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Effect of magnetoexciton correlations on the coherent emission of semiconductors
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Mean-field, Hartree-Fock theory has been successful in explaining many nonlinear optical experiments in
semiconductors. But recently experiments have shown important cases where the mean-fieldh@ aemyi-
conductor Bloch equatiopgails. One such case is bulk GaAs in a strong magnetic field. Here the exciton-
exciton interaction can be tuned by varying the magnetic field, providing an excellent method for studying the
transition from a regime where mean-field theory is valid to a regime where exciton-exciton correlations must
be taken into account. We perform ultrafast time-resolved four-wave mixing on bulk GaAs in a magnetic field,
and compare our experimental results with theoretical calculations which go beyond Hartree-Fock theory. We
find excellent qualitative agreement. Furthermore, because of the strong correlations that are present, GaAs in
a magnetic field presents an excellent opportunity to study the exciton-exciton correlations themselves. We
investigate the coherence of the exciton-exciton correlations as the temperature and free-carrier density are
varied, and find a surprising sensitivity of the exciton-exciton correlation coherence to these parameters.
[S0163-182699)02331-7

I. INTRODUCTION lying excitonic states and lower-energy continua. These
resonances have been studied elsewfier8.

Nonlinear spectroscopy of quantum-confined heterostruc- One motivation for this work is to study how magnetic
tures has led to the discovery of important effects of manyconfinement affects the interactions between strongly dis-
body interactions on the optical response oftorted hydrogenlike systems. A magnetic field confines elec-
semiconductor:* In most cases the interactions have beerirons and holes in the plane perpendicular to the field, so that
treated in a mean-field approximation where the mean-fiel@Pplying a magnetic field to a bulk sample of GaAs results in
approximation is made at the two-particle level. Higher-a transition from three-dimensional motion of free electrons
order correlations, beyond the two-particle correlation tha@nd holes to one-dimensional motion. This restriction in mo-
leads to the exciton, are neglected. Four-particle correlatiofon affects the internal structure of the lowest-lying exci-
effects, such as the bound biexciton resonance are usualigns: the Bohr radius contracts\/(|B|) in the plane perpen-
treated phenomenologicafly” In the past few years experi- dicular to B, and =In(|B|) in the direction parallel td.?’
ments have pointed to failures of the mean-field theory tolhus the exciton will develop a quadrupole moment as the
explain the polarization dependence of the nonlinear opticanagnetic field is increased.These effects are expected to
responsé; ! pump-probe measuremerifsand biexciton ef- become important at field8>B,, where B, is the field
fects. Theories based on different techniques have been detrength at which the cyclotron radius equals the zero-field
veloped to go beyond the mean-field approximatior® excitonic Bohr radius\,=a,. For hydrogen, whereB,

Recently we have reported on results of experiments done-10* T such fields are only found at the surface of neutron
on the lowest-energy excitons in bulk GaAs in high magneticstars, and thus currently out of reach of experiments. Con-
fields and in a polarization configuration (/o) where no  versely, for GaAsB.~3.5 T, and theB~ B, regime can be
bound biexciton is formed in the absence of a magnetic fieldeasily studied. For magnetic fiel@s<B,, the magnetic field
In these measurements there are strong signatures of excitatan be treated as a perturbation on the hydrogen problem,
exciton (four-particle correlations in the continuum of un- and forB> B the Coulomb interaction is a perturbation on
bound biexciton state®:?! We have taken advantage of the the electronic Landau levels. The structure of the four-
strong four-particle correlation signal to investigate the co-particle bound and unbound states also changes significantly
herence properties of these four-particle correlations, objectss the ratioB/B, increases from 6° The regimeB~B, is
rarely accessible to direct measurentérin this longer pa- interesting both because of the computational difficulty and
per, we report in more detail on that work, provide furtherthe changes in the exciton-exciton ground state that occur in
experimental evidence for four-particle correlations, andthis regime. An important experimental advantage of study-
present a detailed treatment of the theory, including result;\g magnetic confinement rather than quantum confinement
on the effect of the continuum and the equations for treatingn heterostructures is that all measurements, for varying de-
the presence of an incoherent exciton population. Applicagrees of confinement, can be made in one high-quality
tion of a magnetic field also results in a series of Fano resasample of bulk material.
nances arising from the quantum interference between high- The dynamics of excitons in magnetic fields have been
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The next level of approximation is to treat the Coulomb
interaction in the time-dependent Hartree-Fock approxima-
tion. This leads to the well-known semiconductor Bloch
equations(SBE’9).! These have been used to explain and
predict many experimental results in semiconductors, includ-
ing the ac Stark effect®® TI- and TR-FWM in quantum
wells ***°phase measuremeritand photon echoes from the
continuum state$!*?to name a few.

We will not go into the details of the SBE’s which have
k; been discussed in numerous plate¥:*3except to empha-

size that the SBE’'s are a mean-field theory by which we
mean that the polarization of each exciton only interacts with
an effective electric field due to the external applied field and
At 2k>-K the average polarization field created by all the other exci-
tons. In this case the order parameter is the two-particle den-
sity matrix which comprises the polarization and the electron
and hole occupations. In the stationary limit, the SBE’s share

FIG. 1. Four-wave mixing experimental configuration. Two many features with the BCS theory of superconductibity.
pulses with wave vectots, andk, are focused on the sample, and The SBE's are most frequently used in the relaxation-time
the signal emitted in thek—k; direction is measured. approximation, in which processes beyond the Hartree-Fock
approximation which contribute to dephasing are approxi-
. X . _ ated by simple exponential decays. The Hartree-Fock ap-
in which strong four-particle correlations have been deteCtecg]roximation does not change quasiparticle lifetimes or

Two of the previous studies Qealt .With. strong]y inhorT‘Oge'depha\sing rates. Correlations beyond the two-particle corre-
neously broadened systems in which interaction effects ABtion between the electron and hole are not taken into ac-

2,33 .
washed out®** In quantum wells the strong correlation ef- count, so that both bound and unbound biexcitons, which are

fects we discuss are not seen. A reduction in exciton interz related states of four particles, are not included.

actions has been seen for the lowest-lying exciton states in 1o SE’s were able to explain experimérf&in which
pump-probe measuremenifsinteractions between the low- a FWM signal was measured fat<0. The Coulomb inter-

est excitons and higher-energy excitons have been measurggyi,, petween electron-hole pairs results in an interaction

by a four-wave-mixing measurement, anq explamgd USINg &rm between polarizations. This term produces a signal for
mulilevel system modef: Also,_ the nonlinear optical re- At<0 which rises twice as fast as the decay, as was seen
sponse has been calculated within a Hartree-Fock tﬁ@ory'experimentally. The prediction of a rise time /4 is a

fr:anfget al. pe(;formgd a fgulrlgWGa;E m|X|r(1jg measurement 'n.very general result of the SBE’s, and is not dependent on the
€ frequency domain on bu S, and saw an INCrease Ifaqii5 of the excitation or the material, assuming homoge-

the nonl_lnear signal with Increasing mggnetlc field Wh'Chneous broadening. Inhomogeneous broadening in the sample
they attributed to reduced exciton diffusion. results in a weaker signal faxt< 0%

Different approximation schemes have been used to ex-
tend the SBE’s beyond the relaxation time approximation.

The technique we used to study the exciton interactionéne well-known scheme is the inclusion of excitation-
was four-wave mixingFWM). Two pulses of light with fre-  induced dephgsingle).ll'45 Here the density dependence
quencyw, resonant with the exciton, and wave vectgs ~ ©f the dephasing is calculateg=yo+y'An, wherey’ is
(pulse 1 and IZZ (pulse 3, are focused on the sample, Sepa_calculated within the screened Hartree-Fock approximation.

. . ; -~ The change in dephasing appears in the EID theory at fifth
rated by a time delayjt, and the FWM signal is detected in order in the electric field.

the 2, —k, direction(see Fig. 1 The FWM signal is ana-  E|D has been able to explain some experimental results
lyzed in three ways. The total energy in the signal as a funcyhich the SBE's in the relaxation time approximation could
tion of time delay,At, is the time-integrated FWMTI-  not explain. Beyond the simple density dependence of the
FWM). At a given time delay, the signal can be measured iyephasing, EID has also been able to explain the experimen-
the frequency domain, the FWM power spectrd®WM- 5 fact that the strength of the FWM signal in GaAs struc-
P9, or the time domain, time-resolved FWMR-FWM). ~ tyres is strongly dependent on the relative polarization of the
For an atomlike multilevel system without interactions, two beams. EID does not affect the rise time predicted by the
the only nonlinearity is due to Pauli BlockingB), and the  ggg'g46
FWM vanishes forAt<0, i.e., pulse 2 arriving first. For  since we are interested in processes requiring a theory
At>0, both the TI-FWM and TR-FWM decay with a time peyond the SBE'’s, it is instructive to know the prediction of
constant T,/2, where T, is the dephasing tim& The  that theory. Figure 2 shows a calculation of the SBE’s in the
FWM-PS is a Lorentzian peak with a widthiZT,. In @  relaxation-time approximation for TI-FWM for bulk GaAs in
model of the semiconductor in which the Coulomb interac-a magnetic field in the same configuration as our experiment
tion is ignored, the semiconductor is an inhomogeneouslysee below and Ref. 20Here we see the characteristic rise
broadened set of atomlike two-level systems indexed by thgnd decay times of 1Mand 1/2y, wherey is the dephasing
crystal momentunk. rate. There are oscillations in the signal at the frequency of

ky sample

studied previously°~* but we believe this is the first study

IIl. BACKGROUND
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FIG. 3. Schematic band diagram of bulk GaAs, showingahe
optical transitions. The degeneracy of the Ih and hh ban#s=&
has been lifted by stress. Band mixing has not been taken into

account.
. ,,»'{’ R optically dense samples, propagation effects can also result
-4 2 0 2 4 in a signal forAt<0 with a rise time ofT,/4 and nonlinear
Time Delay (ps) beating in the TR-FWM and TI-FWM signatS:>* More im-

. i _ . portantly, propagation also leads to reabsorption of the FWM
_FIG. 2. CaICUIat',On of the TI-FWM for bulk GaAs in a magnetic which shows up in the FWM-PS as a dip in resonance peaks.
field using the SBE’s. The Ih-X and hh-X contributions are the arez\N . ) . -

e see reabsorption effects in samples with thickness 0.5

under the lh-X and hh-X emission peaks in the spectrum of the d1 but not in the 0.2 I hich
FWM. Note that the rise time is twice as fast as the decay time, an n mm, but no m e 0.2m samples which were se-
ected for our experiments.

that there are almost no oscillations in the individual lh-X and hh-X g S . .
contributions. The cocircular polarization configuration was chosen to

minimize the effect of bound biexcitons on the FWM re-
sponse. In this configuration hh-X/hh-X and |h-X/Ih-X sin-

the heavy-hole excitorthh-X). In the configuration of our glet states(the bound state aB=0 T) cannot be_forrrl1ed
experiment in which both beams ase™ polarized, the two ~P€cause the Ih-X electrons all have the same spin 3)
excitons do not share a band so there is no PB nonlinearit®S d0 the hh-X electronss¢ +3). In the exciton basis, to
There is no Coulomb interaction between them because tH@West order, there is no interaction term between the Ih-X
matrix element of the Coulomb interaction between thes@d hh-X? so the attractive interaction leading to bound Ih-

states is zero due to the orthogonality of the spin part of the&/NN-X states is weak and their oscillator strength is small.
wave functiong’ Thus the oscillations in the total signal are We do not consider them in our analysis. Figure 3 shows the

polarization interference and not quantum beats, and ther2nd structure,hemphasizing the fact that tk;]e_ Ih ar}_d hh tran-
are only small oscillations in the signals emitted by the indj-Sitilons do not share a conduction band in this configuration.
vidual excitons. These small oscillations are due to the sped-0 the majority of the measurements, we have Kgpt

the energy splitting between the light-hole excittinX) and

tral overlap of the two exciton line%. ~l, in order to keep the excitation density roughly constant
asAt is varied. And we have kefdt= 1.6 K to avoid dephas-
ll. EXPERIMENTAL SETUP ing due to phonons. Also for most of the measurements, the

laser was tuned so that its center frequency was approxi-

We performed degenerate four-wave mixing in the self-mately between the Ih-X and the hh-X. Bswas varied, the
diffraction configuratiofFWM) on a sample of high-quality |aser was tuned to keep the overlap the same, keeping the
bulk GaAs in a magnetic field. The excitation pulses wereexcited exciton density roughly constant. These were the ex-
co-circularly polarized ¢~) 100-fs pulses from a Ti- perimental conditions except for measurementBatlO T,
sapphire laser. The TI-FWM measurements were made byhere we varied the temperature and the laser detui@ag.
sending the FWM into a GaAs photomultiplier tube. Thev]l).
FWM-PS were taken with a 0.25-m spectrometer and optical
multichannel analyzer. And the TR-FWM were made by up-
converting the FWM with a reference pulse in a 1-mm BBO
crystal. We begin discussing the experimental results by examin-

The samples we studied are 0.2B-thick crystals of ing the linear spectra. Linear absorption spectra of the GaAs
molecular-beam-epitaxfMBE) grown GaAs glued te-axis  sample are shown in Fig. 4 for a few different magnetic-field
sapphire substrates and etched for transmission experimentdrengths applied perpendicular to the plane of the sample.
To avoid any band bending effects, the bulk GaAs layers ar&he lowest-lying resonances are the Lorentzian magneto-
sandwiched between two AbaAs ., layers. In addition, the excitons which are under study in this paper. While there is a
samples are antireflection coated on both sides. Due to meliamagnetic shift of the excitons &sis changed from 0 to
chanical strain induced by the substrate, the heavy- and lightt0 T, the changes in the oscillator strength and linewidth are
hole bands are split, resulting in two distinct exciton speciesmall. The measurements were made with a light bulb, so the
(the hh-X and Ih-X.*® The samples are kept in a magneto- excitation density is extremely low. Both the |h-X and hh-X
optical cryostat,B=0—12 T. We studied two samples can be fit fairly well with Lorentzians. At O T, for the Ih-X,
grown in different MBE machines which we will refer to as I'eyum=27v,,=0.35 meV, and for the hh-X, &,,=0.48
sample Nos. 1 and 2. meV. At 10 T, 2y,,=0.36 meV, and 2,,,=0.31 meV. In

We have done experiments on samples of different thickaddition we have made photoluminescence measurements on
ness and checked that these samples are optically thin. these samples to verify that the impurity concentration is

IV. EXPERIMENTAL RESULTS
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FIG. 4. Linear absorption of the 0.2bm sample of GaAs at L
B=0, 6, and 10 T. Typical laser spectra for the measurements are :
also shown. For each measurement, the laser is tuned to resonance
with Ih-X and hh-X.

low. From the linear spectra we then expect a decay time of 10 8 6 4 2 0 2 4 6 8 10
T,/2= /2y ~1.65ps for the TI-FWM. @) Time Delay (ps)

Figure 5 shows a series of TI-FWM measurements on
sample No. 1 for different magnetic-field strengths. The TI- 35
FWM atB=0 T has an exponential decay with oscillations . o
for At>0. The decay timeysy, is 1.48 ps, in reasonable 3.0 e ®
agreement with the linewidths of the linear spectra. Of r o« ® AT<0
course, the densityN~5x10"cm3, is much higher than 251 o—o

the density excited in the linear measurements, so the decayz s
time is shorter. The oscillation period corresponds to the |h-
X/hh-X energy splitting. FoAt<0, there is a much smaller
signal with a rise timeys,, of 0.25 ps. This signal—which
does not follow the rise of the laser pulse—is clear evidence
of exciton-exciton interactions. There is also a large fast sig- -
nal aroundAt=0, the coherent peak. The decay of the signal 0.5
for At>0 gives the exciton dephasing time. Thé<O0 sig- "
nal is a result of the Coulomb interaction between the exci- %0 5 . PR 10
tons and is in reasonable agreement with the SBE’s. The fact (b) Magnetic Field (T)
that the rise time is not twice as fast as the decay time is most
likely due to the influence of excited and continuum states FIG. 5. (a) TI-FFWM on sample No. 1 for magnetic fields from 0
with faster dephasing times. A small inhomogeneous broadPottom to 10 (top) T every 1 T. The curves are plotted on a
ening in the sample might also contribute to the faster riséogarlthmlgsczilg and displaced for clarity. For these m_eas_,urer_nents,
time. The oscillations are quantum beats between the Ih-R~5X10°cm™%. (b) 7. and 74 vs B. As the magnetic field is
and hh-X?s which will be conclusively demonstrated with increasedsSy, increases while there are only minor changeSqin
the FWM-PS and the TR-FWM data later in the paper.

As the magnetic field is increased, the positive time sig-S; t0 Ae™ V[ 1+ C cos@At+¢)].
nal, S;,=S;(At>0), changes only slightlyy remains The negative time signéd;, =S (At<0), on the other
about 1.5 ps while the signal magnitude increases slightlyqand, changes drastically as the magnetic field is increased.
and the depth of the quantum beats diminishes. But qualitaFhe magnitude of the signal changes by more than two or-
tively, the signal does not changg, is determined by a fit of ders of magnitude akt=—500 fs. In contrast, akt=0, the

Decay Time (
o
T
\
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L M FIG. 7. The number of excitons and freeh pairs excited by
one pulse vs magnetic field. This plot corresponds to the measure-
n ment in Fig. 5. As the magnetic field is increased, the number of
w ﬂw excited excitons remains roughly constant, whereas the number of
L M excited free carriers decreases.
10 8 6 -4 22 0 2 Z;Mi 8 10 dependent. The differences in dephasing time between the
(a) Time Delay two samples are partly due to different excitation density and
partly due to the larger linewidth of sample No. 2. Bt
304 =0 T, from the linear spectra for sample No. 2y
o /.\ =0.58 meV and %;,,=0.53 meV. The excitation densities
254 n " for the measurements on sample No. 2 are roughly 1.6 times
2 / higher than for sample No. 1.
< 2.0 5 We have calculated the density of excited excitons and
£ ° [ S excited free carriers from the measured laser spectra and the
=4 ® . L.
§ 1.5 / \. measured absorption spectra. The calculated densities for
2 sample No. 1 are shown in Fig. 7. Due to the change in the
2104 o continuum absorption, the number of free carriers excited
05 —:_Eise decr_eases as the magnetic field is increased although the la-
o O ecay ser is tuned to keep the number of excitons excited roughly
0.0 : : - constant. Thus, at high magnetic fields, there are fewer free
0 2 4 6 8 10 carriers available to screen the Coulomb interaction, and the
(b) Magnetic Field (Tesla) interactions between the excitons are stronger. This agrees

with the experimental result th&;,, which is due to inter-
o T 30T sy T o o rs 0 WS T e b h sterah o
~10'%cm 2. Sample No. 2 shows the same behavior with magnetic Yy exp gesp

field as sample No. 1 demonstrating that the effect is not sa\mplt‘é"ith B becaugéi does not simply grow witB but also
dependent. changes qualitatively.

The results of TR-FWM and FWM-PS measurements are

change is only about a factor of 4. goes from 0.25 to 3.0 also in clear contradiction to the predictions of the SBE'’s. A
ps. We have estimateq] with a simple exponential fit to the series of TR-FWM measurements at differéritare shown
negative time signal for- 0.4>At>—5 ps. Clearly, the rise in Fig. 8. The inset is the corresponding TI-FWM. There are
of the signal is not a simple exponential, which suggests thatery pronounced beats in the TR-FWM for alt, consistent
non-Markovian processes are important. From the slow risaith the FWM-PS which shows two peaks, even though the
time of the TI-FWM (> 1/4y) it is evident that, at high mag- St is smooth. In fact the oscillations in tf&, are also not
netic field, effects that are not included in the SBE’s becomevery pronounced. In SBE calculations, there are beats in the
important. The rise and decay times of the TI-FWMBrare  TI-FWM corresponding to the beats in the TR-FWM. The
plotted in Fig. %b), showing that above about 4 ¥, be- delayed rise in the TR-FWM is due to interaction effects
comes greater tharn, . It is interesting to compare this value which have been explained within the framework of the
with B;~3.5 T. SBE's®®

Figure 6 shows the measurements from sample No. 2. We The TR-FWM also provides unambiguous evidence that
see exactly the same behavior on the second sample as we ithe sample is homogeneously broadened, and we are looking
on sample No. 1. The rise and decay times for the sampleat a free-induction decay and not a photon echo. If we plot
are quite similar. This, and the narrow linewidths of boththe TR-FWM maximum va\t (Fig. 9), for At>0, the emis-
samples, indicate that both samples are high quality, and thaton time does not increase witht. (The fluctuations in
the effects we are measuring are intrinsic and not samplpeak position are due to changes in the TR-FWM signal

FIG. 6. (a) TI-FWM vs B on sample No. 2 for magnetic fields
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g Real Time (ps) FIG. 9. The time of the TR-FWM maximum v&t. The solid
[ At=+1.0ps line has a slope of 1. This indicates that the FWM signal is emitted
6k immediately after the second pulse which proves both that the ex-
citons are homogeneously broadened and that the oscillations are
4} guantum beats.
B2
V. THEORY
Ok
Y The shape of,, the relative size of the Ih-X and hh-X
Real Time (ps) signals, the quantum beats and the exchange of oscillator

strength between the lh-X and hh-X witht at high mag-
FIG. 8. TR-FWM atB=10 T. The inset is the corresponding netic field all cannot be explained by the SBE’s. To explain
TI-FWM. Clear oscillations are seen at all delays in the TR-FWM, these results, we have to go beyond the mean-field theory.
but, in the TI-FWM, oscillations are on_Iy seen fat>0. For these  \ye do thisin a systematic way by employing the coherently
measurements,,~4l,, andN=~10°cm"=, controlled truncation schem{€CTS,>* which was proposed

which make it difficult to identify the arrival timg.For At in Ref. 55 and worked out in detail in Refs. 16 and 56. This

<0 the emission time increases in direct proportiomto
i.e., the slope of the line is 1, not 2 as it would be for a
photon echo. Thus the TR-FWM is emitted immediately af-
ter the second pulse as a free-induction decay.

The SBE predict that the Ih-X signal is smaller than the J
hh-X signal because of the smaller oscillator strength of the
[h-X. If we look at the FWM-PS an\t=0 as a function of
magnetic field, we also see the transition from a regime at
low-magnetic field consistent with the mean-field the@ay
0 T the Ih-X signal is about a factor of 3.5 smaller than the
hh-X signa) to a regime at high magnetic field where the
Ih-X signal is stronger than the hh-X signal. This is shown in
Fig. 10.

Within the SBE’s(Fig. 2) the beating between the lh-X
and hh-X is polarization interference, but the oscillations in
our data are quantum beats. The emission of the TR-FWM as
a free-induction decafFig. 9 is evidence that the beating is

quantum beating® The quantum beats can also clearly be ;555 1510 1515 1520 1525
seen as a function aft at the Ih-X and hh-X resonances in E v
a plot of the FWM-PS v\t (Fig. 11). As a last piece of nergy (¢V)

spectrally resolved data, Fig. 12 shows a set of FWM-PS at kg 10, FWM-PS at\t=0 vs.B. These measurements corre-

different time delays showing clearly that the relative spond to the TI-FWM from Fig. 5. As the magnetic field is in-
strength Qf t.he lh-X and. hh-X signals Changgs as a TUHCUO'&reased, the strength of the Ih-X emission relative to the hh-X emis-
of At. This is further evidence of the strong interaction be-sjon increases, indicating a transition from a regime in agreement

tween the Ih-X and hh-X which is beyond the mean-fieldwith the SBE'’s to a regime, at high magnetic field, where the SBE’s
predictions. fail.
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approach is exact in the ideal, but unrealistic, coherent limit
where there are absolutely no dephasing processes, any scat-
tering, producing incoherent contributions to the particle dis-
tribution functions, destroys this property. Effects associated
with bound biexcitons are automatically included in the
CCTS theory.

The CCTS has been successfully applied to FWM and
pump-probe experiments that cannot be explained by the
SBE’s1%125257|n particular, the CCTS explains the polar-
ization dependence of the FWM signal, and should be con-
trasted with phenomenological multi-level models that have
been proposed to describe this dependence, but that are not
derived rigorously from the semiconductor Hamiltonrr®
EID is included in the CCTS via the interference due to the
coupling to the biexcitonic continuum. The importance of
this coupling has also been emphasized in a recent pafier.
is also responsible for antibound states recently observed in
ZnSe quantum well® The CCTS limited to third-order pro-
cesses in the laser field, is known as th&)-truncation
scheme. Although the structure of the theory is well known,
theory was motivated by the properties of coherently driverihe very special aspects of the Coulomb interaction in a mag-
electron-hole pairs, which are realized for off-resonant excinetic field produce specific features that deserve a discussion.
tation conditions in the optical Stark effect, and offers anFurthermore, we will comment on an important extension of
elegant method to introduce coherent exciton-exciton correthe x!®-truncation scheme to account for incoherent pro-
lations. In this formalism, when calculating the optical re-cesses. Our starting point is the Hamiltonian of electrons and
sponse of the semiconductor at a given order in the laséfoles in the lowest Landau-level, coupled by the dipole-
field, one only retains a finite number of correlation func- matrix elementug" to the external laser fields.
tions of electrons and holes that contribute to that order. This
is possible because, in an intrinsic semiconductor initially in py — 3" e%efe+ > elhfh+ > (ue"Eelh]+ ui°ER.&y)
the ground state, eaol+h pair is created by one photon. ke kh keh
Therefore, higher-order correlation functions are propor-
tional to higher powers of the exciting laser electric field and n E Z [ka—k;+qy
only contribute to higher-order nonlinearities. Although this 2 a

FIG. 11. FWM-PS vsAt atB=10 T.N~5Xx10"%cm 3. Here
quantum beats can clearly be seen on the hh-X emission.

oAt
DR

kk’q ee
3 — T — T +2 At F]T . _ka—k)',z [éT F]T foe
AT =-500fs |2} AT = 2695 e R AL
2 -
I I T
al 1 L\ +h§+qek,qek,hk]]. 1)
S0 eye 1 The single-particle energies are given b
1.510 1.515 1.520 1.510 1.515 1.520 gle-p 9 g y
T T T 1 T T
L 2 2|2
20 AT = 0fs eh_ _eh h h kZ
L € TE&p + > 2 y (2)
2me’h| me,h
10
where| is the magnetic length,=#/eB, andk, is the
\J , momentum along the directidi8. For electrons and holes in
1510 1.515 1.520 the lowest Landau level, the Coulomb interaction in the Lan-
T 8T T dau gauge is given by
2 AT = 400fs 6_AT=1067fs o
4 o Jx d e T g &)
- vVYy=—-o— q e fyHx,
1 oL 4 27T80L2 o qf—i—q2
. wd o L N, - and e} andh] are the Fermi operators for electrons and

FIG. 12. FWM-PS for differentAt at B=6T. There is an ex-

1.510 1.515 1.520
Energy (eV)

1.510 1.515 1.520

holes, with two-dimensionak vectors in thek,-k, plane.
The optical properties are determined by the polarizaﬁon
=S onienPs", wherePE"=(elh" ), is the transition am-

change of signal strength between the Ih-X and hh-X with timeplitude between an electron in baedand a hole in banth

delay that is beyond the predictions of the SBHg~4ly,. N

~5x10%cm 3.

with respective wavevectoksand — k. PE“ obeys the equa-
tion
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J eheh’ —/at At artprt
—iﬁﬁ—sﬁ—sﬂ—iﬁyp PEh-I-% VSPEEq Bicy kg kg ks <eklhkzek3hk4
PRt \/arti! T PR \/a/tTRT
5 CAUNICHIER L MNICH MR
_ h'e _¢hh'y _ he'fe’ | ” peh
—%: M E(Ohn—f) % My Efk+(9tpk , (10

(4) This correlation function has a very straightforward interpre-
tation. The operators in the first term of E40) create two
e-h pairs, and thusﬁsﬁrizjksyk‘l corresponds to a two photon
, o transition for excitation at the band edge. Two factorized
=> V‘;yky[Z [(elﬁ+q hikel,ek,ﬂp terms are subtrac_ted off the first term, and.correspc_md to
k'q e uncorrelated creation of the tveh pairs, including the sign
change in front of the third term that results from the rear-

rangement of the Fermi operators. Theref(ﬁhdh'

where the interaction contribution is given by

0
_ Peh
at K

int

atet oAt oA
—(exh” g€+ &)

LRLeRLETI
2 Atpt pton represents the coherent part of the two photon transition and
+ = [{echZy—gh= i N-k—g) vanishes if the generated excitons are not coherent with each
other. When all these elements are collected, the correlation
~t ot ot % contribution to Eq.(5) takes the form
—(ek+qhkhk,qhk,)]]. (5)
(9 ! It I'h/ IR
_ peh  _ ky—kysrpe’'h'* _ pe’'h'x ehéh
Within the y(®-truncation scheme we make use of particle- ot Py o k’qu’h’ vy P Piriq IIBirqkkr kg
number conservation, which allows the introduction, in Eq.
o . . _ . . . ehe/h’ e’h e’h’eh’
(5), of six-point mstead of four-point correlation functions +Bk‘k+q’k,+q’k,]+pk |\|k’k,’k+q’k,+q
according to the relation
e'h ne’'h’en’ eh’nje’h’e’h
- F)k+qu+q,k’+q,k,k’ + Pk Nk’+q,k,k’,k+q
(el Al e ec)=2> (el hl e 'Ry, e’ ne'h’e’h e'h’  pe'h’
1 ke Tke T 1 KoKz 4 _Pk+qu/+q,k+q,k/,k+[Pk’ —Pk,+q]
éhn’ ehe'h’
2 i 2 2 2 2 >< et‘l ’ + ’ ’ .
-2 (et hieceiee,). (6 [Nk gk erakt N+ qkokrgl) (1D

k,e’
o . . . The biexcitonic correlation function contributes to the lin-
The second contribution on the right-hand side of IS ear dephasing of the polarization in contrast to Green’s-

at least fifth order in the excitation field and neglected at thg,,«tions theory, as shown already in Ref. 52. The equation

(3) i iX-N0i i i . . . . .
x* level. The resulting six-point functions are factorized ot motion of the pair-density correlation function has the
into all possible products of two-point and four-point func- ¢5m

tions. This procedure allows us to split the interaction con-
tribution [Eq. (5)], into a Hartree-Fock contribution and a

correlation contribution. The Hartree-Fock contribution is | —j — — g€ — gl +£¢ + M |NENEN
ot kT 8k, ek T ek, Nk g kg kg
ipeh — E VO [Peh'fh'h(s L+ Pe’hfee’5 , 2 0, n1eheh’ ehe h’
ETRIL HE aeh k=gLl™q 'k “ee a 'k “hh - . Vq(Nkl+q,k2+q,k3,k4_ kl,kz,k3+q,k4+q)
! ! ’ ’
—pghgee s L —PEMEN NS, . 7) d o 3 e
k 'q h,h k 'q “ee _ ~ pnjeheh + _Nehe h (12)

= 51 YKy kg kg kg 9t YKy kg Ky kg

source scatt

The one-particle distribution function is the sum of a coher-

ent and an incoherent contribution In its simplest version the source term is proportional to

yp PE™PEN 5 . v, i.e., the decay of the coherent po-

fﬁel = E PEh'PEhI* + 2 NE"q/i/E (8 Iariza';ion. 3'I'he 1s<:21tte3rin49 contribution drives the pair-density

h’ an’ correlation function toward its quasi-equilibrium value. In

where we introduce the pair-density correlation function  Principle a x®-truncation theory cannot account for these
processes. Since this is an incoherent contribution to the dy-
NEL = BLALELAL) —BLALELRL). @ (O G of many-partci theory. If the Coulomb po-

which determines the incoherent part of the one-particle dist—entlal is treated perturbatively, one can reduce these inco-

tribution function. The correlation contribution to E) herent dephasing contributions in Be) in the Markovian

consists of two parts. One is incoherent, and determined b%ppro%lmatmn to the re%;‘" known from nonequilibrium
reen’s-functions theo3#

; ; ; ; he'h’ . . . . .
the pair-density correlation functioNg 'S\, and the The equation of motion of the biexciton correlation func-
second one is due to the biexcitonic correlation function tion is
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(9 ’ ’ ’ —_ 4 ,— !
2% e _.n e h_: ehe'h _ ky—ky+dy—dyneheh
1~ kg™ Eaq™ 8 T8k 178 | B gk kg Z[Vqr Bira+ar kk/ gk +q
q

+Vk)’/7ky+q;7QyBehe/h’ ky*k;,Behe’h’ k’*kyBehe’h’

_ — y
q' k+ak+a' k' k' +q-q' Vg K+q+q’ k+q’ k' k' +q~ Vg k+q.k k" +q’ k' +q+q’
_ qy ehéh’ _ _Qy ehéeh’
Vo Birara ki ki +arq Vo Blba kg’ K +a’ K +q)
_ ky—k, - 5eh eh e'h’ e'h’ q eh’ eh’ e'h e'h 6
__qu y(F)k _Pk+q)(Pk1+q_Pkl )+ka_k/(Pk/+q_Pk+q)(Pk _Pk/ )+O(E ) (13)

At low excitation intensities and for times small compared In the second step, we project E4.3) onto the basis set
to the dephasing times, the coherent limit captures the esseof these eigenstates; this results in the following equation of
tial physics of the nonlinear emission. In this case the pairmotion for the polarization,

. . . ! .
density correlation funcUorNEhel:h k. k., vanishes and only
1:72:73:74

v eitan ; ; ; d
the biexcitonic correlation function contribute@Recently, _iﬁﬁ_sﬁh(oio) pen

Bartelset al. described experiments in which the pair density
correlation function plays an important réf.This function

fulfll_ls the fundamental anticommutation relations o_f Fermi =ﬂehE’(;)ﬁh(O)_z 2 [(pue hEbﬁpnle h
particles, which are taken into account in an expansion of the ml ern’
form

+[.Leh,Ebe'he’h,)Pﬁ;hPF,h,*]

nml
ehe{h/ _ h /hl h ~ /hl
Brark ktq= > [Brp " () ep"(k+Bd,ay) of, o
nm + E EVSt Peh*PehPEh
nmn’'m’" m n’ m’

mn'm’ e'h’

X (kK" + ag,—qy) = BET e N(k—k') o8
, "h’ he'h’
X (Bk+ak’ +q,k,— k)% " + 2 2 2 PV (@B (@)

mn’m’ e'h’ 4
X (BK'+ak,k) =k, (14) VX L (@BETE(q)], (19)

where we assume the most general case of anisotropich labels the two-di ional ; |
masses in thg andz directions. In that case and B are o c1od NOW 1abes the wwo-dimensiona’ vec ang,). In
di | i ther. — ./M C M q Eq. (18), b,,m are the Pauli blocking matrix elementss! is
lagonal matrices witha;; =Mei/M;, fii=myi/M;, an the static Coulomb interactiony® is the random-phase-
Mi=mg+my;. Finally we take the physical limitm,,

T : .__approximation Coulomb interaction, and¢ is the corre-
=m;,,—c. The expansion in terms of these eigenfunctions,

. . ; ; . fsponding exchange contribution. The definitions of the vari-
is performed in two steps. In the first step after insertion o o

. ; us matrix elements as well as those appearing(Eg).are
Eq. _(%4) mto,Eq. (15)’ we mult!ply by the phase factor summarized in the Appendix. The final form of the equation
exfil ‘g (k,—kj)] which appears in Eq(14) from the Cou-

Pyl of motion of the biexcitonic correlation function is
lomb potential in the Landau gaudE&q. (3)], and we per-
form thek, andk}’, summations. This allows us to express the J

wave functions in Eq(14) in the form, —iﬁﬁ—sﬁh(Q)—«?ﬁ:h/(Q) B ™ ()
eh — HA eh ~ N
@, (k+aq,p) ; exd il “ay(ky + ayyay) e, (k+ag,qy), — z 2 Hnm,n’m'(Quq,)BEPnirh (q")
y (15) n/m/ ql
which are solutions of the Wannier equation, - - "h'
a = _; Z, (1_S)nmlq,n‘m{vfl'm’,ﬁ(q)PﬁPP;’h
21,2 nmg n'm
eh _ (1) 1y .ehopr _
k+ aq, \Y Jk—k k' +aq, .
Z,uEh(Pn ( a.p) % (p Yen ( a.p) _Vﬁsmr,m(Q)Pﬁt] Prenh, y (19)
=e"(pq) "k + aq,p), (16)  whereH is the interaction matrix an@ is the overlap inte-
) " " gral. It is worth noting that the real-space representation of
with Eqg. (19), written for infinite hole masses and with only the
e2 - 1S-exciton contributions retained, is nothing but the Heitler-
M(p,k—k")= n’ London expansion.
V(p.k=k") zmoLfodpp p

Since the solution of Eq$18) and(19) is very time con-
5 5 suming, up to now only partial solutions of the problem have
xexp[— (121" ]Jo(|2pp')- (17) been performed. Most calculations have been performed in
p'2+(k—k’")? the second order Born approximation. The energies depend
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-4 2 2 4 FIG. 14. TI-FWM for bulk GaAs in a high magnetic field cal-

0
Time Delay (ps) culated taking theg, dependence of the biexcitonic correlation

FIG. 13. TI-FWM for bulk GaAs in a high magnetic field cal- function into accoun_‘(so_lid line). The calculgtion Withogt they,
culated from they® truncation scheme. The SBE res(iiashed dependencedashed lingis shown for comparison. Including tig
line) is shown for comparison. Inset: hh-X and Ih-X contributions. déPendence smooths the oscillations &ar<0 and reproduces the
The x® truncation scheme correctly yields the slow rise time of thecoherent peak.

TI-FWM and the quantum beats in the Ih-X and hh-X signals.
magnetic-field strengthB. As seen in Fig. 16, the increase
only weakly ong; . Therefore, it is possible to simulate this of S;, with B is well reproduced. For these calculations, the
dependency by a coarse grid, as long as the d&lais not  four-particle correlation rate/g=0 and the rise times are
too small. ForAt close to zero, interference effects in the determined by the memory kernel of the correlation function.
continuum associated withy, become important, and, even  The structure of the unbound biexcitons which is con-
in the second-order Born approximation, it is not trivial t0 oinad in the quantit)BEhke'E/k clearly changes as the mag-
achieve convergence with respectg P 1234
If contributions beyond this are taken into accousy, is netic f!eld IS mcreased.' The problem O.f the hydrogen mol-
. e ecule in strong magnetic fields, which is formally the same
expected to increase, siné®, originates from the four-

particle correlations. The interference of the differgnton-

tributions also damps out the structure f&ir<0. This means %-(5’: AT =-1.0ps ‘3‘:
that the second-order Born approximation is well justified,; it 1ot 5t
only underestimates the contribution fat<0. 0.5} 1t

Figure 13 shows the results of the calculation for the TI- 90—~ 73— & > n
FWM (solid curve. The results of the calculation without 2.0r

i i s-peheh’ 1.5t AT=-0.5ps 3}

four-particle correlation effects—setting, ., =0—are ol ‘3‘:
also shown for comparisofdashed curve The theory cor- 0.5} %: A
rectly reproduces the slow rise time seen experimentally in 0.0 5 % ) 7 0 5 1
contrast to the calculation without four-particle correlations. 40,
The theoreticalS;,, however, has pronounced oscillations 304 AT =0ps 28
that are not seen in the experimental data. 20 30

These oscillations are smoothed out if tpedependency 107 AN 10} .
is taken into account more carefully, as shown in Fig. 14. =% 2 4 s % 2 4
This should be even more pronounced if contributions be- _ 4¢

. . 2.01 AT =+0.5ps

yond the second-order Born approximation are accounted 7’s] 3t
for. The coupling to the continuum associated wighcor- 1.0 %
rectly reproduces the coherent peakAdt=0 seen in the 8'(5) 0
experimental data. 062 4 6 0 2 4

The theory al_so agrees well with the experiment for the 8] AT =+1.0ps 15¢
relative contributions of the Ih-X and hh-X. This can be seen 61 10}
in the FWM-PS in Fig. 15 and in the inset to Fig. 13 which g: st
shows the area in the Ih-X and hh-X peaks as a function of 0 AV 0

At. In contrast to the SBE calculation, the Ih-X and hh-X 0 Ti2me (p45) 6

contributions are of the same order of magnitude and the

quantum beats are clearly seen at both frequencies. The ex- FIG. 15. TR-FWM and FWM-PS for different delays for bulk

change of oscillator strength between the lh-X and hh-X carmGaAs in a high magnetic field calculated from tR€ truncation

also be seen in Fig. 15. scheme, showing the quantum beats and exchange of oscillator
We have calculated the TI-FWM for a few different strength induced by the four-particle correlations.

2 4
Energy (Ry)
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FIG. 16. TI-FWM for different magnetic-field strengths calcu-  FIG. 17. Calculation of Eq20) and(21). This model captures
lated from thex® truncation scheme, showing the increas&jj  the essential physics of the full calculation and shows 8iatis
with magnetic field. All these curves are for high magnetic fields sodominated by the signal due to four-particle correlations. For these
the increase is not as dramatic as that seen in the experimental datarves, PST 1.12, v=0.05, a=10"% y,=0.001fs!, and yg
=0.001fs".

as that of the biexciton, has been studied by many authors 5

(see Refs. 28 and 29, and references theré&iar the situa- A _ 2

tion, B~B., which we are investigating, the magnetic en- I&t 178~ 2(o|B(1)=aP()" @)

ergy and the Coulomb energy are of comparable strength and

there is no straightforward perturbative solution for finding Equation (20) has the structure of a single resonance

the energy states of the hydrogen molecule, but the probleriven by four terms. The first term is simply the driving

has been solved for the case of a magnetic field parallel tglectric field and is responsible for the linear response of the

the molecular axis using a numerical Hartree-Fockpolarization. The second termsE|P(t)|?, is the effect of

approactt® For the regime 0.18B/B.<~14, the ground Pauli blocking(PB), or phase-space filling, on the excitation.

state of the biexciton is the unbound stdf, and the exci-  The third term comes from the Coulomb interaction between

tons can interact weakly via their quadrupole moments. It ighe excitons in the Hartree-Fock approximation. This term,

possible that this quadrupole-quadrupole interaction is reteferred to as the bare Coulomb interacti®Cl) term, is

sponsible for the strong four-particle correlations which beresponsible for that<0 signal which, as mentioned before,

come more pronounced as the quadrupole moment of thas a rise time of 1.

exciton grows with the magnetic field. The last term in Eq.20) is the contribution of four-
particle correlations to the polarization. HeBeis the effec-
tive four-particle correlation whose equation of motion is Eq.

VI. AVERAGE POLARIZATION MODEL (21). The parametea is the strength of the exciton-exciton

: ; _ correlation(XXC), i.e., the coupling oB to P. Figure 17
Equations(18) and (19) can be reduced to a simple one shows the results of a calculation of the model with the pa-

dimensional model by averaging over the lowest excitonic .
contributions?®2 The result is a set of equations in which rametersPs, », anda chosen to reproduce the line shape of

there is only one polarization variab(t) and one four- the experimental curvegabsent the guantum _beats, of
particle correlation variabl@(t). The advantages of this course. The three other curves are the contributions to the

simple model are that it captures the essential physics ant(?tal signal from PB, BCI, and XXC. The nonexponential

yet is computationally much simpler. In fact it can be Solvedcurvature at smalht<0, and the very Iong rise time &,
analytically in powers of the electric field for the case of &€ €asily understood by formally integrating E21) to ex-
sfunction excitation. In this “average polarization model,” Press the XXC source term of E(0),

the exciton-exciton scattering state continuum is modeled as ¢

a single resonance at twice the exciton frequency, i.e., atthe B(t)P(t)*x« a p(t)*f dt'p(tf)ze(izﬂo*m)(t*t’).
edge of the biexciton continuum. We consider first the case -

of a single exciton. The equations are This term is obviously of the same order as the PB and BCI

contributions. However, it has a completely different time

9 |P(t)|? dependence. It grows first as the integral of the square of the
[—|a—wp—QO}P(t):—M-EJr,u,-E > polarization before exhibiting an exponential decay deter-
Ps mined by yg, the dephasing rate @. It is the dominant
+uP(H)|P(1)[2+ B P(H)* source of the FWM signal foAt<0, and characterizes a

coherent memory stored in the four-particle correlations.
(200 ThusB can be viewed as a non-Markovian source for the
polarization. It is interesting to note that all three contribu-
and tions decay at the rateya for S},. Therefore, although one
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cannot distinguish between PB, BCI, and XXC$5,, the
decay of S;, unambiguously yieldsy,. By construction,
Egs. (20) and(21) only account for a single resonance, and
thus do not include quantum beats. However, they reproduce
the trends of the experimental observations.

Extending the model to include both the lh-X and hh-X
for o~ excitation is straightforward.

TI-FWM

J .
ﬂﬁ i yp— Qpn| PA(1)
P2 4 3 2. 1.6 1 3 5 4
=—punnE p2 + vP3(t)|P? t)|2 Time Delay (ps)
S
+P3(1)* B33(t)+ PP(t)* B3%(1), (22
Jd . b k|
—io Ty Qi [PP(Y) g
_[PP(W)[? b ) 2
=—unE +vPP(t)|PP(1)] 3
PS
+ PP(1)* BPP(t) + P3(t)* B3Y(1), (23 —— { —
-4 -3 -2 1 0 2 3 4
and Time Delay (ps)
P 1 FIG. 18. TI-FWM calculated from Eq922)—(26) for the pa-
[_|_ i vg—2Qhn|B22(1) = V,,P2(1)2, (24)  rameter valuesP¢=1, v=10"% V..=Viy,=Vap=10° 19p
gt ] =0.0005fs!, and y3=0.0005fs L. In (a) the dotted line is the

Ih-X contribution and the dashed line is the hh-X contribution. The
J ] bb b2 solid line is the total signal. Iifb) the dotted line is the PB contri-
—i i iyg— ZQ|h B™"(t) = VP2 (D)%, (25 pution, the dashed line is the BCI contribution, and the thin solid
line is the XXC contribution. The heavy solid line is the total signal.
Here we see that the quantum beating is due entirely to XXC.

ot

5 .
[_l — =iy~ th_th B2P(t) = VpP?(t) PP(1). o _ _ S

most trivial to solve numerically, and gives a direct insight
(26) into the PB, BCI, and XXC contributions to the FWM.

The superscript refers to the hh transition from tha;=
+3/2 valencg band to theng=+1/2 congjucuon band, and VIl. PROPERTIES OF THE FOUR-PARTICLE
the superscripb refers to the |h transition from the;= CORRELATIONS
+1/2 valence band to the,=—1/2 conduction bandg?®
refers to the four-particle correlation between the Ih-X and Although n-particle correlations play an important role in
hh-X. many-body theory, experimentally these objects are rarely
Figure 18 gives some of the TI-FWM results showing thataccessed directly. Most of the time they are inferred from the
the quantum beats are due solely to the four-particle correlachanges brought about in a linear response by external con-
tions and that the strength of the Ih-X signal is increased bytraints. The magnetic-field enhancement of the four-particle
the four-particle correlations. Figure (8 shows the |h-X correlations and the possibility of selecting the time delay
and hh-X contributions to the signal in which the increase inwhere their contribution to the FWM is dominant provide us
the Ih-X signal due tB2° is evident. In Fig. 1) the dif-  with a rare opportunity to study these objects directly. Here
ferent contributions to the TI-FWM from the different non- we are dealing with unbound four-particle correlations which
linearities are plotted. Only the XXC signal shows strongare not revealed by a resonance in the spectrum as are bound
oscillations, but very weak oscillations due to polarizationbiexcitons, and whose decoherence has never been investi-
interference are seen in the PB contribution. Figure 19 givegated before, to our knowledge. In this section we discuss
some of the TR-FWM results. Figure (8 shows the con- three experiments done at high magnetic fieB=(10 T)
tributions of the different nonlinearities to the TR-FWM sig- where there is a strong signal due to four-particle correla-
nal. Note that each nonlinearity has a different rise timetions and where, by changing other parameters of the system,
Figure 19b) shows the TR-FWM signals at different delays. we can study their nature and properties.
In all these calculations the values of the various parameters By changing the exciton density, the length scales over
have been adjusted to reproduce the overall experimental r&hich four-particle correlations persist can be studied as can
sults whereas the curves of Figs. 13, 14, 15, and 16 artheir sensitivity to density. Figure 20 shows a series of TI-
obtained from first principles. Nevertheless the model is alFWM curves for different densities betweér 10" and
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FIG. 19. TR-FWM calculated from Eq$22)—(26) for the same

parameters as in Fig. 18. [@) the dotted line is the PB contribu- -0 8 6 4 2 0 2 4 6 8 10
tion, the dashed line is the BCI contribution, and the thin solid line (a) Time Delay (ps)
is the XXC contribution. The heavy solid line is the total sigrib).
TR-FWM for various time delays. The curves (@ show that the 35
different contributions to the sign&@PB, BCI and XXQ have dif- ]
ferent rise times. 30 \
F o AT<O A/\

2.5+
N~5x10"cm 3. We change the density by changing the .. | A
laser intensity, so, in all cases, we are dealing with an ini- < 20
tially coherent population. At the lowest densithe lowest E s I
curve in Fig. 20, S;;>Sy, and has the slow rise time, both & [ - - '
of which indicate the presence of four-particle correlations. & 1ok — \-\.
At this density the average separation between excitons is L AT>0 \.
~9a,y, Wherea, is the zero-field exciton Bohr radius. Be- 05t \
cause the correlations are in scattering stdtest bound -
biexcitong, it is reasonable to assume that the exciton distri- 0.0 —— 0;)1 — of1 : i
bution is uniform and the excitons are correlated over dis- (b) Density (N/NO)

tances of=9a,. It is remarkable that the four-particle cor-
relations exist over such large distances. FIG. 20. (a) TI-FWM for different densities aB=10 T. The

At high densities,S;, has a shape consistent with the curves are plotted on a logarithmic scale and displaced for clarity.
mean-field theoryS;,<S;, and 7, = 74/2. In fact, it is inter-  From top to bottom the densities axe= 10" cm™3,N/2, N/3, N/6,
esting to note that the data at high density and high magneti/20: N/763’ ?S”dN/ZQO- (b) 7, (triangles and 74 (squaresvs N.
field are in better agreement with the mean-field theory thaf\0=10""cm™*. At high density the curves are in agreement with
the data aB=0 T and low density. At high densities, the the SBE, but at low densities the XXC signal dominates Aar
excitons are close together, so that each exciton is able tgo'
interact with many of its neighbors over the time scale of the
experiment. This is exactly the regime in which mean-field\ <N~ Y6, Therefore, what is observed is indeed the estab-
theory is valid. As the density is increased, we also expedishment of the mean-field regime. We see that the transition
the screening to increase, Wik here we are dealing mainly occurs at an average exciton-exciton separation-@f,.
with an exciton gas for which screening is weaker and can b8elow this density, the mean free time for exciton-exciton
treated as wavevector independ&hiand (i) the nearest scattering is of the order of the rise time of the FWM signal.
neighbor distancexN~ ' decreases faster than the interac-Not enough scattering events occur over the time span of the
tion length which, even for Thomas-Fermi screening, isexperiment for the mean-field conditions to be established.
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FIG. 21. Intensity of the FWM aAt=0 vs input laser intensity,
showing that, at these densities, we are not inxhe regime.

-12 -8 4 0 4 8 12

Thus what is observed in that case are the deviations from Time Delay (ps)

the mean-field theory, i.e., the fluctuations in exciton-exciton

scattering which are accounted for B§e ", .
17273%™4 1E-3

As is clear from Fig. 20, we are not in thg® regime
where Sy (At=0)=13. This is shown more clearly in Fig. s
21, whereSy(At=0) is plotted against the input intensity. =
This is in agreement with recent w8Pkhat showed that in ;
bulk GaAs(at zero magnetic fie)dat densities as low as 2 1E-5
X 10" cm™2 the FWM signal is still not in they® regime.
Many-body effects which cannot be well described by an -12
expansion in powers of the electric field play an important (a) Time Delay (ps)
role even at densities where the excitons are very far apart.

Another important question about four-particle correla- excitons (10" cm™)
tions is their coherence. In almost all experiments performed 18 74 82 79 72 62 352 42
thus far, only the coherence of the excited electron-hole pairs
have been measured, but there is coherence associated with
the higher-order correlations as well. From the TI-FWM we
can obtain information about the coherence of both the exci-
ton and the four-particle correlations. As we have seen in
previous sections, the exciton dephasing time can always be
determined from the decay &, and the four-particle co-
herence influencesS;,. Determining the four-particle
dephasing time is not as simple because the rise tin®- of
is a function of both the exciton dephasing time and the
four-particle dephasing time as well as the strengths of the
BCI and XXC nonlinearities. Nevertheless, we can still ex- 00 ) ' i ' é j é ' i ' g j é ' ,'/
tract information about the coherence of the four-particle b free carriers (10" cm”)
correlations from the behavior &, .

One test of the coherence of the four-particle correlations FIG. 22. () TI-FWM for (i) negativeii) zero andii) positive
is carrier density. By changing the detuning of the laser, waletunings of the laser puls&=10T insets: laser spectrum and
can change the relative excitation density of bound excitonabsorption spectrunib) 7, and 7,4 vs free-carrier density. Vertical
and freee-h pairs as well as the total excitation density lines correspond to the three measurements showa)irThe top
excited by the laser. In this way we can study how both freeaxis gives the exciton density. Solid lines are guides for the eye. In
carriers and bound excitons affect the four- and two-particléhese curves, we see a decrease in the rise and decay times with
coherences. In this case we are always studying initially coincreasing free carrier density.
herent populations. The effect of incoherent populations on ) , , i
the two-particle coherence has been investigated by Schulth- At Zero detuning the signal is pretty much the same as in
eiset al®®®" Three curves are shown in Fig. 22. The middle the previous figuresS;, is large and has only about one
curve is for approximately zero detuning, i.e., the center fre0scillation nearAt=0. At negative detunings;, becomes
quency of the laser tuned between the |h-X and hh-X. Thesignificantly larger in comparison witBy, . Also, there are
top curve is for negative detuning, laser tuned to lower enlarge oscillations irS;,. As we discuss in Sec. V, the lack of
ergy, and the bottom curve is for positive detuning. oscillations inSy, for zero detuning is due largely to exciton-

(iii)

(iif)

Time Constant (ps)
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TI-FWM

d} (]

-4 2 0 2 4
Time Delay (ps)
l LM FIG. 24. Calculation of TI-FWM in the/®-truncation scheme:
P RNPRRN R LU S N SR P the solid line is foryg=2vyp and the dashed line is fopg=0.
-:10 -8 6 -4 2 0 2 4 6 8 10 Increasing the dephasing rate of the four-particle correlations de-
@) Time Delay (ps) stroys Sy, in the same manner as increasing the temperature.
351
[ respect to thex axis and that it changes by less than a factor
30F . . .
I of 5 while the free-carrier density changes by more than a
2 251 factor of 50. Clearly the rise and decay times are more
TE’ 20'_ strongly dependent on the free-carrier density than on the
s 7 exciton density. The detuning experiment is difficult to inter-
§ 1.5F pret because the detuning affects the strength of the nonlin-
g 1o i earities in addition to affecting the dephasing parameters. In
= | the “average polarization” model it is, however, possible to
0.5 reproduce the overall shape of Fig. 22 with the signal maxi-
0.0 [, mum atAt<0 by adjusting the strength of the XXC nonlin-
) 0 10 20 30 40 50 earity and the four-particle dephasing time.
() Temperature (K) Studying the effect of temperature on the dephasing

should be easier to interpret because the only parameters

affected by temperature are the dephasing parameters which
account for all phonon interactions. Figure 23 shows a series

(circles vs T. Solid symbols are for sample No. 2. As the tempera- P - g

7 . of TI-FWM curves for four different temperatures between 2

ture is increasedr, decreases, buty remains roughly the same, d 44 K. Th ic field keptBt 10 T. The |

indicating that the coherence of four-particle correlations is dedn v e magnetic field was keptiat - Ihelaser

stroyed more rapidly with temperature. was again tuned between the |h-X and hh-X. As the tempera-
ture is increased, the band edge shifts to lower energy and

exciton correlations withg, #0. At negative detuning, the € laser is retuned to keep the overlap with the exciton
coupling to the continuum associated with+0 becomes P&aks roughly ghe same. The density of excitetl pairs is
less important, and the oscillations 83, become more pro- oughly N~10" cm*, corresponding to an average dis-
nounced. It is also remarkable that the maximumSgf is ~ tance between pairs of 40 nn8.3a,. Between 2 and 44 K,
larger than the coherent peak&t=0. At positive detuning 7d changes only S|Igh_t|y. In contrast changes b}/ more than
the coherent peak dominates the signal and the magnitudefactor of 3. We estimate, from the slope ofS;, between
and rise time ofSy, are much diminished, although the rise At=—2 and—0.5 ps, andry from the slope oSy, between
time is notT,/2, indicating that we are not in the mean-field At=0.5 and 2 ps. The rise and decay times are shown plot-
regime. ted against temperature in the inset to Fig. 23. The large
Here we are clearly seeing the effects of free carriers ochange inS;, compared witlS;, shows that the four-particle
the four-particle coherence. For the negative detuhiRgy.  correlation is more strongly affected by temperature than the
22(a), part(i)], there are onlyNy,~2x 10" cm™2 free car-  two-particle correlation.
riers excited, whereas for the case of positive detuning there The theory does not include explicitly phonon interac-
are Ngy=7Xx 10'® cm™3 free carriers excited. In Fig. 28  tions, so that all temperature effects are included in the
we plot the rise and decay times verse the free carrier derdephasing parametergy andyg . Thus, to model the effects
sity. The vertical lines show the three measurements fronof temperature shown in Fig. 23, we have made a calculation
Fig. 22@). On the top axis, the corresponding exciton densityof the full theory with yg=2vp. In fact, because of off-
is shown. Note that the exciton density is not linear withdiagonal contributions to the microscopic decoherence of

FIG. 23. (a) TI-FWM for temperatures 2, 16, 29, and 44 K
(from top to bottom for sample No. 1.(b) 7, (squares and 74
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BEhke’E’k , it is always the case thatz<2yp. The resulting field strongly enhances these correlations, and have studied
1720374 - . ... the exciton-exciton correlations under a variety of condi-
TI-FWM is shown in Fig. 24. For comparison, the curve with _. . .

~ tions, demonstrating the long range of the correlations and

.73:0 IS also shown. We' see thgt increasipgreducesSr, the sensitivity of the exciton-exciton coherence as compared
in the same manner as increasing the temperature does &% the exciton coherence

perimentally. We have also calculated the effects of both LO Furthermore, the exciton-exciton correlations represent

gnd acoustic ph_onons on the four-particle correlation depha%feviations from the mean-field regime and, as such, are of
ing from the microscopic theory. We found that the calcu-inparent interest in condensed-matter physics where mean-

lated .effect of phonons on the dephasing is two orders a ield theories have been a powerful tool for explaining many
magnitude too small to account for the observed chang&;penomena. This work shows the power of nonlinear spec-

althoug_h the phonons affect the four-particle Correlatio_':':}roscopy for investigating many-body physics beyond mean-
dephasing more Fhan thgt of excitons. We have also CONSIGieq theory and other questions of interest that are inacces-
ered the possibility that increased continuum absorption ISible to linear-response theory

responsible for the dephasing due to a temperature-
dependent shift in the continuum edge, but this is also not the
case. At present the temperature effect remains unexplained. ACKNOWLEDGMENTS
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VIIl. CONCLUSION

APPENDIX: MATRIX ELEMENTS

For better readability we represemtas (p,q). The Pauli blocking matrix element is given by
bime ™ =2 &Rk 0¢R (k06" (k0). (A1)
The static Coulomb interaction in the equation of motion for the polarization reads as
Vimarm = 22 VPOK= @) ¢ (k) 7,00 ¢™ (K0~ o™ (0] ¢h"* (3.0~ ¢ " * (O], (A2)

The two other Coulomb matrix elements in the mentioned equation, the random-phase-approximatiGralikeexchange-
type V*© are defined as

h "h’
Vi mnrm (6,0)=V(a,p)M11(9,p)M 7 (4, p) (A3)
VI (@)= 2 vO(a,p)S™ (K+ aq,00 08" * (k+ 89,0 @2l (K,p)— oo (K',p) LG (K'+a,p)— @5 (k+a,p)],
kk’
(A%)

where we made use of the Coulomb interaction

e? exd (1/2) 12p?]
2meol? P p?+q?

vP'(q,p)= Jo(12pp"), (A5)
and the overlap matrix elements

M§2/<q,p>=§ o™ (k,0)[ ¢2(k+ aq,p) — ¢r(k— Bg,p)]. (A6)

The overlap matrix is defined by
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Snmq,n’m’q’ZEK O™ (k+q'+ Ba,p) & " * (k+ aq,p)wﬁ'?'(k+q+,8q’.p’)wﬁ',h(k+aq’.p’)Jo(Izpp’)- (A7)

The interaction matribH in Eq. (19) is obtained by applying (£S) * to a matrixH:

Homme (6,0)= 2, % (1= ) (9,0 Flm e (0,07 (A8)
This is finally given by
Homarm (6.0 =V®(a=a',p.p" }{Mpn (B(a—a').p.p M (a(a—a").p,p" )+ My (a(q—0'),p.p")
XM (B(a—0"),p.p )} = V(q—q’,p.p ) {Myn (B(a—q"),p.p" My, (B(Q' —0).p.p")
+Mﬁﬂ,(a(q'—q),p,p’)Ian“m,(a(q—q’),p,p’)}i% o™ (k+B(a—a").p)es" * (K’ +a(q+q’).p)

X[VD(p,q" =k )Jo(12pp ) e=F (K',p") ¢S MK + B(q—q )+ a(q+q"),p")+ T (k,p')
X o2 (k+B(q—a" )+ a(g+a),p ) —V@(g—q’,p,p el (k',p’)
X @ MK+ B(a—q") +a(q+q’),p )+ e (k,p ) el k+B(q—q') +a(q+q’),p ), (A9)
whereM is given by
Mon(a.p.p) =2 ek p) ekt a,p’), (A10)

and the various Coulomb matrices are defined according to

, e?  (2nd¢ exy(1/2) 1%(p2+p'2—2pp’ cos¢)]
V@(g-a'.p.p")=5 LJ P ST , = (A11)
meobJo 2™ p?+p’?—2pp’cos¢+(q—q’)

e?  (2rd¢ exf (1/2)1%(p?+p'?—2pp’ cose)] _
v@(q—q’,p,p')= f — cog|%pp’ sing), Al12
(@=a"pP)=5 | 2. 1 200 0sht (402 $1%pp’ sing) (A12)

L2 (=

V®(a-a'.p.p")= 5]{) dp"p"V®(q—-a’,p.p")Jo(1?p"p") (A13)
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