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Ultrafast Electron Redistribution through Coulomb Scattering in Undoped GaAs:
Experiment and Theory

F. X. Camescasse, A. Alexandrou, and D. Hulin
Laboratoire d'Optique Appliquée, Ecole Nationale Supérieure de Techniques Avancées-Ecole Polytechnique,
Unité de Recherche Associée au Centre National de la Recherche Scientifique 1406, Centre de I'Yvette,
F-91761 Palaiseau Cedex, France

L. Banyai, D. B. Tran Thoai,* and H. Haug

Institut fir Theoretische Physik, J. W. Goethe Universitat Frankfurt, Robert-Mayer-Strasse 8, D-60054 Frankfurt a. M., Germany
(Received 9 July 1996

We report the observation of spectral hole burning exclusively due to the nonequilibrium electron
population in a nondegenerate pump-test configuration. The rapid redistribution of electrons as
well as the other features of the differential absorption spectra are well described by a theory
using quantum-kinetic bare Coulomb collisions in the framework of the semiconductor Bloch
equations. [S0031-9007(96)01740-1]

PACS numbers: 78.47.+p, 42.65.Re, 71.10.—w, 78.20.Bh

The redistribution of nonequilibrium carrier populations considerably complicates the interpretation of standard
in semiconductors has attracted considerable interest jpump-test experiments. Moreover, due to the isotropic
the last two decades. The tremendous progress of fenmatrix element of the SO-C transition, the measured sig-
tosecond lasers in terms of pulse duration and stabilityal is equally sensitive to the presence of electrons with
has rendered possible the observation of the initial stagesl possible wave vector directions.
of carrier relaxation [1—6] and the study of very low car- We report the first observation of hole burning which
rier densities [6]. However, studying the contributions ofcan be attributed exclusively to the electron population.
different scattering mechanisms such as LO-phonon an@/hile in previous experiments hole burning was not
carrier-carrier scattering remains a difficult task, becausdiscernible [4], recent ameliorations of the experimental
most experiments measure a combination of electron ansktup have permitted the observation of hole-burning
hole dynamics and the signals in ultrashort-pulse experisignals for carrier densities ranging from a fe@'> to
ments contain coherence effects [7] and are not solelg few 10'® cm™3 and for excess photon energies ranging
population dependent. Indeed, standard pump-test expefrom 50 to 110 meV. The ensemble of these results will
ments [1,3,5,6] measure the absorption saturation due toe discussed elsewhere. In this Letter, we concentrate
the Pauli exclusion principle and are sensitive to the sunon the very short pump-test delay times at moderate
of the electron and hole distribution functiong.(andf,,  densities, the rapid redistribution of electrons causing the
respectively) while time-resolved luminescence experi-
ments [2] measure the produgtf,. A selective inves-
tigation of the hole dynamics has been used in Ref. [8] o P
to measure the heavy-hole thermalization time. However, At
this method cannot measure the complete hole distributior - [ Py

Fest
]

and the initially injected hole population. .02
Here we have used a modified pump-test scheme in or: T —nH

der to isolate the electron dynamics [4]: the pump pulse S LH

excites electrons from the heavy-hole (HH) and light-hole &

(LH) valence bands while the test pulse probes the ab- T _

sorption saturation of the interband transition from the R e VR

split-off (SO) valence band to the conduction band C (see ; R e e

inset of Fig. 1). Because of the large spin-orbit split- : )

ting in GaAs (340 meV), no holes are present in the

SO band and the differential absorption sigraha =

Qwithout-pump — Qwith-pump d€pends on the electron dis- .01

tribution only. This method has a further important ad- 1850 1900 1950 2000

vantage: pump and test are at different wavelengths whict Photon energy (me'V)

_aI!O_WS t_h_e observation of SpeCtr_al hOI,e burning due t,o th%IG. 1. Differential absorption spectra for the following

initially injected electron population without any contribu- pump-test delay times: 80, —40, 0, 40, and80 fs. The inset

tion from the induced-grating coherence effect [7,9] whichshows the pump-test configuration.
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disappearance of hole burning, and the comparison of thisinetic Coulomb scattering for real experiments has been
early-time behavior with theory. attempted yet.

We used a Ti:sapphire mode-locked oscillator (Coher- Coulomb scattering presents peculiar features which
ent Mira) and regenerative amplifier system (Coherentequire imperatively a quantum-kinetic formulation. It
RegA) both pumped by an argon-ion laser. Part of thas well known already from the equilibrium theory of
output generates a spectral continuum and is used as tBereening that the screened Coulomb potential ha% an
test pulse. After chirp compensation of the continuumsingularity asy — 0 at any finite frequency. The sin-
with a combination of prisms and gratings we obtaingularity is absent only a» = 0. However, a vanishing
nearly Fourier-transform-limited pulses with a duration offrequency implies an infinite time. Therefore, the sin-
30 and 130 fs for the test and pump pulses, respectivelyularity is always present and plays an important role
The pulses were focused down30 and 150 um for the  at short time scales. This singularity which corresponds
test and pump, respectively, on the sample which was ai that of the bare Coulomb potential is fatal for the
intrinsic GaAs layer of thicknes$ = 0.65 um antireflec-  Boltzmann equation since the argument of the energy-
tion coated on both sides and held at 15 K. In order taconservings function also vanishes aj = 0 and the
minimize the noise, a shutter is used in the optical patltollision integral diverges. The energy-time uncertainty
of the pump at an 8-Hz rate. In addition, a referencewhich is taken into account by quantum kinetics automati-
beam is simultaneously detected on a different track otally eliminates the divergence [17].
the CCD detector and is used to normalize the transmitted For times less than a typical plasma period, screening
test beam. is negligible [17] and thus the relatively complicated the-

The differential absorption spectra for a pump width ofory of time-dependent screening [18—20] can be avoided.
15 meV and a pump energy of 1.589 eV (excess energwe may also simplify the theoretical task by restricting
of 70 meV with respect to the band gap) and for variousour calculations to times less than or comparable with the
pump-test delay times are shown in Fig. 1. The carrieeffective interband polarization decay time. In our con-
density was estimated to bex 10'® cm™. The zero figuration, where there is no interference between the
delay is defined as the coincidence of the pump and tegfump and test polarizations, one can use a simple phe-
maxima and is taken at the middle of the integratednomenological description of the polarization collision
signal rise time. The spectra show two broad peaks aterm and concentrate only on the quantum-kinetic colli-
about 1.913 and 1.950 eV due to spectral hole burningion terms of the electron and hole populations excited by
associated with the electron populations photoexciteghe pump.
from the LH and HH bands, respectively. Note that the The semiconductor Bloch equations [21] for the popu-
two peaks disappear already before the end of the pumiations and polarizations in the case of the pump field are
pulse. While it is clear that the signal in the spectral

region from 1.88 to 1.96 eV is dominated by the induced af. (1) _ Z O (). (1)) + f o i (1) (1)
transmission due to the electron population, the induced ot ~ MR i P ak ot coll
absorption above 1.97 eV and the oscillatory structure fo:(0) of. (1)

around 1.86 eV cannot be easily explained. Furthermore, —2£~ — Q" (p, (0} + ok (2)
even in the hole-burning region the differential absorption ok ’ ot coll
spectra do not directly reflect,() due to energy-time 9 i

uncertainty and excitonic Coulomb effects. Therefore[a + E(Ee,i t€ui ﬁwP)}Pa,zi(t)

a theoretical analysis in terms of a quantum-kinetic ) ap (1)

approach is necessary, since the commonly used theories= L ”_(;)(1 — foi—f.0) + Pak A3)
based on the golden-rule long-time limit are not applicable 2~ ** ok Jak at coll

at such ultrashort times.

Quantum kinetics is a generic name for the theory de
scribing kinetics with memory on very short time scales
(see Ref. [10] for a review). The Markovian rate equa-

Here @« = HH, LH and the renormalized energiesand
Rabi frequencies) are given by

tion which has been so successful in the description of pi- €;;(t) = 6?,; - Z Vicw i ), i =e,HH,LH,
cosecond and nanosecond phenomena should be regarded ’ k

as a limiting case of the quantum kinetics. In the experi- (4)
mental results described in this Letter, many scattering

mechanisms are involved. It is most interesting to |00kﬁQaj((t) =d i Ep(1) + ZZ ViciPap(0). 5)
at the limited short-time regime where Coulomb scat- k!

tering dominates because, although the quantum kinetn the above equation»(¢) is the envelope of the pump
ics of the electron-LO-phonon interaction (at low carrierfield with frequencywp, d,, ; are the respective interband
densities) has already received attention in the past fewipole matrix elements, and; is the Fourier transform of
years [11-15] and some observed quantum-kinetic effecthe Coulomb potential. Since we consider an isotropic
have been explained [16], no treatment of the quantummodel with dipole matrix elements independent of the
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field polarization andk, we take them to be equal for  The quantum-kinetic collision terms for the populations
heavy and light holes. are ¢,i' = e,HH, LH):

|
__ 4 .y dq dk’ 2 (t—=1) o 0 0 0
M——ﬁ;fwmjaﬂ3(MPMMCO—?—E@+Q@—%q—q%J

af,‘j(t)
Jt
X AL i = Fii I = FuionaD] = Fii g0 fpoeg (O = £z = £ ()]
(6)
In the Markovian limit one gets from this equation tHe Fig. 2. The electron-population peaks are rapidly smeared
usual golden-rule rate equation. out and already at about 300 fs after the pump maximum
The phenomenological collision term of the polariza-the distribution is very close to a nondegenerate Fermi dis-
tion is tribution. The calculated differential absorption spectra
ap,i(t) 1 with a 30-fs test pulse are shown in Fig. 3. We did not
o oD Pa (D), @ = HH,LH. (7) consider delay times longer than 80 fs since their calcu-

) lation involves information on the electron population for

In the case of the test pulse, one may retain only thgimes above 300 fs due to the Fourier transform.
electron population created by the pump and, therefore, The agreement with the experiment is surprisingly good,
we have to consider only the test polarization equation although in many details quantitatively rough. The most

d i 0 remarkable achievement is the prediction that at about

[5 T (€ci T €s0i ~ h‘”T)}pSOJ?(t) 80 fs after the pump maximum the induced hole burning

. (1) is smeared out. This is related to the fact that the elec-

- of (0 - f.7) - Psoxtt) (8)  tron population is almost in equilibrium already at about
ek ’

2 SOk ’ Iy 300 fs after the pump maximum. The only fit parame-
where the unrenormalized energy of the SO h(ﬂ%& ter was the phenomenological polarization relaxation time
and the renormalized SO Rabi frequency were introduced>. However, if T, is taken comparable or larger than

the pump duration, it affects only the negative parts of
hﬂgoj((t) = dso; Er(t) + 22 VicwpPsoi(t). (9)  the spectra slightly. In the comparison of theory and ex-
2 periment, one has to take into account that the exact en-
Here Er is the envelope of the test field having the carrierergy positions of the various features are affected by the
frequencywr and dg; the SO dipole matrix element. roughness of the electron energy discretization of about
To obtain the absorption spectrum, one has to perform 8 meV, by the slightly modified effective masses as well
Fourier transform of the test polarization summed ovefas by the inaccuracy of the numerical Fourier transform.
all k. The more pronounced valley above the band threshold (at

The electron population excited by the pump acts firsabout 15 meV) as compared to the experiment may be due
as a final-state blocking factor on the right hand sideo the neglect of LO-phonon emission, which provides the
of Eq. (8) and second as a band shift through the Fockooling of the electron system.
energy of the renormalized electron energies [Eq. (4)]. Both the experimental and the theoretical differential ab-
These effects are all mixed up, vary in time, and getsorptions show a final-state occupation effect (hole burn-
Fourier transformed and therefore it is very difficult to ing) due to our narrow-band excitation and an oscillation
discuss them separately. In addition, specific Coulomb
spectral effects of the Wannier operator in the polarizatior
equation (exciton and Coulomb enhancement) impede
simple additive interpretation.

Using a 130-fs pump pulse we performed calculations
of the excited populations up to 300 fs which correspond: fe
roughly to the plasma period at our pair density6ok [
10'° cm™3. We tookT, = 130 fs. The effective massra- 003}
tios were taken to be integenifgy/m. = 6, myyg/m, = 0-02'1,
1, mso/m. = 2) for convenience of the numerical algo- *3'-'3‘11I
rithm. The numerical calculation on a discrete lattice of 0
k-space points neglects low-momentum-transfer contribu =t :
tions which in the Coulomb case are important. Nev- : time (fs)
ertheless, we take into account low-momentum-transfe . i !
collisions within a Landau approximation through a Taylor
expansion aroung = 0. The complete quantum-kinetic
calculation gives rise to an electron population as shown iffIG. 2. Quantum-kinetic evolution of the electron population.
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