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Resonance Rayleigh scattering from electronic states in materials with static disorder is investigated
both theoretically and experimentally. By using classical scattering theory we prove that this process, if
excited by short optical pulses, decays with finite time constant determined by the coherence time or,
equivalently, the homogeneous linewidth of the state. Experiments with picosecond time resolution at
the (n =1, e-hh) exciton in GaAs/Al,Ga,_,As multiple-quantum-well structures confirm this predic-
tion. Exploiting the selection rules, from transient scattering the coherence time and energy-relaxation
time are determined and measured as functions of exciton energy across the inhomogeneously broadened

exciton band.

I. INTRODUCTION

The investigation of dephasing processes of optically
excited states in solids has recently become an active and
fast progressing field of research. Using various ad-
vanced laser spectroscopic techniques, these processes
have been studied both in crystalline and in amorphous
material systems (for recent reviews and references, see,
e.g., Refs. 1-3). The important quantity to be extracted
from the measurements is the homogeneous linewidth
8E, ., or its equivalent, the coherence time 7, of the op-
tical transition. Defining 8E,,,, as full (energy) width at
half maximum (FWHM) of the homogeneous absorption
line shape, it may be written in the form

SE o = 2%/ 7o =2#4(1/2T, +1/T5) . (1)

Here, 7, (identical with the optical dephasing time often
denoted by T,) represents the average time during which
the ensemble of excited states loses phase information.
T, denotes the (total) energy relaxation time. Resulting
in a depopulation of the states with rate 1/T, it takes
into account all inelastic processes such as radiative
recombination, phonon scattering, and others. Elastic
processes, on the other hand, contribute through 1/7)
where T is the “pure” dephasing time as usually intro-
duced.

As implied by Eq. (1), measurements to determine
S8E},m can be performed either in the frequency or in the
time domain depending on the investigated system. In
solids, the homogeneous linewidth is commonly obscured
by more or less pronounced inhomogeneous broadening
effects and therefore is not accessible to direct linewidth
measurements. Still, information on 8E , can often be
obtained from spectral investigations such as fluorescence
line narrowing or spectral hole burning.! These tech-
niques eliminate the inhomogeneous width and were fre-
quently employed to explore the dephasing mechanisms
in doped organic and inorganic glasses. On the other
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hand, the development of coherent transient techniques
with picosecond and subpicosecond time resolution has
permitted measurements in the time domain from which
Teon 18 directly obtained and 8E,,, can be deduced.?
Among the methods of this second type are time-resolved
degenerate four-wave mixing,*~’ photon echoes,®° tran-
sient absorption correlation, ! and, most recently, quan-
tum beat spectroscopy.'!™'* All were especially used in
the investigation of dephasing processes of excitonic
states in various crystals.

A direct and conceptually straightforward technique to
measure coherence times of excited states is resonant
Rayleigh scattering which up to now was hardly made use
of. This kind of scattering process is well known from
two-level atomic systems. I3 For these, one can show that
under resonant coherent cw excitation, besides in-
coherent fluorescence emission, an elastic Rayleigh com-
ponent is to be expected in the spectrum. This com-
ponent originates from excited states that do not experi-
ence relaxation between absorption and emission thus re-
sulting in a coherent coupling of the scattered signal to
the exciting light. Besides being coherent, a particular
advantage of resonant Rayleigh scattering is that it is a
linear process which, in comparison to the nonlinear
techniques mentioned above, largely facilitates the data
analysis.

For resonant Rayleigh scattering to occur in crystals,
the quasimomentum selection rule, which determines the
kinematics of the elastic-scattering process, has to be at
least partially lifted. This requires some kind of disorder
which manifests itself as an inhomogeneous broadening
of the electronic transition. Actually, resonance Ray-
leigh scattering in crystalline materials had first been ob-
served by Hegarty et al. in GaAs/Al,Ga;_,As
multiple-quantum-well (MQW) structures,'® where the
energetically lowest (n =1,e-hh) exciton exhibits appre-
ciable inhomogeneous broadening due to compositional
disorder at the interface or in the mixed crystal barrier.
Using cw excitation, in their experiments these authors
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were able to nicely demonstrate the resonance enhance-
ment of scattered Rayleigh intensity at the exciton transi-
tion.!”"!® Another reason for resonant Rayleigh scattering
to occur is the roughness of the surface. This effect is
well known from metallic surfaces!® and recently was also
found to occur near the direct exciton resonance in bulk
CdS. 20,21

All these investigations were restricted to measure-
ments of the stationary response while the question of the
time dependence of the resonant Rayleigh scattering pro-
cess was left open. In the present paper, we prove both
theoretically and by experiment that for excitons in disor-
dered systems the decay of resonant Rayleigh scattering
following short laser pulse excitation is characterized by
a finite time constant, namely by the coherence time or,
equivalently, the homogeneous width of the exciton state.
Using scattering theory based on Maxwell’s equations
and a semiclassical dielectric susceptibility, we derive ex-
pressions for the scattered intensity both for cw and 6-
pulse optical excitation. Having already reported some
preliminary results,?? we also present experimental inves-
tigations at the (n =1,e-hh) exciton resonance in a
GaAs/Al, Ga,_,As MQW (x =0.43). Using picosecond
spectroscopy and measuring the time evolution of the res-
onant Rayleigh intensity, we are able to reveal the finite
decay and, by exploiting the selection rules, to derive the
coherence time and energy-relaxation time as function of
exciton energy and temperature.

II. THEORY OF TIME-DEPENDENT RESONANT
RAYLEIGH SCATTERING

Usually, in optical experiments such as, e.g., in Raman
or Brillouin scattering, the elastic process giving rise to
the Rayleigh line is a dirt effect that is caused by
insufficient quality of the sample surface or bulk. It origi-
nates from spatial fluctuations in the refractive index con-
nected with electronic resonances at much higher photon
energies. The strength of the Rayleigh line in these cases
is often larger by several orders of magnitude compared
with that of the desired Stokes-shifted signal, and its
width and tail often limit the detection of scattering sig-
nals at very low energies. In high-quality crystals, how-
ever, in which this disturbing effect is strongly reduced or
can be minimized experimentally, a contribution to the
Rayleigh process is detectable that is resonant with an
optical transition and can provide useful information on
the respective transition itself. A prerequisite for reso-
nant Rayleigh scattering to occur is the existence of any
kind of disorder in the scattering system that gives rise to
spatial fluctuations in dielectric response of the material
under study.

The elastically scattered intensity for this process, ex-
pected both for cw and short pulse excitation, can be de-
rived from a strictly classical treatment of Rayleigh
scattering. To this end we describe the resonant part of
the dielectric function of the scattering medium by a spa-
tially fluctuating susceptibility x¢(r,®) that occurs in ad-
dition to the usual background susceptibility. This may
be realized by a spatially dependent resonance frequency
wo(r) of the transition, as, e.g., in the case of semiconduc-
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tor solid solutions and quantum-well structures. The im-
portant quantities characterizing Yg(r,®) are the distri-
bution function of resonance frequencies denoted by g(w)
and the spatial correlation function that will be assumed
to be of Gaussian form

(xi(r,0)xs(r,0"))
={x%(r,0)xs(r,0"))gexp( —|r—1|?/& (0,0')?) .

(2)
Here, (x¥(r,0)xs(r,0')), is the correlation function for
r=r’ and £, (w,®’) is the correlation length which is gen-
erally frequency dependent. It characterizes the spatial
extend over which coherence of the electronic states ex-
ists, a finite £, showing the localized nature of the states.
To avoid unnecessary computational complications, in
the calculations we will disregard any influence of the
surface of the scattering medium and also neglect the
background susceptibility.

Being the source of the scattered field in lowest order
of scattering theory (Born approximation),?> the time-
dependent dielectric polarization can be written as the
time integral

Po(r,t)< [ ° di'xs(r,t)Eo(r,t —1') . 3)

Here, xg(r,t) represents the Fourier transform of the spa-
tially fluctuating resonant susceptibility ys(r,w). Eq(r,t)
represents the electric field of the incident (laser) light
wave at frequency w; producing the additional polariza-
tion Pg. While having retained in Eq. (3) the temporal
nonlocality of the medium, spatial nonlocality is neglect-
ed as justified for electronic states with £, <A, i.e., with
spatial extension small compared to the wavelength of
light, the only case that will be considered here.
Assuming the incident light field to be of form

rkp | ik ey

Ey(r,t)= 4,

t— CL (4)

ar

[A44(2): amplitude; k;: wave vector; e;: polarization
unit vector; r: displacement vector (cf. Fig. 1)]. It is
straightforward to calculate from Eq. (4) the scattered

FE motion

~E.0 (Ftt:w‘._)

FIG. 1. Resonance Rayleigh scattering in a solid with static
spatial disorder. E, and Ey are the incident and elastically scat-
tered electric fields with frequencies w; and ws=w;. In the
case of quantum wells, &, represents the coherence length of the
electron and hole states that characterize the lateral extension
of regions in which free-exciton (FE) motion parallel to the
quantum-well layers is possible (see the text).
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electric field Eg by using Maxwell’s equations. Introduc-
ing the Hertz vector Zg,?* it is given by

Eg(r,t)=—k}eg X[eg XZg(r,1)] (5)
with
—iwp (t—R/c)
e
Zszf%
© o, t' R
X LAy [t ———¢
f—ooe 0 c J
X 3. oy, Fky —kg)r ’
[fyd r'ys(r't')e dt’ (6)

[eg: unit vector along direction of observation R;
kg =(wy /c)eg: wave vector of scattered light]. In deriv-
ing Eq. (5), it is assumed that the magnitude of the fluc-
tuating part of the susceptibility is sufficiently small so
that multiple-scattering processes can be neglected (valid-
ity of the Born approximation), and that the scattered
wave is observed in far field (i.e., for the volume V of the
scattering region small compared to the distance of the
observation point) and the time variation of the field am-
plitude Ay(¢) as well as of yg(r,t) occurs on a much
longer time scale than the inverse light frequency. Equa-
tion (6) represents a spherical scattered wave at frequency
wg=w; with the amplitude given by the spatial Fourier
transform of the susceptibility at the scattering wave vec-
tor k; —kg.

If we take the frequency-dependent susceptibility to
have a Lorentzian structure,

[oF

Xs(60) = o i8E . /2%’ @
one obtains, through Fourier transformation,
)(S(r,t)=—iwde(t)e_i%t_(w""'“/mt ’ @)

where wgy(r) and 8E,,, =2%/7., are the exciton reso-
nance frequency and homogeneous linewidth, respective-
ly, already introduced above. ©O(t) is the Heaviside step
function and w, is a constant representing the strength of
the dielectric response. Renouncing the spectral infor-
mation, the scattered intensity detected at distance R
from the scattering volume is calculated from the ensem-
ble average I(R,t)=(E*(R,t)E(R,t)). For excitation
within the inhomogeneously broadened electronic transi-
tion [distribution function g (@) of transition frequencies],
one finds

I(R,1) = cos’&] exp(— |k, —ks|?52 /4)g (@)
2
Xfwdt, t__ﬂ_t,J ' e—(BEhom/ﬁ), ©)
0 c

with ¢ denoting the scattering angle between vectors k;
and kg (Fig. 1). In order to derive Eq. (9) and to perform
the necessary integration over the space coordinate, ac-
cording to Eq. (2) the susceptibility correlation function
(x%(r,0)xs(r',0')) is taken to be of Gaussian form. One
also has to presume that the correlation length &, of the
scattering regions is frequency independent. According

4o

9671

to Eq. (9), the scattered intensity shows a pronounced
dependence on the scattering angle, which sensitively
reflects the spatial structure of the disorder and in princi-
ple would allow us to determine its correlation length &..

Taking the incident field amplitude A4, to be time in-
dependent as in the case of cw excitation, integration of
Eq. (9) yields an intensity showing resonance enhance-
ment inversely proportional to the homogeneous
linewidth. For 8-pulse excitation the intensity becomes
time dependent decaying out with time constant 8E,, /#
or 2 /7., [Eq. (1)]. Thus, measuring the decay of the res-
onantly scattered Rayleigh intensity enables us to deter-
mine the coherence time or homogeneous linewidth of
the optical transition. We note that, in view of this re-
sult, the time dependence of the resonant Rayleigh
scattering process is quite different from that expected for
the specularly reflected intensity>® which should decay
with the reciprocal of the total energy width. This is due
to the difference in phase relaxation of the electromagnet-
ic waves scattered from different points of the sample.
While in specular reflection all waves add up coherently
due to their identical phase, in the Rayleigh process we
have a statistical distribution of phases and therefore in-
cidental superposition of the scattered waves.

III. MECHANISM AND SELECTION RULES
IN MULTIPLE-QUANTUM-WELL STRUCTURES

To explain the occurrence of the resonant Rayleigh
process specifically in GaAs/Al,Ga,_, As multiple quan-
tum wells, one has to ask for the possible origin of the
disorder. Because of the layered structure and restricted
geometry, exciton motion in quantum wells is two dimen-
sional with the exciton wave vector oriented parallel to
the layer while localization occurs perpendicular to it.
According to the model developed by us previously, ¢ the
quantum well may be visualized to consist of small re-
gions in which the exciton (Bohr radius a3P) is free to
move as schematically shown in Fig. 1. The lateral exten-
sion of these regions is determined by the coherence
length £, (or mean free path) of the electron and hole
Bloch states. Due to disorder-induced scattering, mostly
at compositional fluctuations at the interface and in the
mixed crystal barrier &, is finite, but has to be large com-
pared to a3P (for GaAs quantum wells ~10 nm) for a
free exciton to exist at all. Within each of these regions,
the quantum well provides an average potential for the
electronic states corresponding to an effective well width
L, . This, in turn, causes local differences in exciton fre-
quency wg(r) across the sample. They are the origin of
the inhomogeneous broadening of the exciton transition
and, because of the strong dispersion near resonance,
finally give rise to the spatial fluctuations in refractive in-
dex or susceptibility necessary for resonant Rayleigh
scattering to occur.

As the exciton which is initially created in a coherent
state undergoes dephasing, in any experiment one has to
discriminate between coherent and incoherent processes.
In the case of resonant Rayleigh scattering, the elastic
processes give rise to an (incoherent) hot luminescence
component at energy E¢=E;. Although there has been
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a long standing controversy about the discrimination of
coherent scattering and incoherent hot luminescence (see,
e.g., Refs. 27-30), recent theoretical work?31:32 has prov-
en that under the assumption of weak coupling of the ex-
cited electronic states to a heat bath and to the light field,
the decay of the coherent scattering is governed by the
coherence time 7., while hot luminescence processes de-
cay with the energy relaxation time 7;. More
specifically, these conditions mean that polariton effects
can be neglected which is obviously the case for the in-
vestigated GaAs quantum wells but will make similar
considerations difficult in bulk GaAs or quantum wells
with very narrow linewidths.

For excitons in quantum wells, in addition, one has to
take into account the degeneracy of the states. Corre-
sponding to the D,; symmetry of the quantum well, the
lowest (n =1,e-hh) exciton is doubly degenerate (symme-
try I's) having transition moments along mutually or-
thogonal directions [110] and [110] in the plane of the
quantum well.?2 Excitation with light polarized along
one of these directions therefore creates the exciton in a
state with well-defined polarization and phase (state |x’)
or |y'), respectively; cf. Fig. 2). If the exciton is
sufficiently long lived, the phase may be destroyed by
elastic scattering into the degenerate state having orthog-
onal polarization. Clearly, the polarization of the emit-
ted light then has lost correlation to that of the incident
light even though the exciton did not undergo inelastic
scattering (energy relaxation). It implies the intensity I,
in orthogonal (“forbidden”) polarization to be hot
luminescence (HL) while the intensity difference I}, —1I,
remaining in parallel (“allowed”) polarization corre-
sponds to coherent Rayleigh scattering (RS) originating
from excitons not having experienced relaxation at all.
Correspondingly, both coherent and incoherent processes
contribute to I consistent with the expectation that the
hot luminescence is unpolarized. In principle, there may
be dephasing processes which do not lead to a depolariza-
tion, e.g., by the static disorder itself. However, in sys-
tems, where the spatial correlation length of the fluctua-
tions is large compared to the exciton Bohr radius, no de-
phasing due to the disorder is expected. 3

The time-dependent RS and HL intensities (propor-

ch/qpt\\
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FIG. 2. Energy-level system used to analyze resonance Ray-
leigh scattering in GaAs/Al,Ga,_,As quantum wells. The (de-
generate) free and the localized exciton states (FE, LE) are
shown together with the relevant scattering processes character-
ized by corresponding rates as defined in the text.
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tional to population) are readily obtained by analyzing
the exciton energy-level scheme in Fig. 2 in terms of rate
equations for population. Introducing rates 1/7; and
1/T, to account for elastic and inelastic scattering and
solving the system of differential equations for 8-pulse ex-
citation, one gets

Ins=I,—I,~ |3 (Mses)Myer) zeWZI/T‘"’h , (10)
a
Iy =1,
~% S [(Mes)(Mgep)Pe T —e ) 1)
a,a

In these expressions, 7, is defined as in Eq. (1) and the
total-energy relaxation rate is given by 1/7, =g+,
including radiative recombination and phonon scattering
of free excitons (FE) (rate I'gg) as well as exciton capture
(rate I ,,¢) in the localized exciton (LE) states. The pre-
factors are taken from a more elaborate quantum-
mechanical calculation.? They contain the selection rules
with e;,eg designating the polarization unit vectors for
the incident and the scattered light and M,, - the transi-
tion moments connecting the crystal ground state with
exciton states a,a’=|x'),|y’). N is the number of de-
generate states (V=2 in the present case). According to
Egs. (10) and (11), the decay of the difference of polarized
intensities directly provides 7_,,. I, then serves to sepa-
rately deduce the energy relaxation time 7'; and, through
Eq. (1), the pure dephasing time 7.

IV. EXPERIMENT
A. Setup and scattering geometry

The experimental setup which we have used is the
same as described previously.?>?® A 90° scattering
geometry was chosen with the light entering the
quantum-well sample under Brewster’s angle (ap ~75°).
Due to the large refractive index of the material
(n=3.5), the directions of incident and scattered light
propagation within the sample are oriented under angles
of 15° and 4° to the surface normal which is along the
growing direction z’|[[001]. In effect, this geometry cor-
responds to nearly 180° backscattering and allows the
detection of I and I, (scattered light polarizations along
x'||[110] and y’||[110], respectively), as required. Ac-
cording to Fresnel’s equations, excitation under
Brewster’s angle with light polarized in the plane of in-
cidence results in optimum coupling of the field into the
sample and minimum reflection into the direction of ob-
servation. Therefore, the chosen geometry is most ad-
vantageous in studying polarized Rayleigh scattering.

In the picosecond pulsed measurements special precau-
tions were met to reduce the zero-point jitter along the
time scale. In each measurement a directly detected
pulse transmitted via a monomode fiber to the photomul-
tiplier tube served as a common time reference.

B. Results and analysis

The experimental results which we obtained in study-
ing the resonant Rayleigh process in various GaAs/
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Al Ga,_, As multiple-quantum-well structures complete-
ly confirm the theoretical predictions in Secs. II and III.
As displayed in Fig. 3 for a sample with x =0.43, under
cw excitation we observe a pronounced resonance
enhancement of the Rayleigh scattered intensity across
the (n =1, e-hh) exciton. The width of the resonance is in
agreement with the inhomogeneous linewidth of the exci-
ton which in this sample is §E;,;, = 1.2 meV (FWHM) as
found from independent excitation measurements. To re-
veal the resonant contribution to the elastically scattered
intensity, the excitation beam was focused down to a
small spot of about 50 um in diameter. Simultaneously,
its intensity was reduced to less than 0.1 W/cm? power
density to avoid high excitation effects. The spot at the
sample surface was imaged onto a charge coupled device
(CCD) camera and scanned across the sample to find lo-
cations where scattering outside the exciton resonance
was as weak as possible. Compared to “usual” excitation
conditions (see, e.g., the inset of Fig. 6), the low laser
power changes the appearance of the spectrum quite
drastically. It brings up the intensity of the localized ex-
citon (LE) relative to that of the free exciton (FE) which
occurs mostly concentrated around the resonance Ray-
leigh peak. The spectral width of the exciting laser was
8E; <0.02 meV, i.e., small compared to the homogene-
ous linewidth (see below). Under this condition, the Ray-
leigh linewidth, in principle, is determined by 8E;,'° the

e R |
1
m” 0.85
4r- i
E j\iE\\
g LE
: I 0.68
o] -
5° L
=
)
8 2
< P~ 0.6
I
1+ L
I 0.16
1
:&:“ 0
or— L |
1.551 1.554 1.557

Photon energy (eV)

FIG. 3. Resonance enhancement of the Rayleigh-scattered
intensity for cw laser excitation across the n =1,e-hh free exci-
ton (FE) in a GaAs/Al,Ga,_,As (x =0.43) quantum well. The
sample consists of three wells with well and barrier widths of
L,=9 nm and L, =105 nm. The incident light polarization is
e, ||[110]. I, and I, correspond to scattered light polarizations
es||[[110] and [110], respectively. LE denotes luminescence
from localized exciton states not discussed here. T=2 K. Pis
the degree of polarization at w; = wg.
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larger width seen in the spectra coming from the spectral
resolution of the monochromator as we had to open up
the slits for reasons of intensity. Depending on the
different sample quality, we have found enhancements in
integrated intensity by a factor 20 to 50 relative to the
nonresonant case.

Employing the selection rules of Sec. III, the spectra in
Fig. 3 were measured with differently polarized light. As
implied by the Rayleigh line intensity showing up in “for-
bidden” polarization (I,), considerable depolarization
occurs. It depends on excitation photon energy and gives
rise to a variation in polarization degree [P =(I,
—1I,)/(I;+1,)] between 0.85 at the high-energy side of
the FE and complete depolarization in the LE region (see
Fig. 3). Because the resonance enhancement at the exci-
ton originates from the combined effects of absorption
and homogeneous linewidth [cf. Eq. (9)], absolute mea-
surements of scattering intensities would be necessary to
determine the homogeneous linewidth or the coherence
time from cw experiments.

Using picosecond pulses for excitation and time-
resolved spectroscopy having sufficient time resolution,
we were able to prove experimentally the predicted finite
decay time of the resonant Rayleigh process which could
not be revealed before. Figure 4 illustrates decay curves
for the two orthogonal polarizations together with the
system response to the laser pulse (L) which had an actu-
al width of 5 ps measured by its autocorrelation. The im-
portant feature is the fast process in parallel polarization
which decays out in about 60 ps, but clearly is delayed
relative to the laser. The slow decay at longer times
found in both I, and I, (decay times ~ 150 ps at 2 K) is
due to thermally activated reemission from the LE states
and will be described in a separate paper. To more clear-
ly demonstrate the time decay of the Rayleigh process, in
Fig. 5 we plot the time-dependent difference I, —I, on an

108} 7\ GaAs/Al,Gaji_,As

= 0.43

Intensity (arb. units)

0 200 400

Time (ps)

FIG. 4. Polarized transient resonant Rayleigh scattering for
the sample in Fig. 3 excited in the exciton absorption peak at
E,=1.555 eV. The full lines are fits to the experimental data
(points); for clearer representation the curves are shifted along
the ordinate. The slow decay at longer times is due to thermal
reactivation of localized into free exciton states. L: system
response to the laser pulse measured off resonance. 7 =2 K.
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FIG. 5. Time decay of the coherent contribution to the Ray-
leigh intensity at 2 K. The normalized intensity difference for
two orthogonal polarizations is plotted vs time. Excitation at
various energies E; around the exciton peak E,. Dotted curve:
system response to the laser pulse off resonance.

extended time scale. According to Eq. (10), this represen-
tation directly reveals the coherent Rayleigh contribution
that decays with 7., while the intensities at longer times
cancel. The decay curves are shown for slightly different
excitation energies around the exciton resonance at E.
They are normalized and represented together with the
response to the exciting laser. In comparison with the cw
spectra in Fig. 3, in the time-resolved measurement the
spectral width of the exciting laser was broader
(8E; ~0.3 meV) to reduce its temporal width and have
sufficiently good time resolution.

The analysis of these measurements provides the vari-
ous relaxation times (Sec. III). The data obtained from a
series of measurements in which the excitation photon
energy (E;) was systematically varied across the free-
exciton transition are summarized in Fig. 6. Both 7.
and T, strongly depend on exciton energy. Due to the
increasing number of relaxation processes at higher ener-
gies, 7., decreases from about 20 ps to about 6 ps which
is presently the detection limit of our setup. This corre-
sponds to values of the homogeneous linewidth 0.06
<08E;,, =0.22 meV, i.e., smaller by a factor of 10 com-
pared to the inhomogeneous width of the exciton line.
These values are in good agreement with results obtained
in similar samples by nonlinear techniques.?3* In partic-
ular they are consistent with the assumption of noncoher-
ence of the spatially separated exciton states (cf. Sec. III)
as the dephasing connected with the inhomogeneous
broadening would correspondingly result in a decay
about ten times fast. Also, the scattering amplitude that
follows from the analysis (see Fig. 6) quite nicely repro-
duces the exciton line shape and width.

To test the quality of our analysis, we used the theoret-
ical time dependences of I and I, to fit the experimental
decay curves. The full lines in Fig. 4 show an example.

> FE
> }
o 30t £ EEeNlo
" 2T, a
3 - 1.550 1.553 | =
g [m] EIEI Energy (eV)
= 20f — \ S
5 ‘@M\E =
:g: Tcoh \Q\ (E;
% 107 A a %33\\ ®
o @ T A, e~ -
A —
olA . Fo A
1.552 1.553 1.554
Photon energy (eV)

FIG. 6. Coherence time and energy-relaxation time as func-
tion of energy in the exciton region as derived from the experi-
mental data. The dashed lines are guide lines for the eye. Also
shown is the scattering amplitude (open triangles). Inset: free
and localized exciton spectrum (FE, LE) at 2 K.

For the fit we took the corresponding set of relaxation
times and performed a convolution with the measured
system response to the laser pulse. Similar fits were per-
formed for other excitation energies all giving very good
agreement.

Comparison of the relaxation times in Fig. 6 with Eq.
(1) suggests that the exciton coherence is predominantly
destroyed by inelastic-scattering processes characterized
by rate 1/7T,. Nearly independent of exciton energy,
pure dephasing (rate 1/75) contributes with about
20-25 % to the homogeneous linewidth. For excitation
in the exciton resonance at energy E,, we have also stud-
ied the temperature dependence of the decay and found a
linear increase of 8E,,, with temperature between 2 and
17 K. It suggests that the exciton-phonon interaction is
predominantly governed by LA phonons via deforma-
tion-potential coupling. Quantitatively, however, the
scattering rate is larger than expected on the basis of
theoretical calculations?® which may be due to noncon-
servation of the k vector induced by the static disorder.

V. CONCLUDING REMARKS

As demonstrated theoretically and experimentally in
this paper, resonant Rayleigh scattering represents a very
direct and powerful method for measuring the homogene-
ous linewidth and provides detailed knowledge on exciton
dynamics. The relevant information is contained in the
resonant contribution to the elastically scattered intensity
which usually is obscured by a large nonresonant part.
As already pointed out, in this respect it is similar to oth-
er types of light-scattering processes such as Raman and
Brillouin scattering or quasielastic critical light scatter-
ing. The mechanisms for these processes, however, are of
quite different origin because in these cases dynamical
fluctuations either in the phonon field or in entropy give
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rise to the scattered signal. Distinctly different from this,
a prerequisite for resonance Rayleigh scattering is a spa-
tial static disorder of the investigated system as in the
heterostructures described in this paper. As such, this
method generally is applicable to investigate the relaxa-
tion properties of electronic states in disordered systems

9675

and in particular works at very low intensities where non-
linear techniques become problematic.
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