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Heavy-Light Hole Quantum Beats in the Band-to-Band Continuum of GaAs Observed
in 20 Femtosecond Pump-Probe Experiments
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Coherent polarizations in the band-to-band continuum of bulk GaAs are studied in pump-probe
experiments with 20 fs pulses. For the first time, we observe quantum beats on a 100 fs time scale
that are due to an impulsively excited quantum coherence between heavy and light hole states. The
beat frequency is determined by the heavy-light hole energy splitting changing continuously with
the energy separation between the laser and the band gap. Theoretical calculations of the coherent
response based on the semiconductor Bloch equations for a three-band scheme account for the data.
[S0031-9007(96)02256-9]

PACS numbers: 78.47.+p, 42.65.Re, 78.20.Ci

The fundamental nonequilibrium dynamics of optically CdSSe [8] gave evidence of oscillatory coherent polar-
excited semiconductors occurs on ultrafast time scales$zations. In Ref. [7], the oscillations were attributed to
Spectroscopy with femtosecond laser pulses provides dthe coherent coupling of interband transitions and LO
rect information on such phenomena and has identified dongitudinal optical) phonons, giving insight into non-
coherent regime of material response in which the nonMarkovian quantum kinetics. The much higher oscillation
linear polarization of the material and the electric field offrequency in CdSSe was ascribed to intervalence band
the pulse couple in a phase-coherent way. In semiconduguantum beats of free carriers. In such experiments, how-
tors with a direct band gap, both excitonic and free carrieever, the pulse spectrum overlapped with the absorption
excitations give rise to coherent polarizations with dis-edge of the material where (i) excitonic effects are im-
tinctly different properties [1—9]. Excitonic polarizations portant, and (ii) the strong variation of absorption across
have been studied in great detail and new phenomerthe pulse spectrum leads to nonlinear propagation effects
like wave packet propagation [1] and/or beating phenom{9] and/or detuning oscillations [10]. Thus, optical ex-
ena [2—4] have been observed in femtosecond four-wavesitation well above the absorption edge is important to
mixing experiments where the pulse spectrum overlapproof free carrier quantum beats. In this Letter, we report
with transitions of different frequency. For an ensemblethe first observation of heavy-light hole quantum beats in
with different transition frequencies, e.g., heavy hole excithe band-to-band continuum of bulk GaAs. Temporally
tons of different binding energy in quasi-two-dimensionaland spectrally resolved pump-probe experiments with 20-
(2D) structures, the oscillatory overall polarization origi- fs pulses give detailed insight into the properties of
nates from the contributions from the individual two-level such impulsively excited intervalence band polarizations.
constituents [2,4]. A different situation exists if the tran- The beat frequency is determined by the HH-LH energy
sitions are coupled via a common state and quantum irsplitting and changes—due to the valence band disper-
terference in three-level systems causes polarization bea®n—continuously with the energy separation of the
for heavy hole (HH) and light hole (LH) excitons [3—5]. laser relative to the band gap. Damping of the quantum
In 2D systems, studies of the coherent response are facilcoherence is dominated by the inhomogeneous broadening
tated by the—relatively slow—picosecond phase relaxawithin the manifold of the impulsively excited heavy-light
tion of excitonic polarizations. hole transitions. The experimental results are reproduced

Much less is known on nonlinear polarizations inby theoretical calculations based on the semiconductor
the band-to-band continuum of semiconductors, showBloch equations which include a three-band scheme to
ing dephasing kinetics in the sub-100-fs regime [6].calculate the nonlinear optical response.

Recent four-wave-mixing experiments using sub-20-fs In our experiments, we studied an undoped and an
pulses close to the band gap of bulk GaAs [7] and bulk:-doped (doping concentratio® X 10'® cm™3) GaAs
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sample clad between AGa, ¢As layers. Both samples ture T, of the sample. The excited carrier density

with a 0.5 um thick GaAs layer were grown by molecu- was estimated from the number of photons absorbed in
lar beam epitaxy. The stationary absorption spectrum othe material per unit area. The data presented here were
the undoped crystal is shown in Fig. 1(a) (solid line, lat-taken withn., = 3 X 10" cm™3 which is a factor of 30
tice temperaturd;, = 8 K) [11]. Pump-probe studies in below the electron concentration in thedoped sample,
the band-to-band continuum of the two samples were perland with parallel (linear) polarization of pump and probe.
formed with bandwidth-limited 20-fs pulses &tic = In Fig. 1(b), we present time-resolved data for the un-
1.61 eV (pulse center) from a mode-locked Ti:sapphiredoped (solid line) and the-doped sample (dashed line,
laser. The laser spectrum in Fig. 1(a) (dashed line) overf, = 8 K). The spectrally integrated change of transmis-
laps with a broad manifold of transitions from HH and LH sion is plotted versus the delay between pump and probe.
to conduction band (CB) states but not with the excitonicThe dash-dotted line gives the cross correlation of pump
absorption lines. After interaction with the sample theand probe pulses recorded at the sample location. The two
probe pulses are detected integrally or spectrally dispersddansients show a steplike increase of transmission fol-
by a monochromator (spectral resolution 8 meV). Varioudowed by a slow decay in the time window up to 180 fs.
energy separations between the band gap (7.) and In Fig. 2(a) spectrally dispersed data at different posi-
the laser(E,us) were realized by varying the tempera- tions Eqe; Within the probe spectrum are shown [cf. arrows
in Fig. 1(a)]. Close to the center of the pul&Bge; =

1.60 eV) the transients are similar to the spectrally in-
tegrated data. Above and below this value the data
show—on top of the steplike bleaching—an oscillatory
behavior at early times which is particularly strong for
small Egey, €.9., atEge; = 1.56 €V. It is important to note
that the dynamics in both GaAs samples, undoped and
n-doped, is almost identical. Additional measurements
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FIG. 1. (a) Steady state absorptia. of a L = 0.5-um thick
undoped GaAs sample at a lattice temperaturel’pf= 8 K
(solid line, «: absorption coefficient). Dashed line: spectrum
of the 20-fs pulses. (b) Time-resolved transmission changes S A e e By N

of the undoped (solid line) and-doped (dashed line) GaAs 50 0 50 100 150

sample for spectrally integrated probe pulses. The change of Delay Time (fs)

transmissionAT /Ty = (T — Ty/T,) is plotted vs the delay

between pump and prob& (7,: transmission with and without FIG. 2. (a) Time-resolved transmission changes of the un-
excitation). Dash-dotted line: cross correlation of pump anddoped (solid lines) and-doped (dashed lines) GaAs sample.
probe. (c) Schematic band structure of GaAs: conduction ban@ihe spectrally dispersed data (spectral resolution 8 meV) were
(CB), heavy hole (HH), and light hole (LH) valence bands.taken at the spectral positions indicated by arrows in Fig. 1(a).
Coherent polarizations (arrows) between various baBgs, Both samples give almost identical signals. (b) Simulation of
Pcyu, and Py occurring in the pump-probe experiments are the transient data in (a) based on the semiconductor Bloch equa-
shown for a singlek state (three-level system). Impulsive tions for a three-band model. Solid and dashed lines: inter-
excitation (Gaussian curve) @fy causes quantum beats. valence band polarization included and excluded, respectively.
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showed that the oscillations disappear if the bandwidtlshows a slow decay at later times, and (ii) a coherent
of the laser pulses is reducé@foreinteraction with the oscillatory signal superimposed on component (i). The
sample, and give insight into the polarization dependencérst signal is mainly due to state filling by electron-hole
of the oscillations. Oscillatory signals occur with paral- pairs and is strongly influenced by correlated many body
lel linear and cocircular polarization of pump and probe.effects, e.g., screening, among the photoexcited carri-
They are absent with perpendicular linear and countercirers. The generation process is influenced by the coherent
cular polarizations. coupling of the laser pulses and the material [12]. At

The oscillation period depends on the center frequenclater times, this bleaching represents an incoherent signal
of the excitation pulses with respect to the band gap ofletermined by the transient distribution of Coulomb corre-
GaAs. We tuned the excess energy., = Epyise — lated carriers. The redistribution of electrons and holes is
Eq.p(T1) by varying the lattice temperaturE, between governed by Coulomb and carrier-phonon scattering and
8 and 300 K. In Fig. 3, time-resolved data recordedwill be discussed elsewhere. For an analysis of the co-
at Eqet = 1.56 eV are shown forAE., = 134 meV [as herent contribution, it is important to note that both pump
Fig. 2(a)], 180, and 231 meV. The transients have and probe pulses overlap exclusively with the band-to-
similar shape but the oscillation frequencies change witband continuum of GaAs [Fig. 1(a)]. Thus, transmission
AE. as is evident from the dashed lines connectingchanges due to excitonic polarizations [1-3] or detuning
points of constant phase. The oscillation frequencie®scillations between the exciton resonance and the laser
Vose = Eosc/h (h: Planck’s constant) were determined by field [10] do not occur. This conclusion is supported by
a Fourier analysis of the data. In the inset of Fig. 3,the very similar results for the-doped sample where ex-
the values ofE,. are plotted as a function of the citonic polarizations are absent.
excess energ\FE., (squares), showing an almost linear The coherent signal found in our measurements is
dependence OAE.y. dominated by quantum beats in the band-to-band con-

The ultrafast transmission changes observed in outinuum. In Fig. 1(c), the underlying mechanism is ex-
spectrally and time-resolved experiments exhibit two conplained schematically: The 20-fs excitation pulses couple
tributions: (i) a steplike increase of transmission whichto a manifold of transitions from HH and LH states to
rises within the time resolution of the experiment andCB states in a large area bfspace. Because of the very

broad pulse spectrum, both transitions HH-CB and LH-

CB for a singlek vector are covered. This corresponds
—————————————————— to a three-level situation with a common state in the con-
duction band, causing additional contributions to the third
order nonlinear polarizatiof® which determines the dif-
ferential transmission spectrum (pump probe minus probe
only) in the limit of weak probe pulses [13]. The impul-
sive excitation of the coherent HH-LH polarization which
oscillates with the difference frequen€(uu-ELn)/h,
leads to the oscillatory transmission changes which are
particularly pronounced on the low-energy tail of the
pulse spectrumHge = 1.56 eV, Figs. 2(a) and 3].

Because of the lack of a quantization axis, the polariza-
tion dependence of HH-LH beats in bulk GaAs is more
complex than for excitons in quantum wells. A theoreti-
cal analysis which is based on the polarization selection
rules and will be discussed elsewhere predicts quantum
beats of large amplitude for parallel linear and cocircular
polarizations and much weaker beats with opposite phase
T for perpendicular linear and countercircular polarizations.

-50 0 This is in qualitative agreement with our data and, thus,

Delay Time (fs) supports our interpretation.

FIG. 3. Spectrally dispersed transmission changes of the T_helcha.nge of beat frequency W,ith the position ,Of the
n-doped sample aiqe; = 1.56 eV for different excess energies €Xcitation ink space gives strong independent evidence
AE. of the pulse center at 1.61 eV relative to the bandfor the HH-LH quantum beats. The data in Fig. 3 are
gap. The frequency of the quantum beats increasesAvith  in agreement with the HH-LH splitting derived from an

(the dashed lines connect points of identical phase). Inse§ g | . p band structure calculation along the symmet-
Oscillation energy of the quantum beats as a function of the

excess energyE.,. Dashed and solid lines: calculated energyriC k directions{100}, {110}, and{111} (lines) [14]. The

separation of the optically coupled heavy and light hole state§apid damping of the oscillations on a 100-fs time scale
vs AE,, for different directions ink space. is due to the following mechanisms: Transitions with
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different HH-LH splittings couple to the spectrally broad and n-doped GaAs. The coherent oscillations persist up
pump and probe pulses and show a different time evoto delay times of 100 fs and show a frequency depending
lution, resulting in a loss of mutual phase coherenceon the spectral position of the pulses with respect to the
(inhomogeneous broadening).  Furthermore, phasésand gap. The observed beat frequencies are in good
breaking carrier-carrier and carrier-phonon scattering leadgreement with the respective energy splitting of the
to the dephasing of the coherent HH-LH polarization.optically coupled heavy and light hole states. Theoretical
The moderate excitation density ®fx 10'> cm™3 results  calculations based on the semiconductor Bloch equations
in Coulomb scattering times among excited carriers ofeproduce the experiments very well.

several hundreds of femtoseconds [12,15], i.e., long com- We thank P. Enders, Max-Born-Institute, for perform-
pared to the time interval during which quantum beats aréng the band structure calculations and S. H. Ashworth for
observed. The very similar results for the undoped aneéxperimental support.
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Wg performgd theoretical calculatlons of the micro- [3] S.T. Cundiff, Phys. Rev. 449, 3114 (1994).

scopic dynamics based on the semiconductor Blochis) m. Koch, J. Feldmann, E.O. Gobel, P. Thomas, J. Shah,
equations for an isotropic three-band model. The basic = and K. Kohler, Phys. Rev. B8, 11480 (1993).

variables are given by the three distribution functions of [5] K. Leo, T. Damen, J. Shah, E.O. Gébel, and K. Kohler,
electrons, heavy holes, and light holes, the two interband  Appl. Phys. Lett57, 19 (1990).

polarizations between the conduction band and the two[6] P.C. Becker, H.L. Fragnito, C. H. Brito Cruz, R.L. Fork,
valence bands, as well as the intervalence band polariza- J.E. Cunningham, J.E. Henry, and C.V. Shank, Phys.
tion connecting HH and LH holes states with the same Rev. Lett.61, 1647 (1988).

vector which describes a coherent superposition of HH L7l L. Banyaietal., Phys. Rev. Lett75, 2188 (1995).

and LH states. The theory is formally equivalent to the [ ’$‘7 azgn?gbé"c' Merle, and J.. Bigot, J. Appl. Phys.
multisubband case in quantum well structures as disc_ussefb] DS Ki(m, J)_' Shah, D.A.B. Miller, T.C. Damen,
in Ref. [16]. Coulomb correlation among the carriers

. . W. Schéfer, and L. Pfeiffer, Phys. Rev. 83, 17902
was taken into account in the screened Hartree-Fock (1993).

approximation by using a time-dependent static screeningio] J.p. Likforman, M. Joffre, G. Cheriaux, and D. Hulin,
Scattering processes due to carrier-carrier and carrier-LO-  Opt. Lett. 20, 2006 (1995).

phonon interaction were treated on a microscopic level fof11] The GaAs substrate of the sample was removed for the
all distribution functions, interband, and intervalence band  transmission studies. This leads to a small mechanical
polarizations. To account for the pump-probe geometry,  strain, a redshifted absorption edge, and a splitting of
a spatial Fourier decomposition was performed as has HH and LH excitons. The strain-induced change of
been used previously for the case of four-wave mixing P°and structure in the range optically coupled by the
experiments [17,18]. Details of the theoretical treatment femtosecond pulses is negligible [see, e.g., P. Enders
will be published elsewhere. The calculated transmis; etal., Phys. Rev. B1, 16 695 (1995)]

. R . {?12] A. Leitenstorfer, A. Lohner, T. Elsaesser, S. Haas,
sion changes are presented in Fig. 2(b). The amplitud

e F. Rossi, T. Kuhn, W. Klein, G. Boehm, G. Traenkle,
and phase of the beats as well as the variation of beat 554 G. Weimann, Phys. Rev. Lef3, 1687 (1994).

frequency with the excess energy of the laser pulses arg3] w.T. Pollard, S.L. Dexheimer, Q. Wang, L.A. Peteanu,

in very good agreement with the experiment. To verify C.V. Shank, and R. A. Mathies, J. Phys. Ch&6, 6147

the role of the HH-LH coherence, calculations have been  (1992).

performed where the intervalence band polarization hagl4] Optical excitation by the femtosecond pulses averages
been switched off. As shown in Fig. 2(b) (dash-dotted ~ over the warped valence band structure of GaAs, i.e.,
lines), oscillations are absent in this case, a clear proof different directions ik space. As a result, the measured

that they are caused by HH-LH quantum beats. Coulomb oscillations energies are somewhat different from the
correlation results in an enhancement of both the cohereni[ values for the symmetry directions.

and incoherent transmission changes in the red part cg 5l fiQISZ?S" S.Haas, and T. Kuhn, Phys. Rev. LeR. 152

the laser spectrum, in agreement with the results of OUfi6] E. Binder, T. Kuhn, and G. Mahler, Phys. Rev. 5
spectrally resolved measurements. 18319 (1{;94)_ ’ ’ ’

In summary, pump-probe experiments with 20-fs pulse$17] M. Lindberg, R. Binder, and S.W. Koch, Phys. Rev. A
gave evidence of impulsively excited heavy-light hole 45, 1865 (1992).
quantum beats in the band-to-band continuum of undoped8] A. Leitenstorferet al., Phys. Rev. B49, 16 372 (1994).

740



