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Coherence effects in light scattering of two-dimensional photonic disordered systems:
Elastic scattering of cavity polaritons
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Resonant scattering by cavity polaritons in a semiconductor microcavity is investigated. The bidimensional
photonic behavior is well shown by the angular spread of the Rayleigh scattered light on the elastic cone.
Moreover, the strong coupling between the excitonic oscillator and the cavity mode enables the simultaneous
observation of both~i! universal properties of disordered systems such as coherent backscattering over a large
angular width, and~ii ! scattering anisotropy due to the microscopic nature of the scatterer.
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Interference and coherence effects in elastic light sca
ing from disordered systems have been the focus of w
interest due to their importance in many domains of physi1

They have also been revived by the analogies that could
made with theories and experiments developed for the pro
gation of electrons in disordered systems, such as the w
and strong localization regimes.2 For electron systems, suc
studies have been seen as direct evidence of the qua
nature of the electron and resulted in the breakdown of c
sical transport descriptions such as the diffusion equatio
the Boltzmann equation.

For photons, coherence effects also led to the reexam
tion of radiative transfer equations.1 Of paramount impor-
tance was the observation for electrons or photons of w
localization in the form of coherent backscattering~CBS!,
which provides an unambiguous signature of phase co
ence in the system.1 The latter experiments are usually ca
ried out in a large variety of physical systems~thin films,
dielectric spheres, rods, etc.!, where the disorder is due t
fluctuations of the real part of the effective refraction ind
originating in either composition or size fluctuations of t
scatterers. These systems allow one to adjust the scat
density to yield a favorable ratio of light wavelength (l) to
light mean free path (l * ).3

In other light scattering experiments the light frequency
resonant with an elementary electronic excitation. In su
studies the disorder being observed is the one acting on
resonant electronic excitations.4–8 The light reemitted by the
system consists of~i! a coherent, elastic part due tostatic
disorder, called resonant Rayleigh scattering~RRS!; ~ii ! an
incoherent, elastic part called resonant hot luminescence
volving inelastic scattering events such as phonon scatte
~iii ! partially or completely thermalized contributions calle
photoluminescence~PL!. These emissions yield informatio
on the energy level scheme and nature of these levels, as
as on their dynamics. This is well demonstrated in tw
dimensional ~2D! semiconductor quantum wells~QW’s!:
PRB 610163-1829/2000/61~20!/13333~4!/$15.00
r-
e
.
be
a-
ak

um
s-
or

a-

k

r-

rer

s
h
he

in-
g;

ell
-

early work on RRS demonstrated exciton localization effe
and the existence of a mobility edge9 while more recent stud-
ies dealt with the dynamics of RRS,10,11 and the speckle
spectroscopy of disorder.12

In this paper, we report on resonant elastic light scatter
in a 2D system where the light-matter interaction is in t
strong-coupling regime. We use semiconductor microca
ties, where the 2D QW excitons are strongly coupled to
2D photon states of a high finesse planar Fabry-Pe´rot
cavity.13 The resulting coupled-mode excitations are cal
cavity polaritons.14

There are a number of original features in this syst
which impact on light scattering: First consider what ha
pens fornonresonant3D disordered systems in microcavitie
~the disorder is considered small enough for a cavity mod
develop!. In a first approximation, the scattered far-field lig
is distributed on the Fabry-Pe´rot cones. Such cavity-base
features of nonresonant disorder have been observed
modeled only in the small cavity finesse case~thin films!.15,16

First consider resonantly excited excitons in 2D quant
wells: one deals with a quasi-two-dimensional electronic s
tem, in which ideally elastically scattered excitons lie on
constant energy ring ink space. However, multiple scatterin
leads to a randomization of the scattered photon wave vec
with energy being conserved only between initial and fin
photon states.17

This occurs due to the low exciton dispersion on the sc
of the photon wave vector. Therefore, the RRS intensity
isotropic and does not reflect the bidimensionality of t
excitons.4,8,11,18 Investigating RRS of a quantum well in
microcavity in the weak-coupling condition, one mainly e
pects a cavity filtering of the scattered light and therefor
featureless ring of scattered light.

In contrast, a microcavity in the strong coupling regime
an almost ideal 2D photonic system: when photon lo
through the cavity mirrors is negligible~a good approxima-
tion in our high-finesse cavity19!, the coupled exciton-photon
R13 333 ©2000 The American Physical Society
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states~cavity polaritons! are a perfect 2D system and the 2
dispersion curve exhibits a significant curvature. It is the
fore expected, and indeed observed that scattering event
cur on the quasielastic ring of resonantly excited sta
showing the coherent and noncoherent effect of the mic
scopic exciton disorder and its anisotropy.

The experimental setup consists of a Ti:sapphire la
beam impinging at the edge of af /2 lens~Fig. 1!. The beam
is focused on the sample with an incidence angle of 9°
angular aperture of 1°. The same lens is used to collect
light emitted from the sample. The spot is 100mm in diam-
eter and impinging intensity is kept at a low value of 1
mW/cm2. The collected light either forms an image of the f
field pattern on a visualization screen~Fig. 1! or is coupled
into a monochromator. The screen is located either in fr
of or behind a beam splitter when the exact backscatte
direction is observed. A movable diaphragm after t
collection/excitation lens allows spectral measurements to
taken as a function of emission angle. In all cases, the e
tation is resonant with the lower cavity-polariton branch a
the sample temperature is between 1.5 and 4.2 K.

The sample consists of a high finesse microcavity form
from GaAs/AlAs distributed Bragg reflectors~21, 24 pairs
front and back, respectively! around a 2l GaAs cavity con-
taining three In0.04Ga0.96As quantum wells, one at each ca
ity antinode. The sample has a Rabi splitting energy of
meV and linewidths in the 100meV range.20 The cavity-
exciton detuning varies from18 to 24 meV ~negative for
cavity energies smaller them the exciton! as a function of
sample position due to a designed variation in the ca
length. Angular measurements show the now-stand
cavity-polariton dispersion curve. The quality of the sam
is such that disorder plays a small role in the spectral pr
erties of this system.

Figure 2~a! shows the far-field image of the microcavi
emission and scattered light as a function of angle. The
citation laser spot is in resonance with the lower polari
branch. In this image, a narrow ring of resonantly scatte
light can be seen showing some structure along the ring.
exciting beam covers a finite range of incidence angles la
than the cavity-polariton angular width. A neutral dens
filter has been used to reduce the intensity of the reflec
spot in Fig. 2~a!. A dark arc in the reflected beam can b
seen. It coincides with the ring of RRS, and represents

FIG. 1. Far field emission pattern setup, screen~a! is used in
most measurements, screen~b! is used for backscattering measur
ments.
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polariton as it would be seen in reflectivity. Careful inves
gations show the following:~i! The scattered ring is only
observed when resonantly exciting the lower polarit
branch and for all accessible negative and positive detun
up tod512.5 meV.~ii ! At negative detunings, it conserve
the linear polarization of the incident photon.~iii ! The inten-
sity variations along the ring resemble speckle features. T
are very sensitive to any variation in position, angle,
wavelength of the laser.~iv! The emission is spectrally iden
tical to the laser.~v! The intensity of the ring is strongly
temperature dependent. At higher temperatures~20 K! the
intensity vanishes and the ring becomes a featureless rin
unpolarizedlight. ~vi! Due to the limited dynamic range o
the camera, other effects are not visible in the figure, wh
will be discussed below.

There is PL inside the circle. The PL is nonresonant w
the laser, shows the same linewidth as the lower polar
branch, changes wavelength as a function of observa
angle, and follows the cavity-polariton dispersion curve14

Although the unambiguous proof of coherence can only
done by interferometric methods,21 the presence of speckl
@Fig. 2~a!# is already a very good indication of the coheren
of the elastic ring. We can therefore explain features~i!

FIG. 2. Far field image observed before the beam splitter@screen
~a!, Fig. 1# under resonant excitation of the lower cavity polarito
branch for~a! a detuning of22.5 meV. Note the elastic Rayleig
arc of circle, its speckle, the attenuated specularly reflected s
with the absorption beam appearing as a dark arc against an u
minished, nonresonant, reflected beam;~b! a detuning of11 meV,
T54.2 K. In both cases the intensity emission profile on the R
leigh circle vs the azimuthal angle is plotted above~counted from
the backscattering direction!. The large fluctuations present in~a!
and not in~b! are due to speckle effect. The continuous line in~a! is
a guide to the eye. ‘‘Spurious’’ beams found on all images origin
from reflection on cryostat windows.
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through~v! in the following way: the speckled, polarizatio
preserved ring observed at low temperatures, on the lo
polariton branch and negative detuning is due to RRS,22 and
the weak unpolarized featureless ring at high temperature
positive detuning to hot photoluminescence. This Rayle
scattering corresponds to in-plane momenta contributi
which span a region ink space much larger than the reci
rocal size of a polariton state~of the order of inverse mi-
crons!. It might be difficult to reconcile the observation o
Rayleigh scattering with well-defined polariton states, as
served in reflectivity or absorption experiments, or ev
measure a 2D dispersion curve.14 Due to the strong curvatur
of the cavity-polariton dispersion (104 larger than for exci-
tons!, intermediate states in multiple scattering remain n
the polariton dispersion curve. As a consequence it can
shown23 that weak disorder tends to break the vectorial
plane momentum polariton dispersion, while still preserv
the absolute value of the in-plane momentum. Therefo
while ki5(kx ,ky) is not a good quantum number anymor
ukiu remains a good one. The polariton states are then c
plex coherent superpositions, with cylindrical symmetry,
ideal polariton states of different azimuthal orientation.

A Rayleigh scattering experiment can then be underst
as the excitation of a subset of the whole eigenstate wh
then reemits over its whole extension ink space, or alterna
tively as the excitation of a wave packet which then spre
on the elastic ring. However, such a wave packet evolu
model leads to a Rayleigh emission centered around the
tial creation in-plane wave vector~i.e., around thereflected
beam!. A remarkable feature observed in Fig. 2~a! is that the
reflected intensity is stronger in the backscattered direct
showing that additional effects do occur. The favored ba
scattered direction is a feature consistently observed u
various conditions of excitation and detuning. As seen in F
2~a!, the line shape shows an enhancement of a factor of
the backscattered direction, with respect to the forward
rection, exactly as is expected from CBS. However, the
gular linewidth of CBS typically reported is in the range of
few mrad~both for 3D and 2D systems!. In our observation
the angular linewidth is around 90°, leading to aldb / l *
value close to 0.2 whereldb is the de Broglie wavelength o
the polariton.24 It is significantly below the Ioffe-Regel limit
(l' l * ) for optical Anderson strong localization and is
regime never observed up to now~to the best of our knowl-
edge! where line shape modification of the CBS
expected.25 To obtain a quantitative analysis of the prese
CBS phenomena is clearly beyond the scope of this pape
it requires a new formulation of CBS in strongly couple
systems.

Figure 3 shows a far field image as recorded with a be
splitter @screen~b! in Fig. 1# allowing the observation of the
exact backscattered direction. The bright spot in the ex
back scattered direction@Fig. 3~a!# is much too intense to be
attributed to CBS~up to 10 times that of the speckle ave
aged background!. If the excitation beam is rotated with re
spect to the crystallographic axis of the sample three s
can be seen. Each one follows a vertical and horizontal m
ror symmetry @Fig. 3~b!#. It is well known from optical
experiments26 or direct measurements27–29 that molecular
beam epitaxy~MBE! grown QW’s display microscopic an
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isotropic fluctuations with island structure elongated in t
$110% direction. Significant scattering anisotropy due to the
microscopic fluctuations has never been reported in b
quantum wells.

Here the anisotropic disorder is probed in a different w
due to the polariton nature of the system leading to a m
roscopic manifestation of a microscopic anisotropy. Wh
the CBS discussed previously is a general property of dis
dered systems, the anisotropy is due to the precise natu
the scatterer.

In conclusion, we have shown that elastic scattering
light in a situation of strong light coupling in a semicondu
tor system yields detailed information on the eigenstates
the 2D cavity-polariton system, in addition to providing
prototype of a 2D system to study light scattering. The c
herence of the scattered light for negative detuning, and
transformation to hot luminescence for positive detuning
strong proof of the phase memory associated with disor
scattering. The 2D photonic behavior is well shown by t
angular spread of the Rayleigh scattered light on the ela

FIG. 3. Far field image observed after the beam splitter@screen
~b!, Fig. 1#, displaying the backscattered intensity, for excitation
a plane of incidence$110% ~a! or about 30° off~b!. In both cases,
intensity emission profile vs azimuthal angle are plotted above.
arrows in~b! show how the scattered spots move with respect to
incident laser beam and the substrate crystal orientation. The
peak is hardly seen due to the spurious reflection but is cle
observed when moving the incident beam.
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cone. Moreover, the strong coupling between the excito
oscillator and the cavity mode enables the simultaneous
servation of both~i! universal properties of disordered sy
tems such as coherent backscattering over a large an
width, and~ii ! scattering anisotropy due to the microscop
nature of the scatterer. Such experiments provide a br
between light scattering experiments in disordered syst
d

ic
b-

lar

ge
s

and the physics of strongly coupled microcavities, open
eventually towards quantum disorder effects.
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