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We investigate the properties of coherent exciton states in GaAs/Al, Ga& „Asquantum wells using
the four-wave-mixing technique with subpicosecond time resolution. In the first part of this work, we

show that many-body interactions in a solid manifest themselves in a line shape of the four-wave-mixing
signal that is substantially difterent from the predictions of the generally used simple two-level model. In
particular, the coherent interaction of the quasiparticles leads to a signal at negative delay times, in

agreement with recent theoretical predictions. In the second part, we report in detail about experiments
where energetically close exciton transitions are excited coherently with a short laser pulse. The quan-
tum or polarization interference leads to the observation of quantum beats in the decay of the di6'racted
signal. These results demonstrate that quantum-beat spectroscopy can be applied to study intrinsic exci-
tations in solids.

I. INTR&)DUCTION

Four-wave mixing (FWM) is a powerful technique of
nonlinear-optical spectroscopy. ' The development of
laser sources creating ultrashort pulses enables one to
study the ultrafast dynamics of excitations using time-
resolved FWM. The time resolution of this method is in
principle determined only by the duration of the laser
pulses. Therefore this technique is well suited to study
the fast (i.e., picosecond to femtosecond) scattering pro-
cesses of electronic excitations in semiconductors. In
III-V compounds, the dephasing of both excitons and
free carriers has been investigated by time-resolved
FWM. The scattering of excitons with free carriers, exci-
tons, and phonons was studied in bulk GaAs and
GaAs/Al Ga, As quantum wells (QW's) by Schultheis
and co-workers. It was shown that the dephasing
time constant T2 in QW's is of the order of picoseconds
and is longer for localized excitons at the low-energy side
of the transitions. Detailed studies of the temperature
and density dependence have shown that for low exci-
ton densities ( ( 10 cm in QW's or & 10' cm in the
bulk) T2 is a few ps for both high-quality bulk GaAs and
GaAs/Al Ga, As QW's. Scattering with acoustic pho-
nons determines T2 in the temperature range below 30 K.
At high densities, scattering with excitons and free car-
riers reduces T2.

Becker et al. have studied the dephasing time of free
carriers in bulk GaAs at high excitation densities and
room temperature using time-resolved FWM. Dephas-

ing times are determined by carrier-carrier scattering in
this regime and are of the order of tens of fs. Similar ex-
periments on QW structures' give dephasing times in the
same range. The study of the density dependence in both
systems indicates that the dephasing is indeed due to
carrier-carrier scattering in the density and temperature
range where the experiments were performed.

Recently, time-resolved FWM was introduced as a
novel technique to study tunneling in semiconductor het-
erostructures. "' One particular advantage is that
FWM tunneling experiments can have higher time reso-
lution than nonresonant luminescence experiments per-
formed so far. ' In a first experiment, " it was shown that
the phase relaxation of excitons excited in one well of a
double QW structure becomes much faster when they
tunnel to the other well and scatter with free carriers.
Very recently, the tunneling oscillation of a wave packet
in a semiconductor double QW structure was directly ob-
served using time-resolved FWM. '

In this paper, we report in detail about FWM studies
of excitations in QW s with subpicosecond time resolu-
tion. In contrast to the previous studies, which have
mainly dealt with the dephasing, i.e., the incoherent in-
teractions of the excitations, we investigate here the
properties of the coherent states. We report in detail
about the recent observation'" that many-body interac-
tions in a solid lead to a temporal line shape of the FWM
signal substantially different from previous assumptions
based on noninteracting two-level systems. The coherent
interaction of excitons leads to a diffracted signal at nega-
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tive delay times, in agreement with recent theoretical pre-
dictions. ' In the second part, we report in detail about
experiments where energetically close exciton transitions
are excited coherently with a short laser pulse. The
quantum or polarization interference leads to the obser-
vation of quantum beats' ' in the decay of the
diffracted signal.

The paper is organized as follows: Section II explains
the experimental technique and discusses the temporal
line shape observed in a self-diffracted degenerate-FWM
experiment. In Sec. II A, we discuss the previous models
for the line shape and describe the recent theoretical pre-
diction of a signal at negative delay times due to the
coherent interaction of the excitations. In Sec. II B, we
study the line shape in a GaAs/Al Ga, „AsQW with a
linewidth mainly due to homogeneous broadening. The
temperature and density dependence of the FWM line
shape are in agreement with the theoretical predic-
tions. In Sec. II C we study the line shape in a
GaAs/Al„Ga, As QW which is mainly inhomogene-
ously broadened. At higher densities, the line shape
shows dramatic changes and develops a shoulder, in
agreement with theory and recent observations in the In-
GaAs material systems. ' In Sec. III we study the polar-
ization decay in samples with closely spaced exciton lev-
els, which leads to the observation of quantum beats. In
Sec. IIIA we introduce the topic of quantum beats in
solids. In Sec. III B we study quantum beats between the
heavy-hole (hh) and light-hole (lh) transitions in a QW.
We show that the observation of quantum beats at posi-
tive and negative delay times confirms the physical model
for the exciton-exciton interaction presented in Sec. II.
In Sec. III C we present results for a GaAs/Al Ga, „As
QW where the hh transition is split into three lines due to
a spatially varying well width. In Sec. IIID we present
results for the polarization interference of free and bound
excitons. A brief conclusion is given in Sec. IV.

II. LINK SHAPE IN SELF-DIFFRACTED
DEGENERATE-FOUR-WA VE-MIXING EXPERIMENTS

A. Description of the technique and line-shape theory

Figure 1 shows a schematic setup of our experiments.
We use the so-called two-pulse self-diffracted degenerate
FWM technique: ' ' A first pulse (no. 1) is focused onto
the sample by a lens and induces a polarization. A
second pulse (no. 2), which is delayed by a time
T=t2 —t„spatially overlaps pulse no. 1 at an angle in
the sample. The pulses are polarized perpendicularly,
i.e., they create an excitonic-orientational grating with
spatially homogeneous exciton density. The amplitude of
this grating depends on the time delay between the
pulses: With increasing delay between pulse nos. 1 and 2,
the macroscopic polarization created by pulse no. 1 de-
cays due to scattering (described by the dephasing time
Tz), and the amplitude of the grating becomes smaller.
In the self-diffracted FWM technique, pulse no. 2 not
only creates the grating, but is also itself diffracted by this
grating. The diffracted field has the wave vector

No. 2

T=t -t
2 1

No. I

No. 3

FIG. 1. Schematic of the four-wave-mixing experiment.
Measured is the diAracted signal in the direction k3=2kp k& as
a function of the delay time between the pulses T =t2 —t

&
~

k3=2k2 —k, (see Fig. 1) and is detected as a function of
the time delay T =t2 —t, . The decrease of the diffracted
signal in the direction k3 with increasing T therefore
reAects the decay of the polarization created by pulse no.
1: If T is small, the polarization produced by pulse no. 1

is preserved when pulse no. 2 arrives, and the diffracted
signal is large. If T is large, the polarization has decayed
[-exp( —T/T2)], and the diffracted signal is weak. In
the case of an inhomogeneously broadened transition, the
situation is more complicated: In this case, the net polar-
ization decays very quickly due to the destructive in-
terference of excitations with different energies. The
second pulse then inverts the phases of the excitations,
which leads to the observation of a "photon echo" after a
delay time which is identical to the distance between the
two pulses. If we only trace the time-integrated
diffracted signal as a function of the delay T between the
two pulses, we cannot directly observe the echo pulse.
Recently, Noll et al. have directly observed the photon
echo by time resolving the diffracted beam with a streak
camera. This observation was made possible by the very
long (up to several hundred ps) phase relaxation times of
localized excitons in Cd Se& S. Very recently, Webb,
Cundiff, and Steel have used the upconversion tech-
nique to temporally resolve the diffracted signal in a
GaAs/Al„Ga, „AsQW.

Yajirna and Taira have calculated the temporal line
shape of the third-order diffracted signal in the direction
k3 as a function of the delay time for noninteracting two-
level systems. For a homogeneous transition and 5-
shaped excitation pulses, they obtained

0, T(0I(T)- .
exp( 2T/T2), T )0—

and for an inhomogeneous transition
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0, T&0
I(T)=

exp( 4T—/Tz), T )0, (2)

i.e., in both cases, the signal for T &0 should be identical
to zero and should decay exponentially for T )0, with the
decay rejecting the loss of coherence due to the phase re-
laxation of the excitations. For finite pulse duration, the
rise should not be instantaneous, but should closely fol-
low the pulse shape. This theory was used by Schultheis
and co-workers to analyze their experimental results
in bulk GaAs and GaAs/Al Ga, „AsQW's.

It was recently pointed out by Stafford, Schmitt-Rink,
and Schafer' that a more detailed (i.e., microscopic)
description of excitons leads to a more complicated tem-
poral line shape. They showed that excitons not only in-
teract with the electric field of the driving laser pulses,
but also with the polarization of all other excitons. This
interaction leads to the di+raction ofpolarization in addi
tion to the diQraction of fields In p.articular, the coherent
Coulomb interaction of excitons allows the diffraction of
polarization and thus gives rise to a signal at negative de-
lay times (T (0), which is not predicted by the nonin-
teracting two-level model. The main difference in the
work of Stafford, Schmitt-Rink, and Schafer' is that a
microscopic theory of the coherent nonlinear-optical
response of excitons is employed. This microscopic
theory has been developed earlier by Schmitt-Rink and
co-workers ' and has been successfully applied to vari-
ous problems in nonlinear exciton optics.

In the following, we give a brief account of the applica-
tion of the microscopic exciton theory to FWM. In a
simple picture, one would assume that the electron-hole
pair amplitudes fk, which represent vertical transitions
at wave vectors k, couple only to the external field E.
Then the Rabi frequency 6k would be simply

~k=vkE (3)

with the term pkE representing the interaction with the
external field and the term gk Vk k.gk. representing the
Coulomb interaction of the pair amplitudes. If the exter-
nal field is generated by an ultrashort laser pulse with
electric field E=5(t), the first term in 6k varies like
-6(t) and produces a third-order FWM signal with a
time dependence following the noninteracting two-level
model of Yajima and Taira, i.e., a signal is only ob-
served for T )0. The induced pair amplitude fk and
thus the second term in hj„however, exhibit a steplike
rise and a -exp( t /T2) decay. The associa—ted polariza-
tion (P =gkpk gk) interacts with the polarization grating
both for T &0 and T )0. In third order, this interaction
involves two polarizations propagating in the direction k2
and one propagating in the direction k& and hence pro-

where pk is the interband dipole matrix element. The
salient feature of the detailed description' ' ' is that it
also includes the Coulomb potential of' all other electron-
hole pairs at wave vectors k'. The total coupling includ-
ing external and Coulomb fields is then

~k Pk + +g ~k, k'4k'

duces a FWM signal -exp(4T/Tz) for negative time de-
lays. For positive time delays, the resulting FWM signal
decays as the signal arising from the first term in 6k, with
a similar magnitude. Therefore the diffracted signal
should show a rising wing for T &0 and a decay for
T)0:

exp(4T/T2), T (0
I(T)= '

exp( 2T—/T2), T )0 .

In the case of an inhomogeneous transition, the macro-
scopic polarization I' =gkpkpk will decay much faster
than -exp( t/T2)—. Therefore the signal at negative
time delay should disappear for transitions where the
broadening is predominantly inhomogeneous. In the case
of semiconductors, this means that the signal at negative
delay times will be only observable in samples of very
high quality.

Recently, Wegener et al. ' have discussed the effects of
coherent polarization interactions on FWM in detail.
They have also extended the theory to more general situ-
ations and used anharmonic oscillators as a simple model
to describe the interaction of the polarizations. This ap-
proach is particularly helpful to understand the recently
reported dramatic changes of the line shape at high exci-
tation intensities, where the microscopic equations can
only be treated numerically. ' Other limits of the nonin-
teracting two-leve1 approach have been discussed by
Abram.

B. Experimental results for the line shape at low intensities

The sample used for this experiment contains ten
0

periods of a double QW structure, composed of a 170-A
GaAs QW, a 17-A Alo»Gao 65As barrier, and a 120-A
GaAs QW. The periods are separated by 200-A-thick
Alo 35Gao 65As barriers. All thicknesses and the Al con-
tent are nominal. The sample was grown by molecular-
beam epitaxy (MBE) on n-doped (100)-oriented GaAs
substrate at a (pyrometrically determined) growth tem-
perature of 650 C without growth interruption at the in-
terfaces. The sample was carefully characterized by cw
photoluminescence (PL) and PL excitation (PLE) spec-
troscopy at a lattice temperature of TI =2 K. The
linewidth of the 170-A hh transition was about 0.7 meV
in PL as well as PLE spectroscopy. The peak shift be-
tween PL and PLE ("Stokes" shift) was about 0.1 —0.2
meV, which indicates the high quality of this multiple
QW sample. Photocurrent spectra of a sample with elec-
trical contacts were used to determine the transitions re-
lated to higher subbands. The results indicated a well
width slightly (10%%uo) smaller than the design value. A
high-resolution transmission electron microscopy (TEM)
study gave indeed well widths of 54+1 monolayers (ML),
i.e., 153 A for the wide well (WW), and 39+ 1
ML- 110 A for the narrow well (NW), in excellent agree-
ment with the PL studies. The barrier thickness deter-
mined by TEM was 6 ML-17 A, i.e., identical to the
design value. The TEM studies did not indicate any Auc-
tuation of these values across the ten periods of the sam-
ple.
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To perform experiments in transmission configuration,
the samples were mounted with transparent epoxy glue to
sapphire disks. Then, the substrate was removed by
selective wet etching. The upper part of Fig. 2 shows the
transmission spectrum of the sample in the energy range
of the lowest transitions of the 170-A well, taken with a
cw laser at Tl =5 K. Clearly visible are the transitions
from the first electron subband to the first hh subband
and the first lh subband. The linewidths of the transi-
tions and the splitting between the hh and lh exciton lines
are the same as in the PLE data in the unprocessed sam-
ple. The energy of the transitions, however, is about 1.5
meV lower than before, indicating homogeneous tensile
strain in the QW layers due to the thermal expansion
coefficient mismatch between the GaAslAI„Ga& „As
sample and the sapphire disk.

The laser source used for the time-resolved studies is a
tandem-pumped dye laser system: A mode-locked YLF
laser equipped with a KTP second-harmonic generator
produces 30-ps-long 528-nm pulses with a repetition rate
of 76 MHz and an average power of about 2.5 W. This
pulse train synchronously pumps a Rhodamin 6G dye
laser producing pulses of a few ps length at 580 nm with
an average power of about 700 mW. This output is used
to pump a LDS-751 (Styril 8) dye laser producing pulses
of 450—500-fs duration tunable between 700 and 815 nm
with an average power of up to 150 mW. The spectral
width of the laser pulses is about 3.6 meV.

In a first experiment, we study the line shape of the
FWM signal in the low-intensity regime. We concentrate
here on the lowest hh to electron transition of the WW.
The fact that we are using a double QW structure has no
influence on our results: We excite only the lowest transi-
tion of the WW. Electron and hole levels of the two wells
are then out of resonance and the wave functions are lo-
calized in one well. The excitation intensity was about
160 kW cm, which corresponds to an exciton density of
about 4 X 10 cm . The lower part of Fig. 2 shows the

spectrum of the laser. The excitation wavelength (dashed
line) was chosen slightly below the hh transition to excite
only the hh transition and avoid the simultaneous excita-
tion of lh excitons or free carrier states.

Figure 3 shows the diffracted FWM signal for different
lattice temperatures TI, 5 (top), 40 (rniddle), and 70 K
(bottom). The decay times are independent of the intensi-
ty in this range; a further reduction of the intensity yields
the same line shapes. The line shape at 5 K shows the ex-
pected exponential decay for positive delay times. The
time constant of the decay is about 1.2 ps, which corre-
sponds to a phase relaxation time Tz between 2.4 (in the
case of homogeneous broadening) and 4.8 ps (mainly in-
homogeneous broadening). In the self-difFracted FWM
technique, one cannot discriminate between homogene-
ous and inhomogeneous broadening. The small Stokes
shift between PL and PLE, however, and the approxi-
mate agreement of the observed linewidth with the in-
verse of T2l2 indicate that the hh transition is predom-
inantly homogeneously broadened. The value range ob-
tained for T2 is in reasonable agreement with the values
we have observed for an inhomogeneously broadened
QW of 70 A width and with the values reported by
Schultheis et al. , who obtained a T2 of 2 and 3 ps for
high-quality 270- and 135-A QW's, respectively.

For positive delay times, the shorter decay time of the
signal for increased lattice temperature is well known
and reflects the reduction of the phase relaxation time T2
due to the increasing scattering of excitons with thermal
phonons. The similar behavior of the signal rise, howev-
er, confirms the theoretical prediction' of a rising wing
with a rise time related to T2. Figure 4 shows the rise
(dots) and decay (circles) time constants, obtained by
fitting an exponential function, for the temperature range
from 5 to 70 K. At the lowest temperature of 5 K, the
times for rise (1150 fs) and decay (650 fs) are within the
error (+50 fs) equal to 2:1, i.e., the theoretical prediction
of a rising wing with half of the time constant of the de-
cay [Eq. (5)] is nicely confirmed. With increasing temper-
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FIG. 2. Upper part: transmission spectrum of the 170-A
quantum-well sample, taken with a cw laser at very low intensi-
ty. The heavy-hole and light-hole excitons are marked by the
hh and lh symbols, respectively. Lower part: laser spectrum for
excitation of hh and lh (solid line) and hh only (dashed line).

FIG. 3. Four-wave-mixing line shapes for the 170-A
quantum-well sample for various lattice temperatures, taken at
very low intensity. Note that both decay and rise time decrease
with increasing lattice temperature.
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ature, however, the ratio between decay and rise times
decreases due to the time resolution limit of our experi-
ments.

Another way to study the dependence of the FWM line
shape on the dephasing time constant T2 is a variation of
the excitation density: T2 decreases with increasing exci-
ton density due to exciton-exciton scattering. Figure 5

Lattice Temperature (K)

FIG. 4. Decay (circles) and rise (dots) times of the diffracted

signal vs lattice temperature. The dashed line indicates the ap-
parative time resolution limit.

shows the line shape, measured at TL =5 K in the same
sample as discussed before, as a function of the laser
pulse intensity. Io is about 160 kW/cm and corre-
sponds again to an excitation density of about 4X10
excitonscm . The dependence of the decay and rise
times ori intensity shows the same behavior as in the case
of temperature variation: With increasing density, the
decay becomes faster due to a decrease in T2. Again, the
rise time also decreases, in agreement with the theoretical
prediction. This is also visible in Fig. 6, which shows the
decay (circles) and rise (dots) times, plotted versus the in-
tensity. Once more, the time constants have approxi-
mately the ratio 2:1 and decrease both with increasing in-
tensity. For higher intensities, however, the rise time
does not decrease further, and the rise becomes nonex-
ponential. This is caused by the increase of the signal at
negative delay time at high intensities, as observed in the
GaAs/Al„Ga, As system (for a discussion of these re-
sults, see the next section) and in the InGaAs systems. '

The observations for the temporal line shape of the
self-diffracted FWM signal at low to medium intensities
can be summarized as follows: We observe a pronounced
signal at negative delay times, in addition to the predic-
tions of the simple model of noninteracting two-level sys-
tems, which was generally employed up to now to ana-
lyze self-diffracted FWM experiments. The signal rises
for negative delay times with half the time constant of the
decay for positive times, in agreement with recent
theoretical predictions. ' These new effects are caused by
a coherent interaction of the polarizations and should
also be important for wave-mixing experiments in media
other than semiconductors. '"'

We emphasize here once more that the observation of
this rising wing is only possible for transitions which are
predominantly homogeneously broadened. A very simple
qualitative explanation for this effect is that the interac-
tion between the polarization left over by pulse no. 2 and
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FIG. 5. Four-wave-mixing line shapes for the 170-A
quantum-well sample for various excitation intensities, taken at
low lattice temperature (TL =5 K}. Io corresponds to an inten-

sity of about 160 kW cm
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FIG. 6. Decay (circles) and rise (dots) times of the diffracted
signal vs excitation intensity.
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pulse no. 1 is not possible when the macroscopic polariza-
tion of pulse no. 2 quickly decays due to inhomogeneous
broadening. The observation of these low-density effects
in semiconductors is therefore presently only possible in
the GaAs/Al„Ga, „Asmaterial system, where crystal
growth methods are advanced enough to produce sam-
ples which show predominantly homogeneously
broadened transitions. Experiments on samples with in-
homogeneously broadened lines did not show a pro-
nounced signal at negative delay times, in agreement with
the theoretical prediction. '

C. Experimental results for the line shape
at high intensities

In the preceding section, we have discussed the line
shape in the low-intensity limit. More precisely, we have
discussed effects which concern the signal due to the
third-order polarization or y' '. Recently, it was ob-
served' ' that, at high intensities, exciton-exciton in-
teractions lead to a remarkable interference of this term
with higher-order terms in the nonlinear polarization.
This effect is discussed in Refs. 14 and 19 for the InGaAs
material systems.

Here, we brieAy discuss the FWM line shape at high
intensities in the GaAs/Al Ga, As material system.

0

The sample employed for this study is a ten-period 70-A
QW structure. Details of this structure and its character-
ization will be presented in Sec. III C. Figure 7 shows the
line shape at high intensity ( -20 MW cm ) for various
detunings of the laser from the hh exciton transition. For
resonant excitation (detuning of 0 meV), the line shape
resembles the low-density case; however, the rise and de-
cay times are much shorter due to efFicient exciton-
exciton scattering leading to a short phase relaxation
time T2. In this particular experiment, both times are
mainly limited by the pulse width of the laser.

detuni
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FIG. 7. Four-wave-mixing line shapes for the 70-A
quantum-well sample for various laser detunings from the
heavy-hole exciton transition, taken at low lattice temperature
( TL = 5 K) and high excitation intensity ( -20 MW cm ).

With increasing detuning, however, the line shape
changes drastically: A pronounced shouMer appears at
small negative delay times. The observation of such a
second temporal "peak" is in agreement with the results
for the InGaAs material systems' ' and is caused by the
destructive interference of various orders of the nonlinear
polarization. In simple terms, the negative-time-delay
signal due to the third-order term y' ' is compensated
around T =0 by the contribution of the fifth-order term
y' ', which has the opposite sign. Further away from
T=O, the contribution of y' ' disappears because it de-
cays with faster time constants than the g' ' term. This
effect and a simple physical model are discussed in detail
by %'egener et ah. ' A sophisticated numerical calcula-
tion which treats all orders of polarization' ' is also in
good agreement with the experimental observations.

Some effects in the experiment are, however, not un-
derstood at present: (i) Physically, it is not yet clear why
the shape of the "double-peak structure" both in the
CxaAs and InGaAs material systems depends so strongly
on the laser detuning and (ii) the observation of a third
temporal "peak" for small positive delay times is not pre-
dicted by the theory. The dependence on the excitation
energy is similarly observed in the InCsaAs systems. '

The additional "peak" at positive delay times, however, is
only observed in the GaAs/Al„Ga, „Assample. More
experimental and theoretical work would be helpful to
fully understand these phenomena.

III. QUANTUM BEATS OF EXCITONS
IN QUANTUM WELLS

A. Introduction

If a short (and therefore spectrally broad) pulse is used
to excite two or more closely spaced optical transitions, a
coherent superposition of these states, (i.e., a wave pack-
et) is created. Due to the slightly diFerent energies of the
transitions, the macroscopic polarization then shows an
interference. En the simplest case of two transitions with
energies E, and E2, the macroscopic polarization
displays a beating with a time constant of

T =h /KE,
where AE =E2 —E, . This effect is usually called "quan-
tum beats" and is an important technique in nonlinear
spectroscopy. ' Quantum beats have been observed in
atoms, ' molecules, and nuclei.

These observations were made for systems where two
excited states with energies E, and E2 have a common
ground state with an energy Eo, i.e., the system can be
approximately described as a three-level system. Howev-
er, the observation of interference effects is also possible
if two (or more} two-level-like systems with slightly
different transition energies are excited coherently. Such
interferences of polarizations have also been called quan-
tum beats and were first observed in the vibrational tran-
sitions of isomeric molecules by Laubereau, Wochner,
and Kaiser. For a detailed discussion, we refer to the
article by Zinth and Kaiser in Ref. 35.

Quantum beats from excitations in solids have been ob-
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served, e.g. , for F centers in CaO (Ref. 36) and molecular
crystals. In both cases, however, the quantum beats are
not caused by the interference of extended electronic
states. At first glance, one might think that such an ob-
servation is not possible. The macroscopic polarization
of a whole band of excited states will disappear very
quickly due to the different polarization oscillation fre-
quency of every electronic state. In other words, energy
bands can be considered as a very broad inhomogeneous
transition in k space. Such a fast decay of the macro-
scopic polarization will then prevent the observation of
an interference. However, we have recently pointed out'
that the existence of excitans changes the situation drasti-
ca11y: The electron-hole Coulomb interaction gives rise
to sharp excitonic energy levels separated from the ener-
gy bands. These excitonic transitions can be predom-
inantly homogeneously broadened, and a coherent super-
position of excitonic states should thus enable the obser-
vation of quantum beats from extended states in a solid.
We have indeed observed quantum beats in solids by
studying QW's with split exciton levels. ' Independently,
quantum beats of excitons were observed in AgBr2.
Here, the excitons were split by an external magnetic
field. Beats in the luminescence of type-II superlattices
were also interpreted as quantum beats. Very recently,
quantum beats between excitons bound at defects in BI3
have been observed.

In the following three sections, we will discuss three
different observations of quantum beats of excitons in
QW's. In a first part, we will discuss our recent observa-
tion of quantum beats due to the splitting of lh and hh ex-
citons in a QW. ' This corresponds approximately to a
three-level system, as discussed above. In the second
part, we will discuss quantum beats between excitonic
levels which are split due to different quantum
confinement. ' In a third part, we will discuss quantum
beats between free and bound exciton states. ' The
second case corresponds to quantum beats between two-
level-like systems. We want to point out here that the ob-
servation of quantum beats is not a speci6c property of
quasi-two-dimensional systems. We only make use of the
fact that such QW systems oFer well-defined split exciton
levels.

In our experiments, we observe the interference in the
polarization decay by time-resolved self-diffracted FWM.
This technique has been used before to study quantum
beats in molecules. ' One particular advantage of the
FWM technique is that the observed signals are emitted
in a background-free direction.

We have measured the polarization decay in this sam-
ple for two different excitation energies: in between the
hh and lh transitions (solid line in Fig. 2), and slightly
below the hh transition (dashed line in Fig. 2). In the first
case, both hh and lh transitions are simultaneously excit-
ed, in the second case, the excitation of the lh transition
is negligible compared to the hh excitation. Figure 8
shows the diffracted signal for the two different excitation
energies: If only the hh transition is excited (dashed line),
the signal shows the usual exponential decay reAecting
the polarization decay due to dephasing. If both hh and
lh transitions are excited simultaneously, the signal shows
a beating due to polarization interference. The beat
period is 960 50 fs, which is in excellent agreement with
the period of 980 fs obtained by inserting the measured
splitting between hh and lh excitons of 4.2 meV into Eq.
(6). Figure 9 shows the diff'racted signal for excitation
ln between the hh and lh transitions as a function of the
excitation intensity. Ip corresponds to an intensity of
about 160 kWcm . The periodic modulation of the
FWM signal is clearly decreasing with increasing intensi-
ty.

A theoretical estimate of the line shape can be easily
obtained by calculating the third-order signal for a homo-
geneously broadened three-level system excited with 6-
shaped pulses. One obtains, for the intensity I as a func-
tion of the delay time T, '

I(T)=6(T) + +
2yi 2y2 (y, +y, )'+DE'

x,'' ""+
L

(&~+&z)T+2wiw2cos(bET)e ' ' ],
where 6(T) is the Heaviside step function, and yi z and
w, 2 are the dephasing rates and spectral weights of the
two transitions. Note that the signal can be fully modu-
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B. Quantum beats
between light-hole and heavy-hole excitons
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hh and Ih exc.

In bulk GaAs lh and hh bands are degenerate at the I
point. This degeneracy is lifted in a QW structure and
1ight holes have a larger confinement energy than heavy
holes. This leads to the observation of two distinct exei-
tonic transitions in optical spectra. A typical example
was shown in Fig. 2, where hh and lh transitions are
clearly visible. The splitting between the two lines in this
sample is slightly more than 4 meV.

Time Delay (ps)

FIG. 8. Four-wave-mixing line shapes for the l 70-A
quantum-well sample for excitation of the heavy-hole transition
only (dashed line) and simultaneous excitation of heavy-hole
and light-hole transitions (solid line). Lattice temperature
(TL =5 K) and intensity {—160 kW cm ) are kept low.
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FIG. 10. Comparison of the experimental results (solid line)
for heavy-hole light-hole quantum beats and the predictions of a
simple three-level model (dashed line).
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FIG. 9. Four-wave-mixing line shapes for the 170-A
quantum-well sample for simultaneous excitation of the heavy-
hole and light-hole transitions and various excitation intensities.

lated, if the two transitions have the same spectral
weight.

Figure 10 shows the theoretical line shape for the fol-
lowing parameters: w, =1 w2=

3 &, =0.35 meV, and
y2=0. 55 meV. The values for y agree well with the ex-
perimentally observed linewidths [full width at half max-
imum (FWHM) of 2y] if homogeneous broadening is as-
sumed. The values for w, and w2 reQect the different
spectral weights of hh and lh excitons, as observed in the
experimental spectra and expected from theoretical con-
siderations. The theory (dotted line in Fig. 10) repro-
duces the observed decay rather well, despite its sirnplici-
ty.

A striking difference between this simple model and
the experiment is again the signal at negative delay time.
The theory does not predict any signal for T &0, and the
inclusion of a finite pulse length would again merely lead
to a rising edge at T =0. The experimental signal, how-
ever, shows clearly the existence of quantum beats even
for negatiue delay time 'This is yet a. nother confirmation
of the importance of exciton-exciton interactions, which
were discussed in Sec. II. Quantum beats of hh and lh ex-
citons have also been observed in Ref. 43. These authors
have explained signals at negative times by invoking a po-
larization at twice the excitation frequency. In contrast
to our model, this assumption would introduce a pro-
nounced intensity dependence of the signal at negative
delay time which is not observed in our experiments.

C. Quantum beats between heavy-hole excitons
split due to dift'erent confinement

In the preceding section, we discussed quantum beats
between hh and lh states, which are split due to the

different masses leading to a different confinement. This
splitting is an intrinsic property of a QW. However, it is
frequently observed that the hh exciton transitions
of QW's show a splitting due to extrinsic effects. The
splitting of the lines is particularly pronounced if the
molecular-beam epitaxy growth is interrupted at the in-
terfaces. This splitting is caused by the occurrence of re-
gions with different thickness leading to different
confinement energies.

We have investigated the polarization decay in two
different samples grown by MBE on n-doped [100] GaAs
substrate. The basic sequence consists of a 70-A-thick
GaAs QW, followed by a 48-A-thick Alo»Gao 65As bar-
rier, and a 45-A GaAs QW. Ten periods separated by
1 50-A Alp 356ap 65As barriers are grown. Sample B is
grown without growth interruptions, whereas sample 3
is grown with a growth interruption of 60 s at every inter-
face. The samples were processed for transmission exper-
iments in the same way as described in Sec. II B. A care-
ful study of PL, PLE, and photocurrent gave excellent fits
of peak positions when well widths about 10% smaller
than the design values were used.

In the following, we present a detailed comparison of
the FWM line shapes of the two samples. A brief ac-
count of these results has been given before. ' They were,
along with Ref. 38, the first to show the existence of
quantum beats from extended states in solids. The inset
of Fig. 11 shows PLE spectra of the WW hh exciton tran-
sition for samples A (top) and 8 (bottom). Sample B
shows a single line of about 3.4 meV width (FWHM).
The PL line (not shown) is shifted to lower energies by
about 3 meV. This value of the Stokes shift indicates that
localization effects of the excitons are important in this
sample. Sample 2 shows three clearly resolved lines,
split by about 2.7 meV, each with a FWHM of 1 —1.5
meV. The PL spectrum (not shown) shows three similar
peaks, whose energy agrees within about 0.2 meV with
the PLE spectra. This indicates that the excitons associ-
ated with the different transitions are not localized. The
magnitude of the splitting (2.7 meV) is smaller than the
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FIG. 11. Four-wave-mixing line shapes for a sample (B) with
a single exciton line (dashed line) and a sample (3) with simul-
taneously excited split exciton lines (solid line). The inset shows
the photoluminescence excitation (PLE) spectra for sample A,
grown with growth interruption (top), and sample B, grown
without growth interruption (bottom).

expected value (-4.5 meV) for a monolayer fluctuation
of a well of about 63 A. Splittings smaller than a mono-
layer Auctuation have been observed previously.

Figure 12 shows the absorption spectrum of sample A

(top), compared to the spectrum of the laser (bottom).
The absorption spectrum shows again three lines, with an
identical splitting to PL and PLE spectra. The separa-
tion of the peaks is smaller, probably due to some in-
crease in linewidth because of the processing. The rela-
tive intensity of the peaks is also different from PL and
PLE, probably due to the diffusion of excitons between
regions of different thickness. ' The spectrum is also
shifted by about 2 meV due to strain.

The decay of the diffracted signal for sample A (solid
line) and sample B (dashed line) is shown in Fig. 11. The
excitation energy is resonant with the peak for sample 8
and in between the two lower-energy peaks for sample A,
as shown in Fig. 12. The excitation density is about
I X 10 excitons cm . The diffracted signal is Uery
different for the two sam@/es: For sample B (single exciton
line), the decay is nearly exponential with a time constant
of about 0.8 ps, corresponding to a T2 or 3.2 ps, if we as-
sume an inhomogeneously broadened transition. The
coherence decay of sample A with split exciton lines
(solid line in Fig. 11), however, shows a different behav-
ior: an oscillatory structure is superimposed onto the ex-
ponential decay. It is caused by the interference of the
two excitonic transitions. This interference can be con-
sidered as quantum beats of two separate two-level-like
systems with slightly different transition energies, as ob-
served before for molecules containing different iso-
topes.

The time constant of the decay in sample A (about 1.2
ps) is larger than in sample B, which might be caused by
the smaller inhomogeneous broadening of the excitonic
transition. The period of the quantum beats is about 1.33
ps, which would correspond to an energy splitting be-

Energy (eV)
FIG. 12. Absorption spectrum of the 70-A quantum-well

sample (solid line), compared to the spectrum of the laser
(dashed line).

tween the exciton lines of 3.1 meV. This is slightly larger
than the experimentally observed splitting of the lines of
about 2.7 meV. The oscillation frequency does not de-
pend on excitation density or temperature; however, the
polarization decay becomes faster with increasing tem-
perature and excitation density, and the signal modula-
tion decreases.

We have also studied the narrow wells (45 A) in the
same sample. The hh exciton transition is split into two
lines about 10 meV apart, i.e., the splitting is much larger
than the spectral width of our laser pulse. Correspond-
ingly, we do not observe quantum beats, simply because a
simultaneous excitation of both transitions is not possi-
ble. The dephasing time of the narrower well is shorter
than that of the wider well grown on the same sample, in-
dicating that dephasing times decrease with decreasing
well width.

The observation of split exciton transitions shows that
the spatial regions which correspond to the different tran-
sitions are larger than the exciton diameter, which is on
the order of 30 nrn. This indicates that the electromag-
netic interference observed in our samples is caused by
excitons whose spatial separation is on the order of the
laser wavelength (about 200 nm in GaAs). Catho-
doluminescence scans have indicated that the regions can
even have a size on the order of a few pm.

To model the observed polarization decay, we follow
Ref. 24 and consider a two-level-like system with a two-
peak inhomogeneous distribution of the form

(E E„+ED)— —
p(E)= g —exp

2o' 7T 0

where o. is the inhornogeneous broadening. The exciton
splitting AE =E, —E2 is finite for sample 3 and zero for
sample B. The spectral weight is assumed to be the same
for both transitions. In the short-pulse limit, the time-
integrated diffracted signal is given by'

I ( T) =6(T)exp( 4y T)f —dt [1+cos( b Et) ]

Xexp( 2yt —t o /2—), (9)
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lim I(T)=6(T)exp( 4y —T)
g —+ 00

while for o ~0 (homogeneous broadening only)

lim I ( T) =6( T)exp( —2y T)
o~0

(10)

cos( bE T) + ( b,E /2y )sin( b,ET)
1+(bE/2y )

where y = T2 ' is the homogeneous linewidth. For
o ~ac (strong inhomogeneous broadening), this expres-
sion reduces to

chosen smaller than the experimental value (o,h„,=0.2
meV, o,„,=0.5 meV). Theoretical curves with tr,h„,
=0.5 meV still show quantum beats with the same
period, but the beats are less pronounced compared to
the experimental result at large delays. The reason for
this difference is not understood at present. One reason
might be that the broadening mechanism of the individu-
al lines is not known. Similarly, it is not clear why the os-
cillation period corresponds to a splitting of 3.1 meV,
whereas the experimentally observed splitting in the spec-
trum is only 2.7 meV. This might be partially explained
by the fact that the individual lines are not well separated
enough to yield a reliable value for the splitting.

As discussed above, strong inhomogeneous broadening
suppresses quantum beats in this case, opposite to the
three-level case [Eq. (7)]. However, even for a homogene-
ously broadened system, the modulation of the signal is
never complete, again in contrast to the three-level sys-
tem result Eq. (7).

Figure 13 shows the results of a numerical evaluation
of Eq. (10) for the following parameters: b.E=O meV,

y =0.21 meV, o = 1.80 meV (sample 8, dashed line); and
bE=3. 1 meV, y=0. 21 meV, cr =0.20 meV (sample A,
solid line). The simple theory reproduces the experimen-
tal decay remarkably well, except around zero time delay,
where the approximation of 5-shaped pulses leads to
larger deviations. However, the inhomogeneous broaden-
ing of the individual exciton peaks for sample 2 has to be

I I I I I I I

A growth interrupted
B not interrupted

U)

C

D. Quantum beats between bound and free excitons

Up to now, we have reported about the properties of
free excitons. In many bulk semiconductors, the lumines-
cence shows not only transitions due to free excitons, but
also transitions of excitons bound to impurities. Similar-
ly, bound excitons have also been observed in semicon-
ductors QW's. The splitting between the free and
bound excitons is about 1 —2 meV, i.e., two separate lines
can be observed if the sample is of sufticiently high quali-
ty. In samples where the free exciton lines are split due
to a spatially varying confinement, the transition corre-
sponding to each well thickness can be accompanied by a
bound exciton transition.

In the experiment where we observed beats between lh
and hh excitons, the trace for excitation of the hh transi-
tion alone (dashed line in Fig. 8) shows also a weak
modulation. A more careful study of this modulation re-
veals a strong dependence of the modulation depth on the
location of the laser spot on the sample. Figure 14 shows
the diffracted signal for a sample spot where the oscilla-
tion is most pronounced. The period of the oscillation is
about 2.8 ps, which would correspond to a splitting of
1.47 meV. The luminescence spectrum of the sample
shows a free exciton peak and a second transition with
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FIG. 13. Predictions of a simple two-level model for the
four-wave-mixing line shapes of sample B with a single exciton
line (dashed line) and sample A with split exciton lines (solid
line) (bottom), compared to the experimental results (top).
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FIG. 14. Quantum beats between free and bound excitons ob-
0

served in the 170-A quantum-well sample.
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about 1.4 meV lower energy. Temperature- and density-
dependent measurements clearly identify the second tran-
sition as due to bound excitons. A detailed study of the
temperature and density dependence of the FWM signal
confirms that the observed modulation is due to quantum
beats between bound and free excitons. Details are pub-
lished elsewhere. ' Recently, quantum beats between ex-
citons bound to stacking faults in BI3 have been observed
using the FWM technique.

IV. CGNCLUSIGNS

Degenerate four-wave mixing has been frequently used
to study the dephasing of electronic transitions in semi-
conductors. Here, we have reported various results about
the properties and interactions of excitons in their
coherent state. One importance result is that the com-
monly used picture of excitons as noninteracting two-
level systems for analyzing such experiments has to be
refined: The coherent interaction of excitons leads to im-
portant changes of the line shape in time-resolved four-
wave-mixing experiments. These observations are in
agreement with microscopic theories of excitons. The
polarization interaction effects, however, are not limited
to excitons in semiconductors, but should be present in
virtually all media. It should be very interesting to

reconsider earlier wave-mixing measurements in other
systems and prove these predictions. Furthermore, more
theoretical work is needed to understand the microscopic
nature of this effect in other media.

The investigation of quantum wells with several ener-
getically close exciton transitions has demonstrated that
quantum beats are observable in solids, despite the broad
energy bands which lead to a fast decay of the polariza-
tion for the excitation of free carriers. Both interference
of independent two-level-like systems and interference in
a three-level-like system can be observed. The observa-
tion of quantum beats for split levels in coupled wells has
also allowed the demonstration of the coherent oscilla-
tions of a wave packet in such structures, as reportedly
recently. '

ACKNOW'I EDGMENTS

We are indebted to D. S. Chemla and M. Wegener for
many illuminating discussions, and to F. Baumann for a
TEM study. One of us (K.L.) thanks the Max-Planck-
Gesellschaft zur Forderung der Wissenschaften for par-
tial support. The work of J.F.M. was supported by
NATO through the Deutscher Akademischer Austausch-
dienst. We thank Coherent Inc. for the loan of a dye
laser.

*Present address: Institute for Semiconductor Electronics,
Techn. Univ. Aachen, Sommerfeldstr. 24, D-5100 Aachen,
Germany.

Permanent address: Philipps Universitat, FB Physik, D-3550
Marburg, Germany.

~Permanent address: Forschungszentrum Jiilich, HLRZ, D-
5170 Jiilich, Germany.

See, for example, N. Bloembergen, nonlinear Optics (Benjamin,
New York, 1965).

2L. Schultheis, M. D. Sturge, and J. Hegarty, Appl. Phys. Lett.
47, 995 (1985).

L. Schultheis, J. Kuhl, A. Honold, and C. W. Tu, Phys. Rev.
Lett. 57, 1635 (1986).

4L. Schultheis, A. Honold, J. Kuhl, and C. W. Tu, Phys. Rev. B
34, 9027 (1986).

5A. Honold, L. Schultheis, J. Kuhl, and C. W. Tu, Appl. Phys.
Lett. 52, 2105 (1988).

A. Honold, L. Schultheis, J. Kuhl, and C. W. Tu, Phys. Rev. B
40, 6442 (1989).

7L. Schultheis, J. Kuhl, A. Honold, and C. W. Tu, Phys. Rev.
Lett. 57, 1797 (1986).

8P. C. Becker, H. L. Fragnito, C. H. Brito Cruz, R. L. Fork, J.
E. Cunningham, J. E. Henry, and C. V. Shank, Phys. Rev.
Lett. 61, 1647 (1988).

The dephasing in GaAs was studied earlier by hole-burning ex-
periments: J. L. Oudar, D. Hulin, A. Migus, A. Antonetti,
and F. Alexandre, Phys. Rev. Lett. 55, 2074 (1985). These
studies gave considerably longer dephasing times than given
in Ref. 8.
J. Y. Bigot, M. T. Portella, R. W. Schoenlein, C. V. Shank,
and J. E. Cunningham, Technical Digest on Ultrafast Phe
nomena (Optical Society of America, Washington, DC, 1990),
p. 116.

~K. Leo, J. Shah, E. O. Gobel, T. C. Damen, K. Kohler, and P.

Ganser, Appl. Phys. Lett. 56, 2031 (1990).
K. Leo, J. Shah, E. O. Gobel, T. C. Damen, S. Schmitt-Rink,
W. Schafer, and K. Kohler, Phys. Rev. Lett. 66, 201 (1991).

'3See, for example, J. Shah, in Spectroscopy of Semiconductor
Microstructures, edited by G. Fasol, A. Fasolino, and P. Lugli
(Plenum, New York, 1989), p. 535.

"K. Leo, M. Wegener, J. Shah, D. S. Chemla, E. O. Gobel, T.
C. Damen, S. Schmitt-Rink, and W. Schafer, Phys. Rev. Lett.
65, 1340 (1990).

~5C. StafFord, S. Schmitt-Rink, and W. Schafer, Phys. Rev. 8 41,
10000 (1990).

' E. O. Gobel, K. Leo, T. C. Damen, J. Shah, S. Schmitt-Rink,
W. Schafer, J. F. Miiller, and K. Kohler, Phys. Rev. Lett. 64,
1801(1990).

7K. Leo, T. C. Damen, J. Shah, E. O. Gobel, and K. Kohler,
Appl. Phys. Lett. 57, 19 (1990).
K. Leo, T. C. Damen, J. Shah, and K. Kohler, Phys. Rev. B
42, 359 (1990)
M. Wegener, D. S. Chemla, S. Schmitt-Rink, and W. Schafer,
Phys. Rev. A 42, 5675 (1990).
H. J. Eichler, P. Giinther, and D. W. Pohl, Laser-Induced
Dynamical Gratings (Springer, Berlin, 1986).
J. Kuhl, L. Schultheis, and A. Honold, Festkorperprobleme
(Adv. Solid State Phys. ) 29, 157 (1989).
G. Noll, U. Siegner, S. Shevel, and E. O. Gobel, Phys. Rev.
Lett. 64, 792 (1990).
M. D. Webb, S. T. CundifF, and D. G. Steel, Technical Digest
on Ultrafast Phenomena iOptical Society of America,
Washington, DC, 1990)„p.92.
T. Yajima and Y. Taira, J. Phys. Soc. Jpn. 47, 1620 (1979).
S. Schmitt-Rink and D. S. Chemla, Phys. Rev. Lett. 57, 2752
(1986).
S. Schmitt-Rink, D. S. Chemla, and H. Haug, Phys. Rev. B 37,
941(1988).



SUBPICOSECOND FOUR-WAVE MIXING IN. . . 5737

I. Abram, Phys. Rev. B 40, 5460 (1989).
A precise determination of the excitation density is rather
difficult, especially at higher intensities, where the narrow ab-
sorption line of the sample is broadened during the laser pulse
due to the buildup of electron-hole density and subsequent
exciton-exciton and exciton-carrier scattering. Furthermore,
the laser beam has a Gaussian shape, i.e., every density is only
an average over the spatial profile. For these reasons, all den-
sity estimates have a possible error of up to a factor of 2. The
conclusions of this paper are not affected by such an error.
The laser wavelength was corrected to account for the shift in
the GaAs band gap with temperature.

OThe shortest rise-time constants we have measured with the
experimental setup described here were about 250 fs.
F. D. Colegrove, P. A. Franken, R. R. Lewis, and R. H.
Sands, Phys. Rev. Lett. 3, 420 (1959).
R. L. Shoemaker and R. G. Brewer, Phys. Rev. Lett. 28, 1430
(1972); W. Gornik, D. Kaiser, W. Lange, J. Luther, and H. H.
Schulz, Opt. Commun. 6, 327 (1972); R. L. Shoemaker and F.
A. Hopf, Phys. Rev. Lett. 33, 1527 (1974).
E. Gerdau, H. Ruffer, R. Hollatz, and J. P. Hannon, Phys.
Rev. Lett. 57, 1141 (1986).

~A. Laubereau, G. Wochner, and W. Kaiser, Opt. Commun.
17, 91 (1976).

35W. Zinth and W. Kaiser, in Ultrashort Laser Pulses and Appli-
cations, edited by W. Kaiser (Springer, Berlin, 1988), p. 235.
L. L. Chase, Phys. Rev. Lett. 21, 888 (1968).
S. Velsko, J. Trout, and R. M. Hochstrasser, J. Chem. Phys.
79, 2114 (1983).
V. Langer, H. Stolz, and W. von der Osten, Phys. Rev. Lett.
64, 854 (1990).
W. van der Poel, A. Sievers, and C. T. Foxon, Opt. Commun.
76, 116 (1990).
T. Tokizaki, A. Nakamura, Y. Ishida, T. Yajima, I. Akai, and
T. Karasawa, Technical Digest on Ultrafast Phenomena iOpti-
cal Society of America, Washington, DC, 1990), p. 310.

P. C. Becker, H. L. Fragnito, J. Y. Bigot, C. H. Brito Cruz, R.
L. Fork, and C. V. Shank, Phys. Rev. Lett. 63, 505 (1989).
A closer examination of the decay for excitation of the hh ex-
citon only (dashed line in Fig. 8) shows a weak modulation
with a slower period. This effect is caused by beats between
free and bound excitons and will be discussed in Sec. III D.

4 B. F. Feuerbacher, J. Kuhl, R. Eccleston, and K. Ploog, Solid
State Commun. 74, 1279 (1990).

~L. Goldstein, Y. Horikoshi, S. Tarucha, and H. Okamoto,
Jpn. J. Appl. Phys. 22, 1489 (1983);B. Deveaud, J. Y. Emery,
A. Chomette, B. Lambert, and M. Baudet, Appl. Phys. Lett.
45, 1078 (1984).

45D. C. Reynolds, K. K. Bajaj, C. W. Litton, P. W. Yu, J. Singh,
W. T. Masselink, R. Fischer, and H. Morkog, Appl. Phys.
Lett. 46, 51 (1985).
C. W. Tu, R. C. Miller, B. A. Wilson, P. M. Petroff, T. D.
Harris, R. F. Kopf, S. K. Sputz, and M. G. Lamont, J. Cryst.
Growth 81, 159 (1987).

47D. Bimberg, J. Christen, T. Fukunaga, H. Nakashima, D. E.
Mars, and J. N. Miller, J. Vac. Sci. Technol. B 5, 1191 (1987).
A. Ourmazd, D. W. Taylor, J. Cunningham, and C. W. Tu,
Phys. Rev. Lett. 62, 933 (1989).
C. Warwick, W. Y. Yan, A. Ourmazd, and T. D. Harris,
Appl. Phys. Lett. 56, 2666 (1990).

s The splitting determined by measuring the PL and PLE peak
positions is subject to some uncertainties due to the large
width of the peaks. However, a line-shape analysis indicates
that the error obtained by simply taking the peak positions is
small compared to the difference between the expected mono-
layer fluctuation energy and the experimental result.
B. Deveaud, T. C. Damen, J. Shah, and C. W. Tu, Appl. Phys.
Lett. 51, 828 (1987).
M. Kohl, D. Heitmann, S. Tarucha, K. Leo, and K. Ploog,
Phys. Rev. B 39, 7736 (1989).
R. C. Miller and D. A. Kleinman, J. Lumin. 30, 520 (1985).


