIO3
crystal.

In order to record the DFWM signals, we used CP and
PP incident laser pulses at difFerent excitation energies
and pulse durations, leading to difFerent exciton densities.
In one case, we used a narrow band laser pulse (Acur, = 3
rneV) corresponding to a pulse duration of 720 fs, which
was tuned either to 1.5276 eV (denoted Nr, between lh
and hh exciton) or to 1.5245 eV (%2, between hh exciton
and biexciton), resulting in an exciton density of 8 x 10s
cm . In the other case, we used a broadband laser pulse
(R, AcuL, = 16 meV) corresponding to a pulse duration
of 120 fs, which was tuned to 1.5270 eV resulting in an
excitog. density of 3 x 10 cm

The TI-DFWM signals recorded for PP and CP inci-
dent laser pulses at difFerent excitation energies and pulse
durations are depicted in Figs. 2(a) and 2(b), respec-
tively. In the case of excitation condition Nq, a distinct
hh/lh beating is observed at positive time delay, which is
much stronger in the case of PP than in the case of CP ex-
citation. In particular, the signal at negative time delay
decays with the same time constant of 1 ps in both cases.
After tuning the laser between the hh exciton and the
biexciton (i.e., excitation condition N2), the hh/lh beat-
ing disappears and a weak 2hh-exciton/biexciton beating
is observed. The most important feature is the difFerence
in the decay times at negative delay. At PP excitation,
the signal at negative time delay decays with a time con-
stant of 1 ps and at CP excitation the decay time is 2.3 ps.
This surprising difFerence in the time constants is also de-
tected using the excitation condition B. Additionally, the
PP and CP signals show both lh/hh and 2hh/biexciton
beating at positive delay. However, as observed for Ni
excitation, a reduction of the lh/hh beating amplitude is
observed for CP excitation. The observed beating clearly
indicates the inQuence of the biexciton under both broad-
band excitation conditions (B), as well as narrow band
excitation (K2) in the vicinity of the biexciton transition.
Similar difFerences in the slope of the signals at negative
delays have also been reported by Wang et al.

The efFect of the slightly higher exciton density used
in Ni ~ as compared to B is also observed in the decay
times at positive delay in Figs. 2(a) and 2(b). The time
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FIG. 3. Peaks of the TI-DFWM signals for PP (closed
squares) and CP (open circles) polarizations versus excita-
tion energy. Inset: The ratio of the PP and CP TI-DFWM
intensity for diIferent excitation energies (probe delay r = 0).
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FIG. 2. Time-integrated DF|A'M intensity versus delay w

for (a) parallel and (b) cross-polarized laser Fields. Solid line:
excitation B (broadband, between lh and hh); dashed line:
excitation N2 (narrow band, between hh and BX); dotted
line: excitation Ki (narrow band, between lh and hh).

constants in %i and N2 are the same, but are slightly
faster than in B.

In Fig. 3, the TI-DFWM signal intensity at delay 7 = 0
is plott, ed versus the laser photon energy for PP (closed
squares) and CP (open circles) polarization. The mea-
surements were performed under the narrow band exci-
tation condition with an excitation intensity, such that
the T2 time remained nearly constant over the measured
range (i.e. , in the low density limit). Whereas no shift
in the maximum of the light-hole peaks is observed when
going from PP to CP polarization, the maximum signal
near the hh line is shifted from the hh energy (observed
for PP polarization) to the biexciton Pi energy. This
observed shift indicates that for CP polarization, the re-
sponse after exciting near the hh line is dominated by the
hh biexciton. Since no shift in the light-hole maximum
is observed, we conclude that no bound lh two-exciton
states exist. This conclusion is further supported by the
inset of Fig. 3, where the ratio of the peak signal am-
plitudes for both polarization configurations are plotted
versus photon energy. The curve reaches its maximum
value near the position of the biexciton line and decreases
rapidly if the laser is tuned across the center of the hh-
exciton transition towards the lh-exciton line. This again
indicates that the CP signal amplitudes do not difI'er from
the PP amplitudes by a constant factor, but that the CP
signal is strongly peaked at the biexciton PI energy.

The PP TI-DFWM signal under excitation condition
N2 [dashed line in Fig. 2(a)j is modulated at a frequency
corresponding to the biexciton binding energy. Spec-
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FIG. 4. Spectrally resolved DFWM signal. The detuning
b corresponds to the di8'erence between the detection energy
and the biexciton resonance.

tral analysis of the TI-DFWM signal (Fig. 4) shows no
phase shift in the modulation when the detection energy
is tuned through the biexciton resonance (8 = 0), thus
the modulation is due to quantum beating rather than
polarization interference. It should be noted that
spectrally resolving the signal allows observation of the
weaker, heavily modulated biexciton contribution since
the strong influence of the hh exciton can be excluded.

The result of the TR-DFWM measurements under
excitation condition B are presented in the three-
dimensional plots of Figs. 5(a) and 5(b). The intensity
of the di8'racted signal is plotted versus the real time t of
the reference pulse and for several fixed delays 7 between
the two excitation pulses. The two polarization config-
urations create completely different TR-DFWM signals
with rich quantum beat structures. The diffracted sig-
nal appears at the same time as the second excitation
pulse (t = w) independent of the delay time w between
the two excitation pulses. This indicates free polariza-
tion decay behavior as is expected for a homogeneously
broadened transition. The decay time of the PP signal
relative to the real time t corresponds to a dephasing time
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FIG. 5. Measured intensity of th TR-DFWMe signal at
various probe delays for (a) parallel and (b) cross-polarized
laser 6elds.

state (| ), four single-exciton states (lh, hh vrith different
selection rules o+ and o ), and five thoro-exciton states,
which represent either a BX or scattering states 2hh
2lh hh-lh V~ithin this paper, a scattering state rep-

ng sacs

resents the energetically lowest state of a continuum of
states. All calculations presented here are based on that
ten-level system, which is mostly phenomenological, but
includes all of the symmetry properties obtained &om an
exact theory

The optical Bloch equations for the ten-level scheme
were numerically solved to third order in the electric

eld using the rotating wave approximation. Local
Geld efFects, which have an important influence on the
DFWM signal, have been considered by introducing a
local Beld parameter I.s' ~' All opt 1 top ica ransitions are
phenomenologically described using optical matrix ele-
ments (selection rules) and dephasing times. In the fol-
lowing, we will show that many of these dephasing times
exhibit a strong influence on the signal, which enables us
to take most of the parameters &om experimental data
and. to use only some of them as fit parameters.

The oscillator strengths of the hh two-exciton state
and the biexciton state have to be distributed since the
simultaneous creation of a o+ and a 0 hh tao excion ea s
either to a biexciton or to unbound excitons in a two-
particle scattering state (2hh in Fig. 1). Therefore, if
the optical matrix element of the biexciton is p o. , the
matrix element of the scattering state must be p (1 —n).
In all calculations presented in this paper, the parameters

of T2 ——4.3 ps, whereas the CP signal gives a dephasing
time of T = 3.7 sp . Surprisingly, the beat frequencies
at positive delays are quite diferent for the PP and CP
configuration. For the PP configuration, the beat period
observed for negative delays is much larger than that oc-
curring at positive delays. Additionally, the modulation
of the CP signal is quite stronger than that of the PP sig-
nal. Analysis of the signals reveals that the beating on
top of the PP signal for r ) 0 corresponds to the hhilh-
exciton splitting, whereas the beat period for ~ & 0 is
equal to that of the CP signal and corresponds to the
biexciton binding energy.
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III. THEORETICAL MODELINC AND
DISCUSSION ] 2

r

I
I

4

I

The calculation of the DFWM signal is based on a mul-
tilevel scheme, in which excitonic and bie 'to
are taken into account. In previous publications, we have
shovrn that an interacting heavy/light-hole 'ton sys-
tern can be described using a nine-level scheme ' and
that biexcitons can be considered by introducing an ad-

~ ~ditional two-exciton state. The discussion belonging to
ig. 3 showed that in the GaAs quantum well, the ob-

served biexciton consists of two hh excitons and that lh
excitons do not build biexcitons. Therefore, we intro-
duce only one additional biexcitonic state so that the
calculations are based on the ten-level scheme depicted
iri Fi . 1. The ten-1'g. . -level scheme consists of one ground

10
E

4

N''
I a I s I a I I I s I

-2 0 2 4 6 8

Time Delay (ps)

10

FIG. 6. TI--DFWM signal versus time delay ~ calcu-
ated using the ten-level scheme for (a) parallel and (b)

cross-polarized laser fields and corresponding excitation con-
ditions

¹
and Nd' '

q N2. parameters used for calculations: local
field L = 0.02 meV; BX binding energy Q = 1.2 meV; de-
phasing times T ~ = 4 3 p T ~ = 3.8 s T

1 0 T 37 T hhihh
) 2
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are p = 1.5, n = 0.5 (the matrix elements for the hh- and
the lh-exciton transitions are 1 and —).~3

The calculated TI-DFWM signals for the excitation
conditions Nq and N2 are shown in Fig. 6. These curves
show the same behavior as the experimental data (Fig.
2): stronger hh/lh beating at positive time delay for PP
as compared to CP excitation for Nq, the same decay
times for Nq and N2 at positive delay, and different slopes
at negative delay. Only the 2hh-exciton/biexciton beat-
ing does not appear in the calculated curves, the reason
for this is discussed below.

The decay at positive delay is determined by the de-

phasing time T2, i.e., the dephasing of the hh exciton
state to the ground state (see Fig. 1), and the damping of
the lh/hh beating is controlled by the lh dephasing time

T2 . We have taken the values T2 ——4.3 ps and1h/G 3 }1}1/G

T2 ——3.8 ps in order to obtain good agreement with1}1/G

the experimental data. The weaker hh/lh beating in the
CP signal compared to the PP case can be reproduced
in the calculations by choosing smaller matrix elements
for the one-exciton to two-exciton transitions which in-
volve lh states. This is due to the fact that the upper
transitions contribute more to the CP signal than to the
PP signal. The slopes at negative time delay are due to
the dephasing of those off-diagonal elements of the den-
sity matrix which describe the dephasing of a two-exciton
state to the ground state, e.g. , T2 or T2 . SinceBX/G 2hh/G

the excitation energy for N2 is closer to the biexciton,
the biexcitonic state has a much stronger influence on the
DFWM signal than in Nq. Therefore, for CP excitation
the slope at a negative delay is dominated by the biex-
citon to ground state dephasing time T2 . The slopeBX/G

of the decay for negative time delays under excitation
conditions N~ and B are determined by a combination of
the other two-exciton to ground state dephasing times.
However, due to the smaller matrix elements of the lh

states, the dephasing time is dominated by T2 . For2hh/G

the calculations, we have taken the values: T2 ——2.3BX/G

2hh/G
ps& T2 = 1 ps.

As stated above, a detailed analysis of the calculations
shows that the PP and the CP signals are dominated by
the lower and the upper transitions, respectively. There-
fore biexcitonic effects should be observed more clearly
for CP excitation. The TI as well as the TR calculations
and measurements support these conclusions.

Figures 7(a) and 7(b) show the results of the calcula-
tion of the TR-DFWM signal under excitation condition
B for PP and CP polarized excitation pulses, respec-
tively. Since the difFerence between the excitation con-
ditions X~ 2 and B is not only the duration of the laser
pulses, but also the exciton density, we increase the local
field parameter &om L = 0.02 meV to L = 0.1 meV, in
order to take into account the lower exciton density for
B. In earlier publications, it has been shown that strong
local field effects appear for small exciton densities in a
well, whereas their importance decreases with increasing
excitation density because of exciton-exciton screening
effects. All other parameters remained unchanged.

The theoretical curves in Figs. 7(a) and 7(b) show
the same strong beating phenomena as the experimental
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data [Figs. 5(a) and 5(b)]. In the case of PP excitation
pulses, the beat frequency is related to the heavy/light-
hole splitting. The frequency of the CP signal corre-
sponds to the splitting of the 2hh exciton scattering state
and the biexciton, i.e. , the biexcitonic binding energy.

As stated above, the CP signal is strongly infl. uenced
by the upper transitions, whereas the PP signal is domi-
nated by the lower transitions. For this reason, a strong
biexcitonic beating can be observed in the CP case,
whereas the PP signal shows a slight biexcitonic &e-
quency component only for negative delays. Addition-
ally, the decay with respect to the real time t of the CP
signal is determined by the time constants T2 andBX/h}1

T2, and corresponds to the measured value of 3.7 ps
2hh/hh

&om Fig. 5(b). The decay of the PP signal is due to the

dephasing of the hh exciton, i.e. , T2, and correspondshh/C

to the measured value of 4.3 ps from Fig. 5(a).
In the perpendicular case, the experimental TR-

DFWM data show a distinct biexcitonic beating in the
direction t = ~, i.e. a modulation of the maxima, which
is absent in the theoretical curve [compare Figs. 5(b)
and 7(b)]. The same beating occurs in the experimental
TI-DFWM data for PP as well as for CP excitation at
positive delay (Fig. 2). This beating is presumably an
effect of higher than third order. In the &amework of
third-order numerical calculations, there is no oscillation
belonging to the biexcitonic binding energy at positive
time delay (w ) 0), which can also be seen within an-

FIG. 7. Calculated intensity of the TR-DFWM signal at
various probe delays based on the ten-level model for (a) par-
allel and (b) cross-polarized fields under excitation condition
H and the same parameters as in Fig. 6, except the local field
parameter: L = 0.1 meV.
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alytical calculations. An expansion of the m.odel to in-
clude fifth-order eR'ects leads to an observation of this fre-
quency at positive delay, i.e., in the mentioned direction
of the TR as well as in the TI data at v & 0. The results
are not presented here, because in fifth order, three exci-
ton states also become important but are not accounted
for within these calculations.

IV. CONCLUSION

The TR-DFWM signal from a GaAs single quantum
well shows completely di8'erent beating phenomena for
parallel and perpendicular polarized excitation. Whereas
parallel excitation produces a signal with distinct hh/lh
beating for r ) 0 and 2hh/biexciton beating for r ( 0 as
a function of real time, perpendicular excitation shows
a clear hh/biexciton beating for both positive and nega-
tive w. In spite of the surprisingly diferent modulation
patterns observed in the TR measurements, the PP and
CP polarized TI-DFWM measurements reveal quite sim-
ilar traces. A distinctly longer decay time of the cross-
polarized TI signal is observed for negative delays as com-
pared to parallel polarized signal. The ratio of the TI

signal amplitudes for CP and PP polarizations demon-
strates the influence of the biexciton state for two-hh
excitations.

We also demonstrate that the observed eKects can be
reproduced by calculations based on a phenomenologi-
cal ten-level scheme, where Coulomb interaction is intro-
duced via biexcitonic variation and local field eÃects. The
calculations and the measurements are in good agree-
ment and strongly support the conclusion that biexcitons
play a significant role in the third-order nonlinear opti-
cal response in GaAs quantum wells. We also measured
the dephasing time of the biexciton with respect to both
the ground state and the single-exciton state. Compar-
ison of our T2 values with the biexciton lifetime of Ref.
17 demonstrates that the homogeneous linewidth of the
biexciton luminescence line is almost lifetime limited.
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