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Screened Coulomb quantum kinetics for resonant femtosecond spectroscopy in semiconductors
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We apply the non-Markovian quantum kinetics of carrier relaxation scattering due to carrier-carrier and
carrier-LO-phonon interactions to an electron-hole gas in a semiconductor excited resonantly by coherent
femtosecond laser pulses. Our theory employs the full two-time-dependent random-phase approximation
(RPA) screened Coulomb potential that evolves self-consistently from a bare potential to the well-known
dynamically screened RPA potential for long times. The dependence on the delay time of the differential
transmission spectra for a thin layer of GaAs at 15 K is calculated and measured for a 150-fs pump pulse tuned
to optical transitions between the light- and heavy-hole valence bands and the conduction band, while a
delayed 30-fs probe pulse is tuned to transitions between the spin-orbit split-off valence band to conduction
band. The calculated spectra explain the measured ones in a broad range of delay times and for various pump
frequencies and intensities qualitatively rather wg$l0163-18209)00304-5

I. INTRODUCTION layed probe pulse tuned to transitions between the so-valence
band and the conduction band. Due to the use of the bare
Two-beam femtosecond spectroscbpjfows one to pre- Coulomb potential approximation, the time development of
pare and detect the nonequilibrium time evolution of thethe carrier distribution could only be analyZeid a short-
photoexcited carriers in a regime that can no longer be delime interval(i.e., delays of less than about 100 &nd for
scribed by semiclassical, Markovian kinetics. In this ul-relatively low excitation densities in order to keep the plasma
trashort time regime the kinetics is influenced by the quanirequency sufficiently low. o
tum mechanical coherence of the photoexcited carriers. Due Recently we succeeded in including in the treatment of
to the energy-time uncertainty relation the scattering rates aré¢ Coulomb quantum kinetics a fully self-consistently
no longer governed by the golden rule, but are expressed ksereened, time-dependent Coulomb potefit@h the femto-
memory integrals over the past of the system. The resultingecond timescale the screened Coulomb potential becomes a
relaxation and dephasing kinetics of the carriers is delayed ifinction of the space and time coordinates of the two inter-
comparison to the instantaneously effective semiclassical k@cting particles. The two-time-dependent screened Coulomb
netics. The general theory of quantum kinetics, which is relPotential obeys an integral equation in which the integral
evant not only for femtosecond optical experiments but als¢€rnel is, in the random-phase approximati&®PA), given
for quantum transport in nanostructures, has been describdly the intraband polarization bubble. By memory saving lin-
in a recent textbook.While the quantum kinetics due to the €&r programming techniques it has become possible to in-
carrier-LO phonon interaction is already well developed and
successfully tested by corresponding femtosecond four- C
wave-mixing experimentsand more recently with coherent
control# the more involved quantum kinetics due to Cou-
lomb carrier-carrier scattering is less developed. The buildup
of screening of the Coulomb interaction by intraband scatter-
ing needs about a period of a plasma oscillafidtor times
shorter than a plasma oscillation period, the Coulomb poten-
tial between the pulse-excited carriers is essentially un-
screened. For this reason we used in a previous
investigatiofl a bare Coulomb potential in order to analyze

the quantum kinetics of a femtosecond pulse excited carrier HH
system in GaAs. In the experiments of Ref. 6, the pump

pulse was tuned in such a way that it excited simultaneously >

electrons and holes of the heavy-h¢i) and light-hole(lh) LH
valence bands, but not of the spin-orbit split-Gf6) valence

band. With sufficient spectral resolution, and thus suffi- o

ciently long pump pulses, one excites a double-peaked elec-
tron distribution in the conduction bar(dee Fig. 1L These FIG. 1. Schematic diagram of the pump pulse transiti@irsgle
electron distributions have been studied by means of a ddines with full arrows and the probe pulse transitiofdouble ling.
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clude a self-consistent solution of this integral equation into Il. SEMICONDUCTOR BLOCH EQUATIONS
the numerical treatment of the semiconductor optical Bloch FOR RESONANT PUMP PULSES WITH QUANTUM
equations combined with the quantum kinetic relaxation and KINETIC SCATTERING INTEGRALS

dephasing rates for the carrier-carrier scattefing. The time-dependent system of electronic excitations in
In this paper we will present an extended application Ofyye four considered bandswill be described in terms of

the time-dependent screened Coulomb potential scattering E?ensity matrix element, |, |2(t)=<a|T/ (Hay «(1)). The di-

n analysis of th \Y ri f resonant femto- X
an analysis ot the abp N plesc 'bed type o resona tie .toagonal elements fdr=e yield the distributions of the elec-
second experiments in wider time and excitation intensit

Y. . . N X
ranges, respectively. In this theory the integral equation f frons in the conduction bant, i(t), while for the valence

op ; ) .
g . .bands we replace the patrticle picture by the hole picture. The
the two-time deper_1dent screened Coulomb pote.n_tla_l I‘?‘:orresponding distributions of the holes drgg(t) with 8

solved by expressing two-time-dependent nonequilibrium” hhIh.so for the holes in the three valence bafsd e.g.

particle propagators that enter the intraband polarization b¥?ef. 10. The optically active interband polarization compo-

the generalized Kadanoff-Baym ansatin terms of two- ot V) i 0t -
time-dependent spectral functions and the reduced densiffENtS ar®s(t) =(a (t)aci(t))e'*#, wherewp is the rel-

matrix elements that depend on one time only. While thefvant large optical frequency. Because the pulses

spectral functions are taken in the free-particle approximaE'(t)cos@'t) with i=p for the pump pulse and=t for the

tion, the density matrix elements are determined selftest pulse excite the Ih and hh transitions or the so transition,

consistently by the semiconductor Bloch equations. In ordefespectively, we takes,= wnp=w® and ws,=w'. The re-

to include the energy relaxation of the excited electron-holesulting optical Bloch equations can be written in the form

(e-h) gas, we take in addition to the carrier-carrier scattering fa) )

the scattering by LO phonons into account. We solve the dfei(t) P * dtek(t

semiconductor Bloch equations for the density matrix ele- ot _% -2 Im{QB,E(t)pB,E(t)}J’ ot

ments with these quantum kinetic scattering integrals for the

variouse-h distributions and the interband polarization com- with g=hh,lh,

ponents in the presence of the strong resonant pump pulse.

The differential transmission spectrU@TS) is calculated in f g k(1) o .

a simplified linear approximation by inserting the calculated T ==21Im{Q ()p, (D} +

electron distributions in the polarization equation for the

probe pulse, which is resonant for the transitions between the

so valence band and the conduction band. In this probe po-  Pg(t) i , N : N N

larization equation the dephasing is approximated by a phe- b 7 9Pk Te ()= Tai(V)]

nomenological density-dependeRy time. This approxima-

tion is presently necessary because the probe polarization has

to be calculated over a rather long time range in order to be

able to perform a numerical Fourier transform for the calcu-

lation of the spectra. The resulting differential transmissionyhere

spectra are compared with measured spectra in a wide range

of delay times from—200 to 200 fs and for the excited s e, () +eg(t)— Al 2.2

carrier concentration of 4.5 and &3.0'" cm™ 2 with 70 and B ' '

50 meV excess energy, respectively. The shape of the spect@ne detuning of the pulses withi =7 w'— EL ; EP=E, is

and their evolution in time are for both densities in goodihe ynrenormalized energy gap for the hh and Ih bands, while

qualitative agreement with the observed ones. _ Ey=Eg.sois the gap of the split-off band. The Hartree-Fock
In Sec. Il we present the theoretlc_al model for the Cons'd_'renormalized Rabi frequencies are

ered four-band semiconductor, particularly the quantum ki-

netic scattering integrals with the time-dependent screened _ 1

Coulomb potential. The Bloch eqqatlons fqr the pump pulse hQ'B ()= EdBRE'(tHZ Vicibpio (), (2.3

and for the delayed probe pulse with and without pump pulse ’ K’

are given. In Sec. lll we describe the experimental setup for ) ) ) .

which we report DTS measurements on thin layer of GaAs af'Néré ds is the optical matrix element for the transition

15 K for a wide range of delay times ranging fror200 to between_the conduct|on_band2and20_ne of the three valence

200 fs and two sets of pump detuning and pump intensitied?@ndsB=hh,Ih,so and/,=4m7e/ €,q” is the bare Coulomb

respectively. In Sec. IV we present the numerical solutiond0tential with the background dielectric constagt Simi-

with the quantum kinetic relaxation and dephasing rates dul@'y, the Hartree-Fock renormalized energies are

to carrier-carrier and carrier—LO-phonon scattering, as well

as the corresponding measurements. A detailed comparison o 0 e

shows that the calculated and measured spectra exhibit a =€ kE Vi fie (), 24

rather similar delay time dependence and change in the same

way with increasing excitation densities. Furthermore, thevhere the indeX =e,8 designates one of the four bands.

influence of the electron energy relaxation by LO-phononThe corresponding linearized Bloch equations for the weak

emission on the differential transmission spectra is investitest pulse are with pump-excited electrons in the conduction

gated. band

scatt

afgk(t)
ot

scatt

Ipg(t)
ot

: (2.7)

scatt

XQZR(U“L
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apP (1) i polaron constantv=0.069. For this reason we also do not
sokt ~ _ _ _ ‘so ‘ngo O +HI[1-for(D)] consider vertex corrections here. For the interaction with the
at fu “sokTso LO phonons, we consider the phonons as a thermal bath at a
iven temperaturd,
L) ? P
XQSO,IZ(t)+ T , (2.5 _
' scatt D8<(t,t’): —j Zl e inwg(t—t )Ng1
and without pump pulse =
(2.1)
0 0
e i . IPgo (1) . 1 1.1
— == =5 P i - 28 =+ -+ 79=.
Jt T So’kpsoyk(t) + I‘Qfso’k(t) + gt Nq glhoq/kT_q 2 7 2
scatt

The Keldysh components of the screened Coulomb poten-

I_he _scgattt)ering rates are given in the framework of quantungig| are determined in the RPA by the integral equations:
inetics by

t Vq(t]_ 1t2) =Vq5(t1—t2) +Vqu(tl ,t3)Vq(t3 1t2)a
=2 jﬁ dt'[Ei,ovg(t,t’)G;vg(t’,t) (2.12

where all time arguments lie on the Keldysh time contour
extending from—o0 to +o and back to—c. The integral
convention is assumed for repeated time arguments. The re-
tarded and advanced screened Coulomb potentials can be
expressed, e.g., in terms of the kinetic scattering potentials

+G;,U’g(t,t’)2;u§(t’,t)], 2.77 Vg andVy by the relations

9Q v, k()
at

scatt
< >
—Eﬂlmﬁ(t,t’)GU’MR(t' 1)

> e < ,
—GM’U’Q(t,t )anvqlz(t Ry

where 3= are the scattering self-energies of the screened V[](t,t’)
Coulomb interaction between the carriers and of the interac- Vatt")
tion of the carriers with LO phonons. In equilibrium many-

body theory interactions via both the Coulomb interaction O(t—t")[Vq (tt) = Vg (tt")]

and the LO phonons can be incorporated elegasty, e.g., ot’ —t)[VcT(t,t’)—V;(t,t’)] '

Ref. 9 in an effective screened Coulomb potential. In the

nonequilibrium theory the bare Coulomb potential (213
Vq(ty,t2) =Vyd(ty —tp) is singular in time, while the pho- fyrther  symmetry relations  such  asv{Z)(t,t’)*
non propagatob, is of oscillatory nature. Because of these — _/(=)(t" t) and V> (t,t') =V (t',t) allow one to calcu-
structural differences, we encountered difficulties in attemptiate only the integrgl equatior? for one of the four compo-
ing to combine both interaction to an effective screened onéyents of the nonequilibrium potential. From E&.12 one
Therefore, we treat the scattering self-energies of both i”terc')btains, e.g., foN> , the closed equation

actions additively and neglect the effect of screening for the

)ZVq5(t—t’)

phonon scattering. In this approximation the RPA self- _ - t
energiess ==3Z+3 7, are given by Vq (t,t’)=Vq{ L (t,t’)Vq+2J7 dr
s ’ . = ' = ’ > > ’
EC,M,T,IZ(t’t ):Ihz GM,T,Iz—a(t:t )Vs‘a(tat )a (28) XRqu (t’T)]Vq(T’t )
g

t!
+2f dTLg(t,T)Revg(t',T)}. (2.19
= N 2 s RS , —o
S o) =i1R2 giGT b H(tt)D (L),
a (2.9 The polarization functionLg(tl,tz) will be evaluated
here in the time-dependent RPA. For a semiconductor ex-

cited with coherent light pulses, the particle propagators are
matrices in the band indices

with the Frdnlich interaction

,  Arh(hwy)?

T (2w N=—2i - NG, at!
210 Lo (tt)=—"2ih Ek P (A D [CRNPA( IR
B e2 m 1/2 1 1 p:v, (213
T H\ 2k \e )

Note that for given polarization functiorls, in Eq. (2.14
Heree., ande, are the high- and low-frequency limits of the only one integration from-< to t or t’ is necessary, while
dielectric function of the unexcited crystat. is the dimen- the use of nonlinear identities such ‘a§=ng§vg would
sionless polaron constant, which for weak coupling is muctinclude two successive time integrations, which requires
smaller than one, in the intermediate coupling regime commuch more computer memory for long-time integrations
parable to one, and for strong coupling much larger than onghan the above described strategy. We simplify the quantum
The weakly polar GaAs, which will be considered here, has &inetics by using the generalized Kadanoff-Baym an$atz,
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which relates approximately the two-time propagators to théeng and incorporate the causality correctly. In our context we

one-time density matrix by the relatidns approximate the spectral Green’s funcuoﬁs Lt
_Gyp «(t’,1)* further by the damped free-partlcle Green’s
G, (tt)= —g (G, {(tt)pe i) functions
PGS ()], (2.16 G, {tt)==738,,00t—t’ e e I,

Similarly, one can conneds~ (t,t’) to 1—p(t). The time (217
evolution out of the diagonal value is approximated by thatAssuming isotropy in momentum space, the quantum kinetic

of the spectral function&'(t,t") for t=t’ or by G%(t,t") for  scattering integrals for the particle distributiohs,(t) are
t<t’. These relations hold exactly in the absence of scattergiven by

%m[ f da” ftodt 0(

scatt
+93Dg” (4t ]+ (t)[1—f} W (t)I[Veg(t,t') +g5Dg” (1,t)]*

2

—q
2kk

0fj k( )
ot

)|m({fj,k(t')[1_fj,kl(t')][V:q(t,t')

= 2P o (1)REV(1,t) + 95D (Lt DI CITERS A (2.18

with I'=2+y. The so-called p-square terms are abbreviated by

> Pik, (1) Pik, (1), =€

Pjyklkz(t,): i=Ih,hh (219)
Pik, (t)*Pjk,(t"),  J=Ihhh.
The corresponding scattering integrals for the pump beam induced interband polarization componenjs-dnehfioigiven by
ap: (t k2 2
Pj.k(t) L f qufdt 0( 2I(kq )
dt scatt 477) K to 1

XLELP; k(L= Fe i (1) 1= Py e, (11— () [ Veg(t,t) + 95D (t,t)]
+ 10y, (U F1 () = Pyt ) e (1) [ Vag(t,t) +g3DG7 (1,t')]*}

X eflﬁ(fj,wfe,kl)(tft')eiﬁ(l*t’)e*h-(tft’))_ [kek']]. (2.20

In these scattering mtegrals we have introduced integral&t no point of the solution does thg=0 divergence oV,

over energies, i.ek? and g%, while the angle integration cause mathematical problems. We can show analyucally that
resulted in thed functions of Eqs(2.18 and(2.20. For the  our quantum Kkinetic scattering integrals approach in the
numerical evaluation we will use a discretization in energylong-time limit the Boltzmann scattering rates calculated

space and not in momentum space. The latter discretizationith a dynamically screened Coulomb potential with the

would not treat the high-energy states accurately enough.indhard dielectric function. The frequency corresponds to

The intraband screening polarization function takes the fornthe energy transfer in a collision. Before we present results
of our quantum kinetic studies applied to the calculation of

L(T(tat,)|t>t’ femtosecond time-resolved differential transmission spec-
5 o troscopy we describe the experimental technique with which
_ f deJ dK2e ( +ka—ki ) these spectra have been measured.
477) q qk2

IIl. EXPERIMENTAL TECHNIQUE

XZ {fj,kl(t,)[l_fj,kz(t')]_Pj,klkz(t')} As already mentioned, we have used a nondegenerate
. pump-test scheme that allows one to isolate the electron
><eii?“ikl‘EJkQ“‘t')e‘g(“")_ (2.21) dynamics'® The pump pglse excites electrons from the hh
and |Ih valence bands, while the test pulse probes the absorp-
Now the system of integro-differential equations for the den-ion saturation of the interband transition from the so valence
sity matrices and the screened Coulomb potential is closedhand to the conduction bard(see Fig. 1 Due to the large
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spin-orbit splittind? in GaAs (340 me\j, for not too large dro  Pw)

pump excess energies with respect to the band gap, no holes a(w)= mlmm. (4.1

are present in the so band.

The differential absorption signal is defined as where the index of refraction(w) will be approximated by
a constant that is characteristic of the band edge refraction.
—Aa(w)=a%w)—aP(w), (3.1) The Fourier transforms of the test beam and the test beam

induced polarization are given by

where a°(w),aP(w) denote the absorption spectra without o

and with a pump, respectively. It depends on the electron Et(w):f dt El(t)e'l@-evt,

distribution only. Since the matrix element of the sdran- —

sition is isotropic, the measured signal is equally sensitive to o (4.2

t_he presence of (_alectrons W|th_ all p055|t_)le wave-vector direc- P{(w)= f dt> dePeo(t)Ei(@ @0t

tions. This technique also avoids complications due to coher- —» K '

ence effects. The advantages of the nondegenerate pump-t Stcause these formula require the knowledae of the test
scheme over the different approaches that have been used §am induced interband ?)Iarization at all tigr]nes we will
measure carrier relaxation in semiconductors such as staR— P '

dard pump-test  experiment$,?°  time-resolved Z'mpé'.?]/ tr;e dheepnhoarigr?o(lj; thczltzsé br:-:‘:sr_r;]pqlna;lhz:t]:grnmequatlon
photoluminescenc®;?? and four-wave mixing® have been °Y USIN9 @ P 9l phasing i

discussed in more detail in Refs. 24, 11, and 25. The laser IPeo (1) 1

setup consists of a Ti:sapphire mode-locked oscill&€w- s;—t —— ﬁpsojg(t), 4.3
herent Mira and a 250 kHz regenerative amplifier system scatt 2(1)

(Coherent Reg}\py_mp_ed by a single argon-ion laser. Th_e where

output of the amplifier is tunable from 760 to 860 nm and is

directly used as the pump pulse with a duration of 150 fs for 1 1

a 15 meV width. Part of this output generates a spectral T0 " e yn(t). (4.9
continuum by focusing into a sapphire crystal and is used as 2

the test pulse. After chirp compensation of the continuumyheren(t) is the carrier concentration excited by the preced-
with a comblr_1at|on (_)f prisms and gratings in order to correcting pump pulse and is zero without a pump pulse.
up to the third derivative of the phase, we obtain nearly Qpyiously, the disadvantage of this approximation is that
Fourier-transform-limited pulses with a duration of 30 fs for he pump induced linebroadening is not included accurately.
the test p_ulse with a practically flat phase in the wavelengtiyowever, a very long time integration of the test beam po-
range of interest. ) ) larization equation with quantum kinetic dephasing integrals
The transmitted test beam was dispersed in a 0.25-m speg presently not possible. We will calculate the differential
trometer and detected with a charge-coupled del@@D)  transmission spectra for the following GaAs material param-
detector. In order to minimize the noise, a shutter is used iRters and for the pulse parameters of the experiments: exci-
the optical path of the pump and the transmitted test is degn Bohr radiusag=120x10"8 cm, exciton Rydberge,
tected in the presence and in the absence of the pump at ang?/2¢ a.—4.9 meV, static dielectric constante,
8-Hz rate. Furthermore, a reference beam is simultaneously 12.2My /M= 6.8My, /Me=1.2m.,/m,=2.2,  polaron
detected on a different track of the CCD and is used t0 NOrzgnstanta = 0.069: temperaturd =15 K, LO-phonon en-

malize the transmitted test beam. ergy Zwo,=36 meV, and single-particle damping constant

The sample consists of an intrinsic GaAs lay&d ( =1 meV. The pump and test pulses are taken to be Gauss-
=0.65 um) between two 0.22m Gag; 35AlgeAS layers 2

grown by molecular-beam epitaxy on a GaAs substrate. Th&n E(t)=e '“'E,e™2 " 2}52, with the full widths at half
substrate was selectively etched away and antireflection coataximum ofétp=150 fs andst+=30 fs and for the detun-
ings were deposited on both sides of the sample. Thus theg frequencie\ =% —Ey=70 and 50 meV, respectively.
reflectivity is minimized and the transmitted intendifywith ~ The strength of the field amplitude will be given in terms of
and 12 without a pump can be directly used to obtain thethe fractiony of a 7 pulse, i.e..f ZZdt doEo(t) = x . For

differential absorption signal: the numerical integrations the cutoff energy for the energy
summations has been taken to Bg,,=150 meV andN
P =45 energy points have been taken into account. The time
Spr(w)= —Aadzln(—g). (3.2 steps have been taken As=2 fs.
15 In Fig. 2 we present the time evolution of the electron

distribution generated by the pump pulse and calculated by
The sample is held at 15 K on the cold finger of a He-the quantum kinetic description of the screened Coulomb
compressor cryostat. and LO-phonon scattering. One sees clearly how a double
peaked distribution is excited by the pump pulse due to tran-
IV. CALCULATED AND MEASURED DIFFERENTIAL sitions out of Fhe_ hh and lh valence bands. The scattering
TRANSMISSION SPECTRA processes redistribute the electrons and already 200 fs after
the center of the pump pulse a monotonically decreasing
The linear absorption coefficient of the test beam is dedistribution is generated that relaxes in the next 200 fs to-
fined by wards a thermal Fermi-like distribution. Compared to our
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larly, the excitonic enhancement causes a weak induced
absorption above the populated states. The double peak
structure can be seen in the calculated spectra up to delay
times of about 80 fs, while for larger delays, particularly
with 7=160 and 200 fs, already monotonically decreasing
distributions are reached. The corresponding measured spec-
tra are shown at the top of Fig. 3. From the experiment we
estimate carrier densities from the spectrally integrated dif-
ferential absorption signal after the end of the pump pulse
and from the pump excitation density and the measured lin-
ear absorption of the sample to b&x20'” cm 2 in Fig. 3

(top) and 4x 10 cm™ 2 in Fig. 5(top), respectively. For the
best fits of the calculated spectra slightly different densities

FIG. 2. Calculated electron distribution function versus electron .
have been assumed. The experimental spectra show also the

energy and time generated by a 150-fs pump pulse with a strengt - .
of x=0.72, which generates the electron density=4.5 gharacterlstlc peaked structures at 1914 and 1950 meV in

X 10 cm™3. The detuning with respect to the unrenormalized Fig. 3.(t0p) and 1898 and 1922 meV in Fig.(ﬁop) corre-
Ih-hh band gap wad =70 meV. sponding to the nonequilibrium electron populations injected

from the Ih and hh valence bands, respectively. These struc-
tures broaden due to carrier-carrier scattering and the elec-

earlier calculations of the Coulomb quantum kinetics W|thtrons tend to accumulate at the bottom of the conduction

bare Coulomb potential interactiSrone sees that the time- band due to LO-phonon emission. While the central part of

?r?bpuetir;iesm screening has smoothed the resulting transient dhsfe differential absorption spectrum reflects the electron dis-

tribution, the negative signal at high energies and the oscil-

In the lower part of Fig. 3 we present the correspondin . . )
. : o : atory signal just below the so-band gap are not population
calculated differential transmission spectra for various delay.. . : :
gnals. As shown by the theoretical analysis, the high-

times between the pump and the test in steps of 40 fs an : . . P
ranging from— 160 to 200 fs. Due to band gap renormaliza- €MEr9Y induced absorption can be attributed to a modification

tion and induced line broadening one sees induced absorOf the excitonic enhancement, while the oscillatory signal is

, . i " aDSOM 16 to the s exciton, which, even though it is hardly vis-
tion below the exciton resonance at the origiBg} ;. Simi- . : . : .
9 ible in the linear absorption spectruth,gives a non-

negligible differential signal. All these complicated features
are extremely well reproduced by the theory.

In particular, the double-peak structure at early delay
times, the induced absorption regions below and above the
populated states, and the speed of the evolution of the spectra
are correctly given by the theory. Due to the energy relax-
ation by LO-phonon emission, the present calculations pre-
dict correctly that for larger delay times there is no longer a
dip in the DTS above the exciton resonance, which one
would get without the phonon scattering. However, due to
the oversimplified, phenomenological description of the
dephasing of the test pulse polarization, the broadening of
the spectra, particularly around the exciton resonance, is in-
sufficient, as expected. Because the pump pulse induced
broadening is too small in comparison to the gap shift one
gets at early negative delay times below the exciton reso-
nance a small spectral range with positive DTS signal that is
not observed in the experiment.

The effect of the energy relaxation due to LO-phonon
scattering can be seen in detail in Fig. 4, which shows the
resulting differential transmission spectra at three values of
s the delay time with time-dependent screened Coulomb scat-

1830 1850 1870 1890 1910 1930 1950 1970 1390 tering alone(full lines) and with additional LO-phonon scat-
ko (meV) tering (dashed lines Particularly at later delay times, it is
FIG. 3. Measured(top) and calculated(bottom differential obvious how the additional LO-phonon scattering allows a

transmission spectra in GaAs at 15 K for various delay times ifMore efficient relaxation of the electrons into the energeti-
steps of 40 fs ranging from= — 160 to 200 fs for a pump pulse Cally lower states.

with a strength ofy=0.72, which generates the electron density While our previous analysisith bare Coulomb potential
=4.5x10" cm3. The central pump frequency was 1.589 eV, cor- Scattering required short delay times and relatively low den-
responding to a detuning with respect to the unrenormalized Ih-higities, our present model has no such limitations and allows
band gap ofA= 70 meV. For the calculation of the test spectra, one to calculate also the differential transmission spectra for
we usedT,’=170 fs andy=0.6x10"%° cm’fs™1. stronger pump pulses. As an example we present in Fig. 5

E (meV)

0.08 T T T T T T T T

0.07 experiment
0.06
0.05
0.04
0.03

DTS

0.02

DTS
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FIG. 5. Measured and calculated differential transmission spec-
........................ USSR W tra for GaAs at 15 K for various delay times in steps of 40 fs
ranging fromr= —200 to 160 fs for a pump pulse with a strength
of x=1.34, which generates the electron density=28.5

X 10 cm™3. The central pump frequency has been taken as 1.569
eV, which corresponds to a detuning with respect to the unrenor-
-12 malized lh-hh band gap =50 meV. For the calculation of the
1830 1850 1870 1890 1910 1930 1950 1970 1990 test spectra we usef,’=150 fs andy=0.4x10"%° cm’fs™*.

Ao (meV)

DTS

-0.8

due to excitonic enhancement. Experiment and theory agree

FIG. 4. Calculated differential transmision spectra for GaAs at2dain qualitatively very well with the exception that pump
15 K for three delay times for the same parameters as in Fig. 3 withhduced line broadening is again to weak by the used
time-dependent screened Coulomb scattering ¢fully lines) and  density-dependent but undelayed phenomenological dephas-
with both Coulomb and phonon scatteritdpshed lines ing time. Only a full quantum kinetic treatment also of the
dephasing of the test pulse induced interband polarization
could improve the agreement around the shifted exciton
:S?‘]sonance. However, this task exceeds the capacity of the

measured and calculated spectra with a pump pulse streng esent- day computers

of x=1.34 with a detuning of 50 meV, which excites an
electron density of 8.810' cm 3. For the calculation of
the test spectra we used,’=150 fs and y=0.4
X102 cmifs™ 1. A comparison with Fig. 3 shows thatthe ~ We  acknowledge  support by the DFG-
spectra at later delay times changed from a triangular shap@chwerpunktprogrammQuantenkoheenz in Halbleitern

to a more squarelike shape due to the more degenerate ele@ne of us(Q.T.V) gratefully acknowledges support by the
tron distribution. The calculated spectra follow these generaKAAD. We are grateful to R. Planel and V. Thierry-Mieg
trend quite well. In particular, both the measured and the€lLaboratoire de Microstructures et de MiCleetronique,
calculated spectra show the filling of states with increasindBagneux, Frangefor providing us with the high-quality
delay. One can follow this effect by watching the high- GaAs sample and to M. Joffre and D. Hulin for helpful dis-
energy crossover to induced absorption above the filled statussions.
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