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A combination of ellipsometric and pump-probe techniques are used to completely determine the time-
averaged and time-resolved polarization state of the degenerate four-wave-mixing signal emitted from a
GaAs/AlxGa12xAs multiple quantum well following femtosecond excitation for negative time delays between
the pump and probe. The polarization state of the four-wave-mixing signal is observed to exhibit a continu-
ously varying ellipticity and a real-time rotation of the polarization ellipse at negative time delays that are
dramatically and functionally different from those observed at positive delays. These distinct polarization
features place stringent constraints on the physical models and are shown to be consistent with the inclusion of
both many-body interactions and biexcitonic effects.@S0163-1829~96!02139-X#

I. INTRODUCTION

One of the techniques that has proven to be extremely
powerful for studying coherent processes and excitonic ef-
fects in semiconductors and multiple quantum wells
~MQW’s! is to study the polarization dependence of the de-
generate four-wave-mixing~FWM! process.1–19 To date,
such polarization observations have been successfully inter-
preted in terms of the so-called local-field corrections
~LFC!,2,17,20–27 the density-dependent excitation-induced
dephasing ~EID!,8–10,19,28,29 or biexciton formation
~BIF!.30–34Typically, in these studies, the dependence of the
magnitude of the FWM signal~or its spectrum! on the inci-
dent polarizations2–16 has been measured, and there have
been very few attempts17–19 to monitor the polarization state
of the emitted FWM signal itself. Moreover, the latter
studies17–19 have been restricted to measurements of the di-
rection of polarization~ignoring the ellipticity and the degree
of polarization! and, therefore, they have not completely
specified the polarization state of the emitted light.

Recently, however, we have used a procedure that com-
bines standard ellipsometric and time-resolved pump-probe
techniques tocompletelydetermine the polarization state of
both the time-integrated~TI-FWM! ~Ref. 35! and time-
resolved FWM ~TR-FWM! ~Ref. 36! emission from a
GaAs/AlxGa12xAs MQW. In those studies,35,36 the FWM
signal was shown to be completely polarized at each instant,
but both the ellipticity and the orientation of the polarization
ellipse varied dramatically and continuously with time dur-
ing emission. Moreover, the ellipticity and the orientation of
the polarization ellipse were each shown to be strongly de-
pendent on the carrier density and the incident polarizations.
Most importantly, the polarization states of both the TI-
FWM and the TR-FWM were found to exhibit qualitative
features that placed additional constraints on models describ-
ing FWM in MQW’s. By comparing our results to a model
based on the optical Bloch equations with LFC, EID, and
BIF included phenomenologically, we found36 that our TI-
FWM measurements were not definitive in determining the
role of the various processes. That is, the gross features in

our TI-FWM polarization data could be reproduced either by
including LFC and EID together, by BIF acting alone, or by
including all three. By contrast, the qualitative features in our
TR-FWM polarization data could be reproduced only by in-
cluding all three processes. We emphasize, however, that our
previous measurements have been restricted to positive de-
lays between the two incident pulses.

In this paper, we describe measurements in which we
completelydetermine the polarization state of both the TI-
FWM and the TR-FWM emission from a GaAs/AlxGa12xAs
MQW at negative time delays~i.e., when the probe arrives
before the pump!. In contrast to measurements performed at
positive delays, one advantage of this configuration is that
direct FWM emission from isolated excitons cannot contrib-
ute to the signal. Only contributions from LFC, EID, and BIF
would be expected to contribute. As for positive delays, we
show~i! that the FWM signal is indeed completely polarized
at each instant of time,~ii ! that both the ellipticity and the
orientation of the polarization ellipse vary dramatically and
continuously with time during the emission, and~iii ! that the
polarizations of the TI-FWM and the TR-FWM signals are
strongly dependent on the relative polarizations of the lin-
early polarized input pulses. The qualitative behavior of the
polarization state for negative delays, however, is dramati-
cally different from that observed for positive delays. Fur-
thermore, in contrast to the results obtained at positive de-
lays, the time-integrated studies at negative delays are more
definitive in determining which processes do or do not con-
tribute to the emitted signal. Nevertheless, we demonstrate
that the observed behavior~like that at positive delays! is
consistent with the inclusion of both biexcitons and many-
body effects.

II. ULTRAFAST ELLIPSOMETRY

The TR-FWM measurements were performed using 160
fs pulses from a tunable mode-locked Ti:sapphire laser and
the conventional two-pulse FWM geometry shown in Fig.
1~a!. The experimental parameters and procedures are iden-
tical to those reported in our previous paper,36 except that for
the measurements described here the time delay between the
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two pulsest21 ([t22t1) was fixed at a negative value of
2300 ps~i.e., the probeE2 arrives before the pumpE1!. A
quarter-wave plate, a half-wave plate, and an analyzer were
used~as described in Ref. 36! to determine the fractionP of
the light that was polarized~P51 denotes completely polar-
ized light! and to extract the ellipticity anglee and the azi-
muthal angleusig for the polarization ellipse associated with
the polarized portion@see Fig. 1~c!# of the FWM signal. The
TR-FWM signal transmitted by these components was mea-
sured by cross correlating it with a reference pulse in a
second-harmonic generation~SHG! crystal. For the TI-FWM
measurements, the SHG crystal was removed and was re-
placed with a detector which integrated the FWM signal. In
this way, the complete polarization states of the TI-FWM
and the TR-FWM signals were measured as a function of the
angleu12 between the two linear input polarizationsE1 and
E2 @see Fig. 1~b!#.

The MQW sample used in these measurements is also the
same one used in Ref. 36. It consists of 10 periods of 14-nm-
wide GaAs wells separated by 17-nm-wide Al0.3Ga0.7As bar-
riers. The sample was processed by mounting it onto a glass
flat, by removing the substrate with a selective etch to permit
transmission measurements, and by applying an antireflec-
tion coating to the exposed semiconductor-air interface to
reduce Fabry-Perot effects. The measurements reported here
were performed at 80 K. At this temperature, the heavy-hole
~hh! exciton is predominantly homogeneously broadened and
has a linewidth of 1.3 meV. The splitting between the heavy-
and light-hole excitons is 7.3 meV. The laser pulse, which
had a bandwidth of 12 meV, was tuned to 6 meV below the

hh exciton. As we have discussed previously, with this band-
width and this detuning, we estimate the initial light-hole
exciton and free-carrier populations to be less than 5% of the
heavy-hole population. To allow a direct comparison with
our previous TR-FWM measurements at the corresponding
positive delay of1300 fs, we used the same excitation flu-
ence ~1 mJ/cm2! as in those studies.36 At this fluence, we
estimate the heavy-hole areal density to be;43109 cm22

~corresponding to;331015 cm23!. Notice that this density is
in the low to moderately low regime as defined in our initial
TI-FWM studies35 ~and it is more than a factor of 5 below
the high-density regime!. This was the smallest excitation
level for which we could maintain a robust signal-to-noise
ratio for a MQW of this thickness at this temperature using
this technique.

III. POLARIZATION STATE
OF THE FWM SIGNAL AT NEGATIVE DELAYS

Typical time-integrated results at a negative time delay of
2300 fs are summarized in Fig. 2~solid circles! for selected
angles between the two input polarizations and for an exci-
tation fluence of;1 mJ/cm2. Notice that the time-averaged
polarization associated with the TI-FWM signal has a sig-
nificant unpolarized component and that the polarized por-
tion is elliptically polarized. In addition, the degree of polar-
ization, the ellipticity, and the orientation of the polarization
ellipse are each strongly dependent on the relative orienta-

FIG. 1. Schematic of~a! the experimental geometry for time-
resolving the polarization state of the emitted FWM signal, where
l/4 denotes a quarter-wave plate,l/2 a half-wave plate, SHG a
second-harmonic generation crystal, andP1 andP2 represent po-
larizers; ~b! the relative orientations of the linear pump~E1! and
probe~E2! input polarizations; and~c! the polarization ellipse asso-
ciated with the emitted FWM signal showing the azimuthal angle
usig and the ellipticity angle«.

FIG. 2. Measurements of the time-averaged~a! azimuthal angle
usig, ~b! ellipticity angle«, and~c! the degree of polarizationP as a
function of the angleu12 between the two input polarizations for a
fixed negative delayt2152300 fs ~solid circles! and for a fixed
positive delayt2151300 fs~solid triangles! for a total peak fluence
of 1.0mJ/cm2. The lines are only a guide to the eye.
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tions of the incident linear polarizations. The time-integrated
behavior shown in Fig. 2 is, however, significantly different
from that observed at positive delays.36 To emphasize these
dramatic differences, we have also plotted the corresponding
data~solid triangles! for a positive delay of the same magni-
tude~1300 fs! taken from our previous paper.36 In addition,
in Fig. 3, we have sketched the polarization ellipses corre-
sponding to the data of Fig. 2. Several differences between
positive and negative delay are worth noting. Most impor-
tantly, the direction of rotation of the major axis of the po-
larization ellipse~usig! for positive delays is opposite to that
for negative delays. For the negative delay, the azimuthal
angle associated with the emitted radiation rotates in the
same direction~counterclockwise! as the incident polariza-
tion. By contrast, for the positive delay, the ellipse rotates
clockwise as the input polarization rotates counterclockwise.
In addition, for the negative delay, the counterclockwise ro-
tation is smooth and continuous~i.e., usig;1u12!, while for
the positive delay, a sudden jump in the clockwise rotation
from small negative angles to negative angles near290° is
observed foru12;50°. Finally, the ellipticity and the fraction
of unpolarized light are both significantly smaller for the
negative delay.

The corresponding time-resolved measurements are

shown in Fig. 4, where again we have included the results for
a positive delayt1251300 fs for direct comparison.36 The
data in Fig. 4~a! and 4~b! show that the TR-FWM signal at
2300 fs is completely polarized at each instant of time
(P;1), but that both the ellipticity and the orientation of the
polarization ellipse vary continuously with time during the
emission. We also find that the temporal behavior of the
TR-FWM polarization is strongly dependent on the relative
polarizations of the linearly polarized input pulses. Numeri-
cal integration of the time-resolved Stokes parameters~not
shown! demonstrates that the TR-FWM polarization mea-
surements~Fig. 4! are consistent with the TI-FWM polariza-
tion measurements~Fig. 2!. The latter verifies that the unpo-
larized fraction of the TI-FWM signal@Fig. 2~c!# is the result
of integrating a continuously time-varying~but determinis-
tic! polarization over the FWM emission time. Again, most
importantly, notice that the functional dependence of the po-
larization ellipse~usig ande! on time for the negative delay is
different than it is for positive delays. Specifically, notice
that for the negative delay, the ellipse@Fig. 4~a!# always
rotates clockwise with increasing time. By comparison, for
the same positive delay, a distinct bifurcation in the temporal
evolution of the azimuthal angle is observed@Fig. 4~c!#. Spe-
cifically, for small counterclockwise rotations ofu12, the el-
lipse is observed to rotate counterclockwise~toward more
positive angles! with increasing time, but for larger angles,
the ellipse reverses direction and rotates clockwise. Also no-
tice that the magnitude of the ellipticitye of the FWM signal
tends to monotonically decrease with time at the negative
delay ~for a fixed u12 between the two input polarizations!,
while it is observed to increase then decrease at the positive
delay.

IV. COMPARISON WITH THEORY

Both the time-integrated and the time-resolved dynamics
of the polarization of the FWM signal at negative delays
exhibit qualitative features that place additional constraints
on models describing FWM in MQW’s. In this section, we

FIG. 3. Sketches of the polarization ellipses corresponding to
the data in Fig. 2.

FIG. 4. Time-resolved mea-
surements of the azimuthal angle
usig and the ellipticity angle« as a
function of time for selected
anglesu12 between the two input
polarizations, for a total peak flu-
ence of 1.0mJ/cm2, and for a fixed
negative delayt2152300 fs and
for a fixed positive delay
t2151300 fs. The lines only con-
nect data points as a rough guide
to the eye.
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will illustrate these constraints by comparing our results to a
model based on the optical Bloch equations with local-field
corrections, excitation-induced dephasing, and biexciton for-
mation included phenomenologically. The model is the same
as the one used to describe our measurements at positive
delays and a more detailed discussion of the model can be
found in Ref. 36. In addition, a recent discussion of the con-
nection between the phenomenological approach taken here
and a more rigorous approach based on the Semiconductor
Bloch Equation formalism can be found in Ref. 37.

Even though we have chosen the parameters in this model
to be consistent with our experimental conditions, not all
values are precisely known. Consequently, as in our previous
paper,36 we will not rely on quantitative agreement in mak-
ing our comparisons between theory and experiment, but we
will look for qualitative features that are insensitive to fit
parameters to identify the contributions of the various pro-
cesses. In so doing, we will demonstrate that the same com-
bination of processes that produced agreement with the gross
features in the data at positive delays also produces agree-
ment with the qualitative features at negative delays.

We emphasize that for purposes of producing the simula-
tions shown in this paper we have used the same numerical
values for all parameters as were used in our previous paper
at positive delays.36 Specifically, we have taken the biexciton
binding energy to be 1.5 meV. We also have assumed the
dephasing rates for the biexciton-to-excitong b

21 and the
biexciton-to-groundgbg

21 transitions are equal~720 fs! and
are roughly the same as the dephasing rate for the exciton
g21 ~1 ps!. In addition, the LFC parameter and the EID pa-
rameter were set toj50.7 meV~or 0! andh52 meV ~or 0!,
respectively, depending on whether these processes were
turned on~or off!. Finally, we have assumed that the matrix
element for the exciton-to-biexciton transition is the same as
that for the exciton to ground-state transition.

The additional constraints placed on the physical model
by the negative delay data are illustrated by the numerical
results shown in Fig. 5. This figure summarizes and illus-
trates the qualitative tendencies for the time-averaged azi-
muthal angleusig, the ellipticity «, and the degree of polar-
izationP at 2300 fs when~i! LFC and EID are included in
the model, but BIF is not,~ii ! BIF acts alone, and~iii ! all
three processes act in concert. These combinations were cho-
sen for comparison because each produced qualitative agree-
ment with the TI-FWM polarization data at a positive delay
of 1300 fs.35,36

At a negative delay of2300 fs, however, the inclusion of
both EID and LFC produces elliptically polarized light, in
qualitative agreement with the data, but a knee is produced in
the azimuthal angle, and the ellipse rotates clockwise—both
in disagreement with the data@see Fig. 2~a! and 2~b!#. More-
over, the TI-FWM signal at2300 fs has no time-averaged
unpolarized component (P51), which is also contrary to
our observations@Fig. 2~c!#. Consequently, LFC and EID
acting together will not reproduce the required features at
negative delays. By comparison, BIF acting alone produces a
smooth rotation in the counterclockwise direction, as re-
quired by the data, but the FWM signal is completely (P
51) and linearly polarized~«500!, which is not consistent
with the observed tendencies. Thus, BIF acting alone cannot

account for the time-integrated observations at negative de-
lays.

As shown in Fig. 5, however, a model that includes all
three processes~BIF, LFC, and EID! will produce the essen-
tial features needed for agreement with the time-integrated
Stokes measurements at negative delays. Namely, a smooth
rotation in the counterclockwise direction is predicted, along
with a small, but definite, ellipticity and a time-averaged
unpolarized component. From this example, it is clear that
the time-averaged ellipsometric measurements at a negative
delay place additional constraints on the model describing
the FWM process. These constraints eliminate two possibili-
ties that were not excluded by similar measurements at posi-
tive delays.

The time-resolved measurements of the state of polariza-
tion of the FWM signal as displayed in Fig. 4 obviously
place further constraints on the modeling. We have shown
previously36 that when all three processes are included, the
major features observed in the TR-FWM polarization data at
t2151300 fs@and reproduced in Fig. 4~c! and 4~d!# are also
present in the numerical simulations. Specifically, at positive
delays, we have shown that the calculated ellipticity in-
creases then decreases with time and, most importantly, that
the calculated azimuthal angle exhibits a distinct bifurcation
in time. That is, the polarization ellipse rotates toward more

FIG. 5. Comparison of the calculated values at a negative delay
of t2152300 fs for the time-averaged~a! azimuthal angleusig, ~b!
ellipticity angle«, and~c! the degree of polarizationP as a function
of the angleu12 between the two input polarizations for the cases in
which both LFC and EID are included, but BIF is excluded~solid
line!; BIF is included, but LFC and EID are excluded~dashed line!;
LFC, EID, and BIF are all included~dot dot dot dashed line!.
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positive angles for smallu12 and toward more negative
angles for largeu12. The simulations shown in Fig. 6 illus-
trate that the same model also produces acceptable agree-
ment with the principal tendencies in the time-resolved data
at a negative delay oft2152300 fs. Notice that in this case
~in agreement with the data!, rotation is always in the clock-
wise direction and no bifurcation is observed. Also, notice
that the magnitude of the ellipticity gently, but monotoni-
cally, decreases~or stays the same!, rather than increasing
then decreasing as it does at positive delays. Finally, the
magnitude of the ellipticity has roughly the correct ordering
with increasingu12.

V. SUMMARY

Here, we have presented both time-integrated and time-
resolved ellipsometric measurements that completely deter-
mine the polarization state of the coherently scattered FWM
signal from a semiconductor multiple quantum well for a
negative time delaybetween the pump and probe. These re-
sults indicate that the polarization state of the FWM signal is,
in general, elliptical, that the degree of ellipticity varies in
time during the emission, and that the orientation of the el-
lipse continuously rotates in time. We have contrasted our
results at negative delays with those that we obtained earlier
in the same sample at positive delays,35,36 and we find that
the polarization states associated with both the TI-FWM and
TR-FWM signals behave dramatically differently at negative
delays than at positive delays. For example, we have found
that, as we rotate the linear polarization of the pump coun-
terclockwise through an angleu12 with respect to the station-
ary linear polarization of the probe, the orientation of the
polarization ellipse associated with the TI-FWM signal ro-
tates counterclockwise for negative delays and clockwise for
positive delays. In addition, the functional dependencies of
the ellipticity and the orientation of the polarization ellipse
on time and on incident polarization directions were dramati-
cally different for negative and positive delays. These mea-
surements place additional and more stringent constraints on
any successful model of the physical processes responsible
for the FWM in semiconductor MQW’s. Nevertheless, we
have shown that all of the qualitative features associated with
the measurements at negative delays can be reproduced by
the same phenomenological model that we have used to ac-
count for our results at positive delays.
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Schäfer, J. F. Müller, K. Köhler, and P. Ganser, Phys. Rev. B
44, 5726~1991!.

24S. Schmitt-Rink, S. Mukamel, K. Leo, J. Shah, and D. S. Chemla,
Phys. Rev. A44, 2124~1991!.

25S. Weiss, M.-A. Mycek, J.-Y. Bigot, S. Schmitt-Rink, and D. S.
Chemla, Phys. Rev. Lett.69, 2685~1992!.

26J.-Y. Bigot, M.-A. Mycek, S. Weiss, R. G. Ulbrich, and D. S.
Chemla, Phys. Rev. Lett.70, 3307~1993!.
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