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Enhanced resonant backscattering of light from quantum-well excitons
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The angle-dependent resonant Rayleigh scattering of light from excitons in a disordered quantum well is
studied theoretically. An enhancement of the scattered intensity peaked on the backscattering direction is
predicted, for values of the parameters corresponding to realistic GaAs/AlGaAs heterostructures. It is shown
that this effect can be isolated by measuring the differential enhancement between two different scattering
directions. An analysis in terms of perturbation theory provides a simple analytical approximation of the
measurable quantity.

In recent years, the influence of structural disorder on th&BS can be evidenced in a differential enhancement mea-
optical properties of excitons in semiconductor heterostrucsurement, where the scattered intensities along and across the
tures has become the object of numerous experimental arlane of incidence are compared. By means of a perturbation
theoretical investigations. In addition to improving our un-theory, we provide an analytical expression of EBS which
derstanding of the physics of excitons, these studies are al§@tisfactorily accounts for the numerical results.
part of a much broader perspective, aiming at the systematic In what follows we adopt the theory of resonant Rayleigh
study of the general properties of disordered systems througfattering of excitons in quantum wells that we have recently
the investigation of the optical response of semiconductorsieveloped in Ref. 8. It is assumed that the disorder affects
Of particular interest is the resonant Rayleigh scatteringhe exciton center-of-mass motion giving rise to localized
(RRS mechanisnt;® namely, the resonant light scattering exciton eigenstates. The microscopic exciton polarization
into all directions due to the localization of the exciton centerP(R.t) is proportional to the exciton center-of-mass wave
of mass wave functions. RRS measurements usinddnction. An incoming electromagnetic wave drives the ex-
interferometrié or speckle-resolved technigdesroved to  Citon polarization which propagates according to the Schro
be a powerful tool for the study of dephasing processes iflinger equation

semiconductors. In  addition, time-resolved RRS
measuremenisand a microscopic RRS modehave given . h?
access to the statistics of energy-level distances characteriz- ~ ~11P(RU=| = 5 Ar+Vetiio. P(R,Y)
ing the exciton center-of-mass motion.
A general property of disordered systems consists in the +i yP(R,t)+ u Ejn(R,1). (8]

enhanced backscatterinEBS) of a wave propagating

through the disordered medium. The origin of this phenom-Here,% w, is the average exciton energy which we set to zero
enon lies in the time-reversal invariance of the system, whiclior simplicity, andy is the homogeneous damping term, ac-
holds generally in absence of a magnetic field. The sameounting for radiative recombination and dephasing pro-
mechanism is responsible for the weak localization of acesses. The potenti&gly describes the effect of disorder on
guantum-mechanical particle in a disordered potential. Théhe exciton center-of-mass motion. Within our modél, is
EBS of light has been observed in several light-scattering randomly distributed spatially correlated potential charac-
experiments in diffuse medid,where the angular width of terized by

the EBS peak is related to the mean free path characterizing

the multiple sc?ttering process. In the case of electron trans- (VRVr)=02fr g/, (2)
port in metals'! the EBS is responsible for the scaling be-

havior of the low-temperature conductivity and, in three-yyhereq is the average amplitude of fluctuations dngis a
dimensional systems, of the metal-insulator transition. In.orrelation function withf (0)=1. Here the angular brackets

semiconductors, the basic physics governing the EBS hagenote an average over the statistical ensemble. For the
been taken into account by Hanamiram conjunction with present calculation, we take a Gauss correlation

Coulomb interaction to describe the generation of conjugate@IR:exp(_Rzlzgz) where ¢ is the disorder correlation
waves in four-wave mixing measurements. However, in this{ength. '

work the single-scattering contribution to EBS which we  The yesonantly scattered field is, in the far-field limit, pro-
show to be dominant, was neglected. Apart from this S'nglebortional to the Fourier transform d¥(R,t). We are inter-

application, the relevance of EBS in the framework of RRSggte( in the frequency- and angle-resolved scattered intensity

measurements on quantum wells has never been addressggdsineq ad . (Kout,®) | Pe_(Kout,®)|?, where

despite the generality of the phenomenon. i’ OUL? intOUL AL
In this work we evaluate the resonant EBS of light at the

exciton transition in a quantum well with in-plane disorder. _ —i(wt—Kgye R)

We demonstrate that, in a realistic experimental situation, the P"in(k"‘“’w)_ dR dthin(R,t)e ™, ()
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FIG. 1. () Computed exciton optical density. The labeled ar-
rows refer to the three energy values considered in Fig(bR.
Sketch of the different contributions to the RRS intensity inkhg
plane for fixedw. The dispersion ringdashed represents the exci-
ton resonance, the black spot positioneckatcorresponds to the 005 000 005 005 000 005 -0.05
reflected signal, while the shaded circle centerek,gt= — ki, rep- Ky, [nm™] K, [nm™]
resents the broad EBS feature.

FIG. 2. (8 RRS intensity as a function ok, for kj,=
and Pkm(R,t) is the numerical solution of Eq.l) for an —0.005 nmfll apd fiw=0 (i), hw=0.2 meV (i), anqﬁw.=0.4
incoming short-pulse fieldE;,(R,t) = 8(t)exp(=ik;,-R). me_V (iii), as |nd|cat_ed py the.corr_espondlng arrows in _Flgk_el,t
The intensity is then averaged over several realizations of th§ies along the direction (thick line) and along thek, direction
disordered potential. thin line). (b)_ Corresponding plots of the dlfferentlal_enhangement

We point out that, with the exception of speckle-resolvequ' (4? (full line). The dashed curves are fits obtained using the
measurements*’ in a typical experimental setup the mea- analytical result Eq(7).
sured intensity is always averaged over a solid angle larger . .
than the angular speckle size, the latter being inversely pr@anlfests itself as a broad, small feature, centeredk g

portional to the excitation focus. Such speckle average is_,_ki“' By construction, the thin curves are totally symmet-

equivalent to a configuration average, as shown in Ref. dic, displaying the exciton-dispersion peaks, but neither the
The angle-dependent features that we investigate in th flected nor the backscattered feature, as expected. All these

present paper, however, take place over a scale much larg tures are better understood looking at a sketch of the scat-

than the typical averaging angle. They are thus correctly del€T€d intensity on thé,,, plane, as displayed in Fig.(1,

scribed within our configuration-average approach. where the reflected and backscattered peaks appear as a
The numerical results presented below are computed for2rP and a broad feature centereckgnand — ki, , respec-
ki, =(—0.005,0) nm?, defined on theK, ,k,) plane. The tively, whereas the ring-shaped feature corresponds to the
olt?1er par.ame,ters are set 4o=0.5 meV §; 1y0 nm éndy exciton dispersion. Since the backscattering enhancement ap-
=35 peV. Figure 1a) displays the optical density of the PEars asa rather faint feature in Figa2 we propose as a
exciton, defined as the imaginary part Bf (ki,,®), as a possible measurable quantity the differential enhancement,
L] in n: 1

, i defined as

function of w. It corresponds to the spectral function of the
exciton center-of-mass motion. In Figia2 we plot the scat- I, (k,0),0)— 1y, ((0K),w)
ggred intensityl kin(kout,_w) as a fun(?uon ofkoyt for three Ip(k,w)= I (K0).0) 1, (0K) @)’

ifferent values ofw lying on the high-energy tail of the in in
exciton spectral function, as indicated by the arrows in Fignamely the fractional enhancement of the thick with respect
1(a). For the thick lines in Fig. @), ko is varied along the to the thin lines in the plots of Fig.(8). This quantity is
k, direction while the thin lines represent the intensity for plotted in Fig. Zb). Apart from the noise—originating from
Kout Varying along thek, direction. The strong reflected sig- insufficient configuration averaging and amplified in this dif-
nal shows up in the three thick curves as a sharp peak dgrential quantity—the enhanced backscattering feature is
Kout=Kin- The two peaks appearing in each plot at sym-now well resolved as an overall variation of about ten per-
metrical positions with respect to the origin correspond to thecent. The EBS feature in both FiggaRand 2b) is partially
exciton resonance, translated itg,; via the exciton disper- hidden by the large reflected peak which is rather broad. The
sion# (o — wy) =%2k3,/(2M). The enhanced backscattering width of the reflected peak is, however, not realistic in our
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computations where, due to numerical limitations, we were(g
restricted to a Gauss focus of 500 nm for the incident beam

In a typical experiment, the excitation focus is gén wide  Kn Kout
and the reflected beam would be correspondingly narrower. : : :

We give some remarks concerning the feasibility of the T — I + 11 +
proposed measurement. In a typical GaAs heterostructunki kout_ : : :

(index of refractionn=3.6) with an exciton energy of 1.5

eV, the external light cone corresponds approximately to an 27

area of radius 0.008 nnt. Therefore, the incoming wave \\ ,l I T

vector that we have assumed corresponds to an external ir v + : :

cidence angle of about 40 degrees, and the predicted er ll\\ 1 + I + (]
hancement takes place entirely within the external light cone.  — L

Hence, the EBS is in principle measurable with a conven-
tional experimental setup. As a further advantage of measur
ing the differential enhancement Bg), we remark that such (b)
a quantity is not affected by multiple interference of the scat-
tered light propagating through a realistic heterostructure. : :
This effect depends ofk,,| only, and thus influences with L —_— 1 + i
equal weights the numerator and denominator, canceling ir =1 I
the ratio. The experiment that could provide a verification of ! L
our theory consists in measuring the angle-dependent inten

+
+

sity scattered off a quantum well structure excited by a — T
i inci N
monocromatic beam of frequeney and incident angled A4 N
: . . —_— v
with respect to the normal. The incident wave vector is de- X —_— XN + AR + A
fined by sin@)=k,c/w. The intensities measured along the 7 N RANTERN

azimuthal direction containing;,, and along the orthogonal
direction then allow a direct evaluation of the quantity Eq.  FIG. 3. (&) Diagrams of the perturbation theory for the RRS
(4). As mentioned above, in GaAs heterostructures, only dntensity(up to second ordgrin each diagram, uppglower) hori-
small interval aroundk,,,=0 can be accessed, in which, zontal lines repres_ent retardémijvance_bjone-partlc_le propagators,
however, takes place the strongest variation of as illus- and the dashed lines are the potential correlation f-Un.OﬁIE.lf'h.
trated in Fig. 2b). A possible improvement with respect to E2ch propagator depends enand thek dependence is indicated
the standard detection scheme would be the use siflid exphcﬂly only in the diagram on the left-hand sidb) Pe.rtur.batlon
immersion lensThis technique has been successfully em_expansmn of the ladder and maximally crossed contributions to the

. T ix, T=L+X.
ployed in quantum wells to probe wave vectors beyond the matrix,

standard external light corfé. . . . _
o . S tion over both incoming and outgoing wave vector
The most intuitive picture of the EBS mechanism is thatindicesllvl“ Therefore. the perturbation aporoach applies in
of multiple scattering® The enhancement is shown to be ' ’ b PP pp

= . ; _ an analogous way to our case. The diagrammatic expansion
\F/)viaelid zi_ O+ipre:r(]j(|jnlg ci);/etL:nmaenzfr:efrdeeeﬂnz?hdpbt?e_tv%/éen of the scattering matrix corresponding to E§) is depicted
WRETE 0=Kout™ Kin 0 ree p in Fig. 3(a. Here, the single horizontal lines represent
individual scattering events. The maximum enhancemeni1

turns out to be exactly a factor of two in the case of multiple <grlfé?<ul:?t£;1>-ivcesrtz??(eg) s S'gglde'tﬁ)écggghe d "r?égp d?rfggs
light scattering in diffuse medi®, due to a selection rule, o P T OKKE SR
. . . . the potential correlation function in wave vector space,
valid for cross-polarized light scattering, that excludes the , :
o“f,. Intermediate wave vectors have to be summed over as

paths involving only one scattering event. Otherwise, in the” 4
general case, single-scattering paths contribute an additiong?ua”y' - o
’ When describing localizatiol, the most relevant class of

background intensity. Despite its simplicity, this picture is iagrams is represented by two infinite sums consisting of all
only of limited use in our case, since one cannot define ard|h 9 P . y . d .
the ladder and maximally crossed diagrams, as depicted in

individual scattering event in the case of a continuous spa-. . N
tially correlated disordered potential. A more formal ap?F'g' 3(b). Correspondingly, the totdl matrix is given by

proach consists in developing the perturbation theory for _
two-particle propagators, according to the standard diagram- T(Kin - Kout, @) =L (Kin \Kout, @) +X(Kin Kou, @) (6)
matic technique’ The scattered intensity is indeed propor- |n a more complete derivation of the diagrammatic approach
tional to the configuration-averaged two-exciton propagatofo EBSS we demonstrate that the applicability of the ap-
according to proximation(6) depends on the form adopted for the single-
particle propagator used in the perturbation expansion and, in
I, (Kout: @) =(G " (Kin ,Kout; @)G " (Kin ,Kout,@)), (5)  particular, on the exciton homogeneous broadenjngVe
prove that, although in the perturbation theory the back-
where G * (K, ,Kour, @) denotes the retardett) and ad-  scattering peak approaches &afunction for y—0, it is
vanced () exciton propagators. Note that in the corre- enough to assume a value pfas small as one tenth of the
sponding approach to the conductivity of metals, the relevangxciton linewidth to obtain an excellent agreement between
two-particle quantity is analogous to E¢p), upon summa- the perturbation theory and the exact numerical result. Based
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on these considerations and having adopted a finite value of, is plotted in Fig. 2b) as a dashed line. Thé-like re-
v in the present calculations, we suggest the followingflected contribution to the scattered intensity has intention-

simple expression for th& matrix: ally been omitted in the analytical approximation. It would
correspond to the zeroth order diagram of two disconnected
1+a a lines, G*(km,w)G*(km,w)ékm'kom, not included in the
T(Kin Kout, )= I2 + (Kip Koy 24 T2 (1) analysis of Fig. &). We notice that the four propagators, by

which theT matrix has to be multiplied to obtain the scat-
The functional form of this expression derives from the anatered intensity according to Fig(&, are mainly responsible
lytical result of the perturbation approach applied to the onefor the dispersion ring in the scattered intensity. They depend
dimensional case with spatially uncorrelated disorderegn the absolute value & only and are thus canceled in the
potential’® In particular, the first and second terms on theratio Eq.(4). The success in reproducing our numerical re-
right side of Eq.(7) correspond to the ladder and maximally sults suggests that E¢7) could be used to model the pro-
crossed series, respectively, and the 1 appears &imo®-  posed measurement.

tains a first order diagram which has no counterparKin In conclusion, we have presented numerical results of
This first order diagram plays here a role analogous to thérequency- and angle-resolved RRS, based on an existing
single-scattering paths mentioned above in the case of lighhodel of the microscopic exciton polarization in a quantum
scattering in diffuse media. We notice that the ladder contriwell with in-plane disorder. We demonstrate a sizeable en-
bution isk independent, while the maximally crossed term ishancement of the backscattered light intensity for realistic
peaked at the EBS wave vector. In 1D perturbation theorywalues of the exciton and disorder parameters. An experi-
for the spatially uncorrelated case, the quantitieend” are  mental verification of our prediction would provide the first
well defined functions ofw and the homogeneous exciton evidence of disorder-induced EBS in semiconductor hetero-
broadeningy. In the present two-dimensional spatially cor- structures. We propose a differential measurement in which
related situation, however, E{) should be considered only the EBS shows up clearly, and derive a simple analytical
as a phenomenological expression, wittandI” being two  expression which could be used to fit the outcome of forth-
fit parameters. The fit of Eq47) to the numerically computed coming experiments.
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