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Nonlinear optical response of highly energetic excitons in GaAs:
Microscopic electrodynamics at semiconductor interfaces
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A spectroscopic investigation of bound electron-hole pairs in GaAs propagating with large center-of-mass
momentum is presented. The approach is based on transmission experiments exploiting the coupling of exci-
tonic polarization to the electromagnetic field of femtosecond laser pulses. The dispersion relations of the
coherent excitations are determined up to excess energies of 300 meV above the band edge. A surprisingly low
Fröhlich coupling of light-hole excitons is observed in excellent agreement with theoretical simulations. The
influence of different phonon scattering processes on the excitonic damping is discussed. The interaction
dynamics of excitonic wave packets with nonthermal carrier distributions is analyzed with femtosecond time
resolution. A theoretical model based on the exciton-polariton concept including additional boundary condi-
tions reproduces our experimental results. The observations in extremely thin samples show deviations from
our phenomenological model. This finding is important for a detailed understanding of the microscopic polar-
izability near semiconductor surfaces.
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I. INTRODUCTION

Optical spectroscopy of electronic excitations in dire
gap semiconductors is a central topic in solid-state phys
Many diverse aspects such as electronic band structure,
mons and single-particle spectra have been elucidated by
ear experiments. With the development of ultrashort la
sources, fundamental new questions on nonequilibrium p
erties of semiconductors have become accessible.1 Numerous
investigations have been devoted to the properties of e
tons with negligible kinetic energy in both bulk material a
modulated nanostructures.2 Experimental and theoretica
publications have provided a detailed understanding of
dynamical properties of excitons and the interaction p
cesses of these quasiparticles with free carriers and phon

Much less is known about the properties of excitons w
large center-of-mass velocity. These excitations are usu
considered to be inaccessible by optical spectroscopy: fi
order interband transitions in crystalline solids occur alm
vertically in the band structure since the wave vector of
incident electromagnetic radiation is negligible as compa
to the reciprocal lattice vector. Therefore, absorption of p
tons with energies in the absorption continuum of dir
semiconductors is expected to result exclusively in the g
eration of unbound electron-hole pairs.

Closely related to the question of large-momentum ex
tons is the polariton concept describing the interplay o
propagating light field with the excitonic polarization.3 Po-
laritons have been investigated extensively in experime
focusing on the frequency regime close to the fundame
resonance near the band edge.4–9The problem of light propa-
gation through samples with surfaces presents consider
0163-1829/2002/65~8!/085314~12!/$20.00 65 0853
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theoretical difficulties because the polarization exchan
momentum with the electromagnetic field.10–14 Therefore,
the semiconductor response deviates strongly from an
nitely extended medium. In the last few years there has b
a renewed debate about the correct description of polar
propagation in realistic sample configurations.

In this paper, investigations on large-momentum excito
in GaAs are presented. The experiment relies on highly s
sitive femtosecond transmission measurements of thin G
films. Preliminary results in this field have been publish
recently.15 The present paper contains additional experim
tal findings and numerical calculations based on a reali
model. It comprises a more detailed discussion and is o
nized as follows: after the Introduction, Sec. II describes
exciton-polariton concept underlying the interpretation
our data. Section III introduces the experimental techniq
and discusses essential issues of the sample propertie
Sec. IV, experimental results and numerical calculations
exciton-phonon scattering are presented. Especially, we d
onstrate polariton effects in thin layers of GaAs at room te
perature. This finding might open up applications in nonl
ear optical devices. Section V concentrates on dynam
aspects of the exciton-carrier interaction. For the first tim
the excitonic damping is directly measured as a function
the photocreated carrier density. Surprisingly, we find
scattering of large-momentum excitons with nonthermal c
riers to be drastically reduced with respect to the fundam
tal resonance. This result is tentatively explained by pha
space arguments in combination with the nature of
Coulomb matrix element. Moreover, a low density limit
N'1014 cm23 is derived where the dynamics is no long
influenced by Coulomb scattering. A theoretical model refi
©2002 The American Physical Society14-1
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ing the considerations in our earlier work15 is developed in
Sec. VI. Especially, we now include all relevant excito
phonon interaction processes and the dissociation into
tinuum states in our simulation. These results elucidate
striking difference of the damping of heavy-hole and ligh
hole excitons. Moreover, a critical assessment of differ
additional boundary conditions is given. A model modifyin
Pekar’s approach is found to fit best to the experimental
servations. Specific phenomena arising for extremely t
semiconductor layers are discussed in Sec. VII. For a
thickness approaching the excitonic Bohr radius we fin
dominant role of interface properties. Interestingly, dire
evidence for modifications of the excitonic wave function
the semiconductor interface due to Coulomb screening
found. Finally, a summary is given in Sec. VIII.

II. EXCITON-POLARITON CONCEPT

The description of the optical properties of weak
damped excitons in direct-gap semiconductors is distin
different from the case of free electron-hole pairs w
dephasing times of the order of 100 fs.16,17 The coherent
interaction between the incident electromagnetic wave
the excitonic polarization induced in the sample leads to
formation of new quasiparticles called exciton polariton
Neglecting scattering events, these polarization waves
coherently reconverted to photons at the exit surface of
medium. Absorption occurs only if polaritons suffer col
sions, e.g., with phonons.

In principle, the calculation of the dispersion relation
exciton polaritons is quite difficult for realistic sample geom
etries, e.g., for a thin slab of the semiconductor material.
the other hand, it is well established that most of the prop
ties may be discussed in terms of the solution of the polar
problem for a homogeneous, infinitely extended medium~for
a detailed description, see e.g., Ref. 2!. For our experiments
in GaAs three charge carriers are relevant: conduction e
trons, heavy holes~hh!, and light holes~lh! with effective
massesme , mhh , andmlh , respectively. Since the oscillato
strength of higher bound states turns out to be small, po
iton phenomena are considered for 1s excitons only.18 In
parabolic approximation, the dispersion relation is de
mined by the implicit equation

\2c2K2/E25«~E,K !

5«stS 12 (
j 5hh,lh

ELT, j

E2Ej2\2K2/2M j1 iG j
D , ~1!

where«st is the static dielectric constant andM j5mj1me
are the effective masses of the excitons (j 5hh, lh). The en-
ergetic positions of the fundamental exciton resonances
denoted asEj and their damping withG j . Near Ej zero
crossings of the dielectric function«(E,K) are found allow-
ing longitudinal polariton modes. The differenceELT, j of
their energetic position and the exciton energyEj is propor-
tional to the oscillator strength of the excitonic transition.
GaAs, these values areELT,hh50.08 meV and ELT,lh
5 1

3 ELT,hh due to the smaller transition matrix element for
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excitons.19 Band mixing is not included in our discussion o
hot excitons since this effect is only relevant very close
the band edge.

Figure 1~a! displays the three polariton bands calculat
with Eq. ~1! in the limit of low damping. Only a few meV
above the fundamental exciton at 1.508 eV the polari
modes have perfectly recovered their unperturbed dispers
the spectrum contains a linear photonlike mode~P! with very
steep slope and two parabolic excitonlike branches with
fective masses of heavy-(Xhh) and light-hole (Xlh) excitons.
Accordingly, the mixing of photonic and excitoni
contributions20 to the hh excitonlike polaritonsXhh is only
relevant in the vicinity of the crossing of the unperturb
dispersions@see Fig. 1~b!#: for smaller wave vectors the h
polariton wave function contains almost exclusively pho
nic contributions (u(v)u2'1), while above the crossing th
photonic admixtureu(v)u2 decreases rapidly to values belo
1023 corresponding to excitonlike quasiparticles (u(u)u2
'1). For increasing dephasing rates of the excitons the m
ing of photonic and excitonic components decreases. Ab
a critical dampingGcrit, j5(8ELT, jEj

2«st/M jc
2)1/2 ~Ref. 20!,

which has a value of 0.26 meV for both hh and lh excitons
GaAs the anticrossing disappears and polariton phenom
are no longer relevant.

III. EXPERIMENTAL TECHNIQUE

A. Samples

Our measurements are performed on molecular-be
epitaxy-grown,̂ 100&-oriented, very high-purity GaAs films
with thicknesses of 50 nm, 200 nm, and 500 nm. They
clad by an Al0.3Ga0.7As layer on one side. Excitonic line
widths below 1 meV indicate high quality growth and lon
intrinsic dephasing times of the fundamental exciton. For
transmission experiments, the GaAs substrate was etc
away. The samples are antireflection coated on both s
with Si3N4 and mounted on sapphire substrates via van
Waals bonding. They are held inside a closed-cycle cryos
to assure low lattice temperatures ofTL520 K.

It is important to emphasize that a very high qual
sample is necessary to observe unambiguous spectra.
semiconductor specimen has to have a high homogenity
the lateral measuring range~i.e., diameter between 100mm

FIG. 1. ~a! Three bands of the polariton dispersion in GaA
calculated with effective exciton massesMhh50.52 m0 , Mlh

50.19 m0. ~b! Excitonic (uuu2) and photonic (uvu2) contributions
calculated for the polariton branchXhh . Note the different scale of
the abscissa.
4-2
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NONLINEAR OPTICAL RESPONSE OF HIGHLY . . . PHYSICAL REVIEW B65 085314
and 500 mm). If the thickness variationDd of the GaAs
specimen exceeds a few nm across the probing area
observation of the interference phenomena reported in
paper is not possible. The reason for this extreme requ
ment on the surface quality of the samples is the large w
vector K of the investigated quasiparticles. Even for high
energetic heavy-hole excitons with wave vectors of the or
of 13107 cm21 the conditionKDd!1 has to be fulfilled to
obtain reliable results.

B. Experimental setup

Our experiments are based on femtosecond transmis
experiments using a special two-color femtosecond Ti:s
phire laser.21 The system provides two independently tuna
pulse trains with durations from 13 fs to 120 fs at a pu
repetition rate of 76 MHz. The accessible photon energ
range from 1.45 eV to 1.77 eV, well matched to the band-g
energy EG51.51 eV of GaAs at temperatures ofTL
520 K. The more intense branch of the laser is tuned
photon energies high up in the absorption continuum
GaAs. This pump pulse of 100 fs duration excites the sam
over a lateral diameter of typically 1 mm and produces
density of free electron-hole pairs up to 631016 cm23. The
second branch of the laser output serves as an ultras
broadband probe continuum. It encompasses the entire s
tral range from below the 1s exciton to about 300 meV
above the band edge. The excitation density of the pr
pulse is held around 1014 free electron-hole pairs per cm3 in
order to suppress disturbing influences of probe-created
thermal carriers~see Sec. V B for a discussion of resu
depending on the probe generated carrier density!. The tem-
poral separation of the two pulse trains is adjusted vi
variable delay line. The probe pulse train passes the ce
part of the excitation spot on the sample in order to inve
gate an area of homogeneuous carrier density. After tra
mission through the sample the probe spectrum is dispe
in a double monochromator with a resolution of 0.6 meV a
detected with a standard silicon photodiode. Lock-in am
fication operating at 10 kHz enables us to measure pu
induced transmission changes below 131026, limited only
by the shot-noise of the probe photon current.

IV. EXCITON-PHONON SCATTERING

A. Experimental results for different layer thicknesses

Pump-induced transmission changes versus probe ph
energy in GaAs specimens with 50 nm, 200 nm and 500
thickness are displayed in Fig. 2. The spectra are recorde
ps after excitation of unbound electron-hole pairs with
pump pulse. This delay time is chosen to investigate a q
sistatic situation and to avoid underlying bleaching effe
due to highly energetic electrons.16,17,25 The transmission
changes observed in the 500-nm sample@see Fig. 2~a!#
around the fundamental exciton resonance at 1.509 eV
large and well understood as the nonlinear optical respo
of the fundamental exciton polariton: slight strain in t
sample removes the degeneracy at the top of the vale
bands and leads to two peaks for hh and lh excitons at 1
08531
the
is
e-
e

r

on
p-

e
s
p

o
f
le
a

ort
ec-

e

n-

a
ral
i-
s-
ed
d
i-
p-

on
m
10
e
a-
s

re
se

ce
08

eV (Xhh) and 1.510 eV (Xlh), respectively. Simultaneou
broadening of the excitonic transitions and increasing to
absorption induced by the pump generated carriers resul
the observed spectral shape: induced absorption with a l
bleaching peak centered in the middle of the exciton line6

In the absorption continuum above 1.515 eV we
resolved propagation beats appear in the differential spe
This phenomenon may be understood via the picture outli
in Sec. II: When probe photons corresponding to the abso
tion continuum are incident on the sample surface, th
propagating modes~P, Xhh , andXlh , see Fig. 1! are acces-
sible inside the medium. Due to the break of translatio
symmetry at the semiconductor interface, momentum con
vation is not strictly valid. As a consequence, small fractio
of the incident radiation also excite excitonlike polariton
These quasiparticles propagate through the sample wi
typical group velocity of the order of 13107 cm/s as deter-
mined by the parabolic center-of-mass dispersion of hh
lh excitons. The three polarization components tra
through the semiconductor layer and are coherently rec
verted to photons at the exit surface. The additional elect
field amplitudes resulting from the polarization of the ex
tonlike polaritons result in tiny interference patterns on t
transmitted spectrum reflecting the different phase veloci
of the three polariton modes.

A different situation is found after excitation of a exce
carrier distribution generated by the pump pulse. Now
dephasing of the excitons is increased due to the effic
exciton-free carrier scattering. Therefore, only the photonl
polaritons are transmitted through the sample while
modes with high admixture of excitonic polarization a
damped out before reaching the exit surface of the semic

FIG. 2. Spectrally resolved transmission changes as meas
10 ps after injection of unbound electron-hole pairs in GaAs lay
with ~a! 500 nm,~b! 200 nm, and~c! 50 nm for a lattice temperature
of TL520 K. The pump generated carrier densities are~a! N53
31015 cm23, ~b! 531015 cm23, and ~c! 331016 cm23. ~d! Dif-
ferential transmission spectrum recorded in the 50-nm specime
ps after injecting 631016 cm23 free carriers at room temperature
4-3
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M. BETZ et al. PHYSICAL REVIEW B 65 085314
ductor. Since our photomodulation technique measures
difference of the transmitted spectra with and without ex
tation, the large background of probe photons propagating
the photonlike mode is substracted and the differential sp
tra are dominated by contributions of the excitonlike pola
tons.

Assuming a parabolic band structure with an effective
citon massMX , the energetic periodDE of the resulting
propagation beats in a semiconductor layer with thicknesd
is determined by

DE5
2p\A2Ekin /MX

d
. ~2!

Considering this relation two beating modes can be identi
in the differential spectrum of the 500-nm specimen@see Fig.
2~a!#. The fast beating component corresponds to the 1s
exciton. Above a kinetic energy of one LO phonon energy
\vLO536 meV this component is strongly damped due
polar optical scattering~see Sec. IV B!. Slower oscillations
originating from lh excitons can be seen even above
threshold energy. The interference pattern may be explo
to fit effective exciton masses according to Eq.~2!. Values of
0.52 m0 and 0.19 m0 are found in thê 100&-direction re-
producing the hh-lh beating structure nearX1LO. The ex-
perimental result for hh excitons is consistent with the s
of the band-edge effective masses of electrons and he
holes in ^100& direction.22 The observed effective mass o
light holes ofmlh

^100&'0.12 m0 is significantly larger than the
value of mlh50.082 m0 found in cyclotron resonanc
experiments.22 This effect indicates a higher nonparabolici
of the lh band that is relevant already for exciton energ
around 1.54 eV.23

In the 200-nm specimen@see Fig. 2~b! and Fig. 10~a!# the
polariton beating is observed up to 300 meV above the b
edge. Again, both hh and lh components contribute to
observed oscillation for photon energies belowX1LO.
Above the threshold for emission of LO phonons only osc
lations associated with lh excitons are found. Apparently
Fröhlich coupling of these quasiparticles is surprisingly lo
to allow propagation of lh excitons over distances of 200
without strong damping due to LO phonon emission. T
oscillation period remains approximately constant for tran
tion energies above 1.58 eV indicating a linear lh excit
dispersion in this regime.

In the 50-nm GaAs layer@see Fig. 2~c!# polariton interfer-
ence effects are also observed for excess energies as lar
200 meV above the band edge. A closer analysis of the s
tra obtained with this sample is given in Sec. VII. Surpr
ingly, polariton interference effects in the 50-nm specim
are visible even at room temperatureTL5300 K @see Fig.
2~d!#. This finding demonstrates that coherent propagation
highly energetic excitons remains relevant for elevated te
peratures where excitonic effects are usually believed to
of minor importance in bulk GaAs.

B. Polariton-LO phonon scattering

The interaction of bound electron-hole pairs with optic
and acoustic phonons is calculated analogous to the sca
08531
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ing of free charge carriers. The matrix element for an exci
scattering from a stateun,K & to a stateun8,K1q& ~with n,n8
describing the internal motion of the exciton andK , K1q
denoting the center-of-mass wave vector of the exciton! is
given by the sum of electron and hole contributions weigh
with form factorsS:20,24

I n,K
n8,K1q~q!5Cq,eSn

n8~peq!2Cq,hSn
n8~2phq!, ~3!

Sn
n8~q!5E drFn8

* ~r !eiqrFn~r !. ~4!

In these equationspe5mh /(mh1me) and ph5(me /(mh
1me) are determined by the effective massesme andmh of
the charge carriers. The coupling constantsCq,e and Cq,h
denote the interaction strength for electrons and holes wi
phonon with wave vectorq. Fn(r ) is the part of the exci-
tonic wave function reflecting the relative motion of th
charge carriers~e.g.,F1(r )5e2r /aB/ApaB

3 for the case of 1s
excitons with Bohr radiusaB). The interference of electron
phonon and hole-phonon interaction@note the different signs
of the two contributions in Eq.~3!# is especially important
for the case of polar optical scattering where the coupl
constant is identical for both types of charge carriers,26

Cq
25

\e2vLO

2«0V S 1

«`
2

1

«st
D 1

q2
. ~5!

The Fourier transformSn
n(pe (h)q) of the charge carrier dis

tribution of the electron~hole! describes the internal motio
in the exciton and determines the effectiveness of the c
pling to a phonon with wave vectorq. For the case of scat
tering within the 1s exciton band this factor is given by

S1s
1s~q!5

1

@11~qaB/2!2#2
. ~6!

As may be seen from the structure of the form factors,
scattering process is dominated by phonons with wave v
tors in the order of the reciprocal Bohr radius. Scattering
higher bound states of the exciton is less effective due to
decreasing overlap of the envelope functions in Eq.~4!. For
kinetic energies above\vLO the fastest relexation proces
is—as for the case of free charge carriers—the polar opt
emission of LO phonons.

Figure 3~a! shows the calculated Fro¨hlich scattering rates
for 1s hh excitons in GaAs for a lattice temperature ofTL
520 K. Scattering within the 1s exciton dispersion exhibits
a rate of 5 ps21 and is approximately as fast as the L
phonon emission of hot electrons in GaAs.16,17,25Scattering
into 2p or 2s ~not shown in Fig. 3! hh states is slow as
compared to intraband scattering. It should be noted
scattering into lh excitons is calculated to be substantia
weaker than intraband relaxation. The dissociation into c
tinuum states begins to dominate for kinetic energies ab
60 meV. The absorption of LO phonons is calculated to
negligible in this temperature regime@see also Fig. 5~b!#. As
displayed in Fig. 3~b!, the polar optical intraband scatterin
is dominated by the hole contribution in Eq.~3!.
4-4
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Considering these scattering rates of hh excitons, the
continuity of the interference spectra at the energetic posi
X1LO @see Figs. 2~a! and ~b!# is readily understood: the
mean free path of hh excitons above the threshold for em
sion of LO phonons is 20 nm to 30 nm and therefore smal
compared to the propagation distances in the samples
200 nm or 500 nm thickness.

A completely different situation is found in the calculate
scattering rates for lh excitons in GaAs~see Fig. 4!. Due to
the fact that lh excitons consist of quasiparticles with sim
effective masses and the coupling constantCq of electrons
and holes is the same for polar optical interactions@see Eq.
~5!#, destructive interference effects between electron
hole contributions in Eq.~3! become important. The physica
reason for this effect is the reduction of the polar opti
interaction energy with the macroscopic polarization field
LO phonons for the case of similar spatial charge distri
tions of electron and hole.

FIG. 3. ~a! Calculated polar optical scattering rates of 1s hh
excitons in GaAs into the states 1shh , 2phh and into continuum
states for a lattice temperature ofTL520 K. ~b! Electron and hole
contribution to the intraband scattering rate of 1s hh excitons.

FIG. 4. ~a! Calculated polar optical scattering rates of 1s
excitons in GaAs into the states 1slh , into unbound electron-hole
pairs and into 1s hh excitons for a lattice temperature ofTL

520 K. ~b! and ~c! Electron and hole contributions for the pola
optical scattering within the 1s lh exciton dispersion and into 1s hh
excitons.
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As may be seen from Fig. 4~a!, the scattering of lh exci-
tons is drastically reduced with respect to hh excitons~scat-
tering to higher bound states of the lh exciton dispersion
found to be negligible and is omitted for clarity!. Figures
4~b! and 4~c! show the drastic consequences of the interf
ence effect. Although light holes relax extremely fast v
polar optical scattering,27,28 this process is strongly slowe
down for lh excitons. The scattering time of 700 fs for
excitons with a kinetic energy of 55 meV is a factor of 2
longer than the calculated interband scattering time of li
holes. Interestingly, the reduction of the scattering rates
observed for both interband and intraband transitions:
relaxation time of lh excitons into hh states is reduced b
factor of 20 with respect to polar optical scattering of fr
light holes. These time scales explain the surprising obse
tion of lh excitons propagating over a sample thickness
200 nm up to kinetic energies large as compared to the
phonon energy. Again, for kinetic energies above 60 m
the relaxation is dominated by scattering into continuu
states. Surprisingly, the modified overlap integral reduces
dissociation rate by a factor of 3 as compared to hh excit
even for the dissociation channel.

C. Polariton-acoustic phonon scattering

The polariton interference spectra were also studied a
function of temperature. The results recorded with t
500-nm sample at a delay time oftD510 ps are displayed in
Fig. 4 of Ref. 15. The observed oscillation amplitude d
creases with increasing temperature. AboveTL5100 K the
propagation beats vanish due to efficient damping of the
citons. In order to understand the physical origin of th
damping, numerical simulations are performed for the dam
ing of hh excitons below the threshold for LO phonon em
sion.

Figure 5~a! displays the damping of hh excitons with
kinetic energy below\vLO via acoustic deformation poten
tial scattering. The coupling strength for this interaction
given by26

Cq
25

\

rvSV
Ds

2q, ~7!

FIG. 5. Calculated scattering rates for hh excitons with a kine
energy of 25 meV as a function of temperature:~a! acoustic defor-
mation potential scattering into 1shh , 2shh , 2phh excitons and into
continuum states.~b! Corresponding simulations for absorption
LO phonons via the polar optical mechanism.
4-5
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wherer andvS are the mass density and the sound veloc
of GaAs. The acoustic deformation potentials averaged o
the directions ink space areDh55.6 eV for holes andDe
523.4 eV for electrons in GaAs.28

For comparison, the corresponding polar optical scat
ing times due to absorption of LO phonons are depicted
Fig. 5~b!. Piezoelectric scattering is calculated to be neg
gible as compared to the dominant processes in Fig. 5~a!.

For temperatures up to 120 K, acoustic deformation
tential scattering is the fastest dephasing mechanism
large-momentum excitons below the LO phonon thresho
This finding is consistent with experimental results for t
fundamental exciton resonance in quantum wells.30 For a
temperature of 100 K the sum of the calculated relaxat
channels leads to a total damping of 1.5 ps21. Comparing
this value to a propagation time of 4 ps for hh excitons w
25-meV kinetic energy through the 500-nm specimen,
temperature-dependent oscillation amplitude is consis
with our calculations. Surprisingly, the damping of larg
momentum excitons via acoustic phonons does not di
strongly from the fundamental exciton resonance. The e
tonic damping due to acoustic phonons may be character
by a coefficients for the increase of the homogeneous lin
width with temperature: from both experiment an
temperature-dependent calculationss520 meV/K is esti-
mated. This result is close to the corresponding value os
517 meV/K for the fundamental exciton resonance.29

V. EXCITON-FREE CARRIER SCATTERING

In the preceding section, the results have focused on q
sistatic aspects of exciton-polariton phenomena. On the o
hand, our technique employing ultrashort laser pulses op
up the possibility to study the dephasing dynamics of la
wave vector excitons with femtosecond time resolut
where interaction with hot charge carriers occurs. Extend
our previous work,15 the scattering time for large-momentu
excitons with a nonthermal electron-hole plasma is direc
measured for different carrier densities. The damping
shown to be drastically reduced with respect to the fun
mental exciton resonance. By varying the intensity of
probe beam, a low density limit ofN51014 cm23 is ob-
served, where the dynamics is no longer influenced by C
lomb scattering.

A. Experimental results for time resolved polariton
propagation

Differential transmission spectra obtained in the 500-
layer are recorded as a function of the temporal separatio
the exciting and probing laser pulses~see Fig. 6!. For nega-
tive delay timestD the arrival of the probe pulse precedes t
injection of free carriers via the pump pulse. Therefore,
excitonic wave packets suffer enhanced excitation-indu
damping only for part of their propagation through the lay
As a consequence, the time-dependent polariton inte
ences reflect the damping dynamics of the large-momen
excitons.

The results in Fig. 6 may be understood as follows:
interference pattern for the time interval23.5 ps<tD
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<22 ps contains only a fast beating component with
abrupt discontinuity nearX1LO. These propagation beat
correspond to hh excitons, while lh excitons exhibit prop
gation times below 2 ps through the 500-nm layer due
their small effective mass and large group velocity. For
case oftD.21.5 ps slower oscillations are observed abo
the threshold energyX1LO: these beats reflect the dampin
dynamics of lh excitons. For delay timestD>0 both
branches suffer efficient damping along the entire crys
thickness and an underlying bleaching effect due to the pu
generated nonthermal charge carriers is observed.16,17,25

To get a physical picture of the time-dependent oscillat
amplitude, we consider a phenomenological model: the
jection of unbound nonthermal carriers enlarges the ini
dephasing rateG0 of the excitonic wave packet toG01DG.
This additional damping reflects the efficent exciton-cha
carrier scattering. It is assumed to be independent of the t
elapsed since excitation. The oscillation amplitudeA(tD) for
an excitonic wave packet with propagation timetprop is then
given by

A~ tD!5A0$12exp@2DG~ tprop1tD!#%. ~8!

This expression is valid for2tprop<tD<0 andA0 denotes
the relative amplitude of the excitonic polarization wave
compared to the amplitude of the photonic branch. From
time-dependent oscillation amplitude~see inset of Fig. 6! one
can therefore derive both propagation time and the value
the pump-induced dephasing. The onset of the oscillatio
1.536 eV corresponds to a transit time oftprop

hhX 53.8 ps con-
firming the effective mass of 0.52m0 for hh excitons. Via
the delay time dependence recorded slightly above thX

FIG. 6. Differential transmission spectra of the 500-nm Ga
layer near probe photon energies ofX1LO51.544 eV for differ-
ent delay times tD . Experimental parameters are chosen as in F
2~a!. Inset: amplitude of the spectral oscillation versus tD at probe
photon energies of 1.536 eV and 1.548 eV as indicated by
vertical lines.
4-6
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1LO threshold at 1.548 eV~see inset of Fig. 6! a propaga-
tion time of tprop

lhX 51.7 ps has been found for lh excitons
agreement with an effective exciton mass of 0.19m0.

As displayed in Fig. 7, the delay time-dependent osci
tion amplitude is studied as a function of excitation dens
for excitation densitiesNpump below 231015 cm23 @tran-
sients~a! and~b! in Fig. 7# the excitonic polarization is only
partially damped by the nonthermal carriers. Raising the d
sity of the pump generated electron-hole plasma to
31016 cm23, the layer thickness exceeds the mean free p
for the exciton-free carrier scattering and the oscillation a
plitude saturates. As may be seen from the transient~d! in
Fig. 7, the oscillation amplitude reaches the maximum va
significantly beforetD50 corresponding to very fast damp
ing of the excitons. According to Eq.~8!, the saturation value
determines the splitting ratio of the polarization amplitud
of the polariton branches. For an excess energy of 25 m
the branching ratio is measured to be 231024. This value
corresponds to a relative intensity contribution of the ex
tonic propagation mechanism of the order of 1027 highlight-
ing the extreme sensitivity of the differential method used
our experiments.

As may be seen from Eq.~8!, the initial slope of the
oscillation amplitude attD52tprop is related to the pump
induced dampingDG. The solid lines in Fig. 7 display fits o
the delay time-dependent oscillation amplitude according
this model. Figure 7~e! contains the observed valuesDG as a
function of excitation densityNpump.

Our findings suggest a linear dependenceG5G0
1rNpump of the excitonic damping from the densityNpump
of the generated electron-hole plasma@see the solid line in

FIG. 7. Amplitude of the spectral oscillations versus delay ti
extracted at a probe photon energy of 1.533 eV at different exc
tion densitiesNpump of 631014 cm23 ~a!, 231015 cm23 ~b!, 4
31015 cm23 ~c!, and 131016 cm23 ~d!. Solid lines: fits according
to the theoretical model specified in the text.~e!: rate of the pump-
induced dephasing versus carrier densityNpump extracted from our
data. Solid line: fit assuming linear dependence of the scatte
rate versusNpump.
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Fig. 7~e!#. A coefficientr59.531025 cm3 s21 is extracted
from our results. This value may be compared to the re
r51.631023 cm3 s21 for the fundamental exciton
resonance.29 Apparently, scattering of large-momentum exc
tons with free carriers is drastically reduced with respect
excitons with wave vectorK'0. The weak scattering fo
larger kinetic energies may result from the small phase-sp
overlap of the corresponding excitons and free carriers
from reduced exchange effects.31

B. Influence of the probe generated carrier density

In order to observe interferences between different po
iton modes, the damping of the excitons has to remain be
the critical valueGcrit ~see Sec. II!. Even if this condition is
fulfilled in the unexcited semiconductor layer, one has
consider the interaction of the polaritons employed to de
the propagation beats. The probe pulse that coherently
ates large-momentum excitons also generates unbo
electron-hole pairs via direct interband transitions. The
nonthermal carriers lead to additional dephasing.

Figure 8 shows the experimental results for a vary
probe pulse intensity. For carrier densitiesNprobe<1
31014 cm23 the self-induced dephasing of the probe is ne
ligible. The observed spectra are solely determined by int
sic properties of the unexcited semiconductor layer. For
increasing carrier density the observed oscillation amplitu
decreases. For excitationNprobe>131016 cm23 no beating
structure is observed: the excitonic damping is larger th
Gcrit .

VI. THEORETICAL DESCRIPTION
OF POLARITON PROPAGATION

In this section, we develop a theoretical model based
additional boundary conditions~ABC!. Whereas a simple
simulation based on Pekar’s ABC has been shown to prov
a qualitative explanation for a propagation length of 5
nm,15 we now include all relevant scattering mechanis
calculated in Sec. IV B. A refined model modifying Pekar
ABC is proposed that fits to the observations for all inves
gated film thicknesses.

a-

g

FIG. 8. Differential transmission spectra in the 500 nm spe
men for different probe generated carrier densities Nprobe. The data
are recorded 10 ps after injection of a free carrier density o
31015cm23 at a lattice temperature ofTL520 K.
4-7
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M. BETZ et al. PHYSICAL REVIEW B 65 085314
A. Additional boundary conditions

As discussed in Sec. II, three exciton polariton modes~P,
Xhh , Xlh , see Fig. 1! are accessible for a given frequency
the absorption continuum of GaAs. Therefore, Maxwe
boundary conditions are not sufficient to determine
branching ratio for these propagating modes at the interf
Additional quantities are necessary to obtain the four
known parameters, i.e., the amplitude of the reflected e
tromagnetic wave and of the three transmitted polari
branches.10

Until now, rigorous theoretical results for this problem a
available only in the frequency regime very close to the fu
damental resonance.13,14 Due to the demanding numerics o
microscopic calculations, no results for the amplitude of
citonlike polariton modes in the absorption continuum ha
been reported. For these continuum states the splitting r
is only accessible via ABC~for a detailed description, se
e.g., Ref. 2!. Their appropriate formulation is the subject
extensive theoretical discussions.11,32–35 All these theories
rely on the same basic idea: the dispersion of the exc
polaritons is approximated by the solution of Eq.~1!, while
phenomenological considerations for the excitonic polari
tion at the semiconductor surface provide additional con
tions for the amplitude of the different polarization waves

A common formulation of these approaches for t
boundaries of a semiconductor layer atz56d/2 may be
written according to35

ik j~12u!PjU
z56 l /2

6~11u!
d

dz
PjU

z56 l /2

50. ~9!

Here Pj ( j 5hh,lh) denotes the excitonic polarization andu
is the reflection coefficient for excitonic polarization wav
at a semiconductor surface. For the case ofu561 Eq.~9! is
related to an intuitive physical picture: Pekar’s ABC~Ref.
32! with u521 demand a vanishing excitonic polarizatio
at the semiconductor interface due to the finite real-sp
volume occupied by a bound electron-hole pair. In contr
Ting’s ABC ~Ref. 34! with u51 assume the flux of excitoni
polarization to be zero at the surface. ABC’s with differin
values of the reflection coefficientu interpolate between Pe
kar’s and Ting’s case.

Closely related to these additional boundary condition
the idea of an exciton-free surface layer. In a slab geome
this surface layer may be incorporated via a reduced pro
gation length for the excitonic polarization waves.

To illustrate the consequences of different ABC’s on t
calculated differential transmission signal, we have sim
lated the contribution of hh excitons for a 190-nm Ga
specimen. The spectra displayed in Fig. 9 show the chang
the sample transmission for two different values of the ex
tonic damping: The pump pulse is assumed to enhance
homogeneous linewidth from G050.15 meV to G
55 meV. Additional dephasing due to polar optical em
sion of LO phonons is implemented according to Sec. IV

The results may be compared to the experimental findi
in the 200-nm specimen@see Fig. 2~b!# taking into account a
thin exciton-free surface layer. While Birman’s ABC’s~Ref.
33! result in a regularly shaped interference pattern@u50,
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see Fig. 9~c!#, the spectra calculated according to Peka
ABC ~Ref. 32! exhibit larger amplitudes and a substructu
@u521, see Fig. 9~a!#. Assuming reflection of excitonic po
larization waves without phase jump@u51, Ting’s ABC
~Ref. 34!# results in oscillation amplitudes much too small
explain our experimental findings~see e.g. Fig. 2!. Interest-
ingly, this finding is consistent with a recent study of th
linear optical properties of thin films of GaAs given b
Schneideret al.14 They have found Pekar’s ABC to fit bette
to their result for the absorption coefficient as compared
other formulations of ABC although deviations from a m
croscopic treatment are significant near the fundame
resonance.

The decreasing oscillation amplitude for higher phot
energies reflects the smaller photonic contribution of the
exciton polaritons~see Sec. II! and the weaker excitation o
this branch: a sharp semiconductor interface may, in p
ciple, provide arbitrary momentum changesK . However, the
corresponding Fourier components in momentum space
crease with 1/K and the splitting ratio for the excitonic p
larization is therefore reduced for larger transition energ
The discontinuity of the spectra one LO phonon ene
above the exciton is explained by the onset of polar opt
scattering discussed in Sec. IV B.

B. Simulation of experimental spectra

Based on the theory described in the preceding sec
detailed simulations have been performed to analyze the
perimental results for the different layer thicknesses. The
electric layers surrounding the investigated specimen~Al-
GaAs cladding, antireflection coating, and sapph
substrate! are included in a transfer matrix formalism. In a
theoretical spectra, we have calculated the difference of
absorption of the GaAs layer for different values of the p
laritonic damping corresponding to pump-induced modific
tions of the dephasing times of the excitons.

FIG. 9. Differential transmission spectra for the hh polarit
contribution calculated with different additional boundary con
tions corresponding to varying parametersu for a GaAs layer with
190-nm thickness:~a! Pekar’s ABC:u521, ~b! u520.5, ~c! Bir-
man’s ABC:u50, ~d! u50.5. ~e! Ting’s ABC: u51.
4-8
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NONLINEAR OPTICAL RESPONSE OF HIGHLY . . . PHYSICAL REVIEW B65 085314
In our calculation, we only consider transmission chan
due to the dephasing of 1s hh and lh excitons. The influenc
of higher bound excitonic states and the damping of the p
tonlike branch by pump generated carriers is neglected~for a
discussion of the influence of the excitonic continuum, s
Ref. 36!. The dispersion relation of the three polarito
branches is taken from the calculations of Sec. II. Scatte
with optical and acoustic phonons is implemented accord
to the theory in Sec. IV.

The results for the 500-nm specimen are displayed in F
10~b!. The background damping is assumed to be 0.2 m
and 0.6 meV for hh and lh excitons independent from th
kinetic energy. The damping of the large-momentum ex
tons with the pump injected electron-hole plasma is e
mated to be 0.6 meV and 0.5 meV for the hh and lh bran
respectively. The simulation reproduces the experime
findings @see Fig. 10~a!# quantitatively over a large spectra
region including the beating of the hh and lh contributio
nearX1LO. From the shape of the oscillations the reflecti
coefficient for excitonic polarization waves is determined
be u520.5. Taking into account the spectral resolution
0.6 meV in the experiment, good agreement with the exp
mental finding is obtained in the range21<u<20.5: a
possible substructure reminiscent of the spectrum in Fig
~a! is not resolvable in the 500-nm specimen.

Both experimental and theoretical results obtained in
200-nm GaAs sample are depicted in Figs. 10~c! and 10~d!.
A background damping of 0.6 meV is assumed for both
citon branches. The damping due to pump-induced exci
free carrier scattering is set to 0.7 meV and 1.0 meV for
and lh excitons, respectively. The best agreement with
periment is found with a reflection coefficientu520.4. The

FIG. 10. Spectrally resolved transmission changes recorde
ps after injection of free electron-hole pairs in GaAs layers o
thickness of 500 nm~a! and 200 nm~c! at a temperature ofTL

520 K. The pump generated carrier density is 331015 cm23 and
531015 cm23, respectively. Theoretical simulations with param
eters specified in the text are displayed in the spectra~b! and ~d!.
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underestimation of the oscillation amplitude with respect
the experimental observations may be a first hint towa
deviations from a theory based on ABC: the calculated sp
ting ratio for lh excitonlike polaritons is too small to repro
duce the observed propagation beats for large transition
ergies. For probe photon energies above 1.6 eV
simulation results in larger oscillation periods as compared
the experiment. This effect is a consequence of the nonp
bolicity of the lh exciton dispersion.

VII. DISCUSSION OF THE RESULTS FOR THE 50-nm
LAYER: INTERFACE EFFECTS

Further insight into polariton effects and the microscop
electrodynamics near semiconductor interfaces is obta
investigating differential transmission spectra of a 50-n
film of GaAs. Femtosecond transition times of exciton
wave packets open up the possibility to study dephasing
large-momentum excitons by carrier distributions far from
thermal distribution. For the first time, a film thickness com
parable to the excitonic Bohr radius is investigated syste
atically. As a consequence, surface properties begin to do
nate the experimental results. This regime opens up
possibility to study the nonlinear optics of semiconduc
interfaces and to gain new information on the excitonic p
larizability near the surface.

Figure 11 shows polariton interference spectra for diff
ent delay timestD after generation of unbound electron-ho
pairs with a 100-fs pump pulse centered at 1.54 eV. T
propagation beats are observable up to transition energie
large as 1.7 eV: the relaxation of hh excitons via polar opti
emission of LO phonons is no longer sufficient to damp o
the excitonic polarization above theX1LO threshold. As
discussed below, no contributions of lh excitons are obser
and the signal is dominated by the hh exciton polarito

10
a

FIG. 11. Differential transmission spectra recorded in the 50-
specimen for various delay timestD . The pump pulse excites a
electron-hole plasma with pair density 331016 cm23.
4-9
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M. BETZ et al. PHYSICAL REVIEW B 65 085314
Upon closer inspection of the observations for negative de
times ~see Sec. V A!, a propagation time of 250 fs is foun
for hh excitons with a kinetic energy of 25 meV, consiste
with an effective propagation length of 30 nm. This value
a direct hint for an exciton-free surface layer extending
proximately one Bohr radius ofaB511.5 nm from both in-
terfaces. New as compared to the observations in the 200
and 500-nm specimens is a substructure of the oscillat
reminiscent of the theoretical simulations with Pekar’s AB
in Sec. VI A @see Fig. 9~a!#.

As shown in Ref. 37, this feature is incorporated in t
ABC approach presented in Sec. VI A. To get a more int
tive picture of this substructure, the same phenomenon
also be discussed as a consequence of the quantized c
of-mass motion of excitons in thin samples.5,37–40The wave
vector Kz of an exciton in a layer with thickness d is re
stricted toKz5pn/d with an integern. For dipole transitions
of excitons with odd or evenn, different parity selection
rules have been found41 leading to different amplitudes fo
these excitons in the observed spectra.

At tD51 ps in Fig. 11 the observed polariton beating h
significantly decreased with respect to the observations
earlier positive delay times. This finding clearly demo
strates that the relaxation of the pump generated nonequ
rium carriers into a quasithermal distribution drastically
duces the damping of the large-momentum excitons.
delay times of a few picoseconds the amplitude of both
bleaching of the exciton resonance and the oscillating st
ture decreases. Interestingly, the phase of the beating s
ture in the absorption continuum depends on the delay ti
This is a new feature absent for thicker specimens and ca
solely result from modifications of the excitonic dampin
Via screening of the Coulomb interaction also the Bohr
dius aB of the exciton is enlarged: therefore, changes in
thickness of the exciton-free surface layer contribute to
differential transmission signals.

To theoretically analyze the observations, numerical sim
lations have been performed including an energy-depen
dead layer on both semiconductor surfaces. Only hh exci
have been included for this layer thickness. Calculations
the signal contributions of lh excitons predict only very sm
transmission changes for the following reasons:~i! as may
also be seen from the results belowX1LO for thicker speci-
mens, the amplitude of the lh beating structure is weak
compared to the hh oscillations due to the smaller oscilla
strength of lh excitons;~ii ! the effective propagation lengt
of lh exciton polaritons in a 50-nm layer is expected to
extremely short due to their larger Bohr radius.

Figure 12 shows the transmission changes calculated
the 50-nm layer. For a delay time oftD51 ps the excitonic
wave packet is efficiently damped by the pump genera
electron-hole plasma. The theoretical curve in Fig. 12~b! is
obtained with a background damping of 0.3 meV and
dephasing of 4 meV due to exciton-free carrier scatteri
The shape of the oscillating structure is used to determin
reflection coefficient ofu520.5. To reproduce the observe
peak positions over a large energetic range, an ene
dependent exciton-free surface layer is assumed~see inset of
Fig. 12!: for low kinetic energies the thickness of the de
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layer is found to coincide with the excitonic Bohr radiusaB ,
while it decreases slightly for large kinetic energies. Exc
for an underestimate of the absolute value of the transm
sion changes, a good overall agreement with the experim
tal findings Fig. 12~a! is achieved.

For the case of a slightly negative delay timetD
5260 fs a different situation is found: due to the sho
transit times of the polaritonic wave packet, the different
transmission is more sensitive to surface effects as comp
to the damping of the excitons: injecting free carriers at
end of the polariton propagation through the layer, the ex
tons do not suffer efficient damping. However, ultrafa
changes of the properties of the exit surface modify the
conversion of the excitonlike polaritons to photons. Esp
cially, the electron-hole interaction is partially screened
the pump-induced carriers and the dead layer may be
larged. Moreover, the surface potential and small built
electric fields near the second interface may be modifie42

As a consequence, the effective propagation length for e
ton polaritons is reduced. Figure 12~d! shows the transmis
sion changes calculated for a pump-induced increase of
dead layer by 3 nm. The agreement with the experime
findings Fig. 12~c! supports the interpretation as ultrafa
modification of the exciton-free surface layer predicted
Ref. 43.

It should be noted that the interference spectrum of
50-nm specimen may also be interpreted assuming
energy-independent dead layer and a nonparabolic hh b
However, this model requires an unexpectedly strong va
tion of the effective hh mass to reproduce the peak positi
over a broad spectral range.

VIII. SUMMARY

In conclusion, a powerful technique giving direct spectr
scopic access to the properties of large momentum exci

FIG. 12. Differential transmission spectra in the 50-nm layer:~a!
and ~c! as recorded at the delay timetD51 ps andtD5260 fs,
respectively.~b! Theoretical simulation for dominant pump-induce
damping.~d! Calculation assuming a pump-induced modification
the exciton-free dead layer. Inset: energy-dependent dead layer
for the calculation. The dashed line indicates the Bohr radiusaB of
hh excitons in GaAs.
4-10
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in GaAs has been developed. We want to point out that
method is quite general and applicable to various quest
concerning excitonic effects and spatial dispersion in crys
line solids. For the first time, excitonic dispersion relatio
are studied up to 300 meV above the band edge provid
detailed information about the interaction dynamics of bou
electron-hole states with large kinetic energies. A strik
difference of the Fro¨hlich coupling for the exciton branche
is found: lh excitons consisting of quasiparticles with simi
effective masses, are surprisingly robust against polar op
interaction. This effect may be ascribed to a destructive
terference in the corresponding scattering matrix elem
The femtosecond time resolution of our experimental te
nique provides direct access to the scattering of highly e
getic excitons with nonthermal carrier distributions. Intere
ingly, the scattering of large-momentum excitons with fr
carriers is found to be much less efficient as for the cas
excitons with negligible center-of-mass motion.

The findings for different layer thicknesses elucidate
long-standing problem of polariton propagation in thin sem
o
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conductor slabs. For layer thicknesses large as compare
the excitonic Bohr radius a theoretical model slightly mo
fying Pekar’s additional boundary conditions is found to e
plain the experimental results. For small propagation leng
the results are very sensitive to microscopic properties of
polarizability near semiconductor interfaces. We propos
phenomenological model including an energy-depend
exciton-free dead layer at the surface reproducing the
served spectra. A full microscopic understanding of our
sults will require a simultaneous solution of Schro¨dinger’s
and Maxwell’s equations at the semiconductor interface.
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8J. S. Nägerl, B. Stabenau, G. Bo¨hne, S. Dreher, R. G. Ulbrich, G

Manzke, and K. Henneberger, Phys. Rev. B63, 235202~2001!.
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