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Excitonic and free-carrier quantum beats created by femtosecond excitation
at the band edge of GaAs
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The coherent optical response of bulk GaAs is studied after ultrafast excitation close to the band edge.
Pump-probe experiments with 20-fs pulses demonstrate that coherent polarizations between heavy- and light-
hole continuum states make a strong contribution to the nonlinear optical response. The beat frequency is
determined by the heavy-hole–light-hole energy splitting in the spectral probe window. In addition, excitonic
heavy-hole–light-hole quantum beats are observed in the slightly strained GaAs crystal. The different contri-
butions are separated via their polarization selection rules.@S0163-1829~98!02340-6#
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Coherent polarizations govern the nonlinear opti
response of semiconductors on ultrafast time scales
provide direct insight into the fundamental nonequilibriu
dynamics of elementary excitations. In bulk and lo
dimensional direct-gap semiconductors, excitonic polari
tions at photon energies close to the band gap have b
investigated in detail by ultrafast spectroscopy.1 In quasi-
two-dimensional quantum wells and strained bulk materi
the heavy-hole~HH! and light-hole~LH! excitons are ener
getically separated. Phase-coherent excitation of both th
resonances by a short optical pulse gives rise to excito
quantum beats that have been monitored in differ
experiments.2–4 In addition to excitonic HH-LH quantum co
herence, oscillatory signals due to a distribution of excito
transition frequencies, i.e., polarization interference,5 and/or
the perturbed free induction decay of excitonic polarizatio6

have been found.
Recently, HH-LH quantum beats were observed in pum

probe experiments where 20-fs pulses excitedexclusively
continuum statesin bulk GaAs.7 Both the HH and LH to
conduction-band transitions at a specifick vector are excited
in a phase-coherent manner by the broad spectrum of a s
optical pulse, thereby creating a coherent polarization
tween HH and LH states. This inter-valence-band polari
tion oscillates at a frequency determined by the HH-LH e
ergy splitting and leads to oscillations on the pump-pro
signals.

So far, this interesting type of HH-LH quantum coheren
has only been studied with excitation in the band-to-ba
continuum to avoid excitonic contributions to the nonline
response. When exciting near the band gap with opt
pulses of sufficient bandwidth, however, both excitonic a
continuum polarizations occur. HH-LH beats in the co
tinuum as well as from excitonic states should contribute
the nonlinear response. In this paper, we report an obse
tion of continuum HH-LH quantum beats in bulk GaAs wi
excitation at the band gap. Temporally and spectrally
solved pump-probe experiments with 20-fs pulses displa
variation of beat frequencies within the spectrum of t
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probe pulses, depending on the HH-LH splitting in the op
cally coupled range. Different polarization selection rules
excitonic and continuum quantum beats allow a clear se
ration of the different effects.

We study a slightly strained bulk GaAs sample~thickness
500 nm clad between AlxGa12xAs layers! that was grown by
molecular-beam epitaxy. The absorption spectrum meas
at a lattice temperature of 10 K is shown with a solid line
Fig. 1~a!. Strain develops during sample preparation and
at low temperature, and leads to a splitting of the excito
transitions byDEx58 meV and a slight redshift of the ab
sorption edge.8 The spectrally and temporally resolve
pump-probe studies are performed with bandwidth-limit
20-fs pulses from a mode-locked Ti:sapphire laser. The sp
trum of the pump pulses@dashed line in Fig. 1~a!# is centered
below the band gap, and excites both excitonic and fr
carrier transitions. The probe pulses are spectrally reso
after passing through the sample and time-resolved data
recorded for different spectral positionsEdet within the probe
spectrum~resolution 4 meV!. We detect ultrafast transient
in four different pump-probe polarization geometries: par
lel linear, perpendicular linear, cocircular, and countercirc
lar. The excited density of electron-hole pairs is about
31015 cm23, as estimated from the incident pump intens
and the absorbance of the sample.

Pump-probe signals are presented in Figs. 1~b! and 2. The
change of transmission (T2T0)/T0 is plotted as a function
of the delay time between pump and probe pulses for dif
ent detection energiesEdet around the absorption edge d
picted by vertical arrows in Fig. 1~a!. T andT0 represent the
transmission of the sample with and without excitation,
spectively. ForEdet51.494 eV in the excitonic absorptio
region, we obtain the solid and dashed curves shown in
1~b! for parallel linear and perpendicular linear pump-pro
polarizations, respectively. The transients display~i! a step-
like transmission increase and~ii ! an oscillatory component
The oscillations strongly depend on the polarization geo
etry. In particular, the phase of oscillation shifts byp when
10 470 © 1998 The American Physical Society
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PRB 58 10 471EXCITONIC AND FREE-CARRIER QUANTUM BEATS . . .
the pump-probe polarizations are changed from parallel
ear~solid line! to perpendicular linear~dashed line!. For co-
circular or countercircular pump and probe~not shown!
pulses, the oscillations are completely absent.

Transients recorded at detection energies in the f
carrier continuum are shown in Fig. 2. At the low excitati
density of 231015 cm23, the data display a weak steplik
increase of transmission and strong oscillations. For hig
excitation densities~not shown!, the steplike increase o
transmission becomes more pronounced. The oscillation
Fig. 2 are observed for negative and positive time delays
up to several hundreds of fs, and show a frequency, am
tude, and phase distinctly different from the excitonic sign
in Fig. 1~b! @note the different abscissa scales of Figs. 1~b!
and 2#. The oscillations at negative delay times and arou
delay zero are caused by detuning from the band edge
the probe-induced perturbed free induction decay discus
in Ref. 6. In the following, we concentrate on the oscillato
signal at positive time delays. This time domain is influenc
by the different polarization geometries, and gives inform
tion on the physical mechanism driving the quantum bea

The data shown as solid lines in Fig. 2~a! are taken with
parallel-linear polarizations of pump and probe pulses at

FIG. 1. ~a! Solid line: absorption spectrum of the strained Ga
sample atT58 K. Dashed line: spectrum of the 20-fs pulses ov
lapping both excitonic and free-carrier transitions. Arrows: det
tion energiesEdet in the spectrally resolved pump-probe expe
ments. Inset: oscillation energies derived from the pump-probe
plotted vs detection energyEdet ~circles: excitonic quantum beats
squares: continuum quantum beats!. Solid line: calculated HH-LH
splitting DEHL for the ~110! direction in k space.~b! Spectrally
dispersed transmission changes (T2T0)/T0 at Edet51.494 eV as a
function of delay time between pump and probe~T andT0 : trans-
mission with and without excitation!. Solid line: parallel linear po-
larizations of pump and probe. Dashed line: perpendicular lin
polarizations.
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detection energiesEdet in the continuum marked in Fig. 1~a!.
The oscillation frequency increases with detection ene
Edet, as is evident from the dotted lines connecting points
identical phase. The phase of the oscillations changes
about p when we switch from parallel to perpendicula
linear polarizations of pump and probe@dashed line in Fig.
2~a!# pulses. In Fig. 2~b!, data are shown for cocircular~solid
line! and countercircular~dashed line! polarizations at the
detection frequencyEdet51.521 eV. We observe oscillation
for cocircular but not countercircular polarizations. This b
havior is in contrast to the excitonic transients, where os
lations are absent for both circular polarization geometr
and points to different polarization selection rules~PSR’s!
governing transitions to excitonic states or the continuum

We now discuss the ultrafast transmission changes m
sured in our spectrally and temporally resolved experime
At all detection energies, two prominent features are
served on the signals. First, there is a steplike increas
transmission that rises within the time resolution of the e
periment followed by a slower decay at later times. This
due to state filling by electron-hole pairs, and is influenc
by correlated many-body effects such as screening and
hancement of the interband dipole matrix elements. At la
times, the bleaching represents an incoherent signal de
mined by the transient carrier distribution and Coulomb c
relations. The second feature is the oscillations superimpo
on the bleaching signal at positive delay times due to qu
tum coherence between HH and LH states. For detec
energiesEdet in the range of the excitonic resonances, o

-
-
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FIG. 2. Pump-probe transients at detection energiesEdet in the
free-carrier continuum.~a! Solid lines: parallel linear polarizations
Dashed lines: perpendicular linear polarizations.~b! Cocircular
~solid line! and countercircular~dashed line! polarizations. The os-
cillations at positive delay are HH-LH hole quantum beats with
frequency determined by the respective HH-LH splittingDEHL ~cf.
the inset of Fig. 1!. Dotted lines connect points of identical phas
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observes excitonic HH-LH quantum beats2 induced by the
phase-coherent excitation of both HH and LH excito
within the bandwidth of the pump pulse. This corresponds
an impulsive excitation of a three-level system with a co
mon state in the conduction band~CB!, making an additional
contribution to the third-order nonlinear polarization in t
sample. The excitonic polarization oscillates at a freque
determined by the strain-induced splitting of the excito
transitions (DEx58 meV) seen in the spectrum of Fig. 1~a!.
These oscillations are transferred to the pump-probe si
via interaction with the probe field.

The excitonic character of these quantum beats manif
itself in the observed PSR’s: oscillations are observed
parallel and perpendicular linear polarizations with oppos
phase, but not for cocircular and countercircular polari
tions. In our bulk sample, the small strain polarizes thep
orbitals of HH and LH states resulting in the PSR illustrat
in the left column of Fig. 3.4,9 Close to the band gap, th
strain introduces a dominant quantization axis along thz
direction @Figs. 3~a!–3~c!#. For circularly polarized light
propagating along this axis, the HH and LH transitions in
different spin systems are completely decoupled@Fig. 3~c!#.
In this case, it is not possible to create a coherent HH-
polarization resulting in the absence of any quantum be
For linearly x-polarized light propagating along thez axis,
both HH-CB and LH-CB transitions are excited within ea
spin system, and quantum beats occur@Fig. 3~b!#. The PSR’s
are the same as for excitons in quantum wells.4 A more de-
tailed analysis~discussed below! shows that changing from
parallel linear polarization of pump and probe pulses to

FIG. 3. Polarization selection rules for the coupling of pum
and/or probe pulses to different transitions in bulk GaAs.~a! and~b!
Orientations of orbitals~X,Y,Z! and spins~up ↑ and down↓ with
regard to thez direction! of light hole ~LH!, heavy-hole~HH!, and
conduction, band~CB! cell periodic wave functions fork vectors
parallel toz andy directions, respectively~light propagates alongz
direction!. ~c! and~d! Coupling scheme of linearly polarized light t
transitions atk vectors withkiz andkiy, respectively.~e! and ~f!
Coupling of circularily polarized light to transitions withkiz and
kiy.
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perpendicular linear polarization results in a phase chang
the beats byp with the same beat amplitude. Our data f
Edet on the excitonic resonances@Fig. 1~b!# are in full agree-
ment with these theoretical predictions.

In addition to excitons, the spectrally broad pump pu
excites HH and LH to CB transitions in the continuum.
the optically coupled range ofk space, the pulses cover bo
interband transitions and HH-LH quantum coherence is g
erated. In contrast to the excitonic transitions, the HH-L
energy splitting varies continuously over this range and
consequently—the beat frequency observed in the pu
probe measurements varies continuously with detection
ergy Edet. The beat frequencies~squares in the inset of Fig
1! are derived from the data by Fourier transformation of
oscillatory signal, and compare well with the HH-LH energ
splitting derived from bandstructure calculations.10 The ob-
served dependence of the beat frequency onEdet directly
rules out other possible mechanisms such as, e.g.,~a!
exciton–LO-phonon quantum beats,11 ~b! electron-polariton
interactions,12 or ~c! propagation effects.13 These phenomena
would lead to a constant beat frequency that is independ
on the detection scheme@mechanism~a!#, and beats due to
mechanisms~b! and~c! would occur on a distinctly differen
time scale of picoseconds.

The PSR’s for the continuum HH-LH beats are differe
from the excitonic case. We observe strong oscillations
parallel linear and cocircular polarizations, but very we
beats of opposite phase for perpendicular linear polar
tions. In the free-carrier continuum, the effect of strain
much weaker than for excitonic states.7,9 Here the individual
k vector acts as the dominant quantization axis, resulting
PSR’s that are depicted schematically in the right column
Fig. 3. For any chosen polarization~linear or circular!, there
is always a direction ink space where the HH and the LH
transitions are coupled via a common state in the conduc
band. Our experiments demonstrate that selective excita
or probing of HH-CB or LH-CB transitions is not possib
with circularly polarized light.

For a quantitative analysis, we explicitely calculate t
optical matrix elements for transitions in the six-level syste
for each direction ink space. For simplicity, the so-calle
spherical approximation is used, in which warping of t
energy surfaces is neglected. The orientation of the opt
dipoles is determined by the correspondingp orbitals and
spins in the cell periodic part of the Bloch wave function
examples of which are given forkiz andkiy in Fig. 3!. For
a givenk vector there are six dipole-allowed transitions, e.
CBa↔LHb ~cf. Fig. 3: a and b indicate different states
within the twofold spin degeneracy!, in the corresponding
six-level system with the optical matrix elements14

MCBa↔HHa~k!5M ~k!•@eq1 i •ew#/&,

MCBb↔HHb~k!5M ~k!•@eq2 i •ew#/&,

MCBa↔LHb~k!5M ~k!•@2ek#•A2/3,
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MCBb↔LHb~k!5M ~k!•@ek#•A2/3,

MCBa↔LHa~k!5M ~k!•@eq2 i •ew#/A6,

MCBb↔LHa~k!5M ~k!•@eq1 i •ew#/A6. ~1!

M (k) is the magnitude of the optical matrix elements, t
orientation of which is expressed in the unit vectors of
polar coordinate systemek , eq , and ew . Pump and probe
pulses are assumed to propagate along thez direction, with
polarizations aligned tox and/ory directions:

Ex5E0•ex , Ey5E0•ey ,

Es15E0•@ex1 i •ey#/&, ~2!

Es25E0•@ex2 i •ey#/&

for linear and circular polarizations, respectively. The amp
tudeApu,pr(q,w) of the HH-LH quantum beats in the pump
probe experiment depends on the direction of the respec
k vector, and is directly proportional to the following s
quence of interactions with the electric fields of pump a
probe pulses:15

Apu,pr~q,w!5Bpu,pr,CBa↔HHa,CBa↔LHa~q,w!

1Bpu,pr,CBa↔HHa,CBa↔LHb~q,w!,

1Bpu,pr,CBb↔HHb,CBb↔LHb~q,w!

1Bpu,pr,CBb¸HHb,CBb↔LHa~q,w!, ~3!

Bpu,pr,i , j~q,w!5@M i~k!•Epu#•@M j* ~k!•Epu* #

3@M j~k!•Epr#•@M i* ~k!•Epr* #

/@M ~k!•E0#4.

Finally, the beat amplitudes are averaged over all directi
in k space:

QBpu,pr5
1

4p E
0

p

dqE
0

2p

dw Apu,pr~q,w!. ~4!

With the procedure described above, we obtain the follow
beat amplitudes for different polarization geometries:
c-

oli

.

tt.
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QBx,x510.178511.0QB0 , QBx,y520.5QB0 ,
~5!

QBs1,s1510.875QB0 , QBs1,s2520.375QB0 .

Here a minus sign represents a phase shift ofp @also see
numbers in Figs. 1~b!, 2~a!, and 2~b!#. The experimental re-
sults are in good agreement with this analysis, demonstra
that excitonic and free-carrier HH-LH quantum beats can
clearly separated via the PSR’s. For countercircular polar
tions the experimental data@dashed line in Fig. 2~b!# do not
show the theoretically predicted weak HH-LH beats of o
posite phase (QBs1,s2520.375QB0). This small discrep-
ancy, which is close to the experimental accuracy, is pr
ably due to the spherical approximation of our mod
~warping terms are neglected in the PSR’s!.

It is interesting to note that the HH-LH quantum beats
the free-carrier continuum are observed for relatively lo
delay times of up to 500 fs~Fig. 2!. This indicates that
dephasing times of the coherent HH-LH polarizations
substantially longer than for excitation of similar carrier co
centrations at higher excess energies.7 When exciting high in
the continuum, carrier-optical phonon scattering and carr
carrier ~Coulomb! scattering represent the main dephas
mechanisms. For excitation close to the band edge, both
togenerated heavy and light holes are well below the ene
threshold for optical phonon emission. In this case, phon
scattering makes a minor contribution to the dephasing of
coherent HH-LH polarization. For the moderate excitati
density of 231015 cm23, Coulomb scattering times amon
the photoexcited carriers are known to be in the range
several hundreds of femtoseconds,16,17similar to the dephas-
ing times found here.

In conclusion, we studied ultrafast HH-LH quantum bea
of excitons and free carriers in a slightly strained GaAs cr
tal in spectrally and time-resolved pump-probe experime
in the vicinity of the fundamental absorption edge. Differe
polarization selection rules allow us to separate the two
fects. We demonstrated that HH-LH quantum beats of f
carriers make an important contribution to the ultrafast n
linear response of bulk III-V semiconductors when excited
the band edge.

M.H. was supported by the Alexander von Humbo
Foundation.
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