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We report on amplitude and phase measurements of ultrashort laser pulses after propagation through a 3.8
pm thick GaAs platelet at 2 K. The incident center frequency of the 40 fs, 1.525 eV pulses was tuned slightly
above the fundamental gap energy. Apart from intensity beats due to polariton propagation we find character-
istic phase shifts in the transmitted optical field and investigate their dependence on excitation density. For low
excitation[ < 10" electron-hole ¢-h) pairs/cni] a phase jump of+ occurs at each individual beat node.

With increasing excitatiofiup to 13° e-h pairs/cn?) these jumps flip successively fromar to — . A simple
Lorentzian oscillator model for the dielectric function fails to describe this effect, which is shown to be caused
by density-dependent asymmetries and shifts of the exciton lines. A thorough theoretical analysis of the edge
spectrum based on semiconductor Bloch equati®&BE) shows that the asymmetries are due to many-body
effects. The standard SBE treatment is extended by including dephasing and renormalization of the interband
energies in both wave number and frequency. The frequency dependence of these many-body effects is due to
non-Markovian memory effects in the scattering term of the SBE. We find very good agreement with experi-
ment in line shape and phase shift behavior for a wide range of pair densities.
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I. INTRODUCTION riers under conditions of increasirggh pair density is well

The dielectric response of semiconductors for frequencieanderstood. The effect of band-gap shrinkage and likewise
close to the fundamental gap is dominated by electron-holeeduction of exciton binding energies, leading to a nearly
(e-h) correlation. To lowest order in density, electrons andcomplete cancellation of two counteracting terms in the 1s
holes form excitonic pair states. For materials with a directexciton energy shift, was demonstrated in several experi-
gap the interaction between light and the semiconductor isnents(see Ref. 16 for GaAsWhile the spectral position of
usually described in the framework of mixed exciton-photonthe lowest exciton stayed largely unchanged with increasing
excitations, so-called polaritofisThe excitonic polariton excitation density, the sharp line feature broadened and
concept was outlined in a series of theoretical papdemd  gradually disappeared in the structureless continuum spec-
this pioneering work has inspired a considerable body ofrum of above-band-gap states. The solution of the wave
research on various spectral and transport properties of sugguation of the Wannier exciton embedded in the equilib-
systemg’ These studies revealed a complex behavior and @um plasma of excite@-hpairs gave indeed strong compen-
variety of linear and nonlinear effects in reflectance, emissation of gap shrinkage and weakening of the Coulomb in-
sion, and light scattering spectra of bulk and layeredteraction due to dynamic screenitigLater it became clear
semiconductors® The coherent propagation of excitonic po- that the nonlinear excitonic behavior cannot be described
laritons through thin semiconductor platelets gave rise tavith a simple static screening mod&I*°it would lead to a
qualitatively new phenomena: Fabry-Perot type resonahcesstrong redshift of the exciton, which is not observed in ex-
slowing down of picosecond-pulse propagation neaperiments. Dynamical screening has to be taken into account,
resonancé soliton-like transport,characteristic propagation either within a plasmon-pole approximatidnor with a
beatings in transmitted intensit§,and their dependence on Lindhard dielectric functiod®22 The problem of such an
parameters such as temperatli@ excitation densiti#*>'®  approach lies in the use of the Shindo approximation, which
were studied and analyzed in detail. Recetttlgffects of the is applied to solve the Bethe-Salpeter equation for the polar-
spatial dispersion of polaritons in the linear absorption andzation function including dynamical screening. The results
phase spectra of bulk GaAs were examined. turn out to be restricted to carrier densities well below the

In the regime of linear response, the polariton scheméJott transition, since divergencies appear if the sum of the
reproduces the dielectric response of a dense ensemble cdrrier distribution functions goes to 1.
Lorentz oscillators that are weakly coupled to the electro- This problem can be avoided by using the semiconductor
magnetic field. Derivation of the linear dielectric responseBloch equation® (SBE). Now the many-body effects appear
function is based on the self-consistent treatment of the diin the scattering terms of the kinetic equations for the two-
electric polarization and the macroscopic electric field inband density matrix, and here the Markovian treatment of the
Maxwell's equations. With increasing excitation the dielec-scattering terms corresponds to the above-mentioned Shindo
tric polarization is influenced by many-body effects betweenapproximation. In the so-called dephasing rate approxima-
excited carriers. The Mott transition of excitons as a consetion, collisions between carriers are assumed to be respon-
guence of screening of the Coulomb interaction between cassible for the so-called diagonal dephasing, while off-diagonal
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dephasing is induced by carrier-polarization scattering. Both spatial ~ beam Gads
effects compensate one another and are contained in th filter  splitter
imaginary parts of the retarded interband self energy and the m \
effective electron-hole interaction. They represent many-—>> 1l > O—I—Oé\
body effects that go beyond the corresponding Hartree-Focl
approximationg2° In earlier work®~?8the real parts of the
retarded interband self-energy and the effective interactior
had been approximated by a simple static screening model delay T
which was later improved by full treatment of the real parts, N Y
the latter calculated via a Kramers-Kronig transformation of { t AD
the imaginary part&’~3? These approaches were altogether J photo-
based on the Markovian treatment of scattering integrals. diode 1
They correspond to Boltzmann-like scattering terms, used. photo- p=
e.g., in heuristic treatments of carrier-carrier scattering. diode 2
We demonstrate here that this simple approach fails to
describe correctly the details of experimental high-resolution FIG. 1. Experimental setup of the interferometer: All three op-
excitonic absorption spectra and especially their dependendegal signals(i.e., sample/reference cross-correlation and Ti:sap-
on excitation conditions, i.e., the density and temperature ofhire and He-Ne autocorrelatipriollow closely spaced paths to
the e-h plasma in quasiequilibrium . Our treatment goes be-avoid spurious dispersion effects in the four-beam splitting and four
yond the Markovian treatment of the scattering integrals andocusing elements.
takes memory effects into account. After transforming from

time-to-frequency domain they appear as strongly frequenciized for the use of ultrashort laser pulses as an incident
dependent many-body effects in the region around the lowegyht source. A numerical algorithm on a personal computer
exciton up to the band gap and also into the continuump) js used for amplitude and phase retrieval from the mea-
Signatures of non-Markovian memory effects were already,req interferograms, i.e., the cross-correlation and autocor-
reported in Refs. ;’g’__yj’s‘ . . relation intensities. Three optical signals are measured simul-
in ltrrlleezrclzgteeﬁ]%e matri;heelg?/nneir?l\?vig :g;?ggﬁjafeogegsailt taneously after transmission through the interferomdigr:
Ihe cross-correlation intensity of 40 fs, 1.525 eV Ti:sapphire

statical limit. In comparison to treatments our theory takeSIaser pulses, which contains all information on the optical

fully into account the dynamical screening. In recent viork function of h i) the aut \ation |
it has been demonstrated that the approach used here is al§yPonse function of the sampldi) the autocorrelation in-

able to explain the peculiar temperature and density deper€NSity Of the Ti:sapphire pulses as an online check of the
dence of the & exciton energy in ZnSe. Here a weak blue- Central frequency of the incident laser pulses, &id an
shift at lower temperatures turns into a redshift above 30 K aguto-correlation of a cw He-Ne laser representing a stable
fixed pair density. This approach corresponds to that in Re@sqllator (“wavemeter”) that callbrates_ the interferometer
36 and 37, where the buildup of dynamical screening and it§nline. All three beams are detected in analog form, con-
influence on the time evolution of four-wave-mixing signals verted into digital signals with 16-bit analog-to-digital con-
was demonstrated. verters(ADC's), and processed with a numerical lock-in al-
Application of our approach with the SBE to calculate thegorithm using the He-Ne laser frequency as a reference.
dielectric function of the semiconductor enables us to exMechanical noise and thermal drift of the setup are thus re-
plain in detail the measured amplitude and phase behavior afuced considerably and an accuracy of approximately 1/30
polariton pulse propagation in terms of frequency-dependerftinge over a typically 10 ps range of the delay timeat 1
many-body effects. In addition to the treatments in Refs. 25Hz bandwidth is achieved.
36, and 37 we also demonstrate here that it is important to  The modulation of the interference signal behind the sec-
take into account the renormalization of the energy and lifeond beam splitter as a function of delay timeés measured
time of carrier states contained in the formulation of thewith two low-noise Sip-n detectors, each behind pinholes
SBE. They are taken as broadened carrier spectral functiongell adapted to the size and adjusted to the center fringe of
instead of simpled-like functions peaked at the carrier dis- the interference pattergsee Fig. 1L By subtracting the pho-
persion. todiode signals from each other and using a spatial filter in
The paper is organized as follows: Section Il describes théront of the interferometer, baseline intensity fluctuations and
Fourier spectroscopy setup, and Sec. Il presents interferangular jitter of the laser are greatly reduced. The beam split-
grams and their interpretation in the linear regime. In Sec. IMers are wedge shaped to avoid multiple reflections. The
the latter interferograms are presented for the nonlinear casaeasured signal is proportional to the cross-correladion)
and compared with those of many-body theory. of the signal pulseE;4(t) with the delayed reference pulse
Erer(t+1):

Il. EXPERIMENTAL METHOD

With our experimental setup we perform Fourier spectros-

copy with a Mach-Zehnder interferometer, which is opti- C(T)ch dt2 Esig()Erer(t+ 7). @
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Its amplitudeEy(7) and phasep(7) that are defined with ¢ [10° m™]

C(7)=Ey(7)co§wyr+¢(7)] are retrieved by calculating the T

integral 15 + n
pure GaAs

1 _ noise 3.8 um, at 2K
d7'C(7')exp(—wor') = 5 Eo()€e'*(,

27T Tﬁw,wo () o \FML———*/.’.'."
2

where the phase is taken relative to a reference phase whic

is chosen here to be the low-density 1s-exciton frequency 5
wo=1.515 eV. To achieve a high phase resolution it is im-
portant that all three beams follow closely similar optical
paths passing through the same optical components. Dispe!
sion effects of the interferometer are avoided by usingafuty . =~ —/
symmetric setup and are carefully checked with a spectrom- 1.510 1.515 1.520 1.525
eter: tuning the delay around zero shows affine movement: energy [eV]

of all frequency components. We used nearly-chirp-free 40

fs pulses with the center frequency tuned to 1.525 eV from a FIG. 2. Optical density spectrum of the sample taken with low-
Kerr-lens mode-locked Ti:sapphire laser at a repetition rat@ower cw |nf:andescent white-light source. The height of thg exci-
of 78 MHz that were characterized with standard techniquelnic Peaks is masked by detector noise and, for the 1s exciton, by
and gave chirp parametefs|<1.510% fs 2, |g|<5,5 uminescence.

x107° fs3. .
Our measurements cover a dynamic range of 3.5 orders (Hlane-parallel slaf The beats are caused by interference of
i excitonic polaritons of the upper branch with those of the

magnitude in the amplitude of the electric field at room tem-I b hd heir oh d locity di
perature(being reduced to 3 orders at 2 K due to vibrations ower branch due to their phase and group velocity disper-

of the He cryostat pumpsand a phase resolution of up to sion. From the positions of the minima we determine the
1/100 fringe in the center of the pulse. Time resolution inoscillator strength of the dexciton resonance directly to be

delay timeC(7) is limited in principle(i) by the dispersion 86+5 ueV. The beat nodes are accompanied by phase shifts

of the interferometer, andi) in practice by the finite tempo- 10S€ tof” andlhav_e negative si%me., point dov;/nwgrds in
ral width of 40 fs of the inputreference pulses. Since very 19 3 for early 7=0.7 ps and late 7.8 ps delay time and

small average laser powers down to 10 fW can be detected iPint upwardspositive sign for r=2.4 and 4.3 ps. From the
the linear interferometer setup, the Fourier spectroscop verage slope of the phase signal trace we determine the

method is suited to study phase shifts in optical spectra evefiomentary frequency of the total free polarization decay to

at very low excitation densities. be 1.515 eV, which agrees with the known low-density
The experiments were performed on a A thick, high- 1s-exciton resonance frequency in GaAs. The smooth extra

purity gallium arsenide plateletNy— N,|<2x 104 cm™3) modulation of the amplitude signal around 3 and 6 ps is

grown by gas-phase epitaxy, held freely between glass platé?“sed by the interference of-land Z-exciton emission
and immersed in liquid He at 2 K. It had a linewidffull ~ S'9nals.

width at half maximum(FWHM)] of the 1s resonance of
hy=2X50 neV (for an optical density spectrum, see Fig.
2). We performed two variants of experiments: in the single-
beam configuration the transmitted field was directly de-
tected as a function of laser pulse fluence. In the two-beam
configuration, a separate pump beam was focused on the
sample, and we analyzed the weaker probe beam transmis-
sion as a function of the pump laser fluence and the delay
time between the pump and the probe pulse.

wo (7F 7l wg

T
I

phase [27r]

IIl. LINEAR PULSE PROPAGATION

The behavior of the amplitude and the phase of the trans- 0 2 4 6 8
mitted pulse at low mean excitation power0.4 W/cn? is time [ps]

shown in Fig. 3. This excitation level represen.ts the linear g 3. Low-density limit for the squared amplitudepper pait
case: further reducing the laser pulse fluence did not changg,q the phaséower pari of the measured transmitted electric field
the measured spectra any more. It is evident from Fig. 3 thakolid ling together with results from simulations with a
after propagation through the sample the 40 fs incident pulsgorentzian-broadened Elliot formul®) (dashedand a frequency-

is split into an aperiodic train of smooth maxima and minimadependent non-Lorentzian dampif&) (dotted, see text. For better
with increasing beat period. This behavior is characteristiiistinction with the experimental result both simulation curves are
for polariton pulse propagation through a sufficiently thick plotted with an offset.
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FIG. 4. Phasep(t) of the beating between two oscillations with ~ FIG. 5. Theoretical model for the damping of the nonexcited
w1=1.02w,. sample.

Simulations using Fresnel’'s formulas without spatial dis-given time. Depending on initial amplitudes and eventual
persion show that for low excitation fair agreement with thedamping, either the upper or the lower polariton branch
experimental results, at least forin the range 0.5-7 ps can dominates and causes the phase jumps to have either positive
be found(see dashed line in Fig.)3using a Lorentzian- Or negative sign. In order to make the discrepancy between
broadened Elliot expression for the dielectric functibmith  the simple model of broadened Lorentzian oscillat@jsand
damping of the successive excited exciton stateén is the  the experiment plausiblesee Fig. 3, we model the damping

principal quantum numb&} taken empirically as ad hoc as an asymmetric function of the frequency
Y1~ Yeont vo(w)=cq1+C, tanh(cz; w+cy) (5)
Yn= Ycont™ Tv ©)

in the region from the & exciton to the band gap. The pa-

with y; being the damping rate for thes®xciton andy gt rameters are chosen abs follows: damelng of tls&efgte is
the asymptotic rate for the continuum states. The analysi@ken t0 beyo(Egap—Ee) =50 ueV (Ee, is the excitonic
shows that the & exciton has a damping rate 5 times IargerRydbberg energy the damping of the 2 state yo(Egap
and the continuum states a damping rate 6 times larger than Ee,/4)=250 weV, as the limit high in the band,(w
the lowest & exciton. A similar behavior was found in Ref. >Egap) =300 neV (Ega), is the gap energyis set, and the
41 for the Z exciton through investigation of the pulse asymptoticyo(w<Egyq,—EQ,)=28 ueV is fitted to get best
propagation in ZnSe-based microstructures. agreement with the experiment. The overall shapet)
However, there is no agreement with the measured phade shown in Fig. 5. In contrast to the expressi@), where
in Fig. 3 atr="7.8 ps: the experiment shows a negative phas@ne single damping constant is related to each exciton state
jump 7.8s. In the simple broadened oscillator model the ¥, and the continuumy.,,;, and where the dielectric func-
phase jumps for alt are always positive. This indicates that tion is a linear superposition of all these Lorentzian-like
the long-lived and strong slexciton resonance has a non- broadened resonances, E§) is now a smooth damping
Lorentzian shape even in the low excitation regime. function in the frequency domain. Inserting it into the dielec-
In order to understand the meaning of the sign of a phas#ic function based on the Elliot formufagives phase and
jump consider for simplicity the beating between two oscil-amplitude signals of the transmitted pulses that are presented
lators, in Fig. 3 with the dotted line. The phase at 7.8 ps now shifts
downward, in agreement with the experiment. This points
A; cog wit)+A,cog wot)=A(t) co§ wrt+ o(t)], (4) clearly at non-Lorentzian excitonic line shapes already at
low excitation.
with two closely spaced frequencieg > w, and amplitudes In Ref. 14 a shoulder on the high-energy side of the linear
A; andA,. If A;=A, the phase of the superposition yields excitonic absorption was demonstrated to result from spatial
steplike phase shifts of-7 (see Fig. 4 If A;>A, (A;  dispersion effects. However, we find no influence of the ef-
<A,) the oscillation 1(2) dominates and the phase jump fect of spatial dispersion on the behavior of the polariton
¢(t) of the superposition becomes smoother; the amount dbeats in our much longer sample. Another possibility to ex-
the phase shift around the node is less thamand points plain the behavior of the phase could be an inhomogeneous
upwards(downward$. Taking the limitA;=1 andA,=0 distribution of pulse-excited carriers in the relatively long
the phase is completely determined by oscillation 1 andample, since the absorption length of the sarfgse Fig. 2
shows no phase shift. Hence the sign of the phase shift isig about 1.3um. Partitioning the sample into single slabs
very sensitive quantity to decide whethéy>A, or A;  with a spatial inhomogeneous carrier distribution and
<A,. Lorentzian-like dielectric functions could not explain the ex-
Obviously the signs of the phase shift are sensitive to thgerimental findings. The resulting total absorption as an
amplitudes of the two interfering wave packets on both po-overlay of single Lorentzians becomes Lorentzian-like again.
lariton branches that arrive at the end of the sample at @nly a strong blueshift of the exciton energy with increasing
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10° The intensity shows the expected behavior: With increasing
excitation the interferences betwees dnd X excitons dis-
appear, since the2exciton is damped out and vanishes in
the shrinking band edge. Furthermore the decay times be-
come shorter corresponding to an increase of the excitonic
linewidth. The strong decrease of the intensity for the 13.4
W/cm 3 pulse at 2.3 ps can be understood in connection
with the behavior of the phase shifts. With increasing exci-
tation the signs of the observed phase shifts change. For laser
power densities approaching 1 W/ethe phase shift at 4.3
ps first becomes steeper, then changes sign, and finally be-
comes smoother again. At laser fluence 13.6 W/ dhe
phase shift at 2.3 ps flips. Near these flips the phase becomes
very steplike and the intensity strongly decreases. The latter
will be demonstrated in Sec. IV C more in detail by the
theoretical calculationésee Figs. 14 and 15

As explained above, this characteristic behavior cannot be
modeled with an additional Lorentzian broadening. Symmet-
ric Lorentzian line shapes always leadgositivejumps of
the phase. Even if the damping, of the exciton serie€3) is
increased in such a way that an apparent asymmetry of the
1s resonance is introduced by broadening of higher-lying
exciton states, the sequential order of the phase flips cannot
be reproduced: In the experiment the phase shift at 4.3 ps
-1 changes its sign first, then the shift at 2.3 ps follows. This
would be contrary if a Lorentzian broadening is used.

In Sec. lll we have demonstrated that the sign of the

FIG. 6. Measured intensity and phase of the transmitted electriphase jumps can be understood by considefinthe inter-
field (normalized for different excitationgnoise for higher fluences ference of two oscillators angi) the relation between their
and at later times is caused by the rapidly vanishing amplitude immplitudes. To give a qualitative explanation of the density-
this casg. For better distinction we have used a constant offset. dependent behavior of the phase shiftse Fig. 6 we model

the 1s exciton resonance by an asymmetric dielectric func-

carrier density would generate an asymmetric absorptionjon
However, the position of the exciton stays unchanged in the

1
o

-
o

Log(intensity)

L
o

—
o

phase [2]

—
fo)
o
o

4
time [ps]

experiments. Since the experimental results also did not f, f,

change qualitatively when we turned from one-beam to two- e(w)=¢€p| 1+ Y t > - '
beam experiments we deduce that the analysis based on a 01— "= 21y10  w;m =2y
spatially averaged carrier distribution is acceptable. There ©

are other reasons for skewed line shapes of excitonic spectigynsisting of two Lorentzians with energetic separation com-
such as, e.g. surface band bending and superimposed iMPYaraple with their damping. Taking the resonance frequen-
rity abso_rptlon. We have at present no fu!l MICrOSCOPIC UN-cies arbitrarily asw; ,—1.515 eV Aw/2, the damping as
derstanding of the local damping function in the given y,=27y, and the longitudinal transversal splitings &g
sampleyy(w), butin Sec. IV B(see Fig. 1dwe show that in =f,=fy/2 (fu=86 weV for the 1s exciton in GaAsone
an ideal crystal even at low carrier densities of the order o 1ates the phase curves showr(see Fig. 7; for param-

2~ 3 i i ey
(10*2cm™?) there is an appreciable and frequency-dependentiersy, andAw see the inset, the dielectric background for

dephasing of excitons. GaAs is €,=12.55). Increasing the asymmetry leads to
phase flips: first the phase jumps steepen, then they flip sign
IV. NONLINEAR BEHAVIOR OF PHASE JUMPS WITH and eventually become smoother. This happens first for
INCREASING EXCITATION phase shifts at later times. Phase shifts at earlier times follow

increasing density. From the behavior of the measured phase
one can deduce that the excitation-induced dephasing leads
In this section the experimental behavior of phase ando an asymmetric broadening of the exciton resonance with
amplitude of the transmitted electric field is investigated as anore weight on the high-energy side. Such an asymmetry is
function of incident laser fluence. The latter is assumed taibiquitous in excitonic spectra and has been reported earlier
create steady quasiequilibrium carrier densities in thdor higher excitation and larger initial broadeniffgt is im-
sample, at least for the short duration of the analysis, whiclportant to note that the densities reported here are much
focuses on data in the time interval 1-8 ps after pulse injecsmaller than the Mott density.
tion. We performed pump and probe measurements with sys-
Results for intensity and phase are presented in Fig. @ematic variations of the spectrum and the time delay of the

A. Experimental results
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ro Ly ! j T are caused by Coulomb correlationg;is the bare Coulomb

O ueV: 100ueV potential, andezl—fﬁ—fE denotes the Pauli blocking.
The characteristic many-particle effects beyond the HF
renormalizations in Eqs(8) and (9) are contained in the
scattering integral on the right-hand side of Eg). Within

60 peV; 200 peV

100 peV; 200 peV

5 Green'’s function(GF) techniques it can be presentedb
©
; 200 peV; 200 peV 1 dp (t) t
2] = - Kk ! ! !
g_ T|CO||:J7wdt {Esﬂ,k(tvt )G;v,k(t 1t)
400 peV; 400 peV 1 , ,
on [ T ] +Gg, W (LU)S 5 (1 ) =(=) ), (10)
0 [ ] where the sum over the band indgxhas to be performed.
I . . . . 1 The two-band GF matriﬁf,,’k(t,t’) is connected with the
0 2000 4000 6000 8000 two-band density matriX ,, (t) via
delay time z [fs]
f,u,k(t)l o
FIG. 7. Phase signals of a two oscillator model: depending on .= o = n_ _ w=v=(c,v)
i ; = (O)=1lmGS, (t,t")={ 1—1, (1)
the degree of asymmeti(gee the energetic separatidmw) phase MY , s B
jumps change sign. -t F pi(t), w=C,v=v.
11

pump pulse with respect to the probe pulsgelay=0-20  \ypile the diagonal elements represent the carrier distribu-
ps), and we found that the behavior of the phase jumps in thgqns \ithin the conduction and valence éndv) bands, the

probe spectrum depended predominantly on the excitatioggt giagonal elements are the laser-induced polarization with
intensity of the pump, as long as it created eIectron—hoI% M =f (O)=[F= (D]*
pairs in the continuum. From this we concludg that the K cv.k vek ' = , -

) . : X . The two-band self-energy matr:, ,(t,t’) contains the
propagation effects generated by the interfering polaritons in hole manifold of manv-bod effegtys’ being itself a func-
the picosecond time domain are dominated by a carrier sy ional of the two-band yGF rr):atrix a 'ain Sgi]nce this basic
tem in quasi-equilibrium, i.e., time-independent system on iG> " in th X again. 10) d d
the 10 ps scale, andi) that the dielectric function can be dUantity G, o(t,t') in the scattering integrel10) depends
modeled within linear response theory on two times, Eq(7) is not a closed set of equations for the

' two-band density matrix11). In order to get closed equa-
tions one has to apply an appropriate ansatz to reduce
G,,q(t,t") tof5, ((1). In this paper we use an ansatz intro-

In this section we present the basic ideas of a many-bodguced in Ref. 45 taking into account causality and extended
description of the linear response of an excited semicondudn Ref. 46 for the two-band semiconductor known as the
tor, which—in contrast to earlier treatments—is able to ex-generalized Kadanoff-BayfGKB) ansatz:
plain the asymmetric line shape of the exciton resonance
discussed above. The nonlinear optical properties of a semi-

B. Many-body theory of the excitonic absorption

= r\ — r AY TS ’
conductor induced by an intense laser pulse can be calculated Gt = ; (G (L)L, k(t7)
by solution of the semiconductor Bloch equatidfe a re- _
view see Ref. 1pthat describe the dynamics of the coherent - ;Nk(t)Giy,k(t,t’)]. (12

polarizationp,(t) induced by the laser field, and the popula- . _ o .
tions f&N(t) of excited electrongholes. The equation for APPIYINg this ansatz within the scattering teftt0) the two-
the polarization reads band density matrix at timedepends on their behavior at all

earlier timest’'<t, that is, memory effects are taken into

account. This is beyond the often used Markovian limit,
d dpy(t) : - _ ;
i — et e Pu(t) + Ny Qk(t):d—|collv (7)  where the two-band density matrix in the scattering term is
dt t approximated by its value at tinte As will be demonstrated

later, the consideration of memory effects is the essential
point for our explanation of the behavior of the phase shift of
transmitted pulses. According to the experimental findings
the carriers can be considered to be in thermal quasiequilib-
Qk(t):dE(t)+2 Uk—qPq(t) 8 rium and one can restrict theory to investigate only their
q linear response. In this case the diagonal GE:s andG,,
depend only on the difference of the two times. The carrier
distributions are Fermi functions with given chemical poten-
tial and temperature that are not affected by the much weaker
Gﬁ‘:eE—Aeﬁ’HF:eﬁ—z Vi q f;’;‘ (9) probe pulse, and only the kinetic equation for the polariza-
q tion has to be solved.

The Hartree-Fock(HF) renormalized Rabi energy of the
pulse

and HF renormalized carrier energies
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Introducing relativet=(t;—t;) and centefl = (t;+1t)/2
times and performing Fourier transformations w and T
—{), we can rewrite the GKB ansatz as

1- 13 w)
aak(w) Gaak((‘))>< fa(a))
(13
thk(w,ﬂ)=i {Gr k(Q/Z—w)-i—Gr k(w+Q/2)} Pr(Q)

Gaak is the spectral function and?®(w)=1[1+exd(w
—ux)/KT] is the Fermi distribution of carriet§ with the
chemical potentialu, and temperaturd. Furthermore we
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measure of the temperature of the photoexcited carriers, but
it is safe to assume that we are above the limit where a
population of excitons becomes important.

On one hand the self-energiEfavk(w) enter the scatter-
ing term (10) of the SBE(7) and play the role of scattering
rates. On the other hand, the retarded carrier self-energy

do' ry
r _ a_y> a
aa(©)= 2T w—w' +is = 2aaleid
+3ak(ER), (16)

characterizes the carrier spectral functid#), and via the

changed from the two-band picture into the electron-holeGKB ansatz(13) it determines the GF’s in Ed15). Within

picture with a=e and h standing for electrons and holes,

respectively. Terms with off-diagonal retarded and advanced

GF's, which
renormalization

give rise to laser induced
4946 in the sense of a linear response

theory can be neglected. The spectral function of carriers

éaa,k(w)7 which is related to the imaginary part of the re-

tarded GF, is used within the quasiparticle approximation

(QPA),

aa Kw)=—21Im Gaak( o),
(14
G;a'k(w) =l w—el+il'}2],

where el=el—AP"F— Re3_ (£}) is the renormalized

carrier energy and'j=-21ImX;, () the damping(in-
verse lifetime of a carrier within statef). Both are deter-

mined by the real and imaginary part of the retarded carrier

self—energyzga,k(w) taken at the renormalized carrier dis-
persion w=e¢f. Throughout this paper we use the self-
energies within the random phase approximati@RA):

fa,k(w) = 2

d ! <
3 fz aak q(w w)V (w)

(15

ehk(w O)= 2 f2 ehk qw—w',Q)Vf(w’).

the QPA it can be written as
2 :E;a,k(sﬁ)
—E fdw [1—- fq]Vk q(cu)-i—f Vi q(w).
17)

sq—w+lra/2
In this way the carrier self-energies and GF’s have to be
determined self-consistently by numerically iterating Egs.
(13)—(16). This is well known from GFs theor§/: however,
mostly a simples-function-like spectral functioréaa’k(w)
=2m 5(w—e}) was used to calculate the carrier self-
energies(15). The influence of the Lorentzian-like broad-
ened carrier spectral function in comparison to a
o-function-like on the properties of the exciton will be dis-

r,QPA
aa,k

cussed below in more detail.

First we introduce the GKB ansat#3) and the RPA self-
energieq15) into the scattering terrtiL0) of the equation for
the polarization(7). After Fourier transformation it can be
rewritten as

{o—ef— e~ (®)} pu(w)

+§ Nk UK g+ O q(@)} Po(@) =Ny d E(w).

(18

The question whether the RPA is valid is strongly connected’he non-Markovian character of the polarization dynamics is

with the existence of an excitonic population in the samplenow reflected in thes dependence of the complex interac-

Even though the experiments were performed at a latticion matrix

temperature of 2 K, we have to model in the theoretical

calculations the temperature of photoexcited carriers. Since Oy 4(w)= AVe”(w)—IFk ql®)

our 40 fs pulses were centered above the band €tge5 _ _
5 de[l—fﬁ]VEq<w)+vak<q<w>
a#b

2T w—ef—ep—w+i[[F+T021/2

eV, 6 meV above the band edg¢he carriers get a consid-
erable excess energy, which is much larger than a thermal
energy corresponding to 2 K. A temperature of 30 K used in

the calculations corresponds to an thermal energy of 2.5 (19
meV, providing the best agreement with the experiment. Inynq of the retarded interband self- energy

the low-temperature regime considered here there is no scat-

tering mechanism, which cools down the carriers within sev- ) sc _

eral picoseconds to the bath temperature of 2 K. Otherwise, Ek(w):% Ogk(w)=AeH(w)—iT(w). (20

an estimation of the density of bourdh pairs in a thermal
plasma via a mass-action law predicts excitonic population8oth describe many-body effects beyond the Coulomb-HF
to become relevant below 15 K. At last we have no exactrenormalizationg8) and(9), while the real part of the inter-
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band self-energy\e;{w) gives rise to a renormalization of
the interband energy, the imaginary p&i(w) represents

the (diagona)] dephasing. The real paﬂvﬁqu(w) of the 2
complex matrix® () describes the renormalization of the %0-2
Coulomb interaction due to many-body effects in ELg), fé

T

and the imaginary paif, 4(w) is the so-called off-diagonal
dephasing.
The GF of the screened potentiplasmon G

—h
oo

V5 (0)=n7 (o) Vg(o), Vy(o)=Im{e(q,)},
(21)

is related to the imaginary part of the inverse longitudinal
dielectric functions(q, ) describing the spectral properties

of plasmons. Throughout this paper we use a RPA dielectric _ b
function that takes finite damping of carrier states into con- " 'C: 8. Dephasing’y(w) [E, in dependence on energy (

o b . . . .
sideration. For a more detailed discussion of dynamica}oFgaaaclj‘;ixe?ngeﬁzgngﬁg?&;&%ﬁ;ﬂ? iﬁ?iﬂig?ﬁ;ﬁ:}'ﬁ;

screening we refer to an earlle_r.pa.ﬁf‘ef[he plasmon d'St.n_ I'3(w) was determined self-consistently by iteration of E4)—
bution is given for thermal equilibrium by a Bose function (16

2

frequency
0 wavenumber

=111- holkT)], , .
N(w)=111-expfe/kT)] 22) plasmons is broadened by Landau damping and the plasmon

N<(@)=n(w). N>(w)=1+n(w). dispersion is limited by the pair continuufh®0:51:32
Our consideration of frequency dependent many-body ef-

As a consequence of the non-Markovian character of théeCts goes beyond earlier treatmecgse, for instance, Refs.
scattering integrals the many-body effects depend on the fre29 and 31 and the literature cited thengiwhere in accor-
quencyw of the laser pulse. A clear physical interpretation dance with the energy conservation relation, the Boltzmann
of this frequency dependence can be given by consideringollision term of the kinetic equation for the carrier distribu-
the plasmon-pole approximation for the inverse dielectrictions w— e; + eg was used. The formal problems in deriving
function such a collision term were already mentioned in Ref. 44.
There is no systematic way to justify such energy conserva-
tion relation for the scattering term in the equation for the
polarization. However, the use of such a scattering term sim-
plifies the solution of Eq(18) considerably, since it is inde-
where the plasmon dispersioa, is determined by the pendent of the laser frequeney and has to be calculated
plasma frequency,, and the inverse screening length only once for the whole spectrum. In this case the interaction
matrix is given by

2

Zw’;' [S(w+wg)— o—o0g)], 23

mTw

Imle™*(q,0)]=

wa= wh(1+ 0% %) + (7202 I4p)?,

af

(24 0o S fdw[l—f‘,;‘]v;q<w)+f§vk<q(w)
“OF ) 2T gt wti[IETA2

%

wi=16nEal,, k=— 3 4,
a,q 0e

B
o

(26)

With the 5-function-like spectral functions in Eq23) the |t the carrier dampind g is neglected, the retarded interband
interaction matrix can be reduced to Self_energyEkQPA:zq @quA is simply the sum over the car-
rier self-energie$17). Considering the imaginary part of the

Oy o®)= 7T“’rzal [1-f[1+ n(“’q)]“LfEn(‘”q) interband s_elf-energy tp be. the dephasing rate,.one finds the
a 2wq §7b w— =€ —wgtie corresponding dephasing tinffe=7#/T"°"" to be simply re-
lated to the relaxation time3$ of the carriers via 10,
=UTS+ T,
—log—= =]t (29 However, this relation is strongly different in our ap-

proach: First of all the dephasing rate strongly depends on
Considering the energy transfer relation in the denominatothe frequencyw. This is demonstrated in Fig. 8, where
of the complex interaction matrif25) the underlying scat- I'\(w), introduced in Eq(20), is plotted for a carrier density
tering process can be understood as the generation of af n=1x10" cm 2 and a temperature df=30 K. In the
electron-hole pair with the energsf+ eE_q due to a laser considered frequency region the maximum value of the
photon of the energw accompanied by emission or absorp- dephasing follows the renormalized interband dispersion
tion (second term witho,— — w4) of a plasmon with energy =g+l Within the QPA(26) the dephasing only depends
wq. Using the RPA dielectric function in contrast to the on the wave number, and f&=0 it agrees with the fre-
plasmon-pole approximatio23) the spectral function of quency dependent dephasi(®) at =0 (band gap.
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o
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FIG. 9. Dephasind’(w) as function of the frequency for k FIG. 10. Dephasind’ (w) as a function of frequency for k
=0 and different carrier densitiesi=1x 10 cm™2 (full lines), =0 and for different carrier densities from below to abome: 1

n=1x10"cm 2 (dashedl n=5x 10" cm2 (dash-dottedd Upper X102 cm 3, n=1x10® cm 3, n=1x10" cm 3, n=5x10*
curves correspond tby=0.01 and lower curves tb,=0.3 (see  cm 3.
text).

In Fig. 10 the dephasing is presented as a function of fre-

Moreover, the magnitude of the dephasing strongly deduency in the vicinity between the exciton and the band gap
’ for different carrier densities. In contrast to Fig. 9 the carrier

pends on the carrier dampirlg; (14), which enters the de- damping was calculated iterating Eq$3)—(16). We find a

nominator of the interaction matrix. To demonstrate this Wequalitatively similar behavior of the dephasing as in Fig. 9: a

have fixed the surﬁﬁffg_m Eq.(19) by a constant’. The  ayimum at the renormalized band gap and a decrease to-
result for the dephasing in dependence on the frequency ijyards to the exciton and higher into the bands. In contrast to
the vicinity between the exciton and the band gap is showrtig 9 the dephasing increases within the whole frequency
in Fig. 9 forI'=0.01 and 0.3 and three different carrier den-region from below the exciton to above the band gap if the
sities. For better clarity we have restricted here to the casearrier density is increased. The peak value of the dephasing
k=0. The maximum dephasing appearing at the renormaleorresponds roughly to the sum of the carrier damditig
ized band gap strongly increased’ifis decreased. Note that +FB taken atk=0 (there is only a weak decrease at the
this maximum value corresponds to the QF26) and is  dispersion ifk is increaseg

valid within this approximation for the whole frequency do-  In Ref. 37 good agreement of the approfctvith the
main ranging from the 1s exciton high up into the con-experiment could be achieved, explaining the temporal evo-
tinuum. This is completely different within our approach: lution of four-wave-mixing signals without taking into ac-
Towards the excitonfaround w=—1, excitonic units are count the damping of carrier states. However, in contrast to
used and higher in the bands the dephasing strongly deeur considered situatiorilow temperatures and excitonic
creases. Quite generally, the consideration of a finite carrigpropertieg, an excitation 50 meV above the band edge at
damping is beyond earlier treatments, where the dephasingom temperature and densities betweet? 46d 168 cm 2

was calculated within QPA26) (Refs. 51, 50, and 32or  were investigated. With increasing temperature the dephas-
with the interaction matrix19) (Refs. 25 and 5Rusing ad-  ing presented in Fig. 10, which includes the carrier damping,
ditionally a s-function-like spectral function instead of Eq. becomes broader, the wings become more flat, and the de-

(14). This corresponds to the limli—0 and the results are Ppendence on the energy weaker. This behavior is still en-
nearly the same as those for the lowBsh Fig. 9. In Ref. 31 hanced with increasing carrier densities, where additionally

the influence of phenomenologically introduced quasiparticlér'he inflqence of a finite carrier damping becomes srfsale
discussion above

d_ampingl“ on _the _interband self-energy was investiggted al" How will the sensitive dependence of dephasing on den-

higher excitation in ZnSe, _vvhe_re gain appears. Using th%ity be reflected in the excitonic absorption? With consider-

QPA (26). and static apprOX|mr_;1t|on_ for the sgreened POteN4tion of the linear response, the susceptibility is simply re-

tial, the influence of the quasiparticle damping was not 3%ated to the coherent polarization via

pronounced as for the lower excitation considered here. Con-

sidering higher carrier densities in our approach the influence

of a quasiparticle carrier damping becomes lower too. p(w)=2> pilw)=x(w) E(w). (27)
There is still another inconsistency in the behavior of the k

dephasing presented in Fig. 9: If the carrier density is inFirst we have to reproduce the behavior of the transmitted

creased for a constant quasiparticle carrier dampinthe  pulses at low excitation. Starting with a constant dephasing,

maximum dephasing at the renormalized band gap decreaseghich describes the linewidth of the exciton at low excita-
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Many-body —— no pump
o theory —— n=5x10'%cm™
—~ 1 n=1x10"4cm™>
£
c
32 !
£
s 0
c q
2 N
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o o} data A 3.1 W/en?
B b e 26 W/cm?
o §
1
0
energy (o — A : —— no pump
X
gap™ e Optical ——— 0.33 W/or?
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FIG. 11. Absorption of the unexcited sample with a constant spectum i U 21.8 W/em
dephasingl’=40 w eV (dashed ling and a frequency dependent
background dephasingy(w) modeling the experimental results 1
(full). . _
. . _ o 1%12 1.514 1.516 1.518 1.52
tion, and neglecting all carrier-induced renormalizations energy [eV]

(f2,f1—0), our solution of the SBE18) for the imaginary _ _ _
part of the susceptibility(w) is presented in Fig. 11. The  F!G. 13. Comparison of theoretical edge spectap) with ex-
ground state of the exciton §lstate and the excited states perimental data from Fourler.-transformeq |nterferomgtr|c measure-
are clearly resolved. Our result exactly corresponds to that €S (center and direct optical absorption taken with a grating
the broadened Elliot formul®.We have already discussed in spectrometer and a cw 2.18 ev pur(rhmttc_m). All curves are nor-
. - malized to 1 at the band edge. Three different levels of excitation
Sec. Il that the pulse propagation experiments have show{gre shown in each case
that the nominal linewidths of the individual exciton states '
(n=1,2,...) increase with increasing quantum numtrer
even at low excitation and there is only a relatively weakcontribution behaves properly. Therefore only the imaginary
influence of the higher exciton states on phase and amplitudeart of the susceptibility can be determined solving the SBE
of the transmitted pulses. The imaginary part of the suscepd8). For the nonexcited semiconductor the result of the
tibility including the yo(w) according to Eq(5) is plotted in ~ broadened Elliot formula can be used for the real part of the
Fig. 11 for comparison. The influence of higher excitonsusceptibility x"~°(w). For the excited semiconductor the
states is strongly reduced, only the &tate is still resolved. real part ofy(w) is determined in the following way: By
There is still a problem in calculating the real part of the subtracting the imaginary pagf °(w) from that imaginary
susceptibility, since the sum ovkrin Eq. (27) diverges for  part resulting from the solution of the SBE, the divergency is
the unexcited casefﬁ,frk‘—m), while the carrier-induced omitted. So the sum ovde and a Kramers-Kronig transfor-
mation can be performed to get the carrier-induced contribu-
o5 tion of the real part ofy(w). Finally the contribution of the

nonexcited semiconductor has to be added.

720 In order to describe the influence of many-body effects
§ with increasing excitatioricarrier density we have solved
519 the SBE(18) with the interaction matriX19) and with the
..:%10 self-consistently determined carrier self-energies as we have
s demonstrated particularly in Fig. 10 for the diagonal dephas-
€5 , ing. To fit the experiments at low excitation we have added

0 iazs the background dampingy(w) to the diagonalcarrier in-

13 1.2

-0.9 duced dephasing. In Fig. 12 the imaginary part of the sus-
ceptibility (absorption is shown for different carrier densi-
FIG. 12. Absorption in the vicinity of the S.exciton in depen-  ties. Results with the QPA are presented for comparison with
dence on the detuning with respect to the band gap for differenflotted lines, showing an enhanced redshift and broadening of
carrier densities(0) n=0, (8 n=5x10"3 cm™3, (b) n=1x10**  the exciton. This is due to the nature of this approximation,
cm™3, (¢) Nn=2x10 cm™3, (d) n=5x10" cm™3; (full lines):  Which overestimates the interband self-enefiggth dephas-
many-body effects according to EGQ.9); dashed lines: within QPA ing and energy renormalizatiprusing, e.g., the maximum
(26). value of the dephasing at the band gap for the whole spectral

. -1.1 51
energy (o — Egap)/Eex
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source and a conventional grating spectrometer, and 2.18 eV
cw laser pumpingbottom), both taken on the same sample
spot at lattice temperature=2 K. For comparison the data
were normalized to give the relative absorption strength one
at the band edge. The three data sets for the linear(case

no pump pulse, no screening carriecein be compared di-
rectly, while the sets for increasing excitation are labeled by
the carrier densitytheory, top and the pump power density

in experiment(center, bottomn

In order to avoid windowing effects in the Fourier trans-
formation of the interferograms we had to extrapolate the
experimental data for delay times larger then 8 ps. Beyond
this value the fringe modulation could no longer be measured
due to the limited dynamical range of the interferometric
L . L . L . L . L setup: after 8 ps the intensity of thes free polarization
0 2000 4000 6000 8000 decay has dropped more than four orders compared with its

time [fs] maximum at time zero. The comparison of three independent

FIG. 14. Phase of transmitted pulses calculated for differend@t@ Sets in Fig. 13 shows that with increasing excitation the
carrier densities with the susceptibility presented in Fig. 12. bleaching of the &-exciton state and the characteristic in-

crease of absorption strength between the &and the
region. The 3 state of the exciton is not displayed, since it 2s-exciton energies shows very good agreement between
plays only a minor role for the pulse transmission, at thetheory and experiment.
lowest densityn=5x 10" cm™2 it is already bleached out. Our theoretical results for the susceptibility are now used
Furthermore, due to the consideration of a finite quasiparticlénstead of the oscillator modéf) to describe amplitude and
carrier damping in the interaction matrix, the shift of the phase of transmitted pulses. In Fig. 14 the phase is presented
exciton is reduced in comparison to earlier treatménts, for different carrier densities and a temparature of 30 K.
were it was neglected. The asymmetry of the excitonic lineVith increasing carrier density the phase flips at the single
shape increasing up with increasing carrier density is onlyrolariton beat nodes change their direction. In agreement
weak, but is strong enough to be responsible for the observediith the experiments, the phase jump at 4.3 ps flips down
nonlinear behavior of the phases of transmitted pulses.  first. This happens already at a very low carrier density be-
tween 1x 10" cm 2 and 2< 10" cm 2 (compare Fig. B
C. Comparison between theory and experiment The phase jump at 2.3 ps iollows for carrier Qensities be-
. _ tween 2x< 10and 3x 10" cm™2. In agreement with the ex-

In Fig. 13 we compare our theoretical results of the abperiments we find that the flips become nearly steplike in the
sorption spectrum for three different carrier densiti&®) vyicinity of the beat nodes: here they change their sign and
with the correspon_dlng Fourier transformed cross-correlgtlo%ecome smoother if the corresponding carrier dendity
Qata of measured mterfe_rograms in the one-beam gonflgu_r@nce of the pulseis increased or decreasézbmpare Fig. 4,
tion (centey and also with absorption spectra obtained di-where the beat phenomenon between two oscillators was
rectly in the frequency domain with an incandescent lightyemonstrated

Performing our calculations we checked the influence of
the temperature on the absorption in a range between 20 and
77 K. The main result is that the order of the phase flips
remained unchanged, only the carrier densities, where the
flips appear, change. For 30 K we found the best agreement
of our results with the experiments.

The intensity of the transmitted pulses shows a character-
istic behavior as well: at densities where the phase jump
changes sign the intensity at the beat node becomes a mini-
mum (see dashed line in Fig. 14The phase jump changes
sign if the densityn™ is slightly aboven=1x10" cm™3
(compare with Fig. 18 This can be understood in terms of
the model for the beating between two oscillators discussed
above[see(4) and Fig. 4. At the phase flip the interfering

FIG. 15. Behavior of the intensity of transmitted pulgesrmal-  Polariton wave packets more or less cancel, their amplitudes
ized), calculated for four carrier densities around the density corre@re nearly equal. If the carrier density is belgabove n'lP
sponding to the phase flip at=4.3 ps. From above to belom  one of the amplitudes is greatesmalley than the other, and
=0, n=5%102 cm 3, n=1x10"2 cm 2 (dashed ling n=2 this leads to the change of sign of the phase flip.

X 10" cm 3, n=3x10" cm~3, where an offset of 10 between Very similar behavior is found in the experimenisee
different curves was used. Fig. 6). But due to noise and the limited precision of the

phase [27]

Log(intensity)

4
time [ps]

235202-11



J. S. NAGERL et al. PHYSICAL REVIEW B 63 235202

measurements it is somewhat less pronounced than in the V. SUMMARY
calculations. The &-exciton state is already bleached out at In summary we have reported on detailed amolitude and
very low carrier densitiefluences of the laser pulse§his y P P

can be observed in the absorption spectra as well as in tHg'aSe measurements of polariton pulse propagation as a
intensity of the transmitted pulséseen=23x 1013 cm 3 in function of excitation density in bulk GaAs at low tempera-

Fig. 15. The carrier densities chosen for the theory plotst“re- We have observed a characteristic excitation dependent

correspond roughly to those that can be estimated from thehange of the phase of the transmitted electric field at the
laser fluence and the beam profile of the pulses in experimefolariton propagation beat nodes. In contrast to the limit of
(see Figs. 2 and)6 The ratio of the carrier densities in our oW excitation, where the phase jumps are characterized by
calculations, where the two carrier-induced phase flips ap# 7, the flips change their sign from 7 to — # in a certain
pear, agrees well with the corresponding ratio of laser poworder with increasing excitation density. This phase behavior
ers in the experiments. In particular the low carrier densitycan be related to the increase of an excitation induced asym-
and low laser power for which the phase shift at 4.3 psmetry of the & exciton resonance at its high-energy side. All
changes its sign demonstrate the good agreement betwedstails of the measured excitonic line shapes could be de-
experiment and theory. scribed theoretically including frequency-resolved many-
The determination of absolugeh pair densities in experi-  body effects. Energy renormalization and dephasing give rise
ments with uncladded samples is a formidable problem. IRo such asymmetric excitonic line shapes and explain the
general, surface recombination and other loss channels f@igrrect order of the changes of the phase shifts. The fre-
excitons are not well characterized. This limits SeVerely thq:]uency dependence of the many_body effects resu'ts here
accuracy of assumptions and only a crude estimate of optirom the inclusion of non-Markovian memory effects in the

cally generated carrier densities is possible for each giVegcattering term of the semiconductor Bloch equations.
experimental laser fluence. Therefore we do not compare di-

rectly our experimental results with the theoretical calcula-
tions in one figure. The central message of our paper, how-
ever, is the quantitative explanation of the behavior of the
phase signals for a wide range of pair densities, and particu- The theoretical part of this work was supported
larly the prediction of the order of the flips in terms of many- by the Deutsche Forschungsgemeinschaft through the
body effects in the excited carrier system. Simple treatmentSchwerpunktprogramm “Quantenkaleaz in Halbleitern”

with symmetrically broadened Lorentzian oscillators insertecand the experimental part through the Sonderforschungsbere-
into the Elliot formula fail here. ich 345 in Gdtingen.
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