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Picosecond Phase Coherence and Orientational Relaxation of Excitons in GaAs
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The phase coherence and orientational relaxation of excitons resonantly excited in optically thin
GaAs layers by a picosecond light pulse is explored by means of time-resolved degenerate-four-
wave mixing. At low excitation intensities where contributions due to exciton-exciton scattering
can be neglected, a rapid loss of the phase coherence as well as of the optical alignment of the exci-
tonic dipoles within '7 ps is observed. This implies a weak coherent coupling between excitons and
photons and raises the question about the range of validity of the commonly employed polariton
concept for GaAs.

PACS numbers: 71.3S.+z, 42.65.—k, 71.36.+c

Excitons are the lowest intrinsic electronically excit-
ed states of a semiconductor and interact strongly with
photons via their dipole moment. In direct-band-gap
semiconductors the coherent coupling to photons leads
to the new eigenstate, polariton, with a modified dis-
persion relation. The validity of the polariton con-
cept, however, strongly depends on the strength of the
interaction between excitons and photons (character-
ized by the oscillator strength) compared to the
strength of the residual interaction between the exci-
ton and the crystal. The latter processes determine the
dynamics of the exciton and their strength is character-
ized by the excitonic phase coherence time T2. In or-
der to prove the validity of the polariton picture the
longitudinal-transverse (L-T) splitting which is a direct
measure of the oscillator strength should be compared
to the inverse of T2. Whereas the oscillator strength
can be measured easily in the frequency domain and is
known for most of the semiconductors, knowledge
about the phase-coherence time T2 of excitons is still
lacking. T2 is usually assumed to be long enough so
that the polariton concept can be used. 2

In principle, the phase-coherence time T2 of an opti-
cal transition can be measured directly in the time
domain by means of optical coherent experiments. 3

Unfortunately, the excitonic transition in most of the
direct-band-gap semiconductors exhibits a very strong
absorption coefficient of about 105 cm ' leading to
spatially inhomogeneous excitation as well as to ex-
tremely weak nonlinear signals due to reabsorption.
Thus, in practice high excitation levels are employed
which in turn reduce the phase coherence via addition-
al exciton-exciton collisions and prevent insight into
the unperturbed dynamics of the exciton. 4 This prob-
lem can be overcome by use of optically thin GaAs

layers with a thickness in the range of 100 to 200 nm.
In addition, troublesome phase-matching considera-
tions as well as polariton propagation effects4 impeding
the generation of the nonlinear signal are prevented
and in these thin crystals purely excitonic dephasing
can be studied by means of time-resolved degenerate-
four-wave mixing (DFWM).

We report for the first time on the ultrafast dynam-
ics of Wannier excitons at such ioiv exciton densities
where exciton-exciton interaction is unimportant.
Thus, the observed relaxation times directly measure
the residual interaction of excitons with phonons and
impurities. The phase coherence is measured by a
two-pulse experiment. In a second set of experiments
diffraction of a delayed third pulse from an orienta-
tional grating formed by two orthogonally polarized
pulses is analyzed monitoring the randomization of the
excitonic dipoles (loss of optical alignment). The
phase-coherence time T2 as well as the orientational
relaxation time Ti is determined by a line-shape
analysis of the time-resolved DFWM signal. We find a
surprisingly short phase-coherence time of 7 ps and an
orientational relaxation time of 7 ps independent of
the excitation intensity provided that the exciton den-
sity is below 2 X 10'4 cm 3. These results demonstrate
that residual scattering of the exciton is much more ef-
ficient than the coupling to the photons. Thus, the po-
lariton concept usually employed in GaAs is not the
appropriate description for excitons near the reso-
nance.

We used for our experiments high-purity GaAs
layers clad by AQ3Gao7As and grown on n+-GaAs
substrates by molecular-beam epitaxy. The substrates
were polished down to wedges of about 30-p, m average
thickness. The thickness of the unintentionally doped
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GaAs layer was 190 nm. The sample was immersed in
superfluid helium during the experiments. A synchro-
nously pumped tunable dye laser with Styryl 9 was em-
ployed as the excitation source. The autocorrelation
width was about 3.7 ps, the width of the power spec-
trum 0.9 meV. The laser beams were focused onto the
sample with a spot size of 5X 10 cm2. Th'e coherent
emission was detected by a cooled photomultiplier
with a GaAs cathode.

First, we characterize the exciton transition in the
frequency domain. Figure 1 displays typical transmis-
sion and photoluminescence spectra of a 190-nm-thick
GaAs layer in the vicinity of the 1s exciton resonance.
The transmission spectrum shows at 1.515008 eV the
absorption line of the 1s exciton which exhibits a small
shoulder on the high-energy side. Additional absorp-
tion lines are seen at 1.5158 and 1.5165 eV.

These absorption lines are attributed to exciton tran-
sitions belonging to the quantized electronic subbands
of index Win the thin GaAs layer. Taking the nominal
thickness of L, = 190 nm, a heavy-hole mass of
0.45mo, and an electron mass of 0.067mo, we obtain
for the confinement energy E, of the heavy-hole elec-
tron transition in an infinite quantum well a value of
E, = 0.18 meV. The energy positions of the absorption
lines are in reasonable agreement with the corre-
sponding exciton transitions given by E~ = Eo + E,N2,
where En=1.5149 eV is the band gap of the GaAs
minus the exciton binding energy.

In Fig. 1 we also compare the measured transmis-
sion spectrum to a theoretical one calculated by using a
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FIG. l. Experimental (solid fine) and theoretical (dotted
line) transmission and photoluminescence (dashed line)
spectra of a 190-nm-thick GaAs layer in the vicinity of the
1s exciton resonance at 2 K. The excitation intensity for the
photoluminescence is about 30 m%/cm2 at an excitation
wavelength of 632.8 nm. Spectral resolution is about 0.04
meV.

single oscillator model. If we take into account two
exciton-free surface layers, the effective layer thick-
ness is L,ff L, —4a0=140 nm, where ao is the exci-
tonic Bohr radius. The L-T splitting EL —ET is 0.08
meV and the background dielectric constant is 12.6.s
The background transmission at 1.513 eV is scaled to
the experimental one. The good agreement between
theoretical and experimental transmission yields the
homogeneous linewidth of I =0.20 meV and the
transverse eigenenergy ET = 1.515 02 eV which is
slightly shifted to lower energies with respect to the
absorption peak position.

The small discrepancy of the absolute value of the
transmission minimum might be due to our crude
single-layer model which does not take into account
the smooth change of the excitonic polarizability near
the interfaces. '.

Also shown in Fig. 1 is a photoluminescence spec-
trum in the near-band-gap region. The energy posi-
tion of the excitonic emission line at 1.515 eV agrees
within spectral resolution with the excitonic eigenener-
gy as determined from the fit to the absorption line.
These results indicate that the absorption as well as the
emission of excitons in a thin GaAs layer has to be
described by quantized excitonic levels. Optical excita-
tion nearly perpendicular to the layer creates only exci-
tons with a small wave vector k~~ and therefore close
to the resonance frequency. Thus, each exciton can be
described by a highly degenerate two-level system.

Next we show in Fig. 2 the results of our
degenerate-four-wave mixing experiments where the
pulses are tuned to the N=1 exciton resonance. The
upper inset shows schematically the geometry of the
transient-grating experiment. Two incident pulses,
overlapping in time and focused onto the sample, are
forming a transient grating of excitons which diffracts
a third, delayed pulse. The upper gives the intensity of
the signal No. 4 for the case that the two incident
pulses are polarized parallel to each other. For delays
long compared to the pulse length, the diffraction by
the population grating directly monitors the decay of
an incoherent exci ton- density grating.

The exciton-density modulation decays by diffusion
and by the finite exctton lifetime which is determined
by capture by impurities and radiative recombination.
The decay time of about 250 ps obtained at low exci-
ton density has to be attributed to a free-exciton life-
time of 500 ps because diffusion can be neglected for
the large grating constant of about 20 pm. The exci-
ton lifetime increases up to a few nanoseconds for in-
creasing exciton density indicating the importance of a
capture by impurities at low excitation intensities.

The efficient diffraction peak near zero delay arises
from a grating formed by the coherent macroscopic po-
larization of excitonic states (orientational grating).
Scattering randomizes the orientation of the excitonic
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FIG. 2. Experimental (solid line) and theoretical (dotted
line) diffracted intensity vs delay of the DFWM experiment
for three different configurations. Insets: The schematical
arrangements of the three-pulse and two-pulse DF+M. I'
denotes the polarization of the pulses. The pulses are tuned
resonantly to the 1sexciton transition. The excitation inten-
sity for the pulses is I~= I2= 73=3&109 photonslcm' pulse
corresponding to 2.4x 10" excitons/cm pulse. Comparison
with theoretical curves yields the phase coherence time Tq

and the lifetime of an excitonic state T&.

dipoles as well as the momenta parallel to the layer and
gradually transforms the coherent grating into the in-
coherent exciton-density grating. The orientational re-
laxation can be observed much more clearly for the
case of a grating formed by two orthogonally polarized
pulses No. 1 and No. 2. In this configuration the exci-
ton distribution is spatially uniform; only the orienta-
tion of the excitonic dipoles is periodically modulated.
The results are shown in Fig. 2(b). Two mechanisms
contribute to the diffraction.

(1) For positive delays the later pulse, No. 3, is dif-
fracted off a grating set up by the first two pulses.
Thus, the decay of the orientational grating directly
monitors the lifetime of a particular exciton state with
a well-defined wave vector k~~ and an orientation P as
given by the excitation geometry. The corresponding
time constant Ti describes the randomization of the
excitomc states.

(2) The rise of the diffraction curve reflects the
scattering of a pulse No. 2 off a grating set up by early
No. 3 and the later No. 1. This diffraction mechanism
probes the phase coherence of the excitons excited by
pulse No. 3.6

We also show a theoretical diffraction curve calculat-
ed for a homogeneously broadened line. In order to
incorporate the effect of a finite pulse length, a
density-matrix formulation of the optical Bloch equa-
tions is used where we treated the N = 1 Wannier exci-
ton as a homogeneously broadened two-level system. ~

We assume Gaussian pulse shapes fitted to the auto-
correlation trace. The only adjustable parameters are
the phase-coherence time T2 and a population relaxa-
tion time Ti. A good agreement between the experi-
mental and theoretical diffraction curves is obtained
for a phase-coherence time T2=7 +0.5 ps and a life-
time of an excitonic state Ti = 7 +0.5 ps. The fitting
procedure also proves that the rise is given by T2 and
the decay by Ti.

The inset in the lower part of Fig. 2 shows the
schematic arrangement of the two-pulse DFWM. The
first pulse excites excitonic states with a wave vector
k~~

= 1.5X 103 cm ' and with an orientation given by
the excitation geometry. Interference of the macro-
scopic polarization left from No. 1 with the polariza-
tion from the delayed second pulse forms an orienta-
tional grating of excitons. The second pulse is self-
diffracted, thus probing the phase coherence. In Fig.
2(c) the diffracted intensity of the signal No. 3 versus
delay between No. 1 and No. 2 is depicted. Compar-
ison with the theoretical curves yields the phase coher-
ence time T2=7 +0.5 ps which is in excellent agree-
ment with the results from the three-pulse experi-
ment.

The phase-coherence time T2 corresponds to a
Lorentzian linewidth I' given by I'=(li/e)(2/T2)
=0.18 +0.01 meV. This value is in reasonable agree-
ment with the linewidth I' obtained from the transmis-
sion experiment indicating the consistency of the ex-
periments in the frequency and the time domain and
confirming the homogeneous broadening of the %= 1

exciton transition.
The observed Ti and T2 do not depend on the exci-

tation intensity provided that the corresponding exci-
ton density is below 5 x 10'4 cm 3. This fact demon-
strates that exciton-exciton interaction is neither the
origin of the scattering that destroys the phase coher-
ence nor the limitation of the excitonic lifetime, in
contrast to the investigations on the excitonic polariton
in CuCI." The obtained phase coherence and orienta-
tional relaxation times of Wannier excitons are by
more than 1 order of magnitude larger than the
scattering times of free electron-hole pairs excited
above the band gap of GaAs. 9'o In contrast to free
carriers with long-range Coulomb interaction, excitons

1799



VOLUME 57, NUMBER 14 PHYSICAL REVIEW LETTERS 6 OCTOBER 1986

are neutral particles with short-range potential. Thus,
for sufficiently low exciton density, exciton-exciton in-

teraction can be discarded. This is confirmed by our
observation that the phase-coherence time decreases
for exciton densities above Sx 10'4 cm

We explain the observed rapid relaxation of the ex-
citonic states by longitudinal acoustic-phonon scatter-
ing. For bulk GaAs (L,=~) the broadening of the
exciton induced by phonon scattering at 2 K is estimat-
ed to be I'=3 p.eV by use of equation 2.27 and the
material parameters of Takagahara. " However, in a
thin GaAs layer (L,=3ao) the homogeneous
linewidth is calculated to be about I'=1 meV. '2 This
enhancement of the scattering rate is due to the fact
that the wave-vector component perpendicular to the
layer does not have to be conserved. The linewidth
decreases only slowly for increasing layer thickness so
that for intermediate thicknesses also an enhanced
scattering rate is expected. '

This interpretation is confirmed by our observation
that the phase-coherence time decreases with increas-

ing temperature (T2=5 ps for T=5 K). Acoustic-
phonon scattering also explains the fact that the phase
coherence is not lifetime limited (Ti & T2i'2), i.e.,
there occur scattering events which change only the
phase and not the excitonic state. Scattering by one
phonon of wave vectors parallel to the layer, q~~e0,
transfers the excitonic state specified by k~~ into

k~~ +qs leading to a randomization of the excitonic
states and also of the phase. Scattering with longitudi-
nal phonons of q~~

=0 or with two phonons with

qi~~
= —

q2~~ might leave the state unchanged but des-
troys the phase.

The surprisingly small value of T2 found for Wan-
nier excitons in GaAs shows that the coherent cou-
pling between excitons and photons is strongly dis-

turbed. The homogeneous linewidth is two times the
L-T split which measures the oscillator strength and
corresponds to the time by which excitons switch into
photons and vice versa. Thus, the dynamics of Wan-

nier excitons in GaAs is dominated by acoustic-
phonon scattering rather than by the coupling to pho-
tons. This corresponds to a situation in the bulk crys-
tal where the propagating polaritons excited near reso-
nance are attenuated within the wavelength. The usu-

al description of polariton dynamics by the real part of
the dispersion relation has to be extended by inclusion
of the nonnegligible imaginary part of the dispersion
relation. Consequently, the excitonic resonance is

broadened which might obscure detection of spectral
features characteristic for spatial dispersion (i.e., the
so-called "additional boundary condition" problem). '

In conclusion, we have measured for the first time
the phase coherence and the orientational relaxation
time of Wannier excitons in GaAs by employing a thin
layer geometry. The observed short phase-coherence
time of 7 ps and orientational relaxation time of 7 ps
are due to residual scattering on acoustic phonons and
impurities. Comparison of the homogeneous line-
width with the L-T splitting reveals that the coherent
interaction between excitons and photons is weak, im-

plying a minor role of the polariton concept for the
dynamics of excitons in GaAs.
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