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Heavy-hole and light-hole oscillations in the coherent emission from quantum wells:
Evidence for exciton-exciton correlations

Arthur L. Smirl,* Martin J. Stevens, X. Chen, and O. Buccafusca
Laboratory for Photonics & Quantum Electronics, 138 IATL, University of Iowa, Iowa City, Iowa 52242

~Received 15 January 1999!

We demonstrate the presence of strong exciton-exciton correlations in GaAs-AlGaAs multiple quantum
wells by using the polarization selection rules for four-wave mixing and a test that was originally designed to
distinguish between quantum beats and polarization interference. We show that, when the four-wave-mixing
signal is produced by two pulses that have the same circular polarization, dynamic beating behavior is observed
at the heavy-hole-light-hole frequency that provides evidence of Coulomb-induced correlations that go beyond
those expected from the semiconductor Bloch equations in the Hartree-Fock approximation and beyond the
local field corrections used in simple phenomenological models. Moreover, this behavior cannot be explained
by invoking biexcitonic effects. We demonstrate that this dynamic excitonic coupling can be explained in
terms of a competition between quantum-beat-like and polarization-interference-like behavior, and we show
that such behavior can be used to place quantitative limits on the coupling strength. In addition, we use a
simple phenomenological model to show that excitation-induced-dephasing can produce such correlations.
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I. INTRODUCTION

In recent years, dephasing processes associated with
equilibrium carriers in semiconductors and semiconduc
heterostructures often have been investigated by using f
wave-mixing~FWM! techniques to monitor the decay of th
coherent macroscopic polarization.1,2 Initially, the dephasing
was studied by measuring the temporally-integrated inten
or spectrum of the diffracted FWM signal.3–7 Later, the
FWM intensity was time-resolved by cross correlating
with an ultrashort laser pulse via frequency up conversion
a nonlinear crystal.8–12 When excitons of different energie
are excited, oscillations~or beats! are observed both in th
time-integrated and time-resolved FWM signal. Such be
have been observed, for example, between light-hole~lh! and
heavy-hole~hh! excitons13–20and between excitons in quan
tum wells of different widths.17,21 In one such study,17 which
is of particular interest here, the behavior of the tim
resolved FWM signal was used to distinguish quantum b
ing ~which is associated with two coupled oscillators th
share a common level! from polarization interference~which
is associated with two independent oscillators!.

Often, the beating behavior has been explained by us
the single-particle density matrix equations for two indep
dent three-level systems.22 However, a complete descriptio
of the behavior of the FWM signal has been shown to requ
the inclusion of various exciton-exciton interactio
phenomena,23–27 such as local field corrections,7,15,28–31

excitation-induced dephasing,32–35and biexcitons.36–43Vari-
ous procedures have been developed for including th
Coulomb-induced many-body effects in a microsco
theory. One approach is to use nonequilibrium Green’s fu
tions methods to derive the most general form of the se
conductor Bloch equations~SBE’s! that include contribu-
tions of dynamical correlations and quantum kine
processes.44–48 Early numerical solutions have concentrat
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on effects such as dynamical screening within the scree
Hartree-Fock approximation,49,50 whereas the strong and u
trafast regime, in which excitonic phase space filling is t
leading nonlinearity, has been investigated extensively in
unscreened Hartree-Fock approximation. More recently,
influence of dynamical correlations in the screened Hartr
Fock approximation~and modifications thereof! on the ul-
trafast nonlinearities has been investigated.51 On the other
hand, correlations within thex (3) regime, such as biexcitonic
effects, have been found to be described within the dynam
controlled truncation scheme.52–54

Here, we perform time-resolved FWM measurements o
GaAs-AlGaAs multiple quantum well when the excitatio
spectrum is tuned so that both hh and lh excitons are exc
and we demonstrate that strong oscillations at the hh-lh b
frequency are observed when the two pump pulses have
same circular polarizations. Moreover, we use the test
scribed in Ref. 17 to demonstrate that these oscillations
have as quantum beats, rather than polarization interfere
Calculations based on the density matrix equations for
independent three-level systems indicate that polarization
terference, but not quantum beats, should be observed. S
lar results are expected for the SBE in the Hartree-F
limit. Consequently, this simple test provides an eleg
demonstration of the importance of including many bo
effects in any description of the excitonic dynamics an
more importantly, illustrates the necessity of includin
exciton-exciton correlations beyond the Hartree-Fock con
butions. Additionally, we show that the observed quant
beating behavior can be reproduced by including a dens
dependent dephasing term~so-called excitation-induced
dephasing or EID!. A simple phenomenological model base
on EID predicts new features in the lh-hh oscillations that
quite distinct from those expected for purely quantum be
ing or for polarization interference. We demonstrate th
these features are observed experimentally, and we use
8267 ©1999 The American Physical Society



en

ua
a
ed
e

ria
T
th
y

io

e
ud
u
tin
r-
ls
as
h
et

d
M

a

the

ime
in-
ge
i-

the
as
sity
g
imi-

ea-

e
by

tral
ved
nd

ional
ten-
re-
they
the
c-
or

ur
wn

ion
that
l

o

re

aAs
ns-
ap-

uce
t 80
of
he

s
of
tio

l-
st

p
ec

8268 PRB 60SMIRL, STEVENS, CHEN, AND BUCCAFUSCA
to place limits on the magnitude of the density-depend
dephasing.

II. DUAL-CHANNEL SPECTRAL INTERFEROMETRY

Our measurements were performed using the d
channel spectral interferometric technique shown schem
cally in Fig. 1. This technique, which we have describ
previously,26,27,55allows the complete characterization of th
FWM emission, including its amplitude, phase and vecto
dynamics. As shown, each pulse from our mode-locked
:sapphire laser was divided into three parts. Two of
pulses@;150 fs full-width at half maximum of the intensit
~FWHM!#, with fields E1 and E2 and wave vectorsk1 and
k2 , were used to generate the FWM signal in the direct
2k2-k1 in the conventional manner. The third~reference!
pulse was linearly polarized at 45°, so that it had equalx and
y components. A fixed time delay was introduced betwe
the reference pulse and the FWM signal, and the amplit
and the phase of the reference pulse were carefully meas
using second-harmonic frequency-resolved optical ga
~SHG-FROG!.56 The FWM signal then was allowed to inte
fere with the fully characterized time-delayed reference pu
by combining them collinearly. The combined signal w
subsequently separated intox and y components, and eac
component was separately dispersed by a spectrom
Typical spectral interferograms for thex and y components
as recorded on a CCD array are shown in Fig. 1~b!. They
each have the form

I SI
i ~v!5I FWM

i ~v!1I ref
i ~v!12AI FWM

i ~v!AI ref
i ~v!

3cos@fFWM
i ~v!2f ref

i ~v!2vt#, ~1!

where I FWM
i (v) and I ref

i (v) are the spectral intensities an
fFWM

i (v) and f ref
i (v) are the spectral phases of the FW

signal and reference pulse, respectively, and wherei takes on

FIG. 1. ~a! Spectral interferometric geometry for the dua
channel measurement of the amplitude, phase, and polarization
of the FWM signal,~b! typical spectral interferograms for thex and
y components as displayed on the CCD array attached to the s
trometer, and~c! schematic showing the laser detuning with resp
to the FWM power spectrum.
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the valuesx and y for the two polarization directions. The
delay t ~typically ;5 ps! was chosen to yield fringes of
convenient spacing.

If the spectral intensityI ref
i (v) and spectral phasef ref

i (v)
of each component of the reference are known, then
spectral intensityI FWM

i (v) and spectral phasefFWM
i (v) of

each component of the FWM signal and the reference t
delayt can be retrieved from the corresponding spectral
terferograms with a high degree of accuracy using frin
inversion techniques57,58 that have been discussed prev
ously. For our measurements, the spectral intensityI ref

i (v)
and the spectral phasef ref

i (v) of each component of the
reference pulse were independently determined from
FROG characterization. A degree of redundancy w
achieved by separately measuring the spectral inten
I FWM

i (v) of each component of the FWM signal by blockin
the reference and measuring it with the spectrometer. S
larly, each component of the spectral intensityI ref

i (v) of the
reference was determined by blocking the signal and m
suring it with the spectrometer. The delayt was also con-
firmed using a separate calibration procedure.

The temporal amplitudeI FWM
i (t) and the temporal phas

fFWM
i (t) of each component were subsequently obtained

inverse Fourier transformation of the corresponding spec
amplitude and phase. In this way, the complete time-resol
vectorial dynamics, as well as the overall amplitude a
phase, were measured. We emphasize that convent
time-resolved FWM techniques measure the temporal in
sity, and therefore, they provide no phase information. Mo
over, such techniques are scalar in nature. That is, either
monitor a single selected polarization component of
FWM signal, or they integrate over all polarization dire
tions. In either case, conventional techniques provide little
no information about the vectorial dynamics which occ
during a FWM emission process. Previously, we have sho
that the vectorial dynamics contain essential informat
about many-body and quantum-interference effects
would be difficult to obtain using conventiona
techniques.19,20,23–27

Here, we completely time resolve the FWM emission~in-
cluding the polarization dynamics! as a function of the time
delay t21 ([t22t1) between the two pump pulses for tw
input polarization configurations:~i! E1 and E2 having the
same linear~x! polarization and~ii ! E1 and E2 having the
same~right! circular polarization. The measurements we
performed on a sample consisting of 10 periods of;14-nm-
wide GaAs wells alternating with 17-nm-thick Al0.3Ga0.7As
barriers, which was grown on a~001!-oriented GaAs sub-
strate. The sample was mounted onto a glass flat, the G
substrate was removed by selective etching to permit tra
mission measurements, and an antireflection coating was
plied to the exposed air-semiconductor interface to red
Fabry-Perot effects. The measurements were performed a
K. At this temperature, the sample had a hh linewidth
;1.3 meV, and a hh-lh energy separation of 12 meV. T
bandwidth of the excitation pulses was restricted to;15
meV, which resulted in a measured pulsewidth of;150 fs
~FWHM!. Given the hh-lh splitting, this spectral width wa
sufficiently broad to allow the simultaneous excitation
both lh’s and hh’s, yet was narrow enough to allow the ra

ate
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of hh-to-lh emission to be varied over a wide range as
laser wavelength was tuned. At the fluence used h
~;1 mJ/cm2!, the estimated carrier density
;1.531016cm23 (;231010cm22), and the hh linewidth is
further broadened to;3.7 meV. At this operating tempera
ture and carrier density, this sample has been separa
shown to be homogeneously broadened.

III. DISTINGUISHING QUANTUM BEATS
FROM POLARIZATION INTERFERENCE

As stated in the introduction, we will use a modified ve
sion of the test developed by Kochet al.17 to distinguish
between quantum beats and polarization interference to
vestigate exciton-exciton correlations. Basically, Ko
et al.17 recognized that the temporal FWM response of a s
tem that consists of two nonresonant transitions that sha
common level has a different dependence on the time d
t21 than a system that consists of two nonresonant transit
that do not share a common level. They17 then used this
difference in the temporal behavior as a function of tim
delay to classify the oscillations into one of two categori
quantum beats or polarization interference. In this sect
we begin by first reviewing the fundamentals of this te
then illustrate its use experimentally. Our theoretical pres
tation will closely parallel that of Ref. 17, but we will put th
formalism into our context and notation for the reader’s co
venience. The results reviewed in this section then will p
vide a useful direct comparison for the results presente
later sections.

We will illustrate the procedure used to distinguish qua
tum beats from polarization interference by contrasting
FWM response of the two three-level (233) systems of Fig.
2 when they are excited with two pump pulses having
same linear polarization with the response of the same
tems when they are excited with two pump pulses having
same circular polarization. In the simplest picture~and in the
absence of many body effects!, the 233 system and the
selection rules shown in Fig. 2 can be used to represen
electronic states associated with the hh and lh transitions
the two spin states in a quantum well.

We initially assume that each pulse is linearly~x! polar-
ized. In addition, in order to obtain the simplest descript
of our experiments and in order to obtain a closed form
lution, we assume that the pulses in thek2 andk1 directions
have delta function time dependencies given byd(t) and
d(t1t21), respectively. Under these excitation condition
both lh and hh transitions that share a common level in e
of the 233 systems shown in Fig. 2 will be excited~since
x-polarized light is composed of equal parts left- and rig

FIG. 2. Schematic of the two independent three-level~233!
systems used to represent the hh and lh electronic transitions i
absence of many body effects, wheres1 denotes right circularly
polarized light ands2 denotes left circular polarization.
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circular polarizations!. In this case, one can readily solve th
density matrix equations for the two three-level syste
shown in Fig. 2 to third-order. The polarization that prop
gates in the 2k2-k1 direction is found to be proportional to

PQB}Q~ t !Q~t21!E2
2E1* exp@2g~ t1t21!#

3$@11A exp~ iVt21!#@11A exp~2 iVt !#%x̂, ~2!

whereQ denotes the Heaviside step function,E1 andE2 are
the slowly varying electric field amplitudes of the two pum
pulses,g is the dephasing rate,\V is the difference between
the hh and lh energies, andA is a phenomenological constan
that reflects the relative strength of the lh FWM emission.
our case,A is the product of the square of the ratio of the
and hh optical transition matrix elements~;1

3! and a spectral
weighting factor~;2! to account for the detuning of th
excitation wavelength with respect to the hh and lh excito
as shown schematically in Fig. 1~c!. Furthermore, we have
assumed that the dephasing is much faster than the pop
tion decay.

The slowly varying polarization amplitude given by E
~2! is written from the frame of reference of the hh excito
Thus, the term@11A exp(2iVt)# in Eq. ~2! is the sum of
two oscillators: The first represents the polarization oscil
ing at the hh frequency, and the second at the lh freque
However, these oscillators are not independent. The in
~at t50! relative phases and amplitudes of the two oscil
tors are fixed at a value determined by the factor@1
1A exp(iVt21)# which multiplies both oscillators. This cou
pling is a consequence of the shared level, and in this se
the ‘‘interference’’ or beating takes place within the materi
The magnitude of the total polarization~and therefore of the
net emitted field! oscillates at the beat frequencyV with a
phase that is independent oft21.

The signal generated in the detector is proportional to
intensity and, therefore, it is proportional to

S0}uPQBu2}Q~ t !Q~t21!I 2
2I 1 exp@22g~ t2t21!#

3$112A21A412~A1A3!cosVt21

12~A1A312A2 cosVt21!cosVt%. ~3!

Notice that the only term that oscillates in time is the la
one, which is proportional to cosVt. Consequently, it is evi-
dent that the peaks of this oscillation occur at timestp given
by

tp5m~2p/V!, ~4!

wherem is an integer which labels successive peaks. Th
the position of a given peak does not depend ont21. The
slope of thetp versust21 curve is 0. Such oscillations wer
classified in Ref. 17 as quantum beats.

By contrast, if the two independent three-level syste
shown in Fig. 2 are excited with two right-circularly pola
ized pulses, only the lh transition on the left and the
transition on the right will be excited. In this case, the tw
excited oscillators share no common level, and the FW
polarization that propagates in the 2k2-k1 direction is pro-
portional to

the
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8270 PRB 60SMIRL, STEVENS, CHEN, AND BUCCAFUSCA
PPI}Q~ t !Q~t21!E2
2E1* exp@2g~ t1t21!#

3$11A2 exp@2 iV~ t2t21!#%ŝ1 , ~5!

whereŝ1 denotes right circularly polarized light. The slow
varying polarization amplitude given by Eq.~5! again is
written from the frame of reference of the ‘‘hh’’ exciton. I
this case, Eq.~5! is the sum of two independent oscillator
The first represents the polarization oscillating at the hh
quency, and the second the polarization oscillating at th
frequency with an independent phase determined byt21.
The magnitude of the total polarization~and therefore of the
net emitted field! oscillates at the beat frequencyV with the
phase determined byt21, but there is no interaction~or in-
terference! between the two polarizations within the materi
Each propagates and oscillates independently. In this se
the beating does not originate within the material.

Again, the signal generated in the detector is proportio
to the intensity and is proportional to

S0}uPPIu2}Q~ t !Q~t21!I 2
2I 1 exp@22g~ t1t21!#

3$11A412A2 cos@V~ t2t21!#%. ~6!

In this case, we see that the oscillations are a consequen
the nature of the detection process. Such oscillations w
classified as polarization interference in Ref. 17. It is a
evident from this expression that the peak of each oscilla
occurs at a time given by

tp5t211mS 2p

V D . ~7!

Thus, one would expect to observe a linear relationship
tween each peak and the time delayt21 for polarization in-
terference.

Based on a similar analysis, Kochet al.17 suggested tha
one could distinguish quantum beats from polarization in
ference by simply plotting the position of each peaktp in the
time-resolved FWM signal as a function of the time del
t21. The result should be a straight line. The slope of the l
will be zero if the time-resolved oscillations are the result
quantum beating, and the slope will be unity if they origina
from polarization interference.~Note that we have taken ou
origin to coincide with theE2 pulse. If the origin is taken to
coincide with theE1 pulse, as was done in the origin
paper,17 then a slope of 1 will be obtained for quantum be
ing and a slope of 2 for polarization interference.! We em-
phasize that many body effects are not included in the an
sis to this point.

To illustrate this procedure and to test whether the hh
oscillations in our previous publication20 were the result of
quantum beats or polarization interference, we perform
this test on the FWM emission from our sample. Specifica
the laser wavelength was tuned onto the lh exciton so
both hh’s and lh’s were strongly excited. We used the geo
etry shown in Fig. 1 to completely time resolve the FW
emission~including the polarization dynamics! as a function
of time delayt21 between the pump pulses. Measureme
were performed, first, forE1 andE2 having the same linea
~x! polarization state and, then, forE1 and E2 having the
same~right! circular polarization state.

In Fig. 3~a!, we show the total intensityS0 of the time-
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resolved FWM signal for various time delayst21 between
the pump and probe pulses when the sample was exc
with two x-polarized pump pulses. The ellipticity angle an
the orientation of the polarization ellipse were also time
solved. To within our experimental accuracy, the FWM s
nal was found to be linearly andx polarized for all times and
all time delays. For this reason, we plot only the total inte
sity in Fig. 3~a!. Clearly, oscillations at the hh-lh beat fre
quency are observed at each delay shown. In Fig. 3~b!, we
plot the position of each peaktp in the time-resolved FWM
signal @indicated by the arrows in Fig. 3~a!# as function of
the time delayt21, for a more complete set of time delay
Clearly, the slope is zero for each peak. Consequently,
oscillations shown in Fig. 3 behave as quantum beats and
polarization interference. This is exactly the behavior that
would have expected from a simple density matrix model
the 233 system shown in Fig. 2~without many-body ef-
fects! based on Eq.~3!.

IV. A TEST FOR EXCITON-EXCITON CORRELATIONS

The results of performing the test to distinguish quant
beats from polarization interference when the sample is
cited with two pulses that have the same~right! circular po-
larization are shown in Fig. 4. In Fig. 4~a!, the results of
measuring the time-resolved FWM signal for selected ti
delayst21 between the pump and probe pulses are sho
Again, the polarization state was also measured, and
FWM signal was found to be right circularly polarized for a
times and all time delays. As for the linear excitation puls
@i.e., Fig. 3~a!#, pronounced oscillations at lh-hh beat fr
quency are evident. In Fig. 4~b!, the position of each peak in

FIG. 3. Results of measurements to distinguish quantum bea
from polarization interference using two linearlyx-polarized inci-
dent pump pulses:~a! Time-resolved measurements of the total i
tensity S0 of the FWM intensity for selected time delayst21 be-
tween two incident pulses, and~b! the timetp at which each peak
@indicated by an arrow in~a!# occurs as a function oft21, for a
more complete set of time delays. The dotted line indicates a s
of unity.
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PRB 60 8271HEAVY-HOLE AND LIGHT-HOLE OSCILLATIONS IN . . .
the time-resolved FWM signal@indicated by the arrows in
Fig. 4~a!# is plotted as function of the time delayt21, again
for a more complete set of delays. The slope of each curv
approximately zero, not unity. Consequently, the oscillatio
produced when the sample is excited by two right circula
polarized pulses satisfy the criterion for quantum beats,
polarization interference. Since quantum beats would no
expected for two independent three-level systems with
many body effects@see Eq.~5!#, this result suggests that th
two excitonic systems are not independent, but are cou
and correlated. It should also be noted that the SBE, in t
original form ~i.e., in the Hartree-Fock limit, without EID o
biexciton formation included!, would also be expected t
predict polarization interference, but no quantum beati
when two right circularly polarized pulses are used. Con
quently, the observation of quantum-beat-like behavior s
gests a correlation beyond the Hartree-Fock contribut
These measurements are consistent with other19,20,54 recent
observations.

V. COUPLING BY EXCITATION-INDUCED-DEPHASING

The quantum-beating-like behavior shown in Fig. 4
quires the inclusion of a process that strongly couples

FIG. 4. Results of measurements to distinguish quantum bea
from polarization interference using two right-circularly polariz
pump pulses:~a! Time-resolved measurements of the total intens
S0 of the FWM intensity for selected time delayst21 between the
two incident pulses in the range between 350 and 600 fs, and~b! the
time tp at which each peak@indicated by the first four arrows in~a!#
occurs as a function oft21, for a more complete set of time delay
The dotted line indicates a slope of unity, and the solid lines are
result of simulations based on Eq.~9!.
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two spin systems shown in Fig. 2. One such process, wh
has been invoked previously,32 is EID. EID can be included
in the SBE,33 but analytical solutions to the full SBE are no
possible, and in general, the SBE require lengthy numer
solution. The simplest approach is to solve the density ma
equations for the two three-level systems shown in Fig. 2
to include EID phenomenolgically by expanding the deph
ing rate in a Taylor series and keeping the first two term

g~n!5g01
]g

]n
n5g01N

]g

]n
~ree

1 1ree
2 !, ~8!

whereg0 is the low density dephasing rate at the operat
lattice temperature andn5N(ree

1 1ree
2 ) is the total density

of excited excitons, regardless of spin. Here,N denotes the
total density of oscillators of each spin system andree

1 (ree
2 )

denotes the upper level population matrix element for
spin 2 1

2 ~11
2! system. Because it is the total population th

determines the dephasing rate, this term provides a coup
between the two three-level systems.

One can readily obtain a closed form solution to the
modified density matrix equations for right circular excit
tion pulses by making the same approximations that we h
made throughout~namely, by assuming delta function tim
dependences for the excitation pulses and by assuming
the dephasing is much faster than the population decay!. Un-
der these circumstances, the FWM polarization that pro
gates in the 2k2-k1 direction is found to be proportional to

PEID}Q~ t !Q~t21!E2
2E1* exp@2g~ t1t21!#

3H @11A2 exp„2 iV~ t2t21!…#1S ht

2\ D
3@„11A exp~ iVt21!…„11A exp~2 iVt !…#J ŝ1,

~9!

where the parameterh[2N\(]g/]n), which has units of
energy, is the EID parameter that we have used in previ
publications,23–27 and it is a measure of the strength of th
density dependence of the dephasing. Equation~9! basically
consists of two terms~each enclosed in square brackets!. The
first term~in square brackets! has the same form as the FWM
polarization that we have associated with polarization int
ference@see Eq.~5!#, and the second term, which is mult
plied byht/2\, has the same form as the FWM polarizatio
that we have associated with quantum beats@see Eq.~2!#.

There are two limits of immediate interest:ht/2\!1 and
ht/2\@1. Whenht/2\!1 for all times of interest, Eq.~9!
reduces to the result that would be obtained for the two
dependent, uncoupled three-level systems shown in Fi
@i.e., to Eq.~5!#. As we have already stated, in this case, t
lh transition is excited in the system on the left, and the
transition is excited in the system on the right. Under the
conditions, the optically excited transitions share no comm
level, and there is no coupling between the excited state
the two independent systems. The latter conditions cle
correspond to polarization interference. In this limit, the d
tected intensity is given by Eq.~6! for polarization interfer-
ence, and thus, there is a linear relationship between the
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8272 PRB 60SMIRL, STEVENS, CHEN, AND BUCCAFUSCA
of one of the oscillations in timetp and the time delayt21,
as predicted by Eq.~7!. This limit (h50) is represented by
the dotted line in Fig. 4~b!.

By comparison, ifht/2\@1, the light is still directly
coupled only to the lh transition on the left and the hh tra
sition on the right in Fig. 2. That is, the optically-excite
transitions still technically share no common level, but n
the upper levels are strongly coupled through the dens
dependent dephasing given by Eq.~8!. In this limit, using
Eq. ~9!, we find the total FWM intensity to be proportional t

S0}uPEIDu2}Q~ t !Q~t21!I 2
2I 1~ht/2\!2 exp@22g~ t1t21!#$1

12A21A412~A1A3!cosVt21

12~A1A312A2 cosVt21!cosVt%. ~10!

Except for the multiplicative factor of (ht/2\)2, Eq. ~10! is
mathematically equivalent to Eq.~3!. Thus, we see that in th
strong coupling limit the effects of EID are mathematica
equivalent to sharing a common level, even though ther
clearly a physical difference. In this limit, as with Eq.~3!, the
slope of thetp versust21 curve is 0, which is identical to the
slope exhibited by the data shown in Fig. 4. This is the ty
of behavior that previously has been attributed to quan
beating.

The solid curves in Fig. 4~b! are the results of simulation
using the full FWM polarization given by Eq.~9! with h
54 meV andV52p/340 fs21, and they demonstrate tha
this model produces qualitative and quantitative agreem
with the data presented to this point. However, Eq.~9! pre-
dicts new features in the hh-lh oscillations that are not ch
acteristic either of pure quantum beating or of polarizat
interference. For example, as we explained earlier, the
term in square brackets in Eq.~9! produces a response that
characteristic of polarization interference and the sec
term in square brackets~which is multiplied byht/2\! pro-
duces a response that resembles quantum beating. Sinc
second term is proportional to time, it will be negligible fo
times t!2\/h and dominant fort@2\/h. In other words,
for the parameters given here, Eq.~9! predicts a transition
from polarization-interference-like behavior to quantu
beating-like behavior on a characteristic time scale of 2\/h
;330 fs ~for h54 meV!. It is very difficult to unambigu-
ously distinguish a transition of this duration occurring ne
t50 because of the finite width of our pulses~which are not
currently taken into account in our model!.

Equation~9! also predicts a dynamic, periodic compe
tion between the two types of oscillations as a function
time delayt21, with a period equal to the lh-hh beat fre
quency. Inspection of Eq.~9! reveals that the ‘‘quantum
beating’’ term is not only multiplied byht/2\, but is pro-
portional to @11A exp(iVt21)#. Consequently, the
contribution of the term that we have associated with ‘‘qua
tum beating’’ will be periodically reduced with respect to th
term that we have associated with ‘‘polarization interfe
ence’’. A minimum in the ‘‘quantum beating’’ term will oc-
cur each timet21 is an odd multiple ofp/V. The conse-
quences of this behavior are illustrated in Fig. 5, where
simulated time-resolved FWM signals@calculated using Eq
~9!# are shown for equally spaced time delays between
and 667 fs. Notice that for time delayst21 near 510 fs
-
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0

~;3p/V! the positions of the peaks in the FWM signal a
shifted, the oscillations are distorted, and their amplitud
are dramatically reduced at early timest. At longer timest
~asht/2\ becomes larger and the ‘‘quantum beating’’ ter
increases in strength!, the oscillations become stronger, the
periods more regular, and the positions of the beat max
more quantum-beat-like. Similar behavior is consistently o
served in the data, as illustrated in Fig. 6.

Careful comparison of Figs. 5 and 6 shows that the m
mum in the ‘‘quantum beating’’ contribution in the data o
curs at a time delay that is shifted by;140 fs compared to
the minimum in the simulations. We do not know the orig
of this shift, and it is the subject of ongoing investigatio
however, we speculate that it is a consequence of our ass
ing delta function excitation pulses. The actual excitati
pulses are each;150 fs in duration, and the frequencie
which are resonant with the hh exciton have been determ
to have phases that are slightly different from those that
resonant with the lh. Consequently, with the exception of

FIG. 5. Calculations of the total intensityS0 of the FWM inten-
sity as a function of time for equally spaced time delayst21 be-
tween the two incident pulses in the range between 300 and 66

FIG. 6. Measurements of the total intensityS0 of the FWM
intensity as a function of time for equally spaced time dela
t21 between the two incident pulses in the range between 444
795 fs.
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simulations shown in Fig. 5, the time delays for all simu
tions have been shifted by 140 fs to facilitate a direct co
parison with the data.

The new features described above, which are not cha
teristic of quantum beating or polarization interference, a
the excellent agreement between the data and the simula
based on Eq.~9! are also apparent if both data and simulati
are plotted in the conventional format used to discrimin
quantum beats from polarization interference~e.g., see Figs
3 or 4!. Figure 7 shows a plot of the temporal position of t
peak in the lh-hh oscillations as a function of delay betwe
the two pump pulses. This figure differs from Fig. 4 in tha
focuses on the behavior at longer time delays in the vicin
of a minimum in the quantum beating term. Clearly, the d
in this region can not be described by a straight line w
slope of either 0 or 1 as required by quantum beating
polarization interference, respectively, acting individual
Simulations based on Eq.~10! ~i.e., the solid lines in Fig. 7!
do, however, produce good agreement with the data.

VI. ESTIMATE OF THE COUPLING STRENGTH

We emphasize that this technique isolates, and is part
larly sensitive to, the strength of the Coulomb-induced c
relations, or coupling, between the excitons. We now illu

FIG. 7. ~a! Time-resolved measurements of the total intensityS0

of the FWM intensity for selected time delayst21 between the two
incident pulses in the range between 500 and 800 fs and~b! the time
tp at which each peak@indicated by the arrows in~a!# occurs as a
function of t21, for a more complete set of time delays. The so
lines are the result of simulations based on Eq.~9!.
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c-
d
ns

e
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-
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trate that sensitivity by using the simple model that we ha
described in our previous work.24,25 That model24 phenom-
enologically includes EID, local field effects and biexcito
formation. The local-field effects will not provide a resona
coupling between the two spin systems, and therefore, t
can be neglected. Moreover, the technique described
prevents the formation of pure biexcitons involving eith
two hh excitons or two lh excitons of opposite spin by usi
two excitation pulses with the same circular polarizatio
However, under these excitation conditions, mixed biex
tons can be formed from one hh exciton and one lh exci
having opposite spins. Mixed hh-lh biexcitons have been
served in ZnSe quantum wells, but their contribution to t
FWM signal was found to be roughly an order of magnitu
weaker than that of hh biexcitons.59 We have examined ou
FWM spectra for evidence of mixed lh-hh biexciton form
tion when we excite with two right circularly polarize
pulses, and we find no resolvable signal at the expec
mixed biexciton frequency~to within our experimental accu
racy under our excitation conditions!. For these reasons, w
neglect the contributions of mixed lh-hh biexcitons he
Consequently, within the context of this phenomenologi
model, only EID can provide the needed coupling. The
fore, when the sample is excited with two pulses having
same circular polarization, the model that we have used
viously reduces to the one used in the previous sect
Moreover, the features displayed in Figs. 4–7 allow a rou
quantitative estimate of the strength of the EID coupling b
tween the two spin systems, again, within the context of
model presented here.

Figure 8 illustrates the sensitivity of this technique to t
EID parameter. This figure shows a comparison between
data and simulations using three values of the EID para
eter:h50, 4, and 20 meV. Notice thath50 produces rea-
sonable agreement at early timest, when EID effects are

FIG. 8. Comparison between the measured~solid dots! and the
simulated timetp at which each peak in the lh-hh oscillations o
curs as a function oft21 for three values of the EID parameter:h50
~dotted line!, 4 ~solid line!, and 20 meV~dashed line!.
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expected to be negligible~i.e., t!2\/h!, for all time delays
t21, but this value produces poor agreement at later tim
~when t.2\/h!. By comparison,h520 produces accept
able agreement with the data at later times when EID effe
are expected to dominate, but poor agreement for ea
times. Of the three values shown here, onlyh54 produces
acceptable agreement at all times. The simulated solid cu
shown in Figs. 4, 5, and 7 were all produced using this va
for the EID parameter. From a comparison with the d
presented in this work only, we estimate the EID parame
to be 462 meV.

Our principal point is not that EID is the only process th
can produce the quantum-beating-like behavior shown
Figs. 4–8~although we have shown this interpretation to
consistent with the simple phenomenological model wh
has been successful in accounting many other features in
FWM data24,25!. A rigorous analysis should be based on
detailed microscopic theory. Once such a calculation is p
formed, the procedure described here can be used to eva
the strength of the exciton-exciton correlations in that mo
in the same way that we have used it here to evaluate
EID parameter.

VII. CONCLUSION

The data and calculations presented here demonstrate
when excitation pulses with the same circular polarizatio
are used, the test that was originally designed to distingu
quantum beats from polarization interference becomes an
fective test for Coulomb-induced excitonic correlations th
go beyond the Hartree-Fock contributions~or, in terms of the
phenomenological model used in this paper, beyond the l
field effects!.60 Moreover, these correlations are in additio
to biexcitonic effects, since biexcitonic contributions a
found to be negligible when a single circular polarization
used for both pump pulses. In fact, the data presente
Figs. 4–8 suggest that these correlations are not only im
o
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tant, but that they dominate the FWM response under th
excitation conditions. Finally, the features observed h
make it clear that the coupling between the spin system
dynamic, rather than static. While hh-lh mixing of the v
lence band states~e.g., as the result of strain or quantu
confinement! can conceptually provide a coupling betwe
the two spin systems, such a mixing would produce a st
coupling, and therefore, it can not explain the dynamic
sults discussed here.

A secondary point to be made concerning the results p
sented here is that the classification of lh-hh oscillations
quantum beats or polarization interference is problem
and, perhaps, overly simplistic. If one accepts the definit
that oscillations arising from interference within the samp
are quantum beats~and, conversely, that oscillations arisin
from interference at the detector are polarization interf
ence! then, in this sense, the oscillations arising from t
exciton-exciton correlations~Fig. 7! and those arising from a
shared common level~Fig. 3! are both quantum beats. How
ever, the beats arising from the exciton-exciton correlatio
are clearly fundamentally different from the beats arisi
from lh and hh transitions that share a common level. T
coupling is dynamic in the case of the former, and the sh
ing is a static condition for the latter. Finally, it can be a
gued that the term ‘‘quantum beats’’ should be reserved
measuring oscillations that directly monitor the Raman
herence terms. In the latter sense, all of the phenomena
we have discussed here must be classified as polariza
interference, since two-pulse self-diffraction FWM geom
etries do not monitor the Raman coherence directly~see
Refs. 61 and 62 for a discussion of this latter point!.
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