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Semiconductor polarization dynamics from the coherent to the incoherent regime:
Theory and experiment
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We explore the capability of a many-particle approach to the polarization dynamics of optically excited
semiconductors. The theory contains the well-established theories for the coherent low excitation and incoher-
ent high excitation regimes as limiting cases. The approach shows excellent agreement with four-wave mixing
experiments where an incoherent background of carriers is created by a cw beam allowing to investigate the
full range between the limiting cases.
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. INTRODUCTION =10"—10"® cm 2 dense plasma ranges betweEg(N)

_ _ o =100 fs and 150 fs, and the “orbit” period of an exciton is
During the last decade investigations of the ultrafast opti-T,~1 ps. All these times scales are well within range of
cal response of semiconductors has brought us conceptuglodern experimental setups.

advances in our understanding of the dynamics of Coulomb ;15 very recently the theoretical approach to the physics
correlations and electronic coherences in these materials. Iz highly excited semiconductors was based on two comple-
deed it is now possible to perform experiments with ime,oneary byt distinct formalisms, the dynamically controlled

resolution shorter than the_ scgtterlng t|me_ sc_ales of the fu.rfruncation scheméCTS) and the real-time nonequilibrium
damental elementary excitations and with interferometric

control of the excitation density and enefgy.However, Green’s function(NGF) techniques. The DCTS formalism

most of the work, experimental or theoretical, concentrate?a.S been developed fo_r desc_nt_)l_ng the coherent_ly dresan
on either one of two completely different experimental sity-Pair system generated in the initial phase following laser ex-

ations, involving, respectively, coherently driven stitéer ~ citation of the semiconductor in its ground state”” The
incoherently relaxing distributioris1# In real life this dis- NGF approach is well suited for treating the effects_ of inco-
tinction is artificial since an initially coherently driven sys- Nerent scattering and has been successfully applied to de-
tem naturally relaxes and eventually reaches thermodynamgcribe  the  non-Markovian — behavior of relaxation
equilibrium. When electron-hole paire-h) are excited by a processe$* %3

short laser pulse they start oscillating coherently between the To obtain a thorough understanding of the evolution of
valence and conduction levels forming polarization waves-h pair systems from initial coherently driven states to re-
whose quantum-mechanical phase is defined by that of thiexed ones it is important to have at hand a theoretical de-
laser fields. Thizoherent regiméasts typically a few tens of ~scription that can bridge the two cases. Recently progress in
femtosecondsfs) and soon many-body interactions start be-that direction has been made at the level of the lowgS?)
tween the polarization waves and the waves associated withonlinearity. A many-particle theory has been developed,
the collective excitations of the sample, e.g., phonons, plagepresenting an approximation scheme that contains the NGF
mons, etc. These interactions are not instantaneous; they aaed the DCTS as limiting cases and provides a natural inter-
interferences with time scales defined by the period of theolation between these limit§?*1t is based on a diagram-
interacting waves. As they progress a number of processasatic analysis of the interaction processes, which allows to
begin to be “turned on.” The lattice begins to react to therenormalize up to infinite order in the Coulomb interaction
appearance of charggshonons are absorbed or creatadd  the scattering between excitonic polarizations and the corre-
the Coulomb potential starts to be screeripthsmons are sponding processes for the coherent contributions to the one-
absorbed or creat@dDuring this transient period incoherent particle distributions. In the coherent limit, perturbation de-
populations are generated whose dynamics is still highlwelopment in terms of the applied field allows to relate the
nonclassical. As scattering processes become effective, tidGF to the DCTS and provides the basis for an ansatz used
coherence continues to decay, and is completely lost aftédo reduce two-time Green’s functions of the the NGF ap-
many tens of femtoseconds. It is only then that the quasipaproach to single-time density matrices. This guarantees that
ticles start to look more or less “classical.” Clearly it is the exact results of the DCTS are recovered in the coherent
before the establishment of the classical regime that the mo#mit.

interesting physics occurs. In order to fix the ideas let us The approach was tested against experiment in the case of
consider the case of the model semiconductor that we studyulk three-dimensiona(3D) GaAs in high magnetic field

in this paper: gallium arsenid@aAs. In this material the and it was found to describe well the transition from low to
LO-phonon period isT =115 fs, the period of aV,, intermediate densities, i.e., forNg,=1.5x10%-5
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X 10" cm2. Clearly, it is interesting to probe the range of sponding ones fof¢ and f}! form the well-known semicon-
applicability of the theory. This is the goal of this paper. We ductor Bloch equation® Therefore, to go beyond this level
present a quantitative analysis of dephasing in quasi-2[3f description, the task is to find suited approximations for
GaAs quantum well§QW’s) where controlled amounts of the scattering contribution.
incoherent carriers are introduced independently from the co- |f we want to expand the NGF theory to low densities, we
herently drivene-h pairs that participate to the phase- myst identify those diagrams in the second-order Born ap-
sensitive four-wave mixingFWM) experimentS® We show  proximation that correspond to the expansion of the biexci-
that the theory can indeed describe the dephasing processggic correlation to second order in the Coulomb interaction.
induced by carrier-carrier scattering and yet account for suclthese diagrams describe polarization scattering. Those dia-
important effects as exciton-biexciton quantum beats. Th%rams have to be dressed by higher-order Coulomb interac-
paper is organized as follows. In Sec. Il we present thejons which describe the interactions between two electrons
theory, and Sec. Ill describes the experimental setup angind two holes. The only restriction we impose on the addi-
gives the main results, which are compared to numericajional Coulomb interaction lines is that they are ladderlike
simulations and discussed in Sec. IV. Finally we concludeor a given pair of particles. This is exactly the same level of
with a summary of recent progress and a discussion of futurgpproximation used to describe the formation of excitons.
developments. The ladder approximation allows us to derive a recursion
formula relating thenth- and f—21)th-order contributions to
Il. THEORY the exciton-exciton interaction. This recursion formula can

. . o e mapped onto an equation of motion for the biexcitonic
As already mentioned our approach is a generalization o orrelation

the second-order Born NGF theory, based on a diagrammatic Within this general strategy two important issues must be

analysis of the interaction processes. In this section W%onsidered(i) identifying the diagrams that must be renor-

tpr:eeSNegtth(ra] dgfhneerggfg”;iv}’i%:;ir?n%;S'Zgulszsorhggvm't I'entglxgse%alized and performing this renormalization, dndl finding
Y ’ P A consistent approximation for making the NGF problem

2 Sh:;;igexvviﬂi?egg tgelorgag tggﬁ\rgt'igil i;enp%és fgllllr?(;l i'r?solvable. In the context dfi) we note that beside the polar-
RE?S 18 and 24 9 ization scattering diagrams another class of diagrams must

At low excitation densities and in the coherent limit the be renormalized. The one-particle distribution functions can

. . . be split into a coherent and an incoherent part,
density matrix theory gives exact results for our many-
particle problem. Current NGF studies, however, are re- fe_ fecon,, feinc 3
stricted to scattering processes high in the band-band con- ko Tk k-

tinuum and at densities high enough that correlations can bgere e assume that the incoherent contribution is domi-
neglected. In that case an expansion of the interaction projated by free carriers and adequately described within the
cesses in orders of the screened Coulomb interaction is jugecond-order Born approximation. Higher-order interactions
tified. In practice these studies are usually limited to thegiying rise to the formation of biexcitons are taken into ac-

second-order Born approximation. _count for the coherent contributions only. The coherent part

The relevant microscopic quantity in both approaches i§s getermined by the product of two polarizations, i.e.,
the transition amplitude

PEN(t) =(ex(DR_ (1)) =i G g (t,1). (1) fﬁcoh:; pehphe, (4)

Within the Hartree-Fock approximatioﬁﬁh(t) satisfies

the equation of motion: and it has to be renormalized because it also gives rise to

exciton-exciton interactions. As f¢ii ), it is necessary to find
J . . a consistent approximation for reducing the two-time
—ifi— — ey sy —ifiy| Py Green’s functions to single-time functions. Even at the
Hartree-Fock approximation level, treating nonequilibrium
e oh ch Green’s functions in a two-time basis is a difficult thsand
=denE[1-f —fi]— E Wi Py is not feasible at the level of four-particle correlations which
K we want to include. Furthermore, the standard approximation
e ohmeh o ee  chieh to achieve this goal, i.e., the generalized Kadanoff-Baym
- 2 W[ (Fir + )P = (Fe+ F) Py ansatZ’ does not reproduce the density matrix theory results
K in the low excitation regime. Therefore, we use another an-
9 e satz which agrees with the known exact results in the low
i =Py |scatt (2)  excitation densities. Our procedure is justified by solving the
Dyson equation linear in the external field. The details of our
where f§ and fE are the one-particle distribution functions derivation are given in Appendix A. A quasiparticle approxi-
andw, is the screened Coulomb potential. mation for the spectral functions in Eq#&3) and(A5) gives
If the scattering contribution, i.e., the last term, andfor the off-diagonal elements of the Green'’s functions in the
screening are neglected, E(R), together with the corre- leading order
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LU ’ I PR ’ f 4!
Gt =BE (LY = 2R (5)  GIPLL)=e IS Go (LGt 1))

and

) o o =—%eisﬁ<“’>; PR (t)PL(L). (7)
GcUk(t,t/):GZ}k(t,,t,)elsk(t_t ) — %Pﬁv(t,)elsk(t_t )
(6)
Similarly we obtain for the coherent part of the diagonal Therefore, our gpproach complements the well-known
Green's functions Hartree-Fock term in Eq2) by a scattering term of the form

. 4 b b b b
i Plsca= 2 b%h} [W3— 8a sWoWi— 101X {{a(ef— e gt e = e )PRTL(L= R ) fR (1= 1)
k'g,a=e,h P=18

Hf=(1-D]- it —{k=(krq) K =K+ = X (1= 8,5 WqWii
k'qg;a,b=e,h

X g(ef g eftel — ol JHUPEILIL— O, (1= 12)]+[f=(1-H]- LM —{(kt @)= (K’ + )}

e'h’ e’'h’ 1% ehée h’ ehéh’
+k2h, Wel P =P oI X By gk kg Brokrakr g 1o (8)
q,e

where g(w)=P(l/w)+imé(w) and the BE?—Z,,T(,,k/,k'-#q are lation with the unscreened Coulomb interactiog—uv is
the biexcitonic correlation functions. left over. The high-density limit is recovered as well. With

The first term of Eq/(8) is the second-order contribution increasing density the biexcitonic correlations die out due to
to scattering, which we write in the Markovian limit. Com- scattering with free carriers. This allows a pertubative treat-

pared to the usual NGF results the coherent part of the ondhent of the Coulomb interaction. Using the Markov approxi-

particle distributions is substracted, leaving in the linear denmgnonBand treating tr:_e bu;,-r)](cnomf _go:_relatlopfhm sehcond;
sity regime only the incoherent part. The coherent®rd€r Borm approximation, the contributions of the coneren

TR . densities cancel out and we find the usual NGF result.
contribution is part of the second term which couples the . . . ) ;
P b At intermediate densities the theory is not fully consistent

biexcitonic correlation functions to the transition amplitude. . . .
P and can be improved. The Markov approximation for the

It is worth noting the Markovian coupling &¢" “whereas scattering with free carriers could be avoided. More impor-
the coupling ofB¢"¢"" is non-Markovian. This result, well tant we treat the two-time functions by a low-density ansatz.
known from density-matrix theory, is a consequence of outHowever at higher densities the influence of biexcitonic cor-
ansatz Eqs(6) and(7) and could not be achieved by a gen- relations decreases, so that this approximation should have
eralized Kadanoff-Baym ansatz. We recover the coherendnly minor consequences. Since our approach includes the
limit of the DCTS theory by assuming negligible screeningtwo limiting cases exactly, we expect that it gives reasonable
and dephasing, which is valid in the low excitation regime.results at intermediate densities.

In this case the first term describing incoherent scattering The set of equations of motion is completed by the equa-
vanishes and only the contribution of the biexcitonic corre-tion for the biexcitonic correlation:

(? ’ ! ! ! ! /h'
; e h e h e h e h ehe'h e h ehe'h
'h5+8k+q+8k+3k'+3k'+q+"k+q+‘7k+"k'+"k'+q Bk+q,k,k’,k’+q+2 (T4t g0t Tk ) Bt g kg ke ki 4
q
e’ h’ ehe'h’ ehe'h’ ehe'h’
+(Uk',q’+Uk’+q,q’)Bk+q,k,k'+q’,k’+q+q’]+Z Wq’[Bk+q+q',k,k’—q',k’+q+Bk+q,k+q’,k’,k’+q+q’
q
_Behe’h’ _Behdh’ _Behe/h’ _Behe’h’
k+qg+q’ k+q’ k" .k’ +q k+q,k,k"+q" k" +q+q’ k+q+q’,kk" k'+qg+q’ k+q,k+q’,k'+q’,k’+q]
— eh_ peh e'h’ e'h’ e'h e'h, eh’ eh’
_Wq(Pk _Pk+q)(Pkf _Pk/+q)_wkfk/(Pk —Pk, )(Pk/+q_Pk+q)- (9)
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Here the diagonal parts of the one-particle self-energies art 510 508 - (nm) 504 02 500
defined by 2.0 4L ) ) 1 \ !
of= X [W;— 8 pWqWic—k]

q'k’;b={e,h}

a b b a
XQ(Sﬁ_8k+q'+8k'+q’8k’)X[[(l_fk+q’)

Xt g (A= T ]+ [f=(1-D)]], 1 -
and the off-diagonal parts as
O-E,q’ = z [WS_ 5a,qukak’]
k’;b={e,h}
XQ(eg, g —ebtep — e, g) X[[(A—1)
X o (1=, )]+ [f=(1=D)]]. (11)

Energy (eV)

L]
1.540

1

T
545

These terms give rise to an energy shift of the biexcitonic FIG. 1. Excitation intensity dependence of the absorption coef-
spectrum, but even more important, they describe thdicient spectra of the sample. The curves are displaced by 0.2 con-
dephasing of the biexcitonic correlation functions under thesecutively from bottom to top for clarity. The dashed line is the
influence of free carriers. Aside from these self-energy term§pectrum of the laser pulse used to perform measurements. The

we recover the DCTS equation of motion.

I1l. EXPERIMENT

intensity |, is about 16 W cm 2.

sample of mode-locked and cw lasers are 2, and

44 pm respectively. The sample is always kept at a tem-
The method of choice for testing the approach is time-perature bele 5 K to minimize phonon effects.

integrated four-wave mixingTl1-FWM), since it probes both

We perform first transmission experiments with excitation

carrier correlation and coherence. As a key experiment wintensities 10°,— 1o, wherel ;=10 kW cm 2. Absorption
perform TI-FWM on a QW sample that already contains anspectraa(w), obtained from the spectrum of the transmitted
incoherent background of electrons and holes that is contipulse, are shown in Fig. 1 together with the spectrum of the

nously created by a continuous waftav) laser. This situa-

incident pulse. We found bleaching of the exciton absorption

tion displays an important test for the approach, because thgithout shifts of both the light-holglh-X) and the heavy-
DCTS cannot treat an incoherent background carrier distrihole (hh-X) exciton resonances as shown by Fig. 2 where the
bution and the NGF is only valid in the high excitation limit. hh-X and IhX peak position and peak absorption are dis-

The full capability of the approach is demonstrated by choos-
ing an excitation regime high enough to exhibit four-particle
Coulomb correlatior(in particular biexcitonig signatures in
the TI-FWM, but yet well below the plasma regime where
the Coulomb potential is strongly screened. We determine
this regime through two preliminary experimenis) an
excitation-dependent pulse transmission of short laser pulse
and (i) TI-FFWM without an incoherent background of car-
riers.

The sample under investigation is an undoped multiple~
GaAs[AlGa)As QW grown by molecular beam epitaxy. The °
active region contains 10 periods of 14-nm GaAs layers
separated by 10-nm MGa, -As barriers. The QW structure
is sandwiched between 500-nm and 490-nm /8la, /AS
layers, and capped with a 10-nm GaAs layer to avoid oxida-
tion. The sample substrate is removed by wet etching to al-
low for transmission experiments, both sides are antireflec-
tion coated with Sg0; and the sample is glued oncaaxis
sapphire disk.

SL] nel
— 0 hX
® hhX © hhX
1.0 : . . . - [ 1545
o @ ® g
® * - - 1.544
O oo o o oo o 0 °F
0.8- . 1.543
‘ | 1.542
0.6-
L 1.541 §
9 L1500 5
.4 5 = .A.m 1
" = _ 1539 5§
o e o ©fuss
024 o o o © o o © S
. L 1.537
i . : : . — 8 Lisse
10°  10°  10*  10°  10° 10" 10
11

FIG. 2. Energy of the hix and IhX resonancesolid symbol$

We use a mode-locked Ti:sapphire laser that emits 100and corresponding peak absorptieh(open symbolsas a function
200-fs pulses at a repetition rate of 100 MHz with an averagef the normalized laser intensityl, . The dotted line is a fit of the
power of 300 mW. Another Ti:sapphire laser is run in the cwdata to Eq(12). The arrow indicates the intermediate intensity re-
mode for creating an incoherent background of carriers in thgime that we explore with the TI-FWM experiments with the inco-
sample. The diameters of the focused laser spot on thieerent background of carriers.
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CW Ti:Sapphire Laser

Time Delay (At) N

FIG. 3. Scheme of the four—wave mixing experimental setup.
Two equal intensity pulses, with wave vectérsandk,, and a third
cw laser beam are focused on the sample. The beams are linearly
parallel polarized. The signal emitted in th&,2-k, direction is
measured.

TI-FWM (arb. units)
;L

played. The absorption strength at bothXland |hX peaks
follows a simple saturation ruf&;?°

' ‘ Energy (eV)
!

a(l)=a(0)(1+1/1971, (12) 10° +———————— 1
4000 2000 ©0' 2000 4000 6000 8000
wherel is the laser intensityx(0) is the linear absorption
coefficient,«(1), the absorption at a laser intensityand| ¢
is the saturation mtens@y. We find thb5t§300 chm %, in FIG. 4. TI-FWM signal without incoherent background of car-
excellent agreement with early expenme%ﬁ%.. The con-  yiers. From top to bottom the excitation densities created at hh and
stant energy of the two exciton resonances is caused by |8 respectively, are N=(N,_x N x)=~(0.19x10'15.0
redshift of the band gap which almost exactly cancels out thec101%) cm2, A% 107°5 A% 10710, A% 10715, A% 10729, and
reduction of the exciton binding energy due to the increased/x 10725 A medium excitation(bold solid ling is used for the
screening the of electron-hole Coulomb attracfid®. This  experiments with incoherent carrief§ig. 5. The dashed line
redshift is known as band-gap renormalization and is novéhows the laser-pulse autocorrelation. The laser spectrum overlaps
theoretically well understootf. For intermediate excitation mainly with the hh absorption linénses.
intensity, an extra peak at the lower-energy side ofxhh-
develops. It is ascribed to the formation of biexcitob(g)(. A that intensity increasesy fo||owing rough|y a power |aW,
microscopic theory that quantitatively explains the power de4 /T, A’V Although we took precautions to mostly excite
pendence of the transmission spectra has been provided Bye hhX, at high excitation the admixture of excited species
Jahnke and co-worke?$:* Nevertheless it does not cover may change, therefore, we do not consider that the trends in
four-particle Coulomb correlation and, therefore, does nothe T, power dependence have a general significance. This
exglaln the biexcitonic peak. The biexciton binding energypoint will be discussed in more detail in Sec. IV. More im-
(E,? deduced from the splitting between the Xrand biex-  portantly, the data exhibits qualitative signatures of four-
citon, Fig. 1, is about 1.7 meV. This value is consistent withparticle correlation. The TI-FWM signdi) increases very
the findings of Birkedal, Singhetal. on similar GaAs slowly for negative delay$ and (i) exhibits beats for mod-
QW's2>% The biexciton energy can also be determinederate excitation intensif{? The beat frequency corresponds
through the exciton-biexciton quantum beats seen in Tlto a hhX biexciton splitting of about 2 meV in good agree-
FWM as discussed below. ment with the findings of the transmission measurements.
Next we perform TI-FWM on the sample without the The optimal regime for observing a clear signature of four-
background of incoherent carriefiSig. 3). We used spectral particle correlation is obtained for an excitation intensity
shaping of the pulses to avoid exciting theXtand the con- =320 Wcmi?2 or a hhX density M, x=1.6
tinuum in order to observe clear biexcitonic effects. With thex 10'° cm™2, corresponding to the bold curves in Figs. 1
laser pulses shown in the inset of Fig. 4 the relative excitaand 4.
tion of these species is such thaf,_ x~25X A, _x>MN;. We thus fixed the characteristics of the laser pulses onto
The pulses in thé; andk, directions have approximately the sample to the condition in which this TI-FWM profile is
the same intensity and are linearly polarized with parallelobtained and studied the changes induced by an incoherent
polarization. We measured the TI-FWM signal in thk;2 background of carriers generated by the cw laser exciting the
—k, direction as a function oAt, the time delay between sample atiw,=1.5694 eV. The densityV,,, of carriers
the pulses, for many laser intensities on the sample creatingreated by the cw laser is determined by the equilibrium
Nin-x~1.6x10°—5x 10" cm~2 hh-X as shown in Fig. 4. condition NV, T; *=ga(wey) Py, Whereg is a factor that
Several features of the TI-FWM signal are strongly affecteccontains the photon energy and the spot sRg, is the
by the laser intensity. Whereas at low excitation intensity thepower of the cw laser and’;=100 ps is the estimated
decay time,T,, is constant, it clearly decreases strongly aselectron-hole recombination time. It is known from time-

Time Delay (fs)

045306-5



LOVENICH, LAI, HAGELE, CHEMLA, AND SCHAFER PHYSICAL REVIEW B66, 045306 (2002

many-body effects and not in predicting the precise exciton
and biexciton energies, we assume infinitely high QW’s. This
simplifies the calculation of all matrix elements, while hav-

ing only a minor influence on their magnitude as compared
with finite height wells. Therefore, all the momentum vari-

ables in the equations of motion in Sec. Il as well as in the
following formulas must be understood as 2D-quantities in
the QW plane. The Coulomb interaction then is given by

10°

o
S
N
d

TI-FWM (arb. units)
(=9
=

107 4
1
Wq=—U
q a
10" t—y ' r r T r €
4000 -2000 0 2000 4000 6000 8000
Time Delay (fs) e? 3 . 82
V.=
FIG. 5. TI-FWM signal for incoherent carrier densiti¢g,, 9 epep Q212 +4m%  Q?l2(Q?1?+472)
=0—5.8x10" cm 2 created by the cw laser at 1.5694 €%90
nm), where V,=8x10° cm 2 and the coherent carrier density is 327 [1—exp(—|ql|)]
1.6 X10' cm™2. - (13
30 2|2 212
|lall*(a%1%+47%)

resolved photoluminescence measurementsTthaan be as

short as 20 ps for cold resonantly excited carriers and as lonlj is easy to verify that for large momenta the Coulomb po-
as 1 ns for hot carriers. Figure 5 shows examples of théential behaves like in the 3D case, while for small momenta
TI-FWM signal measured for\,,=0—5.8x 10" cm 2. vg> (1Ml +3/47%) corresponds to the 2D case. Screening is
The incoherent carriers produce very important changes iaccounted for by the dielectric function described by the
the TI-FWM signal: its overall duration and magnitude de-Lindhardt formula:

crease strongly, and the four—particle correlation effects be-

come less pronounced and eventually disappear at high ex- a _fa

citation when the signal becomes extremely short. The decay e =1-v,> —4 K (14)
; ; ; q q a a’

time decreases by a factor of 2 following approximately the ka gy, q~ e

relationT, = A% as shown by the solid symbols in Fig. 6.

The one-particle distributions that enter Ef4) as well as
V. COMPARISON AND DISCUSSION Egs. (8), (10), and (11) are obtained as solutions of their
L . . . equations of motion. In general they are nonequilibrium dis-
Considering the experimental excitation conditions, we, ., . . . .
. tr];butlons and incorporate the effects of the incoherent distri-
can safely assume that only the lowest electronic subbands o

the QW's are relevant. Since we are mostly interested in theUtionS created by the cw-laser as well as the contributions
' y of the laser pulses that generate the FWM signals.

The equations of motion of the transition amplitu@
and of the one—particle distributions are solved in momen-
®  Experiment tum space. The equation of motion for the biexcitonic corre-
1000 1 3 O Theory i lation (9) cannot be treated in momentum space. As usual we
expand it in terms of excitonic eigenfunctions, which are
solutions of the Wannier-like equation,

1200 T T

800 - .
'--...".i.§

hy eh eh h eh
[SE+8k]‘P§,k_2 Wik @i =En Pk (19

600 - k

Decay Time (fs)
v
et

An important question that must be addressed is whether
these eigenfunctions depend on screening. Since it is not
possible to recalculate the matrix elements as screening
. S — S —— builds up, we use the Coulomb potential at late times, when
1 10 100 the distributions have reached a stationary state. This is a
N/N or N/N minor approximation, because the one-particle distributions

¢ ' build up with the excitation pulse and quickly become sta-

FIG. 6. Decay timeT, of the TI-FWM signal for different den-  tionary.
sities A/, of incoherent background carriers. Solid squares are ex- In order to maintain the antisymmetry properties of the
perimental, open circles theoretical results. The dashed line fits theiexcitonic correlation function at all levels of the expansion,
decay times with W, A5 we write it as

400
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25 v v v v
geheh’ _ E[gehe/h’ _pge'hen ' ' ' ' '
k+akk k'+q~ 2LPk+gkk k'+q" Pk’ kk+ak +q
Seh’e’h 5e'h’eh
k+q,k'+q,k’,k+ Bk K’ +q,k+0q, k]

(16)

(arb. units)

Each of the new quantities follows the equation of motion 5
(9) with only the first of the two source terms. The second g
term arises because of the antisymmetry of the blexcnonlc..
relation. The new quantities can be expanded in terms of thea®
eigenfunctiong15):

Sehéeh’ _ ehe’h e'h’
S nZ B, (q)(PnkJraq(Pmk’-f—ﬁq’ 17

wherea=m,/(mg+m,) and S=mg/(m+m;). While this Energy (meV)
expansion maintains the antisymmetry of the biexcitonic cor-

relation function, it does not separate singlet and triplet FIG. 7. Spectrum of the biexcitonic correlation function for in-
statest® coherent carrier distributions of 0.4bold line), 0.9 (dashegl 1.75

The spectrum of the biexcitonic correlation function is (dotted and 3.5<10" cm~? (dot dashell Energies are measured
obtained by solving the equation of motion in the frequencyrelative to twice the energy of the lowest excitong2.
domain:
gets stronger and the spectral weight decreases. At high den-

[w_sﬁg _,_,hynm]Behe'h (0 @) sities finally the bound state disappears completely.
As shown experimentally, the FWM signal is influenced
2 ehe b’ by both the incoherent carriers created by the cw laser and
it Wq- q’Mnn'(q —qQM mm’(q q)Bnm " (9) the carriers generated by the laser pulses that produce the

FWM. Therefore, we need to separate the effects of these
=S WM ME N (—q) 18) two sp_ecies, especial_ly in terms of their cpntributions to
o a ni (4)Mmj a screening and dephasing. In the absence of incoherent carri-
ers our starting point is experiments with a Xhdensity
where the overlap matrix eleme"(q) and the effective  Npn—x=1.6X10" cm™? that correspond to the bold curves
dephasingy,, are defined in Appendix B. Since we are in- Of Figs. 1 and 4, and we cannot simply assume that these
terested in the spectrum of the biexcitonic correlation onlycarriers do not contribute to screening and dephasing. In or-
the frequency dependence of the polarization is not includedler to account for them systematically, we calculate the ab-
After inverting Eq.(18) the spectrum is calculated by pro- Sorption spectrum in the absence of incoherent carriers
jecting Behe/h (q;@) on the matrix element that couples the within the framework of our approach. Then we adjusted in

b|eXC|ton|c correlation to the polarization, defined in A n-Our program the Igser_ excitation density .to _reproduce the
dix B: P d bpe experimental hiX linewidth and the hhX, binding energy.

Finally, keeping the excitation density constant in the com-
putation, we can calculate the TI-FWM signal for various
2 Cehe’h ehe/h G w) (19) densities of incpherent c_arriers as shown in F_ig. 8.
nmq The calculations are in good agreement with the experi-
ments and reproduce the main features of the evolution of
Figure 7 shows the spectrum of the hh biexcitonic correthe TI-FWM signal as the incoherent carrier density is var-
lation function for different densities of incoherent carrier ied. As N, increases both the rise time, fAt<0, and the
densities. For this calculation we have assumed that screedecay time, font>0, decrease quickly. The theory accounts
ing of the Coulomb interaction and dephasing is caused by guantitatively for the observed overall decrease of the signal
thermal distribution of free carriers. As the sample was heldstrength and the shift of its temporal maximum, which at low
at a temperature of 5 K, we assumed a carrier temperature densities moves towards positivg. This later effect is due
10 K for this and all further calculations. We see that at lowto the influence of biexcitonic correlations. Whev,, in-
carrier densities the spectrum is dominated by theXhh- creases the biexcitonic correlation weakens, because of the
bound biexciton. We note that for the parameters of oumore effective screening and of dephasing by scattering with
sample this calculation shows bound states of th&hinly,  these carriers. The FWM signal therefore approaches the
and not for the IhX states or for hi/Ih-X mixed states. As limit of semiconductor Bloch equatiofSBE) with, in par-
the carrier density increases the Coulomb interaction weakiicular, a maximum aft=0. The decreasing contribution of
ens due to screening and, therefore, thexhibinding energy  biexcitonic correlations is seen most clearly on the<0
decreases. At the same time its width increases as dephasisignal where oscillations, corresponding to Xh-binding
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FIG. 9. Temperature dependence of the dephasing of the lowest

FIG. 8. TI-FWM spectra for different incoherent carrier densi- hh exciton for a carrier density of 210** cn?.
ties, whereV;=8.8x10° cm 2 and N;~8x10° cm 2. The solid _ _
lines are experimental data while dashed lines are theoretical simdPrium, these power laws cannot be valid under all condi-
lation results. We attribute the difference betweénand.\; to the  tions. To explore this effect we calculated the dephasing rate
uncertainty in the recombination lifetime. using Eq.(8) for different incoherent carrier temperatures. In

order to eliminate thé& dependence and get an experimen-
energy, disappear as screening and dephasing increase. Théy accessible result, we projected E&) on the lowest
difference in the beating periods of experiment and theory igxciton level, thus obtainingy,,_x for the broadening of
attributed to slightly different biexciton binding energies for that level only. As shown in Fig. 9 we find that,,_x varies
experiment and theory, which in turn is due to the assumpstrongly with the carrier temperature. With increasing tem-
tion of infinitely high quantum wells. Also, the SBE predicts perature and therefore for broader carrier distributiorkin
a fixed ratio of 2 between the TI-FWM signal decay time andspace, the dephasing gets weaker. It should be remembered
rise time. This is seen in the high incoherent carrier densityhat initially the nonequilibrium distributions created by laser
calculation, but for low densities the rise time is significantly pulses(in particular in our experiments the pulses that pro-
longer, again because of biexcitonic correlations. In otheduce the FWM in absence of the cw excitaji@ane narrow in
systems, such as magnetoexcitons in bulk GaAs, this riskspace. Thus, for the same amount of carriers, the dephasing
time can become much longer than the decay fitfEx-  induced by pulsed lasers is stronger than that of thermal dis-
perimentally we found that, in the range of density exploredtrributions. Furthermore, these nonequilibrium distributions
here, the decay time decreases by a factor of 2 followinglepend on the details of the sample structure and, therefore,
approximately the relatio, '« V%15 see the solid sym- we believe it is impossible to derive a general power law for
bols in Fig. 6. The open symbols in that figure are the theoypn—x -
retical results again in excellent agreement with the data. We
note, however, that the experimental FWM signal rise time is V. CONCLUSION
significantly smaller than calculated. We attribute the differ-

ences to an inhomogenous broadening that is not account%%proach is able to describe the microscopic dynamics of

for Art] tthhig Cgilﬁ'tj:??so\?v.orth discussing the general issue of thelaser-excited semiconductors quantitatively for all excitation
P 9 9 densities at tha® level. This is achieved by accounting on

;jhenz;ty gep.ender:ce_olf /_(Ij_ephre]lsw:g. flt”has been ad\I/avr'\\lced ﬂ%ﬁ same footing for two important effects} scattering with
€ gephasing ratey=1/1,, Should Tollow a POWET 1awey .00 carriers as the most effective dephasing processiignd

13 i H 172
:ijr:{ nsi '2 §1an$§ ?imi]r?nsfl(t)r:} dinder)ggce ca:rr: betvrr?';\ce dscreening of the Coulomb interaction that controls correla-
ensions. € ongin of this dep tion effects. The calculations shown here can easily be im-

back to the scaling of the wave-vector dependence of th roved on several points, for example, by accounting for the

%rtls;sgtr.t(')ﬂﬁ Uﬁ’ﬁ;[g?el:mtn's fugcél_or:cm?gi ;Egenggglfot?g QW finite height or including inhomogeneous broadening.
! on: ! y LIS wave-y b This would require more computation but no conceptual ad-

carrier-carrier scattering rate, which translatgs Into an ENerYance. However, the issue of extending our treatment to all
dependence in optical spectra, and determines also the den-

) i : : in th li ical field is still .
sity dependence. These theoretical considerations, however,der in the applied optical field is still open

In conclusion we have demonstrated that our theoretical

assume a th_ermal carrier distribution. Other dependencies ACKNOWLEDGMENTS
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(9 Cv H (9 <

v
scatt J scatt

t
=ih > > At {[WE( G ot )G per + 4(t DG (1) Gt 1) = Ggtt)
aa'b={c,v} k'q Y =%

X G q(t 1) G4 (1t ) Gy (1) = WqWi i (G (1t ) Gppr (1)

X Gy ()G, = Goatt )Gy (1 D8 s 4 (1) By ()] H[G==G ()]} (A1)

First we want to motivate our ansatz to reduce the two- _ L ) , a , -
time Green’s functions to single-time functions. For stati- G,ck(t,t )=Iﬁ; [Gonk(tt) = Goni(t, 1) IX G (t',t").
cally interacting quasiparticles the Green’s function satisfies

the Dyson equation (A6)
t . . )
<ty — " OF 4 41\ST (+1\ (< (7 +7 These relations reproduce the low-density limit known from
Ga(Lt) ffwdt ; Gee(tt) 2 en(t) G, (1,1 DCTS correctly.
. For simplicity we assume a statically screened Coulomb
+f dt’ >, GU(t,t") 35, (t) G2 (1,1, interactionw, . The contributionsxwf1 describe the random-
e 5

phase-approximatioriRPA) scattering andxwqw, . the
(A2) exchange terms. We avoid writing EGA1) as products of

self-energies and Green’'s functions because they will be-
where 2, ()=Q,, is the renormalized Rabi energy and come coupled by the Coulomb interaction for higher-order
31 ()=3%"the static, Hartree-Fock contribution to the one-contributions, as we will see soon.
particle energy. We suppress the momentum variable for the In order to recover the contribution from coherent biexci-
meantime. In the low-density limit electron and hole distri- tonic correlations known from DCTS, we have to couple
butions are small, so that we have#G;, ()=i%G()~1 excitonic polarizations by Coulomb interactiop to infinite
and G>,()=G5.()~0. Under this condition only the first order. In second order these interaction processes are usually
term in Eq.(A2) contributes ands;, (t,t') depends indeed referred_ to as polarization s_cattering. One RPA diagram_ is
on the first time argument only. Similar®;,(t,t’) depends shown in the upper part of Fig. 10. There are corresponding

on the second argument only. These considerations lead us ##grams, for which the RPA bubble is not given by the
the ansatz product of two polarizations but of two diagonal elements.

As mentioned the coherent part of these one-particle distri-
bution functions is determined by the product of two polar-
vak(t,t’)=ih2 Gak(LOX[Gh,(t,t) = Ga (81T, ization functions according to Eq4). These contributions
n have to be renormalized in the same way as the RPA and

(A3) exchange contributions of the polarization scattering. Assum-
ing that electron and hole distributions are small compared to
. ’ ’ 1 H H < — >
chk(t,t'):'ﬁz Gl (L1 X[ Gy (t,1) — G2 (1,t)], IL:]n:% v(v:lc;an neglect the terms indicated[lty~()=G"() ]
(A4) Inserting Coulomb interactions for the third order for the

upper diagram in Fig. 10 leads to the lower diagrams, where

- L ; ) a ) - we have suppressed the momentum vectors. These diagrams
Ge(tit ):'ﬁin: [Genk(tt") = Gen(Lt)IX Gt t"), represent simply the six possible interactions between two
(A5) electrons and two holes and constitute the basic unit of in-
teraction for biexcitonic correlations. In the same way we
and can now introduce fourth-order Coulomb interactions for
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k'+q The second-order correlation function is given by
) ’ eheh 2 ; h
‘ ' k+qkl((')k/+q(t) E Wor | dt’exq—l(8§+q+sk
q q
k+q K v
© +8E,+8k,+q)(t—t’)]
ehe'h’(1)
+ ><[Bk-%—q+q’,k,k/—q',k/-%—q(t,)
ehe'h’ (1)
+Bk+q,k+q’,k’,k’+q+q’(t,)
c Vv c v
ehe'h’(1)
_Bk+q+q’,k+q’,k’,k’+q(t/)
o \' [ \'4 ehe'h’(1) '
a Bk+q,k,k’ +q’,k’+q+q’(t )
€h'(1) '
_BEh ’ !t /(t )
c v c Vv k+q+q’.kk’ k'+q+q
ehe'h’(1)
_Bk+q,k+q’,k’+q’,k’+q(t,)]' (A9)
¢ v ¢ v Higher order contributions to the biexcitonic correlation
function lead to recursion formulas like EGA9), due to the
ladder approximation that we imposed on the Coulomb
c Vv c V' renormalizgtion. The exchange cont_ributions to &P) are
calculated in the same way. Summing up all orders we can
map the resulting integral equation onto the equation of mo-
¢ v ¢ V' tion (9), except for the self-energy terms.
FIG. 10. RPA scattering contribution in second-order Born ap- APPENDIX B: MATRIX ELEMENTS

proximation and the third-order Coulomb renormalization which
leads to biexcitonic correlations. The wavy lines represent Coulomb The overlap matrix element is defined as
interactions, the solid arrows the diagonal elements of the Green’s
functions, and the lines with diamonds the off-diagonal elements. MEh(q) E of k[% - ‘Pﬁ,hk+ﬁq]- (B1)
each of these diagram$he only restriction to the interac-
tion lines is that those connecting a fixed pair of particles The effective dephasing of the biexcitonic correlation
need to be ladderlike function is given by

With the low-density ansatz Eq&) and (6) we are able o' b
to evaluate those diagrams. We can write itie-order scat- fiyom=hyston +on ", (B2)
tering contribution leading to biexcitonic contributions as

h h2 h
9 O-ﬁ :qu (Pﬁ,k+aq[a-E+q+o-k]
h he'h’ (n—1
SPEOMe= 2w BRI T
k'q,e’h’ 2 eh2 e h
(A7) + ‘Pn,k+aq[0'k+q,qf+0'k'qr]- (B3)
kaq'
In the actual calculationyg was set to 0.

The matrix element coupling the biexcitonic correlation to
the polarization is defined as

Diagrams like the upper part of Fig. 10 together with the
corresponding coherent contribution of the diagonal Green’s
functions give the first-order biexcitonic correlation:

’ t he'h' B N o
Bizet;l(kl’),k%q(t):wqf dt’exd - 8k+q+8k+8kf Com " (a)=—wgMgn(—a)Mgy (q)
’ + W ’ o Eh,
+8k'+q)(t_t )IX[PEN(t") = PRl (1] g‘, ke Pk agfm, k+ﬁq[‘P ~ @ox]
h' ! h’ ! "h! 't
X[PE' (t )_PE'+q(t )] (A8) X[‘»Dg,kr+q_‘»og,kh+q]' (B4)
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