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The nonlinear polarization close to the band gap of GaAs is studied by spectrally and temporally
resolved four-wave mixing. Excitonic and free carrier contributions both excited within the bandwidth
of the 100 fs pulses are distinguished for the first time. The excitonic part dominates at carrier densities
below 10' cm . At higher density, nonthermalized free carriers give rise to an additional component
resonant to the pulse that shows a photon-echo-like time behavior. Monte Carlo simulations including
the coherent polarization and the scattering dynamics of the carriers account for the data.

PACS numbers: 42.65.Re, 71.35.+z, 78.47.+p

Direct-gap semiconductors exhibit large third-order op-
tical nonlinearities in the range of the fundamental band

gap that are caused by excitons and/or free electron-hole
pairs. Excitation with coherent light results in a phase
coherent nonlinear polarization which decays subsequent-
ly by phase-breaking scattering processes of the photoex-
cited carriers, occurring on a subpicosecond time scale.
The nonlinear polarization gives insight into the interac-
tion among photoexcited carriers and their nonequili-
brium dynamics which have been studied by tran-
sient coherent spectroscopy using ultrashort laser pulses
[1-10].

The excitonic polarization in bulk GaAs has been in-
vestigated by degenerate four-wave mixing (FWM) in

the picosecond regime [6]. At carrier densities below
10 ' cm, dephasing times as long as T2 =7 ps have
been measured, whereas a faster loss of phase coherence
by exciton-exciton collisions was observed at higher exci-
tation levels of several 10' cm . Additional generation
of free electron-hole pairs leads to an even stronger shor-
tening of T2 down to T2 & 1 ps which is due to exciton-
free carrier collisions.

Dephasing of electron-hole excitations has been studied
with femtosecond pulses both around the band gap FG
=1.5 eV and at 2 eV [7-9]. For excitation with 500 fs

pulses below the threshold of LO phonon emission, values
of T2=300 fs have been derived from hole burning mea-
surements with an excitation density of 5X10' cm
[7]. The rapid loss of phase coherence was attributed to
collisions among free carriers. In contrast, much shorter
T2 times between 20 and 60 fs for carrier densities from
8 & 10' to 10' cm were extracted from measurements
with pulses of 6 to 10 fs duration [8,9].

In many femtosecond experiments (e.g., [8]), the large

spectral width of the pulses results in excitation of both
excitonic and free carrier states, an eff'ect that has been
completely neglected in the analysis of previous data.
The two types of excitations and their interaction via
many-body eA'ects should lead to significant changes of
the overall third-order polarization compared to cases of
selective excitation. For instance, the time evolution of
excitonic contributions should show features of a free in-
duction decay whereas free carrier states should exhibit a
photon echo [10]. In this Letter, we present the first fem-
tosecond study giving direct insight into the fundamental
properties of third-order nonlinearities due to simultane-
ously excited excitons and free carriers in bulk GaAs.
We demonstrate that the spectrally resolved signal in

FWM experiments with 100 fs pulses provided new infor-
mation on the nature of coherent polarizations. The exci-
tonic polarization dominates at carrier densities below
10' cm, whereas an additional component due to non-
thermalized free carriers is found at higher densities.
The temporally resolved FWM signal gives a diA'erent

time behavior of the two contributions.
A 0.5 pm thick GaAs layer clad by AlGaAs barriers

[11] was studied in the FWM experiment depicted
schematically in Fig. 1(a). The 100 fs pulses 1 and 2 of
identical wavelength generate a transient grating in the
sample from which a FWM signal is emitted by self-
diAraction into the direction kd =2k2 —kl. This signal is
studied by the following techniques: (i) The spectrally
and temporally integrated intensity is recorded as a func-
tion of the delay time T&2 between the pulses 1 and 2; (ii)
the FWM signal is spectrally dispersed with the help of a
monochromator (resolution 2 meV); (iii) the temporal
envelope is measured by convoluting the signal with a
third laser pulse via sum-frequency mixing in a nonlinear
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KDP crystal (thickness 0.5 mm, type-II phase matching).
Transform-limited pulses of 100 fs duration (spectral
width 20 meV) are generated with a mode-locked
Ti:sapphire laser. The excitation densities given below
are estimated from the absorption of the sample and the
incident Aux of laser photons.

First, we study the spectrally and temporally Integrat-
ed FWM signal. In the inset of Fig. 1(b), the normalized
intensity at delay zero (TI2=0) is plotted versus the
spectral position of the laser pulses for an excitation den-
sity of 4 & 10' cm . We find a strong resonant en-
hancement at the exciton absorption line (E=1.513 eV).
The width of this profile is determined by the bandwidth
of the laser pulses of 20 meV. For increasing delay time
Ti2, the signal follows a monoexponential decay. The de-
cay times are r =110 fs for excitation at or below 1.513
eV and less than 70 fs at higher photon energies.

More specific information on the origin of the third-
order polarization is gained from spectrally resolved
FWM signals which are plotted in Fig. 1(b) (solid lines)
for four diA'erent excitation densities N, „. The dashed
line gives the spectral profile of the excitation pulses cen-
tered at 1.523 eV in the free carrier continuum. For

Photon Energy (eV)

FIG. 1. (a) Schematic of the degenerate FWM experiment.
The pulses 1 and 2 create a transient grating in the sample giv-

ing rise to a signal that is spectrally and temporally analyzed
(SPECT, monochromator; PMT, photomultipliers). (b) Spec-
trally resolved FWM signal at delay zero (T&2 =0) after excita-
tion with pulses centered at 1.523 eV (dashed line: spectrum of
the pulses). The diffracted intensity is plotted for excitation
densities from 4&10' to 6X 10' cm . Inset: Spectrally in-

tegrated intensity of the FWM signal at T]2=0 as a function of
the (peak) photon energy of the pulses.

I I I I I
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FIG. 2. Temporal profiles of the FWM signal. The intensity
is plotted vs the delay time t between pulses 2 and 3 for
different delays T~2 between pulse 1 and pulse 2 [cf. Fig. 1(a)l.
(a) Time envelope of the spectrally integrated FWM signal
measured with carrier densities N,„of 6 & 10' cm and
4&&10' cm (T~q=0, logarithmic ordinate). (b) Excitonic
component signal after spectral selection (N,„=4X10'6 cm
linear ordinate scale). (c) Free carrier signal after spectral
selection. The data for diAerent T]2 show a photon echo. Note
the different time scales of (a), (b), and (c).

N,„~10' cm, we observe a strong excitonic com-
ponent at 1.513 eV with a spectral width of less than —,

'

of the laser bandwidth. With increasing N, „, this line
broadens and a second contribution occurs around the
maximum of the laser spectrum.

The two components of the nonlinear polarization show
a different time behavior. In Fig. 2(a), the up-converted
overall intensity diA'racted from the grating for T]2 =0 is
plotted versus the delay time t between pulse 3 and pulse
2 [cf. Fig. 1(a)]. The excitonic polarization at low densi-

ty shows a delayed rise and a decay on a time scale of 1

ps. At higher density, the decay is faster and superim-
posed at early times by the short pulse-limited signal due
to free carriers. For an isolated observation of the two
components, the free carrier or the excitonic signal select-
ed by interference filters was convoluted with pulse 3
[12]. The temporal envelope of the excitonic signal in

Fig. 2(b) shows only slight changes with delay time TIz.
A similar behavior is found at low excitation densities. In
contrast, the peak of the free carrier contribution [Fig.
2(c)] for increasing delay times TI2 moves linearly to
positive values of t, a clear indication of a photon echo.

In our experiments, the bandwidth of the 100 fs pulses
of 20 meV is substantially larger than the excitonic bind-
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ing energy of 4.2 meV. Exciton and free carrier states
are excited simultaneously and both contribute to the
overall optical nonlinearity as is directly evident from the
spectrally resolved FWM signals [Fig. 1(b)l. The very
strong excitonic enhancement at low carrier densities is
due (i) to the large ratio d«/d„„=10 of the excitonic
(d,„) and the interband (d«„) oscillator strength [13,14]
and (ii) to the slow dephasing of the excitonic polariza-
tion which persists much longer than the free carrier sig-
nal [cf. Fig. 2(a)]. For densities above 10' cm, exci-
tonic and free carrier contributions are of similar
strength. With increasing concentration of free carriers,
screening of the attractive electron-hole (e-h) interaction
lowers the ionization continuum of excitons, leading to a
decrease of the excitonic oscillator strength and of the
resonant enhancement.

The time-resolved data of Fig. 2 demonstrate the dis-
tinctly different temporal behavior of the two parts of the
nonlinear polarization. The free carrier states optically
coupled by the femtosecond pulses represent an inhomo-
geneously broadened ensemble giving rise to a photon
echo [Fig. 2(c)]. The loss of phase coherence by carrier-
carrier collisions results in a decay time which is shorter
than our time resolution of 70 fs. For an excitation densi-
ty of 4x 10' cm, a reduction of the scattering rates by
Pauli blocking of electronic states [15] is negligible in our
nonequilibrium situation. In contrast, the experiments of
Ref. [7] giving Tq times around 300 fs were performed at
much higher densities where those effects might be im-

portant. The time envelope of the excitonic FWM signal
is strongly infiuenced by many-body effects [4,5, 10]. Re-
cent studies of excitons in GaAs/A16aAs quantum wells
showed a prompt signal emitted immediately after pulse
2, and a stronger delayed component with a maximum
around t = T2 [5]. In our case, the short dephasing times
are close to the pulse duration and, consequently, prompt
and delayed contributions give rise to a time envelope
with a single broad maximum at a time t that depends
only weakly on T~2.

For a quantitative analysis of our data, a recently pro-
posed technique for the solution of the semiconductor
Bloch equations [16] has been generalized to account for
the FWM geometry. Four Fourier components of the po-
larization (kI, k2, 2k2 —kI, 2kI —k2) and three com-
ponents of the distribution functions (k =0, kI —k2,
k2 —kI) are included [10]. A Monte Carlo simulation for
the distribution functions including carrier-carrier and
carrier-phonon scattering is combined with a direct in-
tegration technique for the polarizations [17]. The de-
phasing contribution due to carrier-carrier scattering is
modeled by a constant rate. Details of the numerical
method are given in Ref. [16].

The calculated spectra of the FWM signal are shown
in Fig. 3(a). As observed in the experiment [Fig. 1(b)],
the signal is concentrated at the exciton energy up to a
density of 10' cm . A free carrier contribution cen-
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FIG. 3. Results of the Monte Carlo simulations. (a) Spectra
of the FWM signal for the parameters of the femtosecond ex-
periments [cf. Fig. 1(b)]. (b) and (c) Electron (fe) and hole
(fH) distribution functions for different times t after formation
of the transient grating (T&2 0, carrier density 4X10'6 cm )
as a function of the carrier kinetic energy. The dash-dotted
lines represent equilibrium distributions for a temperature of 10
K.

tered at the incident pulses appears above 10' cm and
increases with density. The overall agreement between
theory and experiment is very good. There are, however,
some slight differences: In the calculated spectra, the ex-
citon line exhibits a redshift with increasing density and
the free carrier contribution begins to dominate at lower
densities than in the experiments. We attribute this
difference to limitations of the static screening model
used in the calculations. Even at equilibrium it has been
found that the dielectric function within the single-
plasmon pole approximation overestimates the screening
[14]. Better agreement has been obtained by using a fit
parameter C=4 [see Eq. (6) in Ref. [10]] which in-
creases the plasmon contribution in the screened
Coulomb potential. This value has also been used in our
calculations. Under the ultrafast excitation conditions of
the present experiments, dynamical aspects of the screen-
ing are expected to become even more important [18,19].
A full modeling would require a screened Coulomb po-
tential depending explicitly on two times t& and t2 to ac-
count correctly for the buildup of screening. However, up
to now there exist only preliminary investigations of this
effect [20,21], which do not include a full numerical solu-
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tion of the semiconductor Bloch equations. The interpre-
tation given above is supported by a simulation where the
screening is reduced further (C =20) and indeed a small-
er redshift and stronger exciton lines in the spectrum are
found.

Theoretical and experimental studies of the absorption
spectra of bulk GaAs give a (Mott) density N, =4&& 10"
cm of thermalized free carriers at a temperature of 10
K for which the exciton ground state merges into the con-
tinuum [13,14]. Our FWM spectra, however, show exci-
tonic signals up to N,„=6x10' cm, much higher
than N, . This behavior is caused by the broad, initially
nonthermal distributions of electrons and holes which
screen the attractive e-h interaction less efI'ectively. In

Figs. 3(b) and 3(c), calculated distribution functions are
plotted for diAerent times t during and after excitation
(T&z=0). The dominant energy exchange process on
these short time scales is electron-hole scattering which
leads to cooling of electrons and heating of holes. From
the exponential tails, we estimate an electron temperature
of 80 K and a hole temperature of 30 K for t & 200 fs.
The elevated temperatures lead to an increase of the exci-
tonic Mott density compared to screening of cold carrier
distributions (dash-dotted line).

In conclusion, the results presented here give the first
direct insight into third-order optical polarizations occur-
ring close to the band gap of bulk GaAs after simultane-
ous excitation of excitons and free carriers. Femtosecond
four-wave-mixing studies and their analysis by Monte
Carlo simulations reveal an excitonic nonlinearity which
dominates at carrier densities below 10' cm and
shows a dynamics governed by many-body eAects. For
stronger excitation, hot free carriers reduce the excitonic
contribution via screening and give rise to an additional
component with photon-echo-like time behavior.

Present address: Max-Born-Institut fur Nichtlineare Op-
tik und Kurzzeitspektroskopie, Rudower Chaussee 6, 0-
1199 Berlin, Germany.
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