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Nonperturbative Coulomb correlations generated by simultaneous excitation
of excitonic and band-to-band continuum transitions
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We investigate theoretically the nonlinear optical response of a semiconductor for excitation conditions
where simultaneously all kinds of correlated two-pair transitions contribute to the dynamics. This includes
transitions to biexcitons, exciton-exciton scattering states, two free electron-hole pairs as well as two-pair states
involving an exciton and a free electron-hole pair. For certain excitation conditions two-pair correlations give
rise to a complex line shape of four-wave-mixing spectra with an emission spread over the whole range
between the exciton line and the band-edge. Even a strong suppression of the signal at the exciton line can be
achieved while the emission is still concentrated between the exciton and the band-edge. The dependence of
these features on the excitation conditions and on the strength of the Coulomb interaction is discussed.
Comparing a nonperturbative treatment of the Coulomb interaction with the Born approximation and the
mean-field theory clearly reveals the importance of nonperturbative Coulomb correlations even for excitations
involving the continuum of free electron-hole pairs.
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[. INTRODUCTION could be traced back to a divergence of the exciton-exciton
scattering amplitude in the limit of zero center-of-mass en-
A wealth of evidence has accumulated over recent yearsrgy for the relative motion between the two excitons. This
indicating that the nonlinear optics of near band-edge excitype of divergence occurs quite generally in two-dimensional
tations in semiconductors is dominated by Coulombsystems as a result of applying the BA* These deficien-
correlationst? To a large extent this dominance is due to thecies of the BA have been overcome by accounting nonper-
prominent role played by excitonic and biexcitonic reso-turbatively for two-pair Coulomb correlations, demonstrating
nances for excitations in the vicinity of the band-edge.that the continuum of exciton-exciton scattering states is
Clearly, the occurrence of bound states with discrete rescstrongly correlated by the Coulomb interaction in a way
nances can only be understood when the Coulomb interathat is beyond the limits of validity of perturbative
tion is accounted for in a nonperturbative way. For con-treatment$34Indeed, transitions to the correlated exciton-
tinuum excitations, on the other hand, it is often argued thaéxciton continuum have been the focus of many recent stud-
the Coulomb interaction mainly provides for an additionalies indicating that these continuum correlations change the
scattering channel which can be treated on the level of theehavior of near band-edge excitations qualitatively and
second Born approximatidr’ (BA), i.e., by a perturbative quantitatively by large amount8=2° For example, the exci-
procedure concentrating on the leading order contributiongonic emission in four-wave-mixingFWM) signals is over-
This point of view has been supported by a number of corestimated by more than an order of magnitude in comparison
responding investigations where a good qualitative agreeto the biexcitonic emission when exciton-exciton correla-
ment between BA calcultions and experiments has beetions are neglectetf. The presence of these correlations
found3-58 In these studies, usually the statically screenedthanges the sign of the optical Stark efféend contributes
potential is used as the perturbative parameter in order tto a delay time dependent change of the sense of rotation
avoid known divergences that occur when the BA is com-observed in the FWM emission from transient polarization
bined with the Markov approximation and then applied to thestates?® In addition they give rise to further important prop-
scattering due to the bare Coulomb poteriti®bviously, erties of nonlinear optical emissions that can be exploited for
this procedure is most adequate when the experiments apgofound signal manipulations. An example for the latter is
performed at high excitation densities where the effectiveahe huge increase of the gain up to 5000 detected in semi-
strength of the Coulomb interaction is substantially reduceadonductor microcavities after the insertion of large numbers
by screening. In contrast, at low excitation densities screemsf quantum well& which according to the analysis in Ref.
ing is not effective and thus the Coulomb potential is essen?29 is caused by exciton-exciton scattering correlations. The
tially unscreened. In this limit the BA can only be applied above results clearly highlight the pertinent role of two-pair
without invoking the Markov approximation, i.e. on the continuum correlations caused by the Coulomb interaction.
quantum kinetic level®-*2But even then the BA description However, in most previous studies of two-pair correlations
of the scattering between excitons turned out to deviatselective excitations below the band-edge, mostly in reso-
strongly from experimental findindgs:'#In Refs. 13 and 14 a nance with the I exciton line, have been investigated. In
selective excitation at the 4 exciton line of a quantum well this case, transitions to exciton-exciton scattering states are
in a microcavity has been considered. In this case, no frethe only relevant type of two-pair continuum correlations. In
electron-hole pairs are excited and the failure of the BAcontrast, a simultaneous excitation of excitons and free
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electron-hole pairs with ultrafast laser pulses could potenen the characteristics of the exciting laser pulses such as the
tially establish further types of two-pair correlations includ- central frequency, the spectral width, and the polarization.
ing correlations between an exciton and a free electron-holgor strongly correlated signals, it has to be expected that the
pair or among two free pairs. Experimentally such excitationstrength of the interaction that mediates the pertinent corre-
conditions have been studied for a variety of materials, inations, i.e. the Coulomb interaction in our case, has a deci-
different density regimes and with varying pulse sjve impact. It should be noted that the effective strength of
characteristic§->®'~*?But up until now, in almost all cor-  the Coulomb interaction in a solid state environment is not a

responding theoretical investigations two-pair correlationsngamental constant but can vary due to different dielectric
have been either completely neglected by concentrating onlynstants and in confined systems also due to different con-
on the mean-fieldMF) dynamics'=* or they have been finement lengths. In order to get more insight into the role of

i i 8
taken into account perturbatively on the BA le¥el= In the interaction strength we used the dielectric constant as an

some cases effects of Coulomb scattering were accounted fgr .
L . . X djustable parameter and compared the shapes of corre-
within phenomenological models, e.g., by introducing by onding FWM spectra. It turns out that changing the

hand a density dependent decay time to simulate the excit&! : i .
tion induced él/eph%singzlD).35'3%{39’43Without any doubt strength of the Coulomb interaction not only induces the

all of these theoretical models have their merits and are ablgXPected change of the exciton binding energy, it also results
to reproduce quite a number of features of correspondin cqnmderable chan_ge_s of the overall spectral shape of_ the
experiments. Nevertheless, not much can be learned abog@ntinuous FWM emission located between the exciton line
the role of genuine two-pair correlations within these ap-2nd the band-edge.
proaches. In particular, it is still an open question whether for
excitation conditions involving noticeably the free electron- Il. THEORETICAL APPROACH
hole continuum a proper inclusion of two-pair correlations in ) )
the theory will merely provide for a microscopic justification ~ AS the main focus of the present paper is the role of
of less rigorous approaches or whether there are observad@o-pair correlations under broadband excitation conditions,
features that cannot be modeled neglecting these correld theoretical approach is required that is able to deal with
tions. The few existing studies that account for all types ofPi€xcitons, exciton-exciton scattering states, and two-pair
two-pair correlations when both excitons and free pairs aréorrelations involving free electron hole pairs on an equal
excited have given only preliminary insight with regard to foopng. We shall restrict our discussion to _the low intensity
this questiorf445An early finding was, e.g., that a delay time regime where. the ~ strongest qorrelatlon effects are
decay of FWM signals which is not governed by the intrinsic€XPected:? In this regime, a convenient way to account for
excitonic dephasing rate can be modeled by accounting ol types of correlated two-pair transitions is provided by the
all types of two-pair coherencéé:a feature found in many dynamics controlled truncatiofCT) scheme!®#’In recent
experiment$5-3 These calculations can thus be regarded astudies, DCT has become the most widely used method for
a microscopic support for interpretations of the observed dedealing with two-pair correlationt;” 29’48__50”‘3'”'3/ because
lay time behavior in terms of phenomenological EID it constitutes a very compact formulation of the Qynam_lcs
models353643But already in these early studies the cruciaIWh'Ch becomes asymptotically exact for low density excita-
role of nonperturbative Coulomb correlations became appations. In the present paper we shall use the DCT equations
ent from a comparison with corresponding BA calculations.valid in the so called coherent I|m(1CL),51_ i.e., we shall
Although the BA theory vields results that are qualitatively @8Sume that incoherent couplings, e.g. with phonons, are of
similar to the outcome of nonperturbative calculations, subMinor importance for the dynamics. Scatterings other than
stantial quantitative differences were found between thdhose provided by the Coulomb interaction can thus be ac-
two .4 Finally, in Ref. 45 it was shown that for certain exci- counted for by phenomenological dephasing rates. With
tation conditions—again involving excitonic and band-to- these assumptions there are two relevant dynamical vari-
band continuum transitions—the shapes of FWM spectra ca@Ples, namely the amplitudes for single pair interband
culated including two-pair correlations can qualitatively transitions®4751
deviate from the corresponding MF result. Y N
In the present paper we shall demonstrate nonperturbative Y2 =(Y2): =(diCy), (1)
two-pair Coulomb correlations after a simultaneous excitaand for correlated two-pair transitions,
tion of excitons and free electron hole pairs by ultrafast laser o
pulses. To this end we compare nonperturbative calculations Bry = <\A{§\A{§> —YIY3+ Vi3 (2
of FWM spectra emitted from a quantum wire with corre- i N
sponding results obtained on the MF and BA levels of theory€ré, we have used the real-space representation vihere
The MF theory marks the limit where two-pair correlations (d;) destroys an electro¢hole) in the Wannier state at site
are absent while by comparing with the BA results, whichin the bando;. We consider a two-band model with two-fold
deal perturbatively with Coulomb scattering, it becomes posdegenerate bandshe valence band refers to heavy holes
sible to evaluate the importance of a nonperturbative treatcorresponding to the lowest subbands of a cylindrical quan-
ment of the Coulomb interaction. The full theory yields un-tum wire with a 100 nrf cross-section confined by infinite
der certain excitation conditions complex FWM line shapesbarrier potentials. The space dependence of the Coulomb in-
that are reproduced neither by the MF nor by the BA theoryteraction in the wire is obtained in the standard way by pro-
We discuss systematically the dependences of these featurjesting the 3D Coulomb potential onto the lowest wire sub-
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levels. The transition density is directly related to the
optical polarizatiofi’ which is the main observable in optical _
- (22}
measurements. The amplitué on the other hand, repre- ‘g‘
sents the correlated part of two-pair coherences. In the Wan- g
nier representation the coupled nonlinear equations of mo- %
tion for Y andB can be written in the compact form §
Q
A 9
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Here, for simplicity a spatially homogeneous excitation by a g 1
laser fieldE is assumedM%~5rlyr2m§; are dipole matrix ©
elements Wherasn’é;L through its dependence on the valence §
(v4) and conduction(c,) band indices comprises the usual ;
band selection rules for heavy-hole transitions. We shall ac- &
count only for the interband dipole coupling, because intra-
band dipole couplings are considered to be of minor impor-

tance for the present discussiof, and yg describe the
residual damping provided by interactions with the environ-
ment. The optical gap of our two-band model is denoted by
fiwg While m, andmy, are the effective masses for electrons  FIG. 1. FWM spectra at zero delay time, calculated accounting
and holes, respectively. We have defined, for convenience,nonperturbatively for Coulomb correlations within the full CL
13 theory. Spectra are plotted for different excess energies, (as
V(2|4) = Vig+ Vo3= V13— Vs, (7 indicated and different polarizations of the exciting puls&s)

whereV,, is the Coulomb potential between sites 1 and zcolinear,(b) cocircular,(c) cross-linear. The inset shows the linear

projected onto the lowest quantum wire confinement modeé’;}bsorption spectrum of our quantum wire model together with the

Finally, the sums in Eq@3) comprise a sum over band indi- spectra of the laser pulses used. The pulses had a duration of 40 fs

ces as well as an integration over the space variables alor]xc ! W'dt.h at half maximum of the field amplitude. The zero of
ergy is set to the band-edge.

the wire. B
The equations of motion for andB have the structure of

. . ! . responsible for the free propa ationﬁfis the Hamiltonian
driven Schrodinger equations. The free propagation of th?or [t)he biexciton—problerﬁ inpagquantum wire. It has a spec-

smgle-pfaw tra_n3|t.|or_1 amplitud¥ is (.Jlete_rmmed by the_op- trum composed of a discrete line representing the bound ex-
problem in a quantum wire. The eigenenergie€8f, com-  roughly subdivided into parts corresponding to exciton-
prise discrete lines corresponding to bound exciton states axciton scattering states and two-pair scattering states in-
well as a continuum which belongs to unbound electron holevolving free electon-hole pairs. These spectral features are
pairs. These eigenenergies show up as resonances of the tragfiected as resonances in the dynamic®.of

sition densityY. This is most clearly seen in the linear ab-  The sources on the right hand side of E8). and Eq.(4)
sorption spectrum derived from E¢3) and plotted in the g have simple physical meanings: the terms proportional to
inset of Fig. 1c). Analogously, the operatdi{)g, which is  the laser fieldE have the structure of a saturable driving
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force. They describe an excitation process which is saturated For the numerical treatment it turned out to be convenient
due to phase space filling. The terms proportiona¥t¥Y  to transform Eqgs(3) and (4) to the momentum space by
are MF Coulomb nonlinearities which account for the aver-performing Fourier transformations with respect to all space
age action of all particles on an interband transition that proarguments. Then, in order to take advantage of the spatial
motes an electron from site 1 in the valance band to site 2 ilhomogeneity of the system, we introduced relative and cen-
the conduction band. Calculations, where E8).is solved  ter of mass coordinates. Because there are many ways to
including all contributions except for the terms proportionalintroduce relative coordinates between the four arguments of

to Y*_B, will be referred to as MF calculations. The terms g gne has to make a choice. Here. we have followed the
~Y’B represent the influence of two-pair correlations on in-construction described in Ref. 53. In a homogeneous system,
terband transitions. Here, the variaBl@ccounts for the time the dynamical variables depend only on relative coordinates

evolution of scattering processes involving two electron-holeand thus we end up with lespace representation ¥fandB
pairs. In fact, one can think @& as a kind of reservoir where where the former depends on one and the latter on three

part of the excitation is stored. Then this reservoir can actne-dimensional arguments. Of course b\jtandgdepend
back on the optically visible polarizations as long as itj, aqdition on the discrete band indices. Convergent numeri-
prevails:< From the point of view of single particle density cal results were obtained by using equidistessipace grids

matrices, likeY, the storing of parts of the excitation com- for all momentum arguments with 140 points in each dimen-
bined with a later back action provides for a memory struc- —

ture which reflects the finite duration of two-pair scatteringSion. i.€.,B has been represented by a total of 2.%44°
processes. Within the coherent limit DCT theory, correlatedfifferentk-space points. The discretized coupled equations of
two-pair transitionsB are generated by sources of the form motion have then Peef? integrated numencally_m time with-
~VYY [cf. Eq. (4)]. The occurrence of a quadratic depen- out further approximation. We are interested in a standard
dence onY reflects the fact that two-pair transitions cannotWo-Pulse FWM setup where the pulses approach the sample
be generated by an absorption of a single photon. Instead, §Pm the directionsk, andk, and the signal is recorded in
least a two-photon process is needed. Moreover, the sourcE¥ &»—k; direction. In order to extract the FWM signals

are proportional to the Coulomb interactiaf becauses from our calculation we have used a method proposed by
prop . > Banyail'>* where the nonlinear polarization is first deter-
respresents the correlated part of the two-pair transition den- . . "
- . o ; mined for different relative phases between the two exciting
sity matrix and the correlation is mediated by the Coulomb Lo . . .
. ) " — pulses. The FWM contribution of the signal is then obtained
interaction. Thus, it is natural that the sourcesBodo van- y a Fourier transformation with respect to these phases. For
ish in the limit of vanishing Coulomb interaction. It should )| material parameters we have used standard values typical
be noted, however, that the Coulomb interaction enter8the for GaAs, except for the dielectric constant which has been

equation not only via the sources on the right hand side ofised as a variable parameter in order to be able to system-
Eq.(4). Instead, the operatdirﬁB, which determines the free atically change the strength of the Coulomb interaction. The
propagation ofE, also contains the Coulomb potentiaf. phenomenological dephasing constants have been sgt to

_ i A =1/(1.34 p3 and yg=2vy, respectively. In Ref. 44 it has
Eq. (6)]. In f_act, the Coulomb potentials cor_1ta|ned f“@B .._been shown that for our broadband excitation conditions the
are responsible for the occurrence of the discrete biexcito —

resonance. In addition, even when two pairs are not boun epha_\sin_g properties @ are C'e?‘”Y dominated by th? de-
into a molecule the way they are correlated can be strong| tructive interference of the excitations in the two-pair con-
affected by the potentials in E@6) due to changes of the inuum. The precise value ofg has therefore only little in-
density of states in the two-pair continuum. However, Whenﬂuence on our results.

B is expanded in powers of the Coulomb interaction, the

lowest order contribution is provided exclusively by the ll. RESULTS
source terms on the right hand side of Eg) while the
potentials in Eq(6) yield higher order contributions. It has
been shown previousi¥ that, by neglecting the Coulomb
potentials in the propagating operator of E§) and then
formally inverting Eg.(4), one recovers the usual second
order Coulomb scattering terms in the low density limit
when the result is inserted on the right hand side of By.
This type of scattering theory is usually referred to as th
second Born approximation. Technically, we have obtaine

the BA results d|§cussed below not by .th|s INVETSION Procey frequencies of the laser pulses. The corresponding pulse
dure, but by solving the coupled equations of motion Yor spectra are plotted in the inset of Figcltogether with the
and B for the case where the Coulomb potentials in thejinear absorption spectrum of our quantum wire model. As
propagation operatdi{)g are neglected. Both procedures areseen from these plots, the excitation is spectrally broad and
mathematically equivalent and thus our BA calculations rephas in all cases a considerable overlap with the continuum of
resent indeed the standard BA scattering theory on the quafree electron-hole pairs as well as with the exciton line. Thus,
tum kinetic level:0-12 for all excitation conditions considered here, all types of cor-

Figure 1 shows FWM spectra calculated by numerically
solving the full CL equationg3) and(4) for zero delay time
between the pulses. The strength of the Coulomb interaction
has been tuned by adjusting the dielectric constant to yield
an exciton binding energy of 4 meV. Thus, the energetic
situation resembles bulk GaAs in this case. We consider
ultra-short-pulse excitations with a pulse duration of 40 fs
ull width at half maximum(FWHM) of the field amplitude.

he calculations have been performed for four different cen-
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related two-pair transitions are simultaneously excited. Byfor cocircular excitation a dip appears close to the exciton
changing the excess energy we can control the relativeesonance. Thus, apart from some quantitative differences,
weights of excitonic and continuum excitations. Figute)1 the shapes of the FWM spectra follow the same overall
displays FWM spectra calculated for colinear polarizedtrends with increasing excess energy as in the colinear case.
pulses. To facilitate the comparison, results corresponding téVe therefore conclude that biexcitons play no decisive role
different excess energies are shifted vertically. For all fourfor the occurrence of the complex line shapes and in particu-
excess energies there is only a negligible FWM emissiortar of the dip structure near the exciton line, because due to
above the band-edge. This behavior has been reported farell known selection rules biexcitons do not contribute for
many experiments in the low intensity regifiié3%4?and is  cocircular excitations.
also reproduced by corresponding MF calculati$fs:4° FWM spectra calculated for cross-linear polarizations are
Clearly, the shape of the spectra depends crucially on thdepicted in Fig. {c) again for otherwise the same conditions
excess energy. For an excitation centered at the spectral pas in Figs. 1a) and Xb). In this case, a rather narrow line
sition of the & exciton also the FWM emission is concen- approximately at the exciton position is obtained for all ex-
trated at the exciton line. Shifting the excess energy towardsess energies. In sharp contrast to Figs) &nd Xb), apart
the band-edge broadens the exciton line and additional emigrom small shifts of the position of the line and minor
sions emerge which are continuously spread over the wholehanges in its width and height, the signal in Fi¢c)is not
region between the exciton and the band-edge, i.e., an emisiuch affected by changing the excess energy. Thus, the
sion occurs at frequencies where the linear absorption has/NVM emission is qualitatively different for different polar-
gap. A further increase of the excess energy leads to a dézation configurations. While a pronounced dependence on
crease of the emission at the-fiesonance while the continu- the polarizations is well known from selective excitations at
ous emission between the exciton and the band-edge is arthe exciton resonancé?*55-%%such features are studied so
plified. The spectra exhibit quite complex shapes under thesar in much less detail when band-to-band excitations are
excitation conditions. A pronounced feature is a marked dipnvolved.
which splits the spectra roughly into two parts. The dip ap- Our aim of the present paper is to systematically analyze
pears close to but not exactly at the spectral position of théhe role of two-pair correlations under conditions where ex-
exciton. The complex continuous line shapes obviously reeitonic and band-to-band continuum contributions are simul-
flect an interference of discrete and continuous parts of théaneously excited. Choosing a quantum wire as our model
excitation. According to this interpretation, the strong sup-system has the advantage of providing for a numerically trac-
pression of the emission at the exciton line, as manifested btable, well defined theoretical model which at the same time
the dip, occurs because different quantum mechanical patlzorresponds to a realizable physical system. However, to the
ways involving discrete as well as continuous excitationsbest of our knowledge, there are no measurements available
contribute to the signal at the exciton line and cancel due tperformed on quantum wire systems that are directly compa-
destructive interference. The destructive superposition of difrable with our calculations. Nevertheless, it is worthwhile to
ferent quantum mechanical pathways is a rather general feaote that broad FWM spectra that are spread over the gap
ture which is at the heart of many interesting effects such aggegion between the exciton position and the band-edge have
e.g., excitation induced transparen®&IT). EIT has recently been observed in multiple quantum well systems for excita-
been demonstrated in a solid state system by using excitonton conditions similar to our® Even a pronounced dip
and biexcitonic transitions for representing the competingclose to the exciton position has been repofted. micro-
pathways?® Our case is, of course, different from EIT be- scopic modeling of the experiments in Ref. 42, which would
cause the superposition suppresses the FWM emission at thequire us to deal with a multiple quantum well system, is
exciton line instead of the absorption. The interesting pointefinitely not our goal in the present paper. Thus, no final
here is, however, that a strong suppression of a discrete lirgatement should be made at this point as to whether or not
can be achieved not only by superpositions of discrete paththe results of Ref. 42 can be regarded as evidence for the
ways, as is the case for EIT, but it can occur also as the resutionperturbative Coulomb correlations described by our
of combining discrete and continuous paths. It shall be demtheory. Nevertheless, we find it encouraging that complex
onstrated below that indeed nonperturbative Coulomb corrdine shapes very similar to the ones predicted by our theory
lations determine the way in which discrete and continuumhave indeed been observed under comparable excitation
pathways are mixed such that the complex line shapes witbonditions.
the suppression of the exciton line, seen in Figa),l In order to clarify the role of two-pair correlations for the
emerges. results presented so far, we have repeated all calculations of
Plotted in Fig. {b) are results for the same conditions asFig. 1 for the MF as well as the BA level of theory. The
in Fig. 1(a) but calculated for cocircular polarizations of the corresponding FWM spectra are shown in Fig. 2. The MF
laser pulses. As for the colinear case in Fi@g),lalso for the results are plotted in Figs.(&-2(c) (left panel3 while the
cocircular excitation there is practically no emission aboveBA spectra can be seen in Figs(dg-2(f) (right panels.
the band-edge. Also similar is the behavior for resonant exFrom the difference between the full CL calculations in Fig.
citation at the exciton, where the emission is concentrated d and the MF results we can infer the effects brought forth by
the 1sline. A broad continuous emission between excitontwo-pair correlations while the comparison with the BA
and band-edge is, however, not yet present for excitations dlheory reveals which features of the full results require a
the band-edge, it emerges in Figbjlonly for higher excess nonperturbative treatment of the Coulomb interaction. Let us
energies. But, once the continuous emission has built up, aldirst concentrate on the MF results. The MF spectra are al-
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ways concentrated at the exciton resonance. The shape égcitation differ only quantitatively from the other polariza-
almost independent of the excess energies and the polarizaen configurations. A large qualitative change of the behav-
tion configurations. Neither a sizeable broadening nor shiftsor, as found in the full theory, is not obtained from the MF
occur. Only the total signal height decreases monotonouslgr BA theory. Altogether, one has to conclude that two-pair
the closer the excitation is to the exciton line. For cocircularcorrelations indeed determine the way in which continuum
excitation even the latter effect is small. The BA spectraand discrete excitations are mixed in the nonlinear response.
differ noticeably from the MF theory, though also here theFurthermore, the comparison between the MF, the BA, and
emission is for all excitation conditions mostly concentratedthe full CL theory clearly demonstrates that the complex line
near the exciton. For colinear excitation the BA theory pre-shapes in Fig. 1 reflect correlations that can only be under-
dicts a nonmonotonous dependence of the peak height on tils¢ood when the Coulomb interaction is treated nonperturba-
excess energy, while for cocircular and cross-linear polarizatively during the scattering process.

tions the BA curves follow the trend of the MF theory. For  In order to get a more detailed picture on how these spec-
cross-linear polarizations the width and the position of thetral features depend on the excitation conditions, we have
emitted peak depends noticeably on the excess energy erformed further calculations. For the plots in Fig. 3 we
contrast to the MF result. In particular, an increase of thehave reduced the pulse duration to 20 fs FWHM. The curves
excess energy leads in the BA theory to a shift of the FWMare the result of the full theory for colinear polarized pulses.
emission towards higher energi¢sf. Fig. 2f)] which is  Taking shorter pulses implies that now the pulse spectra are
even quantitatively almost comparable with the full resultsmuch broader and thus cover a much larger portion of the
for the cross-linear configuration in Fig(c). But the BA  continuum. Based on the assumption that the BA treatment
curves in Fig. #) also exhibit an enhanced emission spreadshould give better results for excitations in the continuum
between the exciton line and the band-edge which is absene might expect that the spectra should show a tendency to
in the full calculation for cross-linear polarizations. Compar-become more similar to the BA results. However, the emis-
ing Fig. 1 with Fig. 2 by far the most striking feature is, sion has now a complex shape with a pronounced dip for all
however, that neither the MF nor the BA theory is able toexcess energies, while the shapes of the corresponding BA
account for the complex line shapes found in the full theoryspectra(not shown closely resemble the results in Fig. 2.
for the colinear and cocircular polarization configurations.The overall shape of the spectra in Fig. 3 is similar for all
Neither the strong dependence on the excess energy of tlecess energies although some dependencies are still visible.
shape of the continuous emission betwesmesonance and Even for resonant excitation at the exciton in Fig. 3 only a
band-edge nor the dip near the exciton position is reproweak enhancement is found in the low frequency component
duced. In addition, the MF and BA spectra for cross-linearof the emission which is reminiscent of the strong excitonic
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FIG. 3. FWM spectra at zero delay time for colinear polarized § T g=18meV;tp =20 fgewminia:
pulses, calculated accounting nonperturbatively for Coulomb corre- g
lation within the full CL theory. The calculations are performed for St
. . .. . . © B
the same excitation condictions as in Fig. 1 except that the pulses &
had a duration of 20 fs full width at half maximum of the field ;.’ i
amplitude. = | H
emission found in Fig. 1. Here, we have almost reached the - s
limit where the excitation is flat in all relevant parts of the ™ Y el
spectrum for all central frequencies that have been consid- -1.5 -1 -0.5 0 0.5
ered. It is, of course, expected that in this limit there should fiw/Ep

be only minor dependences of the FWM emission on the ) _
excess energy. The most interesting finding of Fig. 3 is there- F'C- 4. FWM spectra according to the full CL theory for differ-
fore not the weak dependence on the central frequency, b&pt ‘strength.s of the Coulomb interacti@indicated is the result!ng
the fact that by reaching this ultra short pulse limit, the M Exeiton binding energy). The central f.requency was kept fixed
or BA prediction of an emission that is strongly peaked near1 6 meV above the band-edg_e and colinear POIar'Zed pulses have
. . : . been used throughou®) for a fixed pulse duration of 40 fgb) for
the exciton line anq OtherWISe u.nStrUCtured’ is not restored ulse durations as indicated. The pulse duration@)jrhave been
Fr_o_m th_e foregomg_ analysis it has b_ecome Clear_ tha_t th hosen such that the linear absorptions at the exciton and in the
specific mixture of discrete and continuum contributionS,qhiinyum have a constant ratio for calculations with different in-
which manifests itself in complex FWM line shapes is goV-eraction strengths.
erned by the Coulomb interaction. For such a situation where
obviously strong nonperturbative Coulomb correlationsemerges which corresponds to theeXciton transition. Ex-
dominate the dynamics it is evident that the interactionciting the wire above the band-edge with a fixed pulse width
strength is a critical parameter of the system. In order to geand then increasing the exciton binding energy implies that
more insight into the role of the interaction strength we havehe relative weight of the excitonic excitation is decreased
systematically varied the dielectric constant which scales theompared with the excitation above the band-edge. In con-
Coulomb potential. In a first set of calculations we have keptrast, increasing the excess energy for a fixed binding energy,
fixed the characteristics of the pulses and considered coliras studied in Fig. 1, reduces also the excitonic contribution
early polarized 40 fs pulses with an excess energy 16 meYut at the same time substantially increases the continuum
above the band-edge. Changing the interaction strength, firstbsorption. Moreover, keeping the central frequency as well
of all, has the more or less trivial consequence of changin@s the pulse width fixed implies that in Figa#we cover the
the exciton binding energy. In Fig(& we compare FWM same energy region of the continuum in all cases, while the
spectra calculated for fixed pulse characteristics for three difincreasing excess energy used in Fig. 1 increases the con-
ferent cases corresponding to exciton binding energies of 4inuum absoption mostly by covering a larger energy range
10, and 18 meV, respectively. To facilitate the comparisorin the band-to-band continuum. It is often argued that con-
we have plotted the spectra in units of the exciton bindinginuum excitations are reasonably well approximated by free
energyEg. As seen from Fig. @), for a stronger Coulomb electron hole pairs that are represented by plane waves.
interaction the complex line shape disappears. Already, in thgVithin this simplified model, the three cases studied in Fig.
Egz=10 meV case the emission is concentrated at the excitof(a) correspond to identical continuum excitations. From this
resonance. Here, the influence of two-pair correlationgoint of view it is rather surprising to find thatraductionof
merely leads to some broadening which is even further rethe excitation at the exciton results in an almost complete
duced when the binding energy is increaseje18 meV.  concentration of the emission at the exciton line and removes
In the gap region between the exiton and the band-edge weractically all continuous parts from the FWM spectra. Thus,
find for the stronger interactions no longer a broad continuthe trends obtained in Fig(&) indicate that the uncorrelated
ous emission, instead a well resolved second resonandeee-particle picture is inadequate for near band-edge excita-
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tions. Indeed, it is well known that the effect of changing theclose to the exciton line. Apart from these details the curves
interaction strength is not limited to a change of the excitonin Fig. 4(b) are evidently very similar to the corresponding
binding energy and thus for fixed pulse characteristics, to &urves in Fig. 4a). Thus, even when the total amount of
change of the weight of the excitonic contribution. Instead,excitation as measured by the linear absroption is kept at a
there are further modifications such as changes of the pertgonstant ratio for excitonic and band-to-band transitions, we
nent densitieS Of states Wh|Ch ma.y a.ffect a” pOSSib|e Scattelﬁ'nd a Strong mixing of discrete and continuum excitations
ing processe® The best known consequence of this effect iSonIy when the interaction is not too strong.
the Coulomb enhancement of the near band-edge absorption
in bulk systems. In quantum wire systems the corresponding
effect is a Coulomb induced reduction of the band-edge IV. CONCLUSIONS
absorptiorf62 It should be noted, however, that in order to
understand the spectral shapes discussed in the present papeiVe have analyzed FWM spectra in the low density regime
it is not enough to account for the Coulomb induced changewithin a quantum wire model under excitation conditions
of the linear absorption. These are fully included on the same&vhere transitions to excitonic states and to the band-to-band
level of sophistication in the MF and BA level of theory just continuum are simultaneously excited. We have accounted
as in the CL treatment. Having noted that we are dealingor all types of correlated two-pair transitions comprising
with nonperturbative Coulomb correlations that result frompjexcitons, exciton-exciton scattering states, two free
the Coulomb potentials in the propagation operatQg [cf. electron-hole pairs as well as two-pair states involving an
Eq. (6)], it becomes evident that what really matters here ar@xciton and a free electron-hole pair within the framework of
the modifications of the scattering process itself which inthe coherent limit DCT scheme. For the broadband excitation
turn determine the way discrete and continuum parts of theonsidered here, all of these correlations contribute actively
excitation are combined in the nonlinear dynamics. From thigo the dynamics. It turns out that even for broadband excita-
discussion it has to be concluded that the trends in Fig. 4ion the FWM spectra depend crucially on the excitation con-
indeed provide further evidence for the decisive role of nonditions such as the excess energy, the spectral width, and the
perturbative Coulomb correlations which obviously result inpolarization of the laser pulses. Under certain excitation con-
the most pronounced mixing of discrete and continuum exéitions, two-pair correlations give rise to complex line
citations for not too strong interactions. shapes of the FWM spectra, where a continuous emission is
Finally, we would like to show that the actual superposi-obtained in the gap region between the exciton line and the
tion of discrete and continuum excitations that eventually ishand-edge. Typically, these spectra exhibit a dip-like struc-
reflected in the FWM spectra is not determined alone by théure near the exciton resonance and in some cases the emis-
relative weigths of excitonic and continuum excitations. Tosion at the exciton is strongly suppressed. The bound biexci-
this end we have performed calculations for the three differton does not play a decisive role for the occurrence of these
ent quantum wires that were already considered in Rig). 4 spectral features as is evidenced by calculations for cocircu-
Again, we have used a fixed excess energy 16 meV abouar polarizations which exhibit these features although no
the band-edge. But this time, by changing the pulse durationkiexcitons are excited. By comparing calculations that ac-
we have adjusted the pulse width in such a way that the ratioount nonperturbatively for the Coulomb interaction, with
of the total absorptions at the exciton line and above theesults of the MF and the BA theories, it is conclusively
band-edge is exactly the same for all three calculations. Thdemonstrated that the complex line shapes reflect nonpertur-
corresponding results displayed in Figbyshow essentially bative Coulomb correlations which are present during the
the same trends as the curves in Fig@4The complex line  scattering process. The decisive role of the interaction is fur-
shape disappears with an increasing interaction strength ier highlighted by calculations performed for different
favor of an emission which is located at the resonance. strengths of the interaction, which clearly reveal that it is
Compared with Fig. &) there are some noteworthy differ- indeed the interaction which determines the combination of
ences: the emission in the gap region is now slightly highediscrete and continuum excitations that is eventually seen in
and the curve folEg=18 meV exhibits a dip-like structure the spectra.
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