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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
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The redistribution of nonequilibrium carrier population
in semiconductors has attracted considerable interes
the last two decades. The tremendous progress of f
tosecond lasers in terms of pulse duration and stab
has rendered possible the observation of the initial sta
of carrier relaxation [1–6] and the study of very low ca
rier densities [6]. However, studying the contributions
different scattering mechanisms such as LO-phonon
carrier-carrier scattering remains a difficult task, beca
most experiments measure a combination of electron
hole dynamics and the signals in ultrashort-pulse exp
ments contain coherence effects [7] and are not so
population dependent. Indeed, standard pump-test exp
ments [1,3,5,6] measure the absorption saturation du
the Pauli exclusion principle and are sensitive to the s
of the electron and hole distribution functions (fe andfh,
respectively) while time-resolved luminescence expe
ments [2] measure the productfefh. A selective inves-
tigation of the hole dynamics has been used in Ref.
to measure the heavy-hole thermalization time. Howev
this method cannot measure the complete hole distribu
and the initially injected hole population.

Here we have used a modified pump-test scheme in
der to isolate the electron dynamics [4]: the pump pu
excites electrons from the heavy-hole (HH) and light-ho
(LH) valence bands while the test pulse probes the
sorption saturation of the interband transition from t
split-off (SO) valence band to the conduction band C (s
inset of Fig. 1). Because of the large spin-orbit spl
ting in GaAs (340 meV), no holes are present in t
SO band and the differential absorption signal2Da ­
awithout2pump 2 awith2pump depends on the electron dis
tribution only. This method has a further important a
vantage: pump and test are at different wavelengths wh
allows the observation of spectral hole burning due to
initially injected electron population without any contribu
tion from the induced-grating coherence effect [7,9] whi
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considerably complicates the interpretation of stand
pump-test experiments. Moreover, due to the isotro
matrix element of the SO-C transition, the measured s
nal is equally sensitive to the presence of electrons w
all possible wave vector directions.

We report the first observation of hole burning whic
can be attributed exclusively to the electron populatio
While in previous experiments hole burning was n
discernible [4], recent ameliorations of the experimen
setup have permitted the observation of hole-burn
signals for carrier densities ranging from a few1015 to
a few 1018 cm23 and for excess photon energies rangi
from 50 to 110 meV. The ensemble of these results w
be discussed elsewhere. In this Letter, we concent
on the very short pump-test delay times at moder
densities, the rapid redistribution of electrons causing

FIG. 1. Differential absorption spectra for the followin
pump-test delay times:280, 240, 0, 40, and80 fs. The inset
shows the pump-test configuration.
© 1996 The American Physical Society 5429
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disappearance of hole burning, and the comparison of
early-time behavior with theory.

We used a Ti:sapphire mode-locked oscillator (Coh
ent Mira) and regenerative amplifier system (Coher
RegA) both pumped by an argon-ion laser. Part of
output generates a spectral continuum and is used a
test pulse. After chirp compensation of the continu
with a combination of prisms and gratings we obta
nearly Fourier-transform-limited pulses with a duration
30 and 130 fs for the test and pump pulses, respectiv
The pulses were focused down to50 and150 mm for the
test and pump, respectively, on the sample which wa
intrinsic GaAs layer of thicknessd ­ 0.65 mm antireflec-
tion coated on both sides and held at 15 K. In order
minimize the noise, a shutter is used in the optical p
of the pump at an 8-Hz rate. In addition, a referen
beam is simultaneously detected on a different track
the CCD detector and is used to normalize the transm
test beam.

The differential absorption spectra for a pump width
15 meV and a pump energy of 1.589 eV (excess ene
of 70 meV with respect to the band gap) and for vario
pump-test delay times are shown in Fig. 1. The car
density was estimated to be6 3 1016 cm23. The zero
delay is defined as the coincidence of the pump and
maxima and is taken at the middle of the integrat
signal rise time. The spectra show two broad peak
about 1.913 and 1.950 eV due to spectral hole burn
associated with the electron populations photoexc
from the LH and HH bands, respectively. Note that
two peaks disappear already before the end of the p
pulse. While it is clear that the signal in the spect
region from 1.88 to 1.96 eV is dominated by the induc
transmission due to the electron population, the indu
absorption above 1.97 eV and the oscillatory struct
around 1.86 eV cannot be easily explained. Furtherm
even in the hole-burning region the differential absorpt
spectra do not directly reflectfestd due to energy-time
uncertainty and excitonic Coulomb effects. Therefo
a theoretical analysis in terms of a quantum-kine
approach is necessary, since the commonly used the
based on the golden-rule long-time limit are not applica
at such ultrashort times.

Quantum kinetics is a generic name for the theory
scribing kinetics with memory on very short time sca
(see Ref. [10] for a review). The Markovian rate equ
tion which has been so successful in the description o
cosecond and nanosecond phenomena should be reg
as a limiting case of the quantum kinetics. In the exp
mental results described in this Letter, many scatte
mechanisms are involved. It is most interesting to lo
at the limited short-time regime where Coulomb sc
tering dominates because, although the quantum ki
ics of the electron-LO-phonon interaction (at low carr
densities) has already received attention in the past
years [11–15] and some observed quantum-kinetic eff
have been explained [16], no treatment of the quant
5430
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kinetic Coulomb scattering for real experiments has be
attempted yet.

Coulomb scattering presents peculiar features wh
require imperatively a quantum-kinetic formulation.
is well known already from the equilibrium theory o
screening that the screened Coulomb potential has a1

q2

singularity asq ! 0 at any finite frequencyv. The sin-
gularity is absent only atv ­ 0. However, a vanishing
frequency implies an infinite time. Therefore, the si
gularity is always present and plays an important ro
at short time scales. This singularity which correspon
to that of the bare Coulomb potential is fatal for th
Boltzmann equation since the argument of the ener
conservingd function also vanishes atq ­ 0 and the
collision integral diverges. The energy-time uncertain
which is taken into account by quantum kinetics automa
cally eliminates the divergence [17].

For times less than a typical plasma period, screen
is negligible [17] and thus the relatively complicated th
ory of time-dependent screening [18–20] can be avoid
We may also simplify the theoretical task by restrictin
our calculations to times less than or comparable with
effective interband polarization decay time. In our co
figuration, where there is no interference between
pump and test polarizations, one can use a simple p
nomenological description of the polarization collisio
term and concentrate only on the quantum-kinetic co
sion terms of the electron and hole populations excited
the pump.

The semiconductor Bloch equations [21] for the pop
lations and polarizations in the case of the pump field a

≠fe,$kstd
≠t

­
X
a

IhVPp

a,$k
stdpa,$kstdj 1

≠fe,$kstd
≠t

Ç
coll

(1)

≠fa,$kstd
≠t

­ IhVPp

a,$k
stdpa,$kstdj 1

≠fa,$kstd
≠t

Ç
coll

(2)∑
≠

≠t
1

i
h̄

see,$k 1 ea,$k 2 h̄vPd
∏

pa,$kstd

­
i
2

V
P
a,$k

std s1 2 fe,$k 2 fa,$kd 1
≠pa,$kstd

≠t

Ç
coll

. (3)

Here a ­ HH, LH and the renormalized energiese and
Rabi frequenciesV are given by

ei,$kstd ­ e
0
i,$k

2
X
$k0

V$k2$k0fi,$k0std, i ­ e, HH, LH ,

(4)

h̄V
P
a,$k

std ­ da,$kEPstd 1 2
X
$k0

V$k2$k0pa,$k0std . (5)

In the above equations,EPstd is the envelope of the pump
field with frequencyvP, da,$k are the respective interban
dipole matrix elements, andV $q is the Fourier transform of
the Coulomb potential. Since we consider an isotro
model with dipole matrix elements independent of t
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The quantum-kinetic collision terms for the populatio
are (i, i0 ­ e, HH, LH):
≠fi, $kstd
≠t

Ç
coll

­ 2
4
h̄2

X
i0

Z t

2`

dt0
Z d $q

s2pd3

Z d $k0

s2pd3
jV sqdj2 cos

√
st 2 t0 d

h̄
se0

i,$k
1 e

0
i0,$k0

2 e
0
i,$k2q

2 e
0
i0 ,$k01q

d

!
3 h fi,$kst0dfi0,$k0st0 d f1 2 fi,$k2 $qst0dg f1 2 fi0,$k01 $qst0dg 2 fi,$k2 $qst0 dfi0 ,$k01 $qst0d f1 2 fi,$kst0 dg f1 2 fi0,$k0st0dgj .

(6)
red
um
dis-
tra
ot
cu-
or

od,
st
out
ing
lec-
ut
e-
me
n
of

ex-
en-
the
out
ell
rm.

(at
due
the

b-
rn-

ion

n.
In the Markovian limit one gets from this equation th
usual golden-rule rate equation.

The phenomenological collision term of the polariz
tion is

≠pa,$kstd
≠t

Ç
coll

­ 2
1
T2

pa,$kstd , a ­ HH, LH . (7)

In the case of the test pulse, one may retain only
electron population created by the pump and, theref
we have to consider only the test polarization equation∑

≠

≠t
1

i
h̄

see,$k 1 e
0
SO,$k

2 h̄vT d
∏

pSO,$kstd

­
i
2

V
T
SO,$k

std s1 2 fe,$kd 2
pSO,$kstd

T2
, (8)

where the unrenormalized energy of the SO holese
0
SO,$k

and the renormalized SO Rabi frequency were introduc

h̄V
T
SO,$k

std ­ dSO,$kET std 1 2
X
$k0

V$k2$k0pSO,$k0std . (9)

HereET is the envelope of the test field having the carr
frequencyvT and dSO,$k the SO dipole matrix element
To obtain the absorption spectrum, one has to perfor
Fourier transform of the test polarization summed o
all $k.

The electron population excited by the pump acts fi
as a final-state blocking factor on the right hand s
of Eq. (8) and second as a band shift through the F
energy of the renormalized electron energies [Eq. (
These effects are all mixed up, vary in time, and g
Fourier transformed and therefore it is very difficult
discuss them separately. In addition, specific Coulo
spectral effects of the Wannier operator in the polarizat
equation (exciton and Coulomb enhancement) imped
simple additive interpretation.

Using a 130-fs pump pulse we performed calculatio
of the excited populations up to 300 fs which correspon
roughly to the plasma period at our pair density of6 3

1016 cm23. We tookT2 ­ 130 fs. The effective mass ra
tios were taken to be integer (mHHyme ­ 6, mLHyme ­
1, mSOyme ­ 2) for convenience of the numerical algo
rithm. The numerical calculation on a discrete lattice
k-space points neglects low-momentum-transfer contri
tions which in the Coulomb case are important. Ne
ertheless, we take into account low-momentum-tran
collisions within a Landau approximation through a Tay
expansion around$q ­ 0. The complete quantum-kineti
calculation gives rise to an electron population as show
-
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Fig. 2. The electron-population peaks are rapidly smea
out and already at about 300 fs after the pump maxim
the distribution is very close to a nondegenerate Fermi
tribution. The calculated differential absorption spec
with a 30-fs test pulse are shown in Fig. 3. We did n
consider delay times longer than 80 fs since their cal
lation involves information on the electron population f
times above 300 fs due to the Fourier transform.

The agreement with the experiment is surprisingly go
although in many details quantitatively rough. The mo
remarkable achievement is the prediction that at ab
80 fs after the pump maximum the induced hole burn
is smeared out. This is related to the fact that the e
tron population is almost in equilibrium already at abo
300 fs after the pump maximum. The only fit param
ter was the phenomenological polarization relaxation ti
T2. However, if T2 is taken comparable or larger tha
the pump duration, it affects only the negative parts
the spectra slightly. In the comparison of theory and
periment, one has to take into account that the exact
ergy positions of the various features are affected by
roughness of the electron energy discretization of ab
5 meV, by the slightly modified effective masses as w
as by the inaccuracy of the numerical Fourier transfo
The more pronounced valley above the band threshold
about 15 meV) as compared to the experiment may be
to the neglect of LO-phonon emission, which provides
cooling of the electron system.

Both the experimental and the theoretical differential a
sorptions show a final-state occupation effect (hole bu
ing) due to our narrow-band excitation and an oscillat

FIG. 2. Quantum-kinetic evolution of the electron populatio
5431
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FIG. 3. Calculated differential absorption spectra for the sa
delay times as in Fig. 1.

that looks like an energy shift in the excitonic region, wh
the negative signal on the high-energy side of the exc
tion is mainly due to the nonlinearity introduced by th
product of the occupation factor with the Coulomb for
term

i
h̄

X
$k0

V$k2$k0 pSO,$k0 std f1 2 fe,$kstdg , (10)

which stems from the replacement of the Rabi freque
by the renormalized one in the presence of the Coulo
interaction [see Eq. (9)]. Actually, this excitonic enhanc
ment term plays an important role also in the oscillato
structure on the low-energy side in addition to the tr
Coulomb band shift of Eq. (4).

In conclusion, we have observed hole burning in
pump-test configuration free from coherence effects
succeeded in giving a satisfactory description of the d
ferential absorption spectra for ultrashort delay times w
the semiconductor Bloch equations using the quantu
kinetic bare Coulomb collision term for the population
We stress that the use of quantum kinetics is manda
due to the Coulomb singularity. The main success of
theory is determined by the structure of the semicondu
Bloch equations but the numerical prediction of the effe
tive intraband relaxation time (smearing out of the ho
burning) is due entirely to quantum kinetics. Our the
retical approach was highly simplified due to the spec
experimental configuration implying a differential sign
determined only by the electron population.

An improved version of the theory should include t
quantum-kinetic polarization collision term, the buildup
screening, LO-phonon collisions, as well as the transit
to the Markovian behavior in order to extend its applic
bility to higher densities and longer times. To incorpora
such improvements in the theory for the test beam w
still be an insurmountable task due to the Fourier tra
form, which requires an enormous time interval.
5432
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