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Screened Coulomb quantum kinetics for resonant femtosecond spectroscopy in semiconductor
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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 well.@S0163-1829~99!00304-5#
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I. INTRODUCTION

Two-beam femtosecond spectroscopy1 allows one to pre-
pare and detect the nonequilibrium time evolution of t
photoexcited carriers in a regime that can no longer be
scribed by semiclassical, Markovian kinetics. In this
trashort time regime the kinetics is influenced by the qu
tum mechanical coherence of the photoexcited carriers.
to the energy-time uncertainty relation the scattering rates
no longer governed by the golden rule, but are expresse
memory integrals over the past of the system. The resul
relaxation and dephasing kinetics of the carriers is delaye
comparison to the instantaneously effective semiclassica
netics. The general theory of quantum kinetics, which is
evant not only for femtosecond optical experiments but a
for quantum transport in nanostructures, has been descr
in a recent textbook.2 While the quantum kinetics due to th
carrier-LO phonon interaction is already well developed a
successfully tested by corresponding femtosecond fo
wave-mixing experiments3 and more recently with coheren
control,4 the more involved quantum kinetics due to Co
lomb carrier-carrier scattering is less developed. The buil
of screening of the Coulomb interaction by intraband scat
ing needs about a period of a plasma oscillation.5 For times
shorter than a plasma oscillation period, the Coulomb po
tial between the pulse-excited carriers is essentially
screened. For this reason we used in a previ
investigation6 a bare Coulomb potential in order to analy
the quantum kinetics of a femtosecond pulse excited ca
system in GaAs. In the experiments of Ref. 6, the pu
pulse was tuned in such a way that it excited simultaneou
electrons and holes of the heavy-hole~hh! and light-hole~lh!
valence bands, but not of the spin-orbit split-off~so! valence
band. With sufficient spectral resolution, and thus su
ciently long pump pulses, one excites a double-peaked e
tron distribution in the conduction band~see Fig. 1!. These
electron distributions have been studied by means of a
PRB 590163-1829/99/59~4!/2760~8!/$15.00
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layed probe pulse tuned to transitions between the so-vale
band and the conduction band. Due to the use of the b
Coulomb potential approximation, the time development
the carrier distribution could only be analyzed6 in a short-
time interval~i.e., delays of less than about 100 fs! and for
relatively low excitation densities in order to keep the plas
frequency sufficiently low.

Recently we succeeded in including in the treatment
the Coulomb quantum kinetics a fully self-consisten
screened, time-dependent Coulomb potential.8 On the femto-
second timescale the screened Coulomb potential becom
function of the space and time coordinates of the two int
acting particles. The two-time-dependent screened Coulo
potential obeys an integral equation in which the integ
kernel is, in the random-phase approximation~RPA!, given
by the intraband polarization bubble. By memory saving l
ear programming techniques it has become possible to

FIG. 1. Schematic diagram of the pump pulse transitions~single
lines with full arrows! and the probe pulse transitions~double line!.
2760 ©1999 The American Physical Society
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clude a self-consistent solution of this integral equation i
the numerical treatment of the semiconductor optical Blo
equations combined with the quantum kinetic relaxation a
dephasing rates for the carrier-carrier scattering.8

In this paper we will present an extended application
the time-dependent screened Coulomb potential scatterin
an analysis of the above described type of resonant fem
second experiments in wider time and excitation intens
ranges, respectively. In this theory the integral equation
the two-time-dependent screened Coulomb potential
solved by expressing two-time-dependent nonequilibri
particle propagators that enter the intraband polarization
the generalized Kadanoff-Baym ansatz7,2 in terms of two-
time-dependent spectral functions and the reduced den
matrix elements that depend on one time only. While
spectral functions are taken in the free-particle approxim
tion, the density matrix elements are determined s
consistently by the semiconductor Bloch equations. In or
to include the energy relaxation of the excited electron-h
(e-h) gas, we take in addition to the carrier-carrier scatter
the scattering by LO phonons into account. We solve
semiconductor Bloch equations for the density matrix e
ments with these quantum kinetic scattering integrals for
variouse-h distributions and the interband polarization com
ponents in the presence of the strong resonant pump p
The differential transmission spectrum~DTS! is calculated in
a simplified linear approximation by inserting the calculat
electron distributions in the polarization equation for t
probe pulse, which is resonant for the transitions between
so valence band and the conduction band. In this probe
larization equation the dephasing is approximated by a p
nomenological density-dependentT2 time. This approxima-
tion is presently necessary because the probe polarization
to be calculated over a rather long time range in order to
able to perform a numerical Fourier transform for the cal
lation of the spectra. The resulting differential transmiss
spectra are compared with measured spectra in a wide r
of delay times from2200 to 200 fs and for the excite
carrier concentration of 4.5 and 8.531017 cm23 with 70 and
50 meV excess energy, respectively. The shape of the sp
and their evolution in time are for both densities in go
qualitative agreement with the observed ones.

In Sec. II we present the theoretical model for the cons
ered four-band semiconductor, particularly the quantum
netic scattering integrals with the time-dependent scree
Coulomb potential. The Bloch equations for the pump pu
and for the delayed probe pulse with and without pump pu
are given. In Sec. III we describe the experimental setup
which we report DTS measurements on thin layer of GaA
15 K for a wide range of delay times ranging from2200 to
200 fs and two sets of pump detuning and pump intensit
respectively. In Sec. IV we present the numerical solutio
with the quantum kinetic relaxation and dephasing rates
to carrier-carrier and carrier–LO-phonon scattering, as w
as the corresponding measurements. A detailed compa
shows that the calculated and measured spectra exhi
rather similar delay time dependence and change in the s
way with increasing excitation densities. Furthermore,
influence of the electron energy relaxation by LO-phon
emission on the differential transmission spectra is inve
gated.
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II. SEMICONDUCTOR BLOCH EQUATIONS
FOR RESONANT PUMP PULSES WITH QUANTUM

KINETIC SCATTERING INTEGRALS

The time-dependent system of electronic excitations
the four considered bandsl will be described in terms of
density matrix elementsr l ,l 8,kW(t)5^al 8,kW

† (t)al ,kW(t)&. The di-
agonal elements forl 5e yield the distributions of the elec
trons in the conduction bandf e,kW(t), while for the valence
bands we replace the particle picture by the hole picture.
corresponding distributions of the holes aref b,kW(t) with b
5hh,lh,so for the holes in the three valence bands~see, e.g.,
Ref. 10!. The optically active interband polarization comp
nents arepb,kW(t)5^ab,kW

† (t)ae,kW(t)&e
ivbt, wherevb is the rel-

evant large optical frequency. Because the pul
Ei(t)cos(vit) with i 5p for the pump pulse andi 5t for the
test pulse excite the lh and hh transitions or the so transit
respectively, we takev lh5vhh5vp and vso5v t. The re-
sulting optical Bloch equations can be written in the form

] f e,kW~ t !

]t
5(

b
22 Im$Vb,kW

p
~ t !pb,kW

* ~ t !%1
] f e,kW~ t !

]t U
scatt

,

with b5hh,lh,

] f b,kW~ t !

]t
522 Im$Vb,kW

p
~ t !pb,kW

* ~ t !%1
] f b,kW~ t !

]t U
scatt

,

]pb,kW~ t !

]t
52

i

\
db,kW

p
pb,kW~ t !1 i @12 f e,kW~ t !2 f b,kW~ t !#

3Vb,kW
p

~ t !1
]pb,kW~ t !

]t U
scatt

, ~2.1!

where

db,kW
i

5ee,kW~ t !1eb,kW~ t !2D i ~2.2!

is the detuning of the pulses withD i5\v i2EG
i ; Eg

p5Eg is
the unrenormalized energy gap for the hh and lh bands, w
Eg

t 5Eg,so is the gap of the split-off band. The Hartree-Fo
renormalized Rabi frequencies are

\Vb,kW
i

~ t !5
1

2
db,kWE

i~ t !1(
kW8

VkW2kW8pb,kW8~ t !, ~2.3!

where db,kW is the optical matrix element for the transitio
between the conduction band and one of the three vale
bandsb5hh,lh,so andVq54pe2/e0q2 is the bare Coulomb
potential with the background dielectric constante0 . Simi-
larly, the Hartree-Fock renormalized energies are

el ,kW~ t !5e l ,kW
0

2(
kW8

VkW2kW8 f l ,kW8~ t !, ~2.4!

where the indexl 5e,b designates one of the four band
The corresponding linearized Bloch equations for the we
test pulse are with pump-excited electrons in the conduc
band
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]pso,kW
p

~ t !

]t
52

i

\
dso,kW

t
pso,kW

p
~ t !1 i @12 f e,kW~ t !#

3Vso,kW
t

~ t !1
]pso,kW

p
~ t !

]t
U

scatt

, ~2.5!

and without pump pulse

]pso,kW
0

~ t !

]t
52

i

\
dso,kW

t
pso,kW

0
~ t !1 iVso,kW

t
~ t !1

]pso,kW
0

~ t !

]t
U

scatt

.

~2.6!

The scattering rates are given in the framework of quan
kinetics2 by

]%m,n,kW~ t !

]t U
scatt

5(
s

E
2`

t

dt8@Sm,s,kW
.

~ t,t8!Gs,n,kW
,

~ t8,t !

2Sm,s,kW
,

~ t,t8!Gs,n,kW
.

~ t8,t !

2Gm,s,kW
.

~ t,t8!Ss,n,kW
,

~ t8,t !

1Gm,s,kW
,

~ t,t8!Ss,n,kW
.

~ t8,t !#, ~2.7!

where S" are the scattering self-energies of the scree
Coulomb interaction between the carriers and of the inte
tion of the carriers with LO phonons. In equilibrium man
body theory interactions via both the Coulomb interact
and the LO phonons can be incorporated elegantly~see, e.g.,
Ref. 9! in an effective screened Coulomb potential. In t
nonequilibrium theory the bare Coulomb potent
Vq(t1 ,t2)5Vqd(t12t2) is singular in time, while the pho
non propagatorDq

" is of oscillatory nature. Because of the
structural differences, we encountered difficulties in attem
ing to combine both interaction to an effective screened o
Therefore, we treat the scattering self-energies of both in
actions additively and neglect the effect of screening for
phonon scattering. In this approximation the RPA se
energiesS"5SC

"1SLO
" are given by

SC,m,t,kW
"

~ t,t8!5 i\(
qW

Gm,t,kW2qW
"

~ t,t8!Vs,qW
"

~ t,t8!, ~2.8!

SLO,m,t,kW
"

~ t,t8!5 i\(
qW

gqW
2
Gm,t,kW2qW

"
~ t,t8!DqW

"
~ t,t8!,

~2.9!

with the Fröhlich interaction

gqW
2
5a

4p\~\v0!3/2

~2m!1/2q2
,

~2.10!

a5
e2

\ S m

2\v0
D 1/2S 1

e`
2

1

e0
D .

Heree` ande0 are the high- and low-frequency limits of th
dielectric function of the unexcited crystal.a is the dimen-
sionless polaron constant, which for weak coupling is mu
smaller than one, in the intermediate coupling regime co
parable to one, and for strong coupling much larger than o
The weakly polar GaAs, which will be considered here, ha
m

d
c-

l

t-
e.
r-
e
-

h
-
e.
a

polaron constanta50.069. For this reason we also do n
consider vertex corrections here. For the interaction with
LO phonons, we consider the phonons as a thermal bath
given temperatureT,

Dq
0,~ t,t8!52 i (

h561
e2 ihv0~ t2t8!Nq

h ,

~2.11!

Nq
h5

1

e\vq /kT21
1

1

2
1h

1

2
.

The Keldysh components of the screened Coulomb po
tial are determined in the RPA by the integral equations:

Vq~ t1 ,t2!5Vqd~ t12t2!1VqLq~ t1 ,t3!Vq~ t3 ,t2!,
~2.12!

where all time arguments lie on the Keldysh time conto
extending from2` to 1` and back to2`. The integral
convention is assumed for repeated time arguments. The
tarded and advanced screened Coulomb potentials ca
expressed, e.g., in terms of the kinetic scattering poten
Vq

, andVq
. by the relations

S Vq
r ~ t,t8!

Vq
a~ t,t8! D 5Vqd~ t2t8!

1S u~ t2t8!@Vq
.~ t,t8!2Vq

,~ t,t8!#

u~ t82t !@Vq
,~ t,t8!2Vq

.~ t,t8!# D .

~2.13!

Further symmetry relations such asVq
(")(t,t8)*

52Vq
(")(t8,t) andVq

.(t,t8)5Vq
,(t8,t) allow one to calcu-

late only the integral equation for one of the four comp
nents of the nonequilibrium potential. From Eq.~2.12! one
obtains, e.g., forVq

. , the closed equation

Vq
.~ t,t8!5VqH Lq

.~ t,t8!Vq12E
2`

t

dt

3Re@Lq
.~ t,t!#Vq

.~t,t8!

12E
2`

t8
dt Lq

.~ t,t!ReVq
.~ t8,t!J . ~2.14!

The polarization functionLq
.(t1 ,t2) will be evaluated

here in the time-dependent RPA. For a semiconductor
cited with coherent light pulses, the particle propagators
matrices in the band indices

Lq
.~ t,t8!522i\ (

r,n,kW8
Gr,n,kW81qW

.
~ t,t8!Gr,n,kW8

,
~ t8,t !.

~2.15!

Note that for given polarization functionsLq in Eq. ~2.14!
only one integration from2` to t or t8 is necessary, while
the use of nonlinear identities such asVq

,5Vq
r Lq

,Vq
a would

include two successive time integrations, which requi
much more computer memory for long-time integratio
than the above described strategy. We simplify the quan
kinetics by using the generalized Kadanoff-Baym ansa7
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which relates approximately the two-time propagators to
one-time density matrix by the relations2

Gm,n,kW
,

~ t,t8!52(
s

@Gm,s,kW
r

~ t,t8!rs,n,kW~ t8!

1rm,s,kW~ t !Gs,n,kW
a

~ t,t8!#. ~2.16!

Similarly, one can connectG.(t,t8) to 12r(t). The time
evolution out of the diagonal value is approximated by t
of the spectral functionsGr(t,t8) for t>t8 or by Ga(t,t8) for
t<t8. These relations hold exactly in the absence of scat
ra

g
ti
g
rm

n
se
e

t

r-

ing and incorporate the causality correctly. In our context
approximate the spectral Green’s functionsGr,n,kW

r (t,t8)

5Gn,r,kW
a (t8,t)! further by the damped free-particle Green

functions

Gr,n,kW
r

~ t,t8!52
i

\
dr,nu~ t2t8!e2

i
\~er,k2 ig!~ t2t8!.

~2.17!

Assuming isotropy in momentum space, the quantum kin
scattering integrals for the particle distributionsf j ,k(t) are
given by
] f j ,k~ t !

]t U
scatt

5
1

\

2

~4p!2k
E

0

`

dk1
2E

0

`

dq2E
t0

t

dt8uS 12Uk21k1
22q2

2kk1
U D Im„$ f j ,k~ t8!@12 f j ,k1

~ t8!#@Vs,q
. ~ t,t8!

1gq
2Dq

0.~ t,t8!#1 f j ,k1
~ t8!@12 f j ,k~ t8!#@Vs,q

. ~ t,t8!1gq
2Dq

0.~ t,t8!#*

22Pj ,kk1
~ t8!Re@Vs,q

. ~ t,t8!1gq
2Dq

0.~ t,t8!#%e
i
\~e j ,k2e j ,k1

!~ t2t8!e2
G
\~ t2t8!

…, ~2.18!

with G52g. The so-called p-square terms are abbreviated by

Pj ,k1k2
~ t8!5H (

i 5 lh,hh
pi ,k1

~ t8!* pi ,k2
~ t8!, j 5e

pj ,k1
~ t8!* pj ,k2

~ t8!, j 5 lh,hh.
~2.19!

The corresponding scattering integrals for the pump beam induced interband polarization components are forj 5 lh,hh given by

]pj ,k~ t !

]t U
scatt

52
i

\

1

~4p!2k
E

0

`

dk1
2E

0

`

dq2E
t0

t

dt8uS 12Uk21k1
22q2

2kk1
U D

3†„$@pj ,k~ t8!@12 f e,k1
~ t8!#2pj ,k1

~ t8!@12 f j ,k~ t8!#@Vsq
. ~ t,t8!1gq

2Dq
0.~ t,t8!#

1@pj ,k1
~ t8! f j ,k~ t8!2pj ,k~ t8! f e,k1

~ t8!#@Vsq
. ~ t,t8!1gq

2Dq
0.~ t,t8!#* %

3e2
i
\~e j ,k1ee,k1

!~ t2t8!ei
D
\~ t2t8!e2

G
\~ t2t8!

…2@k↔k8#‡. ~2.20!
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In these scattering integrals we have introduced integ
over energies, i.e.,k2 and q2, while the angle integration
resulted in theu functions of Eqs.~2.18! and~2.20!. For the
numerical evaluation we will use a discretization in ener
space and not in momentum space. The latter discretiza
would not treat the high-energy states accurately enou
The intraband screening polarization function takes the fo

Lq
.~ t,t8!u t.t8

52
i

\

2

~4p!2q
E

0

`

dk1
2E

0

`

dk2
2uS 12Uq21k2

22k1
2

2qk2
U D

3(
j

$ f j ,k1
~ t8!@12 f j ,k2

~ t8!#2Pj ,k1k2
~ t8!%

3e
i
\~e jk1

2e jk2
!~ t2t8!e2

G
\~ t2t8!. ~2.21!

Now the system of integro-differential equations for the de
sity matrices and the screened Coulomb potential is clo
ls

y
on
h.

-
d.

At no point of the solution does theq50 divergence ofVq
cause mathematical problems. We can show analytically
our quantum kinetic scattering integrals approach in
long-time limit the Boltzmann scattering rates calculat
with a dynamically screened Coulomb potential with t
Lindhard dielectric function. The frequency corresponds
the energy transfer in a collision. Before we present res
of our quantum kinetic studies applied to the calculation
femtosecond time-resolved differential transmission sp
troscopy we describe the experimental technique with wh
these spectra have been measured.

III. EXPERIMENTAL TECHNIQUE

As already mentioned, we have used a nondegene
pump-test scheme that allows one to isolate the elec
dynamics:11,6 The pump pulse excites electrons from the
and lh valence bands, while the test pulse probes the abs
tion saturation of the interband transition from the so valen
band to the conduction bandc ~see Fig. 1!. Due to the large
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spin-orbit splitting12 in GaAs ~340 meV!, for not too large
pump excess energies with respect to the band gap, no h
are present in the so band.

The differential absorption signal is defined as

2Da~v!5a0~v!2ap~v!, ~3.1!

wherea0(v),ap(v) denote the absorption spectra witho
and with a pump, respectively. It depends on the elect
distribution only. Since the matrix element of the so-c tran-
sition is isotropic, the measured signal is equally sensitive
the presence of electrons with all possible wave-vector di
tions. This technique also avoids complications due to coh
ence effects. The advantages of the nondegenerate pum
scheme over the different approaches that have been us
measure carrier relaxation in semiconductors such as s
dard pump-test experiments,13–20 time-resolved
photoluminescence,21,22 and four-wave mixing23 have been
discussed in more detail in Refs. 24, 11, and 25. The la
setup consists of a Ti:sapphire mode-locked oscillator~Co-
herent Mira! and a 250 kHz regenerative amplifier syste
~Coherent RegA! pumped by a single argon-ion laser. Th
output of the amplifier is tunable from 760 to 860 nm and
directly used as the pump pulse with a duration of 150 fs
a 15 meV width. Part of this output generates a spec
continuum by focusing into a sapphire crystal and is used
the test pulse. After chirp compensation of the continu
with a combination of prisms and gratings in order to corr
up to the third derivative of the phase, we obtain nea
Fourier-transform-limited pulses with a duration of 30 fs f
the test pulse with a practically flat phase in the wavelen
range of interest.

The transmitted test beam was dispersed in a 0.25-m s
trometer and detected with a charge-coupled device~CCD!
detector. In order to minimize the noise, a shutter is use
the optical path of the pump and the transmitted test is
tected in the presence and in the absence of the pump
8-Hz rate. Furthermore, a reference beam is simultaneo
detected on a different track of the CCD and is used to n
malize the transmitted test beam.

The sample consists of an intrinsic GaAs layerd
50.65 mm) between two 0.2-mm Ga0.35Al0.65As layers
grown by molecular-beam epitaxy on a GaAs substrate.
substrate was selectively etched away and antireflection c
ings were deposited on both sides of the sample. Thus
reflectivity is minimized and the transmitted intensityI T

p with
and I T

0 without a pump can be directly used to obtain t
differential absorption signal:

SDT~v!.2Dad5 lnS I T
p

I T
0D . ~3.2!

The sample is held at 15 K on the cold finger of a H
compressor cryostat.

IV. CALCULATED AND MEASURED DIFFERENTIAL
TRANSMISSION SPECTRA

The linear absorption coefficient of the test beam is
fined by
les

n

to
c-
r-
test

to
n-

er

r
al
s

t
y

h

c-

in
e-
an
ly
r-

e
at-
he

-

-

a~v!5
4pv

cn~v!
Im

Pt~v!

Et~v!
, ~4.1!

where the index of refractionn(v) will be approximated by
a constant that is characteristic of the band edge refracti

The Fourier transforms of the test beam and the test b
induced polarization are given by

Et~v!5E
2`

1`

dt Et~ t !ei ~v2v t!t,

~4.2!

Pt~v!5E
2`

1`

dt (
kW

dkpso,k~ t !ei ~v2v t!t.

Because these formula require the knowledge of the
beam induced interband polarization at all times, we w
simplify the dephasing of the test beam polarization equa
by using a phenomenological dephasing in the form

]pso,kW~ t !

]t U
scatt

→2
1

T2~ t !
pso,kW~ t !, ~4.3!

where

1

T2~ t !
5

1

T2
0

1gn~ t !. ~4.4!

wheren(t) is the carrier concentration excited by the prece
ing pump pulse and is zero without a pump pulse.

Obviously, the disadvantage of this approximation is th
the pump induced linebroadening is not included accurat
However, a very long time integration of the test beam p
larization equation with quantum kinetic dephasing integr
is presently not possible. We will calculate the different
transmission spectra for the following GaAs material para
eters and for the pulse parameters of the experiments: e
ton Bohr radiusaB512031028 cm, exciton RydbergE0
5e2/2e0aB54.9 meV, static dielectric constante0
512.2,mhh /me56.8,mlh /me51.2,mso /me52.2, polaron
constanta50.069; temperatureT515 K, LO-phonon en-
ergy \v0536 meV, and single-particle damping consta
G51 meV. The pump and test pulses are taken to be Ga

ian E(t)5e2 ivtE0e22 ln 2
t2

dt2, with the full widths at half
maximum ofdtP5150 fs anddtT530 fs and for the detun-
ing frequenciesD5\v2Eg570 and 50 meV, respectively
The strength of the field amplitude will be given in terms
the fractionx of a p pulse, i.e.,*2`

1`dt d0E0(t)5xp\. For
the numerical integrations the cutoff energy for the ene
summations has been taken to beEmax5150 meV andN
545 energy points have been taken into account. The t
steps have been taken asDt52 fs.

In Fig. 2 we present the time evolution of the electr
distribution generated by the pump pulse and calculated
the quantum kinetic description of the screened Coulo
and LO-phonon scattering. One sees clearly how a dou
peaked distribution is excited by the pump pulse due to tr
sitions out of the hh and lh valence bands. The scatte
processes redistribute the electrons and already 200 fs
the center of the pump pulse a monotonically decreas
distribution is generated that relaxes in the next 200 fs
wards a thermal Fermi-like distribution. Compared to o
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earlier calculations of the Coulomb quantum kinetics w
bare Coulomb potential interaction,6 one sees that the time
dependent screening has smoothed the resulting transien
tributions.

In the lower part of Fig. 3 we present the correspond
calculated differential transmission spectra for various de
times between the pump and the test in steps of 40 fs
ranging from2160 to 200 fs. Due to band gap renormaliz
tion and induced line broadening one sees induced abs
tion below the exciton resonance at the originalEso,g . Simi-

FIG. 2. Calculated electron distribution function versus elect
energy and time generated by a 150-fs pump pulse with a stre
of x50.72, which generates the electron densityn54.5
31017 cm23. The detuning with respect to the unrenormaliz
lh-hh band gap wasD570 meV.

FIG. 3. Measured~top! and calculated~bottom! differential
transmission spectra in GaAs at 15 K for various delay times
steps of 40 fs ranging fromt5 2160 to 200 fs for a pump pulse
with a strength ofx50.72, which generates the electron densityn
54.531017 cm23. The central pump frequency was 1.589 eV, co
responding to a detuning with respect to the unrenormalized lh
band gap ofD5 70 meV. For the calculation of the test spect
we usedT2

05170 fs andg50.6310220 cm3 fs21.
is-

g
y

nd
-
rp-

larly, the excitonic enhancement causes a weak indu
absorption above the populated states. The double p
structure can be seen in the calculated spectra up to d
times of about 80 fs, while for larger delays, particular
with t5160 and 200 fs, already monotonically decreas
distributions are reached. The corresponding measured s
tra are shown at the top of Fig. 3. From the experiment
estimate carrier densities from the spectrally integrated
ferential absorption signal after the end of the pump pu
and from the pump excitation density and the measured
ear absorption of the sample to be 231017 cm23 in Fig. 3
~top! and 431017 cm23 in Fig. 5 ~top!, respectively. For the
best fits of the calculated spectra slightly different densit
have been assumed. The experimental spectra show als
characteristic peaked structures at 1914 and 1950 meV
Fig. 3 ~top! and 1898 and 1922 meV in Fig. 5~top! corre-
sponding to the nonequilibrium electron populations injec
from the lh and hh valence bands, respectively. These st
tures broaden due to carrier-carrier scattering and the e
trons tend to accumulate at the bottom of the conduct
band due to LO-phonon emission. While the central part
the differential absorption spectrum reflects the electron
tribution, the negative signal at high energies and the os
latory signal just below the so-c band gap are not populatio
signals. As shown by the theoretical analysis, the hi
energy induced absorption can be attributed to a modifica
of the excitonic enhancement, while the oscillatory signa
due to the so-c exciton, which, even though it is hardly vis
ible in the linear absorption spectrum,11 gives a non-
negligible differential signal. All these complicated featur
are extremely well reproduced by the theory.

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

The effect of the energy relaxation due to LO-phon
scattering can be seen in detail in Fig. 4, which shows
resulting differential transmission spectra at three values
the delay time with time-dependent screened Coulomb s
tering alone~full lines! and with additional LO-phonon scat
tering ~dashed lines!. Particularly at later delay times, it i
obvious how the additional LO-phonon scattering allows
more efficient relaxation of the electrons into the energ
cally lower states.

While our previous analysis6 with bare Coulomb potentia
scattering required short delay times and relatively low d
sities, our present model has no such limitations and allo
one to calculate also the differential transmission spectra
stronger pump pulses. As an example we present in Fi
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measured and calculated spectra with a pump pulse stre
of x51.34 with a detuning of 50 meV, which excites a
electron density of 8.531017 cm23. For the calculation of
the test spectra we usedT2

05150 fs and g50.4
310220 cm3 fs21. A comparison with Fig. 3 shows that th
spectra at later delay times changed from a triangular sh
to a more squarelike shape due to the more degenerate
tron distribution. The calculated spectra follow these gene
trend quite well. In particular, both the measured and
calculated spectra show the filling of states with increas
delay. One can follow this effect by watching the hig
energy crossover to induced absorption above the filled s

FIG. 4. Calculated differential transmision spectra for GaAs
15 K for three delay times for the same parameters as in Fig. 3
time-dependent screened Coulomb scattering only~full lines! and
with both Coulomb and phonon scattering~dashed lines!.
o

in-
lz
gth

pe
ec-
al
e
g

te

due to excitonic enhancement. Experiment and theory ag
again qualitatively very well with the exception that pum
induced line broadening is again to weak by the us
density-dependent but undelayed phenomenological dep
ing time. Only a full quantum kinetic treatment also of th
dephasing of the test pulse induced interband polariza
could improve the agreement around the shifted exci
resonance. However, this task exceeds the capacity of
present- day computers.
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FIG. 5. Measured and calculated differential transmission sp
tra for GaAs at 15 K for various delay times in steps of 40
ranging fromt52200 to 160 fs for a pump pulse with a streng
of x51.34, which generates the electron densityn58.5
31017 cm23. The central pump frequency has been taken as 1.
eV, which corresponds to a detuning with respect to the unren
malized lh-hh band gap ofD550 meV. For the calculation of the
test spectra we usedT2

05150 fs andg50.4310220 cm3 fs21.
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