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Photon echoes and free-polarization decay in GaAs/AlAs multiple quantum wells:
Polarization and time dependence
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We have studied picosecond two-pulse degenerate four-wave mixing in GaAs/AlAs quantum wells un-
der different polarization configurations of the two pump beams and the analyzed optical polarization.
We observe two components, a prompt free polarization decay (FPD) and a delayed photon echo (PE),
which show different polarization rules and dephasing times. The observed polarization rules are con-
sistently explained in a theoretical model. Within this model, the two-component behavior is a direct
consequence of short-range disorder. The PE dephasing rate is associated with the homogeneous
broadening of the excitons while the FPD corresponds to the total dephasing rate, consisting of the
homogeneous and inhomogeneous (short-range and long-range) broadenings.

1. INTRODUCTION

Degenerate four-wave mixing (DFWM) has proven to
be a powerful method to analyze the coherent properties
of excitons in bulk semiconductors and quantum wells
(QW’s).172 In particular, DFWM provides an experi-
mental approach to the investigation of scattering pro-
cesses of excitons with excitons, acoustic phonons,”* and
free carriers,>® limiting the excitonic coherence. The ob-
servation of quantum-beat phenomena in QW’s (Refs. 7
and 8) has again proven the significance of the method,
e.g., in providing new information on the physics of reso-
nant tunneling.’ Application of DFWM to doped sys-
tems® allows us to study the coherence of free electrons or
holes. These studies have been performed in a two-
pulse! 17 or three-pulse!®”?° DFWM configuration. In
two-pulse ~DFWM,  copolarized">® or  cross-
polarized® %1617 light pulses of wave vectors k;,k, are
incident on the sample, giving rise to a signal detected in
the diffracted direction 2k, —k;.

Only very recently has the influence of the particular
polarization configuration on the DFWM signal been
studied in more detail. Schmitt-Rink ez al.'? and Eccles-
ton et al.* have reported a phase reversal of DFWM
quantum beats between heavy- and light-hole excitons of
17- and 27-nm-wide GaAs multiple QW’s, respectively,
on changing from copolarized to cross-polarized excita-
tion. Simultaneously, a polarization dependence of the
measured dephasing times has been found'’? at exciton
densities below a certain crossover density ( < 10° cm ™),
in conjunction with an intensity-dependent variation of
the apparent DFWM polarization rules.!”> Only the
high-intensity DFWM signal was observed to satisfy the
polarization rules expected theoretically'>'* for free-
exciton dephasing.!> The influence of disorder on the po-
larization rules has been described by Bennhardt et al.'*
in a phenomenological model, which correctly explains
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the dependence of the apparent dephasing times on the
exciting field polarizations.

Strongly polarization-dependent excitonic nonlineari-
ties have been observed by Cundiff, Wang, and Steel'® in
10-nm GaAs multiple QW’s, with a factor of typically 10
between the dephasing rates under copolarized and
cross-polarized excitation. It was also shown that low-
intensity copolarized and cross-polarized excitations give
rise to a delayed signal [or photon echo (PE)] and to a
prompt signal [or free-polarization decay (FPD)], respec-
tively. Since the delayed signal saturates at a smaller in-
tensity than the prompt one,' a two-component behavior
of the DFWM signal has been observed under appropri-
ate conditions.?’ These results have been attributed to a
homogeneously broadened population of delocalized exci-
tons and an inhomogeneously broadened population of
excitons localized by interface roughness, giving rise to
the FPD and PE signals, respectively.”’ This interpreta-
tion is consistent with the observed saturation behavior.
It also explains the observation that the delayed signal is
associated with a smaller excitonic mobility than the
prompt one."

In this work, we report on the systematic investigation
of the polarization rules of different components of the
DFWM signal caused by heavy-hole excitons in GaAs
QW’s. For copolarized excitation, the signal of the two-
pulse DFWM experiment consists of two components,
namely, a PE which is time delayed with respect to the
second pump pulse, and a prompt FPD. We have time
separated the PE component with a streak camera and
analyzed its polarization rules. The PE polarization is
found to coincide essentially with the polarization of the
second excitation pulse. The polarization rules of the
FPD signal have been determined under 45° polarization
angle between the excitation pulses. Our results are
correctly explained within the model of Bennhardt
et al.,' and a generalization of this model is proposed.
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II. EXPERIMENT

The samples used in our experiments are undoped mul-
tiple QW structures consisting of 50 periods of 12.3-nm
GaAs/2.1-nm AlAs (sample A4) and 11.8-nm GaAs/1.6-
nm AlAs (sample B), respectively, forming the intrinsic
layer of a p-i-n diode.?? The samples are kept at a tem-
perature of 6.0 K in a helium exchange-gas cryostat, with
a voltage of 1.5 V applied in the forward direction (zero
electric field). The photoluminescence under pulsed non-
resonant optical excitation shows a long rise time, reach-
ing its maximum after > 150 ps. The time-integrated,
low-intensity luminescence shows a free-exciton line at
801.4 nm (2-meV linewidth, <0.8-meV Stokes shift) and
a weak bound-exciton line at 803.3 nm. Since both sam-
ples show a similar behavior, we restrict ourselves in the
following to results obtained from sample A4.

Optical pulses of 1.4-ps duration and of typically 0.9-
nm spectral width, tunable from 720 to 840 nm, are ob-
tained from a mode-locked Ti-sapphire laser. Reflected
DFWM measurements!” are performed under weak opti-
cal excitation in resonance with the heavy-hole exciton by
focusing two pulses with field vectors E; and E,, respec-
tively, onto the sample with a focus diameter of about
300 pum. The stray light is reduced by placing a pinhole
in the direction of the self-diffracted emission, as indicat-
ed schematically in Fig. 1. The signal is spectrally
dispersed in a spectrometer of 34-cm focal length and a
300-lines/mm grating. Temporal resolution of about 7 ps
(full width at half maximum) is obtained by placing a syn-
chroscan streak camera behind one of the two exit ports
of the spectrometer. The time-integrated DFWM signal
is measured using a photodetector located at the other
exit port. The experimental setup allows a suppression of
the wrong polarization by a factor of about 100 for
linearly polarized beams, limited by the cold window of
the cryostat, and a factor of > 20 for circularly polarized
beams.

Figure 2(a) shows a series of streak camera traces ob-
tained for different time delays 7 between the two pump
pulses, generating about 2X 10%-cm 2 excitons per QW.
The first two pulses of these three-pulse transients arise
from the stray light of the pump beams. The third pulse
is the photon echo. The time delay between the photon
echo and the second pulse approximately equals 7. As
shown in the inset, the intensity of the echo component
depends exponentially on 7. From the experimental de-
cay constant 7, with respect to 7 we obtain a homogene-
ous dephasing time"?! of T, =47r,=30.4 ps.
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FIG. 1. Schematics of the experimental reflected two-pulse
DFWM setup.
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FIG. 2. (a) Streak camera traces for different time delays
between copolarized pump pulses. The time position (78 ps) of
the second pump pulse is kept constant. For positive delay
time, the third pulse is formed by the PE. The inset shows the
8t dependence of the numerically integrated PE intensity. (b)
Dependence of the field polarization Eg, of the PE radiation
on linear-circular field polarizations E, and E, of the pump
beams (schematically).

ECHO

The temporal isolation of the PE component of the
DFWM signal now allows us to determine the depen-
dence of the PE polarization on the polarization direc-
tions of the pump beams. The results are summarized in
Fig. 2(b). Within the accuracy of the experimental setup,
the PE polarization was observed to coincide with the po-
larization direction of the second pump beam.

No delayed signal is observed for cross-polarized pump
beams. One possible interpretation of this result might
be obtained from the fact that copolarized pump beams
generate a long-lived (>100 ps) population grating,'
while cross-polarized pump beams only generate an
orientational grating, which decays within the dephasing
time T, itself,'® thus suppressing self-diffraction for the
delayed PE signal. However, this argument cannot ex-
plain that the observed PE polarization is parallel to the
second pump beam, also for a 45° polarization difference
between the pump beams, i.e., in spite of the presence of a
population grating [see Fig. 2(b)]. We therefore conclude
that the delayed signal (the PE) for cross-polarized pump
beams is already suppressed by polarization selection rules,
which are to be determined.

For further study of the polarization rules, we mea-
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sured the time-integrated DFWM signal for different po-
larization configurations. For 0°/90°/0°, the signal is po-
larized parallel to the first pump pulse. Some results for
801.0-nm excitation are plotted in Fig. 3. The DFWM
signal for cross-polarized pump beams (dashed curve)
shows a short decay time 7, (=2 ps) and is polarized
parallel to the first excitation pulse. Time-resolved mea-
surements indicate that the signal is prompt with respect
to the second pump pulse [in agreement with the results
of Ref. 19], corresponding to a FPD of a homogeneously
broadened transition. Here the dephasing time?' is
T,=271y=4 ps. In contrast, for 0°/45°/90° (full curve),
the decay of the DFWM signal is significantly slower
than the FPD, thus indicating a PE component. For
0°/45°/—45° (not shown in Fig. 3), the signal shows the
features of the FPD (similar to the dashed curve in Fig. 3)
since the PE is suppressed.

Due to the different delay-time dependence of the
time-integrated PE and FPD signals, an experimental dis-
tinction between these DFWM components can be made.
This is exploited in the following to study the polariza-
tion rules of the FPD signal. Since the FPD signal under
the conditions of Fig. 3 is typically an order of magnitude
smaller than the PE, it is difficult to detect the FPD un-
der the simultaneous presence of the PE. Therefore, we
use in the following a higher excitation density (about
5X10® cm ™2 per QW), in order to obtain FPD and PE
signals of comparable strengths through a partial satura-
tion of the PE."°

Figure 4 shows typical results obtained at 45° excita-
tion angle. For 45°/0°/90°, the DFWM signal shows a
two-component decay, indicating the presence of a strong
FPD (fast component) and a weak PE (slow component).
The presence of the PE in this forbidden geometry sug-
gests that the DFWM polarization rules are partially re-
laxed under these conditions. A possible explanation for
such behavior will be given below. For 45°/0°/0°, the PE
is enhanced by an order of magnitude and there is no in-
dication of FPD. The data for 45°/0°/45° and
45°/0°/—45° indicate that both components are present
at 1£45° detection angle. Therefore, the polarization an-
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FIG. 3. Time-integrated DFWM signal (logarithm scale) vs
time delay at 801.0-nm-excitation wavelength and 2 X 10%-cm ™2
excitation density. The polarization directions (first
pulse—second pulse—analyzer) are indicated. 0° corresponds to
linear-electric-field polarization normal to the plane of in-
cidence, parallel to the (110) direction of the sample.
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FIG. 4. Time-integrated DFWM signal (logarithm scale) vs
time delay at 801.4-nm excitation wavelength and 5X 108-cm ™2
excitation density and different polarization directions as indi-
cated. The data for 45°/0°/45° and 45°/0°/—45° are vertically
shifted by two decades, with respect to those for 45°/0°/0° and
45°/0°/90°.

gles for the FPD and the PE are approximately 90° and
0°, respectively, for E,||45° and E,||0°.

For 45°/0°/—45° (Fig. 4), the dip at 4.8 ps is attributed
to a beating behavior. The beats are more pronounced
for excitation at the low-energy part of the exciton distri-
bution. The suppression of the signal at around 2 ps
(with respect to the 45°/0°/45° case) suggests a beat
period of 2.5-3.0 ps. This value is twice as large as the
expected period of quantum beats between free and
bound excitons, although it agrees with the period of
such beats as observed by Leo et al. in a 17-nm GaAs
QW. Further experiments will be necessary to check
whether these beats are associated with biexcitons, as has
been observed by Lovering et al.!! for a 10-nm well
width under similar excitation densities.

III. THEORY

We now give a theoretical explanation of the observed
polarization rules associated with the PE and FPD com-
ponents. Our calculation is based on the model by
Bennhardt et al.,' originally formulated for a three-level
system (heavy and light excitons), which we restrict to
the two-level case. The model relies on the assumption
that there is a coherent coupling between two degenerate
electron levels or hole levels. We point out that both pos-
sibilities (the former case is probably dominant due to the
smaller effective mass of the electrons) give rise to the
same polarization rules, since the uncoupled electron
states and hole states of the QW have the same in-plane
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symmetry. As in Ref. 14, the calculation is carried out  ing?! induced by a long-range disorder. The parameters a
for hole coupling. (real) and b (complex) are introduced to take into account
For the disorder-induced interaction H g4, between the  short-range disorder (i.e., within the length scale of the
spin-up and spin-down heavy-hole states, we assume the = Bohr radius), which splits these states by the energy
most general form, +d=+Va’+bb* and changes their symmetry. Follow-
ing the calculation of Ref. 14, we assume E,=E,e, po-

c+a b* larized in the x direction, and E! =E 1(. e, cos¢ +e,sing) at
Hg=| c—a (1)  an angle ¢ with respect to E,, with unit vectors e,,e,. In
the limit E;(z)~8(¢ —7) and E,(¢)~5(t), we obtain the
following third-order polarization in the diffracted direc-
The parameter c¢ describes the inhomogeneous broaden-  tion 2k, —k;:

]

j —i(e, +c)t—27) —
ngz_k‘=—élyl‘*e(f)e(t—T)EgEre Moo TN A

cos[d(t —2r)]cosd— %sin[d(r —27)]sing

X 2 * ’ (2)

~ Gsinld( —27)cosg— L7 cos(d(t—2r)Jsing— 23’; cos(dt)sing

with the dipole moment |u/|, the energy €., of the unperturbed transition, and the damping constant (homogeneous de-
phasing rate) y,. We note that the cases b =0 and a =0 correspond to the polarization rules for heavy-hole transitions
obtained in Refs. 12 and 14, respectively.

It is instructive to determine the nonlinear polarization for some simple inhomogeneous distributions of H . If the
short-range distribution is symmetric in a with respect to @ =0, the terms linear in a cancel out in Eq. (2). Assuming in-
dependent Gaussian distributions ~exp(—c?/y2) and ~exp(—d?/y?), respectively, with the inhomogeneous broaden-
ings . ! and y ;! for the long-range and short-range disorder (note that d > 0), the resulting polarization reads

; : 2,2
_ 1 4 2 —i€, (t—=27) —y,t —(t—27)y;/4
ngz_kl——zml 0(T)0(t —7)E5ETe e e ¢

o |, ~m2mriss 002545 ST (1 , a)
a® . bb* .
- ?smqﬁ - P sing
[

provided that a /d =const within the entire distribution.  tion can be determined from a simultaneous measure-

A variation of a /d will result in an inhomogeneous distri-  ment of the two DFWM components.
bution of polarization rules, giving rise to a depolariza- It is in principle possible to distinguish between short-
tion of the signal. The measured DFWM intensity is pro-  range and long-range disorder in a time-resolved DFWM
portional to the square amplitude of the nonlinear polar-  experiment, since only short-range disorder should pro-
ization component parallel to the analyzer. duce two DFWM components with different time depen-
dence. In addition, the “FPD” component [i.e., the y-
IV. DISCUSSION polarized term in Eq. (3)] is centered at t =7 for y, <7,
and at t=27 for y.>>y,. The absence of short-range
Within this model, both the short-range and long-  disorder manifests itself in equal signal intensities of the

range disorder give rise to a delayed signal (PE), centered  two components (e.g., under cross-polarized and copolar-
at t =27, which allows us to determine the homogeneous ized excitation, respectively), and in polarization-

contribution ¥, to the dephasing process,?! correspond-  independent dephasing times.

ing to four times the decay constant of the time- In realistic QW structures, we expect less idealized ex-
integrated DFWM intensity with respect to 7. In inho-  citon distributions. Here ¥, usually depends on energy,
mogeneously broadened systems, the prompt contribu-  with larger homogeneous broadening at the high-energy

tion (FPD), centered at ¢ =~ 7, is attenuated with respect to part of the exciton distribution. In addition, the degree
the PE by a factor of about exp[ —7*(y2+73%)/2]. There-  of symmetry breaking [i.e., the ratio between a and b in
fore, it decays faster with respect to 7 than the PE. This  Eq. (1)] is supposed to increase at decreasing energy, cor-
means, in particular, that the decay of the FPD com- responding to disorder-induced localization. Finally, an
ponent is due to the combined action of the homogeneous  intensity dependence of the symmetry properties results
and inhomogeneous dephasing rates. In the presence of  from different saturation properties of the individual exci-
short-range disorder, both the homogeneous and the in-  tons. Even in the highest-quality QW’s, these distribu-
homogeneous broadenings of the excited exciton popula-  tions also depend on the well width. Further, we note



17 054

that the model still predicts equal DFWM signal intensi-
ties at 7=0 under cross-polarized and copolarized excita-
tion, which is in contrast to some observations.'*!> This
suggests that additional mechanisms, like excitation-
induced dephasing,'® are also of importance in QW sys-
tems.

Applying these considerations to the present experi-
ments, the observation of both an FPD and a PE com-
ponent provides clear evidence of short-range disorder.
Long-range disorder of the optically excited exciton dis-
tribution is weak, since the FPD component still has a
significant intensity. We note, however, that the exciton
distribution under study depends critically on the spec-
tral narrowness and on the precise wavelength of the ex-
citation. The observed polarization rules agree with the
theoretical ones, with signal polarizations of the FPD and
the PE components orthogonal and essentially parallel to
E,, respectively. This implies in particular |a| <<|b]|. In
addition, the data for 45°/0°/90° (Fig. 4) suggest a finite
(but small) value of |a/b|. More detailed experiments
will be necessary to quantify these values.

Using Eq. (3), the measured 7-dependent change of the
intensity ratio between the time-integrated PE and FPD,
typically one order of magnitude at A7=6 ps, allows us
to estimate the inhomogeneous broadening y,; of the ex-
cited exciton distributions, with the result y;'=2-3 ps.
This value of y, is consistent with both the value expect-
ed from the luminescence linewidth of the QW excitons
and the spectral width of the laser pulse. Finally, we note
that the above phenomenological model might still be
controversial, since a microscopic calculation of the
broken-exciton symmetry (e.g., due to short-range well-
width fluctuations) does not yet exist.
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V. CONCLUSION

We have shown that the diffracted signal in two-pulse
DFWM by heavy-hole excitons in quantum wells general-
ly contains two components (PE and FPD) with different
polarization properties and different time dependences,
both in real time and in delay time. We have studied the
time dependence and polarization rules of these com-
ponents in time-resolved and polarization-resolved exper-
iments. Theoretical considerations show that such two-
component behavior is a direct consequence of short-
range disorder, and that short-range disorder can be dis-
tinguished from long-range disorder in DFWM experi-
ments. The dephasing time determined from the PE cor-
responds to the homogeneous dephasing time, while the
FPD is related to the combined homogeneous and inho-
mogeneous dephasing.

Note added. We recently became aware of a paper by
Bott et al.,?* explaining the observed DFWM intensity
difference for cross-polarized—copolarized excitation and
the density dependence of DFWM polarization rules in
terms of exciton-exciton interaction.
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