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ACADEMIE EUROPEENNE INTERDISCIPLINAIRE DES SCIENCES

INTERDISCIPLINARY EUROPEAN ACADEMY OF SCIENCES
5 rue Descartes 75005 PARIS

Séance du Lundi 10septembre 2018/Institut Henri Poincaré salle 01

La séance est ouverte a 16h, sous la Présidence de Victor MASTRANGELO et en la présence de nos
Collegues Gilbert BELAUBRE, Jean-Louis BOBIN, Gilles COHEN-TANNOUDIJI, Sylvie DERENNE,
Jean Félix DURASTANTI, Francoise DUTHEIL, Claude ELBAZ, Michel GONDRAN, Iréne HERPE-
LITWIN, Claude MAURY, Edith PERRIER, Jacques PRINTZ, Jean SCHMETS..

Sont excusés: Frangois BEGON, Jean-Pierre BESSIS, Bruno BLONDEL, Michel CABANAC, Alain
CARDON, Alain CORDIER , Juan-Carlos CHACHQUES, Eric CHENIN, Ernesto DI MAURO, Vincent
FLEURY, Jean-Pierre FRANCOISE, Dominique LAMBERT, Gérard LEVY, Antoine LONG, Pierre
MARCHAIS, Anastassios METAXAS, Jean-Jacques NIO, Alberto OLIVIERO, Marie-Francoise PASSINI,
Michel SPIRO, Alain STAHL, Jean-Paul TEYSSANDIER, Jean VERDETTI

Etaient présents en tant que visiteurs de jeunes chercheurs du Laboratoire Pierre AIGRAIN de I'ENS a
savoir Hugo BARTOLOMEI, Erwann BOCQUILLON, Holger GRAEF, David MELE

I.  Présentation du conférencier par notre Président Victor MASTRANGELO

Gwendal FEVE fait sa these au Laboratoire Pierre Aigrain du département de Physique de I'Ecole Normale
Supérieure sous la direction de Bernard PLACAIS et Christian GLATTLI (thése soutenue en 2006). Sa these
portait sur la réalisation d'une source d'électron permettant de générer un électron a la demande dans un
conducteur électrique et d'étudier ainsi les courants électriques a I'échelle élémentaire de I'électron unique.

Il a ensuite fait un séjour postdoctoral d'une année au Laboratoire de Photonique et Nanostructures (LPN) a
Marcoussis.

Il a ensuite été recruté comme Maitre de Conférences au département de Physique de I'ENS puis en 2013
comme Professeur a Sorbonne Université (anciennement Université Pierre et Marie Curie).

Il est membre junior de I'Institut Universitaire de France depuis 2014. Il effectue sa recherche au sein du
groupe de Physique Mésoscopique (dirigé par Bernard PLACAIS) du Laboratoire Pierre Aigrain au
département de Physique de I'ENS. Au sein de ce groupe il conduit les recherches portant sur I'étude des
courants électriques quantiques qui sont constitués de un a quelques électrons. Ces recherches visent a
établir les signatures de la Physique quantique sur la propagation des courants électriques

Il. Conférence du Pr Gwendal FEVE : " Electronique quantique dans les
nanoconducteurs "

Résumé de la conférence avec références bibliographiques:
"Electronique quantique dans les nanoconducteurs'

Les progres des techniques de nanofabrication de I’industrie du semi-conducteur permettent maintenant de
faconner les conducteurs électriques a I’échelle de la dizaine de nanometres. A cette échelle, la matiere
acquiert de nouvelles propriétés gouvernées par la physique quantique. Le transport des électrons dans un tel



4

conducteur (en particulier a basse température) n’est plus décrit par le mouvement de corpuscules classiques
mais par la propagation d’ondes de matiere analogues aux ondes lumineuses de I’optique. Je présenterai
dans cet exposé des expériences illustrant cette optique électronique dans les conducteurs quantiques.

References:

Electron quantum optics in ballistic chiral conductors

Erwann Bocquillon, Vincent Freulon, Francois D Parmentier, Jean-Marc Berroir, Bernard Plagais, Claire
Wahl, Jérome Rech, Thibaut Jonckheere, Thierry Martin, Charles Grenier, Dario Ferraro, Pascal
Degiovanni, Gwendal Féve, Annalen der Physik, 526 1 (2014).

Coherence and indistinguishability of single electrons emitted by independent sources
Erwann Bocquillon, Vincent Freulon, J-M Berroir, Pascal Degiovanni, Bernard Plagais, A Cavanna, Yong
Jin, Gwendal Feve, Science 339, 1054 (2013).

Un compte-rendu détaillé, voire un enregistrement audio-vidéo sera prochainement disponible sur le site de
I'AEIS , http://www.science-inter.com
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Annonces

I.  Notre président vous informe de la parution de I'ouvrage relatif a notre colloque de 2016 " ONDES ,
MATIERE ET UNIVERS" chez EDP sciences. La version PDF est d'ores et déja disponible en
Open-Access sur le site d'EDP-Sciences :
https://www.edp-open.org/books-in-french#Ondes_matiere_et_Univers

La version papier est également disponible:
Codt de I'ouvrage papier : 40€

Mode d’acquisition : adresser a notre Trésoriere Edith PERRIER un chéeque ou un virement
correspondant aux nombres d'exemplaires souhaités.

Coordonnées Edith PERRIER:

PERRIER Edith | Bonneval 19120 PUY D'ARNAC | edith.perrier@ird.fr | 0148 025969 | 06 83 05 72 04

(Si nécessaire elle vous communiquera le RIB de virement)

Dés que notre Tresoriere aura percu les fonds, les ouvrages vous seront remis lors de la prochaine
séance de I'AEIS.

Il.  Notre Collégue de Nancy, Jean Louis REYNET vient de publier aupres des Editions Sydney Laurent,

un nouvel ouvrage intitulé : "Les interactions dans I’art du paléolithique supérieur ** . Voici le
résume:

L’art paléolithique est généralement considéré comme dénué d’action : ce n’est que plus tard au
Néolithique que les scénes interactives (chasses, guerres ou autres) d’un seul coup foisonnent. De ce
fait, les scénes interactives au Paléolithique (une centaine au total) ont rarement fait 1’objet d’études
d’ensemble. L’ouvrage les recense, les catégorise, propose une méthodologie d’analyse et en donne
une lecture individualisée. Enfin, il livre quelques conclusions et tente de resituer les résultats au
regard des principales théories explicatives de I’art au Paléolithique.

1. Notre Collegue Jacques PRINTZ , nous fait part de la parution auprés de I' éditeur Les acteurs du
savoir de son dernier ouvrage " Survivrons nous a la technologie? aux sources du cyberespace et
des sciences de la complexité' . En voici la présentation:

Le cyberespace qui se construit sous nos yeux n’aurait pas pu exister sans I’invention d’une machine
qui n’aurait jamais dd fonctionner tant les obstacles pour la construire étaient nombreux:

I’ordinateur, le computing instrument de von Neumann, que chacun manipule quotidiennement, le
smartphone de la « Petite Poucette » de Michel Serres.

Pour savoir ou I’on va, mieux vaut savoir d’ou I’on vient! Pour résoudre les problemes auxquels les
démocraties furent confrontées lors de la Seconde guerre Mondiale: il fallait calculer, vite,
communiquer, vite, sans erreur, comprendre les pannes; il fallait intégrer les technologies et
coordonner les efforts de milliers d’ingénieurs qui ont congu et exploité les systéemes sans lesquels
nous n’aurions pas survécu aux totalitarismes. autant de problémes d’éthique auxquels il est urgent de
réfléchir.
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VVon Neumann, peu de temps avant sa mort, en 1955, nous a donné une clé, dans son article au
magazine Fortune, et intitulé Survivrons-nous a la technologie?: « Nous pouvons spécifier

seulement les qualités humaines nécessaires: patience, flexibilité, intelligence ». tel est le sujet des six
chapitres de cet ouvrage.

L'ouvrage de (22€ franco de port) ) peut é&tre commande sue le site www.saintlegerproductions.fr ou en
remplissant le bon de commande ci-dessous :

je commande............ exemplaire(s) du livre Survivrons-nous a la technologie
au prix unitaire de 22 euros (franco d e port)
Total =............. euros (franco de port)

que je regle par chéque bancaire joint a ce courrier et libellé a I’ordr e de
Saint-Léger productions, 1, chemin des piéces Bron 49260 Le Coudray-Macouard
ou par virement bancaire IBAN FR76 1027 8394 3700 0217 0820 246

N0 o g TRl = = o o o
Y0 o3 T (=
o [T SRR
.......................................... Code PoStal........ceeeeievieiiiiiiiiiiiiiiiieeeeeeieieeeee
V.. e
P Y S s
<0 0= | SR
svp — faites une photocopie de ce bon commande avant de le poster — svp parution mai 2018

je commande............ exemplaire(s) du livre Survivrons-nous a la technologie

au prix unitaire de 22 euros (franco d e port)

Total =............. €euros (franco de port)

que je r egle par chéque bancaire joint a ce courrier et libellé a I'ordre de
Saint-Léger productions, 1, chemin des piéces Bron 49260 Le Coudray-Macouard
ou par virement bancaire IBAN FR76 1027 8394 3700 0217 0820 246

Il.  Quelques ouvrages papiers relatifs au colloque de 2014 ** Systemes stellaires et planétaires-
Conditions d'apparition de la Vie' - restent encore disponibles:

—Prix de I'ouvrage :25€ .
—Pour toute commande s'adresser a Edith Perrier ( voir coordonnées ci-dessus):

L'ouvrage cité ci-dessus est accessible gratuitement (open access ) sur le site d*edp sciences:

http://www.edp-open.org/images/stories/books/fulldl/Formation-des-systemes-stellaires-et-planetaires.pdf
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Documents

Pour préparer la conférence du Pr Gilles MONTAMBAUX sur * Transport Electronique quantique”, nous
VOS proposons:

p. 08 : un résumé en francais de sa présentation

p. 09 : issu du site https://www.equipes.Ips.u-psud.fr/Montambaux/polytechnique/PHY560B/copie-
papier/papier-web-2017/PHY560B-Montambaux-01-06janvier2017.pdf un article intitulé "Conduction
quantique et Physique mésoscopique"

P. 21 issu du site https://www.researchgate.net/publication/249332328 Mesoscopic_physics_of photons
un article intitulé *"Mesoscopic Physics of Photons™ paru en janvier 2004 dans Journal of the Optical Society of
America B 21



https://www.researchgate.net/journal/1520-8540_Journal_of_the_Optical_Society_of_America_B
https://www.researchgate.net/journal/1520-8540_Journal_of_the_Optical_Society_of_America_B
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Transport électronique quantique par Gilles MONTAMBAUX
Résumé :

La miniaturisation des circuits électroniques et le développement des nanotechnologies ont permis de mettre
en lumiére de nouveaux effets quantiques régissant le transport électrique. Ces phénomeénes apparaissent a
une échelle intermédiaire entre I'échelle macroscopique de notre vie quotidienne et I'échelle atomique,
nanoscopique. On appelle ceci l'univers mésoscopique. La physique mésoscopique se développe au
croisement de deux nouvelles problématiques a la fois appliquées et conceptuelles. Le caractere quantique
des electrons qui se comportent comme des ondes devient essentiel: Nous décrivons ici ces nouveaux effets
dans lesquels la combinaison des rdles de cohérence de phase et de désordre conduit a des effets subtils. Il
devient difficile de séparer I'objet quantique a étudier et l'univers macroscopique qui le mesure. Ces
nouvelles propriétés ne sont pas propres aux électrons, mais elles se manifestent également dans la
propagation d'autres ondes telles que la lumiére, les micro-ondes, l'acoustique etc. Les analogies entre ces
différents domaines thématiques sont fructueuses.
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Mesoscopic physics of photons
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We review the general features of coherent multiple scattering of electromagnetic waves in random media. In
particular, coherent backscattering and angular correlation functions of speckle patterns are studied in some

detail.
derive quantitative expressions.

We present a general formalism based on a physically intuitive description that also permits us to
Then, the notion of phase boxes describing the quantum crossings of diffu-

sons is discussed. This notion permits us to understand the long-range correlations that are at the origin of

most of the mesoscopic effects either for electrons or photons.
We use as an example the effect of a nondeterministic motion
We discuss some applications of these ideas to diffusive wave spectroscopy, including cal-

namely, the washing out of interference effects.
of the scatterers.

culations of the intensity—time correlation function in the presence of quantum crossings.

Society of America

OCIS codes: 290.4210, 030.5620, 030.1640, 030.6140.

1. INTRODUCTION

It has been widely accepted since the beginning of the
20th century that interference effects hardly survive mul-
tiple scattering. The success of powerful descriptions
such as the radiative transfer equation for electromag-
netic waves in random media or the Drude theory for met-
als is a consequence of this observation.

Nevertheless, such a statement is not entirely correct,
and residual interference effects such as weak localiza-
tion, the Sharvin—Sharvin effect, or the universal conduc-
tance fluctuations, have been proposed and observed first
in metals. They have led to a completely new under-
standing of transport and thermodynamic properties of
disordered metals and semiconductors. This new picture
defines, as a whole, the field of mesoscopic quantum
physics.!™ The same reformulation also took place in
the field of coherent multiple scattering of light,”~ and
the purpose of the present contribution is to review the
mesoscopic physics of photons.

The study of interference effects in multiple scattering
is an interesting subject on its own. The phenomenon is
the basis of a large range of problems of interest such as
the propagation of photons in cold atomic gases, suspen-
sions of classical scatterers, and random lasers, to men-
tion a few. The localization of light is a hotly debated
and still unsolved problem. Unlike electrons, it is not
possible to trap light (at least for the usual case of mate-
rials with positive dielectric function) in a potential well.
The only remaining possibility is to achieve the Anderson
localization transition through coherent multiple scatter-
ing. This is an additional strong incentive to study this
problem.

0740-3224/2004/010101-12$15.00

Then, we turn to the problem of decoherence,

© 2004 Optical

2. COHERENCE AND MULTIPLE
SCATTERING

We start with some elementary aspects of interference ef-
fects. To illustrate our approach, consider first the Young
interferometer. A monochromatic wave emitted from a
point source impinges on a screen with two parallel slits.
The two emerging waves give rise to an interference pat-
tern on a second screen placed far away. This pattern
can often be seen with the unaided eye. It consists of a
set of parallel bright fringes that result from the superpo-
sition of amplitudes whose length difference (in units of
the wavelength) is an integer. The simplest way of pre-
dicting the form of the interference pattern is to ignore
the vector character of the electromagnetic field and in-
troduce a scalar electric field E(r, ¢). This amounts to
ignoring polarization effects.

This interference pattern is very sensitive to any kind
of dephasing. Suppose, for instance, that the source field
E(r, t) is no longer monochromatic. It can then be writ-
ten as a random Fourier superposition of orthogonal
modes of different frequencies. The randomness ac-
counts for the statistical uncertainty that characterizes
the source. For stationary fields, the ensemble average
can be replaced by a time average. The interference
term in the intensity is now multiplied by the correlation
function of the electric field (E(r, ¢)E*(r, ¢')), and, fol-
lowing Born and Wolf,® we define the degree of coherence
at a point by

(E(r, T)E*(r, 0))
712(1" T) - <|E(I‘, 0)|2>

(1)

© 2004 Optical Society of America
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This function decreases with a characteristic phase coher-
ence time 7™ that describes the coherence of the source.
The condition for observing interferences is that the
length difference Al between the two amplitudes is
shorter than ¢7T*. It can be shown that the visibility of
the fringes is directly proportional to |y1o(T = Al/c)|. If
|v12(Al/e)| = 1 the intensity at a point of the screen is the
same as would be obtained with a strictly monochromatic
light. In that case, we say that the two amplitudes that
superpose are coherent. In the other limiting case,
|v12(Al/e)| = 0, the intensity is the sum of the intensities
coming from the two slits, there is no longer any interfer-
ence, and the superposition of the two waves is said to be
incoherent. In the intermediate case, we shall speak of a
partially coherent superposition. These general defini-
tions apply not only to the Young interferometer, but to
any kind of superposition of amplitudes or of intensities,
such as in the Handbury-Brown—Twiss interferometer.’
To summarize, for time 7 smaller than the phase-
coherence time, the coherence is maintained and the in-
terference pattern is visible. For time T larger than the
phase coherence time, the coherence is lost and the inten-
sity at a point is simply the incoherent sum of the inten-
sities.

Let us see now how this scheme can be extended to the
case of multiple scattering in a stationary random me-
dium. To that purpose we consider a monochromatic
electromagnetic wave incident from a source placed out-
side the medium that experiences a large number of elas-
tic scatterings in the medium before emerging and being
collected on a detector placed far from the medium. We
shall assume that the scatterings are independent, ran-
dom events, each characterized by a scattering cross sec-
tion 0. The elastic mean free path, defined by [,
= 1/n;0, where n; is the density of scatterers, is the av-
erage distance between two successive scatterings. It is
important to emphasize that [, is much larger than the
average distance n; Yd petween scatterers, and it depends
on the scattering properties of the potential through its
cross section o. For the sake of simplicity, the more gen-
eral situation of anisotropic scattering and the distinction
between elastic and transport mean free paths will not be
considered here.>’

We consider the geometry of a slab (Fig. 1) for which
the light incident from a source placed outside the me-
dium scatters inside the medium and emerges either in
reflection or in transmission. For a fixed configuration of
scatterers, the image obtained on a screen is a speckle
pattern which corresponds to the random superposition of

>

s

W>

Fig. 1. Geometry of a slab of width L and section S used for the
measurement of the angular-correlation functions both in reflec-
tion and in transmission.
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the complex multiple scattering amplitudes. As such,
the random distribution of bright and dark spots is analo-
gous to the fringe pattern obtained in the Young interfer-
ometer, and the system is fully coherent. By averaging
over the configurations, the interference pattern disap-
pears. For a stationary, random distribution of moving
scatterers, the equivalence between the configuration and
the time averages relies on the ergodic assumption. In
contrast to the Young interferometer, there are now two
possibilities for decoherence. One might result from the
source that emits light with a finite phase-coherence time.
This corresponds to the situation of a partially coherent
light discussed previously.

The other source of decoherence is the scattering me-
dium itself. For instance, a nondeterministic motion of
the scatterers will modify the speckle pattern.'®~'2 An-
other example is provided by scatterers with internal de-
grees of freedom such as atomic degenerate levels.!314
The characteristics of the photons emitted by these atoms
(like resonant Rayleigh scattering) depend on the internal
quantum states. The outgoing light is averaged over the
statistical distribution of the atoms. This leads to a fi-
nite phase-coherence time that also modifies the interfer-
ence pattern. It is usual, in the field of coherent multiple
scattering, to discuss separately these two cases of deco-
herence. Here, we shall consider only situations where
the decoherence originates from the scattering system it-
self and not from the properties of the source. We define
a phase-coherence time r, or, equivalently, a phase-
coherence length L ,. For a size L of the scattering sys-
tem that is smaller than L, coherence is preserved.
This defines the mesoscopic regime, following the expres-
sion coined for electronic systems. For system sizes L
> L, the system becomes incoherent and can be de-
scribed classically.

The paper is organized as follows. The basic descrip-
tion of incoherent elastic multiple scattering is given in
Section 3. The main quantity that permits us to describe
the transport of the intensity is called the diffuson. It is
obtained from a semiclassical description of multiple scat-
tering, and it is equivalent to the solution of the radiative
transfer equation.® The diffuson is a classical object,
thus insensitive to any dephasing process in the system.
Among the various interference effects, we shall study
first coherent backscattering, which modifies the average
intensity reflected from a random medium. We shall pro-
ceed further with a description of the correlation proper-
ties of speckle patterns. They result from the random su-
perposition of the multiple-scattered waves and can be
viewed as a fingerprint of the corresponding disorder con-
figuration. The bright or dark spots in those patterns
have short-range correlations already present in the
single scattering limit. They also exhibit long-range cor-
relations that are a consequence of coherent multiple
scattering.

3. MULTIPLE SCATTERING: DIFFUSON
AND COOPERON

We turn now to a more quantitative description of inter-
ference effects in the multiple-scattering regime. Let us
start with the following general setup. Consider a given
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Fig. 2. Multiple scattering trajectories that contribute both to
the incoherent and the coherent intensity.

configuration of scatterers (Fig. 2) and the corresponding
amplitude A(k, k') of a monochromatic plane wave of
wavelength \ incident along the direction defined by the
wave vector k and outgoing along k’. The amplitude can
be written as

Ak, k') = ) f(ry, ry)expli(k - ¥, — k' - 15)],
ry,ry

(2)

where f(r;, ry) is the complex amplitude for the wave
propagation between r; and r, and can be written as the
sum 3 a; exp(2imd), where each path j represents a scat-
tering sequence between the points r; and r,. The cor-
responding intensity is

Ak, KD = X D flry, ro)f*(rs, 1)

ri,ry T3,ry
X expli(k-r; — K - 1ry)]
X exp[~i(k-rs — K -r)] (3
with

flry, ro)f*(r3, ry) = E aj*(l'b ro)a;(ry, Ty)
JsJ'

= 2 lajllajlexp[2im(5 — ).
JsJ'
(4)

The phase §;; — §; measures the length difference be-
tween multiple-scattering trajectories in units of the
wavelength A. Except for identical scattering sequences,
this difference is always comparable with the elastic
mean free path /,. In the weak scattering (or weak dis-
order) regime defined by /, > \, this phase difference is a
rapidly oscillating function. Therefore, on average over
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the configurations, most of the contributions to the inten-
sity disappear except those corresponding to identical
scattering sequences.

For a given scattering sequence, there are two choices
for the corresponding identical sequence: either passing
through the same sequence of scatterers or passing
through them but in reversed order (Fig. 2). Moreover, to
have identical trajectories imposes that r; = r3 and r,
= ry in Eq. (3) for the first choice, and r; = r, and ry
= r4 for the second. We thus obtain for the average in-
tensity

Ak, k)2 = X [f(ry, 1)

X {1 + expli(k + k') - (r; — ry)]}.
(5)

The second term in the curly brackets contains a phase
factor that depends on the two points r; and ry. The
sum over those points makes this term vanishing except
for two remarkable cases:

1. k + k' = 0; for an outgoing direction exactly oppo-
site to the incident one, the intensity is exactly twice its
classical (incoherent) value. Moreover, since the classical
expression does not involve any angular dependence, the
second term that depends on k + k' gives a peak to the
average reflected intensity. This phenomenon is called
coherent backscattering.!®'6 It is the last interference
effect that, for weak scattering, survives the disorder av-
erage.

2. In the sum of Eq. (5), terms such that r; = r, are
peculiar since they describe closed trajectories. It is a co-
herent contribution to the average that remains finite
even if it is not possible to keep the directions k and k’
fixed. This is the case in metals or semiconductors where
this coherent contribution modifies the average transport
properties, such as the electrical conductivity. This term
is at the origin of the weak localization phenomenon.

The second term in Eq. (5) describes the interference
between two time-reversed trajectories. Its occurrence
requires that the two reversed sequences see exactly the
same scattering events. Therefore, any process that
breaks this interference such as a nondeterministic mo-
tion of the scatterers, a trace over internal degrees of free-
dom, or a breaking of the time-reversal symmetry, to men-
tion a few, will be a source of decoherence. As such, it
will be described by a degree of coherence or by a phase-
coherence time 7,. We shall come to this later on.

The incoherent and coherent contributions that appear
in the average intensity Eq. (5) are called, respectively,
diffuson and cooperon. The diffuson |f(r, r')|? is given
by the sum of all the scattering sequences, and it repre-
sents the classical probability of joining the points r and
r' (see Fig. 3). It can be generalized to the case of two
amplitudes taken at different frequencies w, and w,
— o, namely, fwo(r, r’)fwo,w*(r', r). More precisely, we
define the probability

41
P x', @) = —fn T)f ST, ©)
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Fig. 3. Multiple scattering trajectories that contribute to the
classical probability.

where c is the velocity of the wave.

This probability is normalized so that its Fourier trans-
form obeys [,“dr'P(r, v', ¢) = 1.5 Further insights re-
garding the probability are given in Refs. 4, 5, and 7.
Here we shall use only its expression in the limit of slow
spatial and frequency variations, i.e., for |r — r'| > [,
and w7, < 1. Itis then the solution of the diffusion equa-
tion

(—=itw — DA)P(r, v, w) = 6(r — 1), 7

where the diffusion coefficient is defined by D = ¢l,./3
= [,%/(37,). The diffuson, or solution to Eq. (7), is long
ranged. For instance, it behaves like P(r, r’)
= 1/4wD|r — r'| in three-dimensional free space.

The behavior of the diffuson can also be obtained from
the so-called radiative transfer equation, which gives the
solutions of the specific intensity of the wave.® This lat-
ter approach, which is strictly equivalent, is more system-
atic although less versatile. It permits one to implement
physical boundary conditions for the diffuson by demand-
ing that the diffusive flux incident on the scattering me-
dium vanish. For the geometry of a slab (Fig. 1), this
boundary condition corresponds to the vanishing of P out-
side the disordered slab at the points —z, and L + z,
with zq = (2/3)[, .

4. COHERENT BACKSCATTERING CONE

We now return to the coherent backscattering interfer-
ence effect for the geometry of a semi-infinite disordered
system (Fig. 4). A monochromatic wave emitted from a
source placed at infinity is incident on the interface of sur-
face S. It experiences multiple scattering before emerg-
ing and being collected on a detector placed far from the
interface and defined by the direction §, .

The reflected intensity, also called the albedo «, is given
by the ratio between the flux of the Poynting vector per
unit time and solid angle and the incident flux. Assum-
ing that the incident light is perpendicular to the inter-
face, we obtain for the average incoherent albedo «, the
following expression written in terms of the diffuson®:

22

c 21
0= s | deceson| o] -Zt|pee v
(€))

where u is the projection of §, along the z axis. For a
semi-infinite medium, we obtain
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C * Z1
Qg f d21d22 exp _l_
0

N 47,2 e

Mie

X exp

f dsz(p’ 21 22)' 9)
S

The solution of the stationary (w = 0) diffuson Eq. (7) for
this geometry and with the effective boundary condition
derived from the radiative transfer equation is obtained
by using the image method:

1 1
P(p’ 21> 22) =
47D [ p? + (21 — 25)*
1

- }, (10)
\/p2 + (Zl + 29 + 220)2

with zo = 21,. The incoherent albedo is thus given by

3 (ZO M
=—pul— +
4’7TM l, n+ 1

ad . (11)

It depends very weakly on the angle between the ingoing
and the outgoing directions.

The coherent contribution «, is similarly obtaine
from relation (5) so that

d17,18

c mt+ 1z + 29
a, = mf drldr2 exp| — T le P(I‘l, 1‘2)
X exp[ik(8; + 8,)-(ry — r1)]. (12)

The phase factor accounts for the angular dependence of
the coherent albedo. In the backscattering direction §;
+ §, = 0, we have (Fig. 5)

a.(0=0)=qa,4. (13)

Fig. 4. Contribution of the diffuson to the average incoherent
albedo.

Fig. 5. Contribution of the cooperon to the average coherent al-
bedo.
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By defining the projection k;, = (k; + k,), = k(§; + §,),
onto the interface and considering the limit of small
angles, we can disregard the projection of §; + §, onto the
O-z axis,' so that the coherent albedo may be rewritten

c o
= dz,dz
o2 477182 Jo 1422
M +1 21 + 29
X exp| — _—
21 le
X Jd2PP(P7zl,22)6Xp(ikJ_ ‘p)- (14)
s

The second integral is nothing but the Fourier transform
P(k,, z, z9) of P(p, 21, 29) given by Eq. (10):

P(k,, zq,29) = {exp(—k |z — 23]

2Dk,
- eXp[—kl(Zl + 29 + 220)]}.
(15)
Neglecting the weak u dependence, we obtain
3 1 1 — exp(—2k,z)
= — 1+
87 (1+ k,1,)? kl,

a.(6)
(16)

For small angles, 2, = (27/\)#0, the coherent albedo is
nonvanishing within a cone of angular width \/2#l,
around the backscattering direction, and

3 (le + 20)2
ac(g) = ac(o) - _—kL + O(ki2) (17)
4 l,
We use the notation
ac(e) = ac(o) - IBkLleﬁ (18)
with
3 zo\2 25
= —1+ =] =—. 19
A 47 L, 127 (19)

The coherent backscattering peak has a cusp singularity
which results from the sum of the coherent contributions
of all the possible multiple scattering paths. This behav-
ior has been observed in great detail.2?®=?® To obtain fur-
ther insight, we write the probability under the form
Pk, ,z,2z")= [y*dtP(k,, z, z', t) where

exp(—DFE,%t)

P(kL’z’ 2’7 t) = (4’771)—t)1/2

{exp[—(z — 2")%/4Dt]

—exp[—(z + 2z’ + 2z)%/4Dt]}.
(20)

Here, the time parameter ¢ plays the role of the length n
of the diffusion path, namely, ¢t = n7,. For long enough
trajectories, ¢ > 7,, we have

25 l fod exp(—DFk %t)

(0) = —el, f— 21
() = grele | A @
The coherent albedo thus appears as a sum of Gaussian
terms weighted by the probability (D¢) 2 for a random
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walk to reach the planez = z,. While each term is para-
bolic around # = 0, the integral has a singularity around
this value. The angle 0 appears as the conjugate of the
length n = ¢/7, of the diffuson paths. Hence, the contri-
bution at small angle results from the long multiple-
scattering trajectories. In the presence of a finite phase-
coherence length L ;, the trajectories longer than L, are
no longer coherent and therefore do not contribute to the
coherent backscattering peak, which appears rounded off
at small angles.

5. CORRELATIONS IN SPECKLE PATTERNS

Thus far, we have studied the behavior of the average in-
tensity. The ensemble average is obtained by assuming
ergodicity and by using either the rotation of a solid
sample or the motion of the scatterers. In the latter case,
an incident wave packet (a pulse) probes a static configu-
ration of the scatterers. This is a consequence of the
large ratio between the velocities of the light and of the
scatterers. Hence, a pulse realizes an instantaneous pic-
ture of the disordered medium known as a speckle pat-
tern that displays a random distribution of bright and
dark spots. More quantitatively, the intensity distribu-
tion is shown to obey a Rayleigh law that states that the
fluctuations are large and of the order of the average in-
tensity.

A broad range of measurements can be performed on
speckle patterns. An example is provided by the
angular-correlation function. For the slab geometry of
Fig. 1, an incident beam along the direction §, is either
reflected or transmitted along §;. The transmission co-
efficient 7,; is defined just like the albedo, i.e., by the flux
of the Poynting vector along the outgoing direction per
unit time and solid angle, normalized to the incident flux.
It is important to take into account that this geometry dif-
fers from the waveguide geometry generally used to de-
scribe the conductance of a conductor within the Land-
auer formalism. In this latter case, the incident and
transmitted waves are plane waves with boundary condi-
tions imposed by the waveguide. This leads to the quan-
tization of the transverse channels. Here, instead, there
are incident plane waves but transmitted spherical
waves. This corresponds to different boundary condi-
tions and to a continuous distribution of the transmitted
angular directions.’

To go further, we consider the normalized correlation
function

010141y
Caba’b’ = == (22)
TavTarvr
where 57;1, = IZ;b - IZ;b.

By definition, this correlation function is obtained from
the product of four complex amplitudes (Fig. 6) describing
multiple-scattering sequences in the disordered medium.
Here again, as for the average intensity, the nonvanishing
contributions correspond to the amplitudes that can be
paired into diffusons (Fig. 7).

For the angular configuration a = ¢’ and b = &', the
two contributions of Fig. 7 are identical and we obtain
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Fig. 6. Angular-correlation function in transmission corre-
sponding to four waves incident along the directions §, and §,/
and outgoing along the directions §, and §,,. A nonzero contri-
bution corresponds to the pairing of two amplitudes into a diffu-
sion.

Fig. 7. Two contributions to the product 7,,7,:,: that corre-
spond, respectively, to the pairing C; = Cy, C3 = C, and C;
= C4, Cy = C3. The first gives 7,7, The second corre-

sponds to the angular correlation function noted C,(llb)a,b, in the
text.

8T,% = T2 23)

This constitutes the Rayleigh law that accounts for the
characteristic granular structure of a speckle pattern, i.e.,
relative fluctuations of order unity. This is the most im-
portant and “visible” property of a speckle pattern. It ex-
ists also in the single-scattering regime.?*

The average transmission coefficient 7,; involves one
diffuson. Its calculation is analogous to the one leading
to the incoherent albedo a,. It should be noted that in
transmission there is obviously no coherent backscatter-
ing effect, but there are weak localization effects that we
do not consider. In the slab geometry and similar to ex-
pression (8), we have

C

i R
b 47,2

f dz1dz,d?p exp(—z1/1q4l,)

X eXp(_|L - 22|/Mble)P(p7 21> 22)7 (24)

where u, (resp. u;) is the projection of §, (resp. §;) along
the z axis. Integrating over z; and z,, we obtain

Cc

zb = 4_MaMbJ d2pP(p, Moles L — upl,)
™ S

Cc
= _MCLMbP(kL = 0’ :u/ale’ L - /'Lble)y (25)
47

which involves the two-dimensional Fourier transform of
the diffusion that in the slab geometry is

1 sinhk,z,, sinhk (L — zy)

Pk ,z,2')= — , (26

(ker2,2) =5 %, sinhk, L (26)

with z,, = min(z,z’') and z,; = max(z,z’). For k2, =0
we have
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Zm Zpm
P(0,z,2') = 3(1 - f)' 27

By inserting this relation into Eq. (25), we obtain for
small angles u, = pp = 1

_ 31,
Ty = ——. (28)

47 L

This relation results from a particular choice of boundary
conditions for the diffusion equation, namely, a vanishing
of the probability at the boundaries z = 0, L of the slab.
We have seen that a more precise calculation should use
the extrapolation length z, = 21, so that z,, — 2z, + 2z,
and zy; — 2z + 2o in Eq. (27). This is of no importance
for the calculation of the normalized correlation function
of Eq. (22).

A. Short-Range Correlation GV

The main contribution to the angular-correlation function
is shown by Fig. 7(b). Its calculation is very similar to
those of the average transmission coefficient apart from
the additional phase factors.?® By defining the vectors
A§, = §, — 8, and A§, = §, — S, and neglecting their
projection along the z axis, we have

2 f dzdeIdZQ

e

- c
ST, 8T,y = (Ml
X explik(AS, -py — A8y -ps)]exp(—z1/1,)

2
X exp(—|L — zo|/l)P(p, 21, 22)] . (29

By performing the z integrals and defining q, = k|AS§,|,
we obtain for q,l, < 1,

q.L |
sinh q,L
(30)

1
Clprpr = Oas, 48,F1(q.L) = s, ,Aéb(

with

2
Fi(x) = ( ) (31)

sinh x

This expression permits us to understand some of the
qualitative insights of the memory effect.?%271?

The structure of expression (29) is formally similar to
expression (14) for the coherent albedo. To make this
analogy more quantitative, consider the correlation func-
tion of the reflection coefficient R,; defined by

C

47,2

mabARarbl = [ dePdZIdZZ

X exp[ik(AS, -r; — ASy -vo)]exp(—2z,/1,)
2

X exp(_22/le)P(p’ 21> 22)] ’ (32)

which we may rewrite as



E. Akkermans and G. Montambaux

c

5R055Ra/b; = m

0%, A8,

J dz,dzs exp(—2z/1,)
0

2
X exp(_ZZ/le)P(qa7 21, Z2):| > (33)

where q, = k|A§,|. Using expression (14) of the coher-
ent albedo, we then have
2

a.(q,)
. (34)

ORup6Ryrpr = Eabﬁa’b’aAéa,AQb a0)

B. Diffuson Crossings: Phase Box and Long-Range
Correlations
Until now, we have managed to reduce a given product of
complex amplitudes to a product of diffusons (or cooper-
ons for the coherent albedo). The diffuson is a classical
solution independent of the phases of the two underlying
complex amplitudes. There is nevertheless a way to re-
trieve information about these phases when two diffusons
cross each other or at the self-crossing of a single diffuson.
To get some further insight, we consider the situation de-
picted in Fig. 8. There, the two ingoing diffusons ex-
change their complex amplitudes to build two outgoing
diffusons in which the amplitudes are paired differently.
To preserve the coherence at a crossing, we must require
that its spatial extension not exceed the elastic mean free
path [, so as not to accumulate too large a phase mis-
match. It can be shown that the volume of such a “phase
box” is A2l,.> We shall characterize the phase box in
more detail in Subsection 5.C. We just mention here that
these phase boxes, also called Hikami boxes in the litera-
ture, play a ubiquitous role in mesoscopic quantum
physics.?8-31

Since a phase box preserves the coherence and ex-
changes complex amplitudes, a diffuson crossing can be
viewed as an interference effect. It is therefore impor-
tant to evaluate the occurrence of such crossings. To that
purpose, we consider again the geometry of a slab of
width L and volume Q = LS, where the characteristic
time for a diffusive trajectory to transit the sample is 7

Fig. 8. Contribution to 67,;,57,:,+ involving one crossing of the
two diffusons. The different cases correspond to configurations
of plane waves incident along §, and §,. and outgoing along §;
and §;,. The diagrams on the left depend on A§, but not on AS§,
and the opposite for the diagrams on the right.

Vol. 21, No. 1/January 2004/J. Opt. Soc. Am. B 107

Fig. 9. Classification of the contributions to the correlation-
function C,;, ;- in terms of the number of crossings of two diffu-
sons. At each crossing, the corresponding contribution is multi-
plied by 1/g < 1. The three contributions represented in (a), (b),
(c) are denoted, respectively, CV, C?, C®.

= L%*D. The length of this trajectory is thus £ = c¢7p
= 3L%I1,. The volume of the crossing being \2[,, we
may characterize a diffuson by its length £ and its cross
section A2. The occurrence of a crossing is thus given by
the ratio of the two volumes A2£/Q = \2L/l,S = 1/g,
where we have defined the dimensionless quantity

k21,8

S 35
3wL (35)

g:

with £ = 2#/N. This is the so-called dimensionless con-
ductance of a wire of length L and section S. In the limit
kl, > 1 of a weak disorder, g is large, typically of the or-
der of 102. Therefore, we may assume that the crossing
events are uncorrelated, so that the probability of n cross-
ings is given by 1/g”. This permits us to classify any con-
tribution in terms of its number of crossings as repre-
sented in Fig. 9.

The contributions to the average intensity, as with the
albedo, may also involve one or more self-crossings. This
is at the origin of the so-called weak localization correc-
tions and, more generally, the scaling theory of the Ander-
son localization transition.

For the case of the speckle correlation functions, we
have additional contributions involving one or more cross-
ings. We shall now study them.

C. Long-Range Correlations C'® and C®

The next contribution to the correlation function arises
from terms involving one crossing of two diffusons (Fig.
8). Because of the structure of the phase box the
angular-correlation function is different from C'V. This
gives rise to the two possibilities

(aa)(a'a’) — (bb')(bb") (36)
and
(aa')(aa’) — (bb)(b'b"). 37

The corresponding expression for these two cases is
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c

51,2

9 4
8T,y 0T, = ( ) f H1 dr{exp[ikAS; (r; — 14)]
+ exp[ikAS§, -A(r; — r3)}E(2;)

4
X f [T arH(R,)P(x;, R))P(rs, Ry)
i=1

X P(Ry, ry)P(Ry, 14), (38)
where H(R) accounts for the Hikami phase box describ-
ing the crossing of the two diffusons. It is given by>726:2%

5 4
Hr,r,r,rz; dr|]| 6(r — r))V%,-V,,
(ry, ry, r3, 1Y) 2477k2J il:[l( DAV
(39)
where we have defined
E(z;) = exp[—(z1 + 23)/l,]
X exp(—|L — zo|/l,)exp(—|L — z4//l,).
(40)

The two gradients act on the incoming diffusons for the
case of the diagrams on the left in Fig. 8 and on the out-
going diffusons for the diagrams on the right, and both
give the same contribution. Performing the integrals
over the z;’s is equivalent to assuming that z; = z53 = [,
andzy = z4, =L — [,. Hence

——® le* (L 5
04501y = mjo dz[4,P(0,1,, 2)]
X P((Ib, z, L - le)z’ (41)

where, for the geometry of the slab, P(q,, z, z') is given
by Eq. (26) with q, = k|A§;|. Hence, in the limit q,l,
< 1,

l, l, sinhq,z

_’ P b 9 L - le = - -—’
pr Plae:z )= D sinhg,L
(42)

9,P(0,1,,2z) = —

so that

@ 81 1

TapdTarer = o porg e

(gsL), (43)
where we have defined

Fy(x) =

1 (sinh 2x )
- 1]. (44)

sinh? x 2x
The total contribution of the two diagrams to the angular-
correlation function is thus given at this order by®?2%3%:32

o 0Tyl 1
Coparpy = ——35 — = ;[F2(Q¢1L) + Fa(gpLl)].
Tab

(45)

The function Fy(x) decreases like 1/x at infinity and not
exponentially like the correlation function Cfllb)a, ps in the
absence of diffuson crossings. For instance, the speckle

pattern associated with an incident light such that a
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Fig. 10. Two crossings terms. Such diagrams do not give rise
to an angular structure.

= a' involves long-range angular correlations, but of
weak amplitude proportional to 1/g that accounts for the
crossing probability, namely

1/2 b#b' 9
2 ==+ F2(kLA§b)) - — (46)
3 3g

abab’ -

A higher-order contribution in the expansion of the
angular-correlation function in powers of 1/g involves two
crossings and is represented in Fig. 10. It is easy to see
that it does not involve any angular structure as a result
of the pairing of the trajectories. The respective correla-
tion function thus corresponds to the angular structure

C®: (aa)(a'a’) — (bb)(b'b"). 47)

To proceed further, we consider the case depicted by K;
in Fig. 10. Its calculation is analogous to those leading to
Cffb)a > and we take the gradients in the two phase boxes
as acting on the incoming and outgoing diffusons and not
on the internal ones. We thus obtain

—T T (3) h g le4 47c 4
67,67, = (2 —— | =5
abP4a’b |K1 ( 4) (477)482 leg

L (L
X f f dzdz'[d,P(0,1,, 2)]?
0 a

X P(0,2,2")’[0,P(0,2', L — 1,))%,
(48)
with h, = [,5/487k2, so that
2
C(S), ,|K = iD_
aba’'b 1 gZ L4

L (L
f f dzdz'P(z, 2")%2.  (49)
0oJo

Case K, in Fig. 10 gives an identical contribution, while
K¢ and K give each half of the K; contribution.’ Finally



E. Akkermans and G. Montambaux

oo _ 0TpoTyy 2 1 0
aba’b’ —9 - 15 2°
Tab g

This expression is said to be universal in the sense that it
does not depend on the elastic mean free path [,, i.e., on
the disorder. It is the equivalent of the well-known uni-
versal conductance fluctuations in electronic systems.3334

It is interesting to note that we have obtained an iden-
tical result using a different definition of the transmission
coefficient, i.e., a different geometry where the conduction
channels do not appear. This is true for the relative fluc-
tuations but not for the second moment.

There are other contributions to the two-crossings term
that have the angular structure of either CV or C®.
They correspond to higher-order terms in the 1/g expan-
sion of the corresponding correlation functions.

The different contributions associated with the cross-
ings of diffusons have been identified and measured.®®
We shall come back to this in Section 6.

6. DIFFUSIVE-WAVE SPECTROSCOPY:
DECOHERENCE

In the previous sections, we have studied interference ef-
fects in the elastic multiple scattering of light in random
systems. As such, the effects are very sensitive to the co-
herence properties in the system. We have discussed in
the introduction various sources of decoherence. Here,
we are not interested in the properties of the source and
we assume that it emits coherent, monochromatic waves.
Instead, we focus on the coherence properties of the scat-
tering medium.

We have seen that the diffuson or the cooperon results
from the pairing of two complex-conjugate amplitudes de-
scribing the same sequences of scattering events. A full-
phase coherence is maintained as long as the two complex
amplitudes that contribute to the diffuson and the coop-
eron remain in phase. If, on the other hand, a random
source of dephasing affects differently the two conjugate
scattering sequences, this will lead to a loss of coherence
and to a washout of the interference effects.

To be more specific, we consider again the case of a non-
deterministic motion of the scatterers. Then, following
the discussion of the introduction, the degree of coherence
at a point r of the scalar electric field E(r, T') is given by
the time-correlation function of Eq. (1). The electric field
inside the scattering medium results from the superposi-
tion of all the multiple-scattering sequences:

E(r, 1) = 2 X JA[C(D]lexplid,(T)], (5D

where C, is a sequence of n scatterings and where the
phase ¢,(T) depends on the disorder configuration at
time 7. The degree of coherence may thus be expressed
as

yio(r, T) < >, D, (JA[C,(T)]IIALC,(0)]]

n,n' CnCur

X exp{z[ ¢n(T) - ¢n’(0)]}>’ (52)
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where the notation (...) accounts for the average over the
multiple-scattering sequences in the medium and over
the stationary distribution describing the motion of the
scatterers. We use the ergodic assumption for a station-
ary medium, which assumes that all the multiple-
scattering paths are time independent. Therefore, the
ensembles of paths {C,(T)} and {C,(0)} are identical.
The amplitude term in expression (52) thus becomes in-
dependent of T, i.e., independent of the motion of the scat-
terers. Its average over the configurations of disorder
gives the diffuson, so that

yiao(r, T) >, P(rg, v, n)(explil ¢,(T) — ¢,(0)1}),
(53)

where P(ry, r, n) is the contribution of the scattering
paths of length n to the classical probability expression
(6) for a source in ry. It results from this expression that
the insight relative to the motion of the scatterers ap-
pears only in the phase factors A¢,(T) = ¢,(T)—¢,(0).
The degree of coherence may be calculated along these
lines either for the diffuson (d) or the cooperon (c), which
differ only by the phase factors A@'“?(T) = ¢,(T)
+ ¢,(0).

To proceed further, let us assume a Brownian motion of
the scatterers characterized by a diffuson constant D,
[not to be mistaken for the diffuson coefficient D = 3vl,
obtained in the diffuson approximation of Eq. (7)]. Then,
for long enough multiple-scattering trajectories param-
etrized by the time ¢ = n,, we have®

I

(exp[iA¢,(T)]) = exp

1
_ 2
2 (Ag, (T)>}

exp[ —n7,/74(T)] = exp[ —t/74(T)],
(54)

where we have introduced the phase-coherence time 7,
= (7,/2k%)(1/D,T) beyond which the interference effects
disappear. A phase-coherence length can be defined as
well through the relation L, = (D7,)Y2.  We emphasize
here again that decoherence gives rise to an irreversible
loss of interference patterns. We may think of other con-
trolled and reversible ways of changing the interference
pattern, such as, for instance, an Aharonov—Bohm mag-
netic flux in weakly localized electronic systems?® leading
to the Sharvin—Sharvin effect.

Only trajectories with time ¢ = n7, smaller than the
phase coherence time 7,(T) can interfere. This defines
the mesoscopic regime. Unlike electronic systems, for
which this term has been coined and where L, is very
small (typically L 4 is a few micrometers at mK tempera-
tures), the phase-coherence length in optical systems
might be quite large so that coherence effects are observ-
able up to macroscopic scales.

A quantity often measured in the multiple-scattering
regime of photons is not the degree of coherence y;5(7T)
but instead the intensity-correlation function go(7T) de-
fined by

{IDI1(0)

= W - 1, (55)

gl
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with the usual relation I(T) = |E(T)|? between the inten-
sity and the field. Consequently, the degree of coherence
of relation (53) is expressed in terms of the diffuson in the
form

%

yio(x, T) = f dtP(r, t)exp(—tT/271y7,), (56)
0

where the time 7, = 1/4D,k? accounts for the motion of
one scatterer. If we remember that the time parameter
t = n7, measures the length of the multiple-scattering
trajectories, we interpret the previous relation by saying
that the characteristic dephasing time for the two com-
plex amplitudes paired in trajectories of length n is pro-
portional to 7,/n. Then, the longer the multiple-
scattering trajectory, the shorter its coherence time. For
n = 1, we recover the single-scattering case, namely, the
time-correlation function decreases exponentially with
the time 7,. Multiple scattering offers this interesting
advantage of probing the correlation function at times
very short compared to 7, i.e., to single scattering. The
typical length of the longest diffusive trajectories ob-
tained experimentally corresponds to values of n between
102 and 103. This sensitivity of the long multiple-
scattering trajectories to dephasing is now used very fre-
quently to characterize dense solutions of classical scat-
terers and to study their dynamics. It has been given the
name diffusive-wave spectroscopy.'!37-3°

We have seen when studying the coherent backscatter-
ing peak that the long multiple-scattering trajectories cor-
responding to the cooperon contribute mainly at small
angles. In the presence of dephasing, the trajectories
longer than the phase-coherence length are washed out,
leading to a rounding of the backscattering peak. Some-
thing similar happens to the degree of coherence y5(7).
We can make this statement more quantitative by noting
that for a semi-infinite system, the expression of the de-
gree of coherence y;5(T) can be deduced from expression
(16) of the coherent albedo «,(6#), provided we make the
formal replacement

1
Dk2%2— — = (57)

Ty 27,7 '

Fig. 11. Trajectories contributing to the time-correlation func-
tions.
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To proceed further and to calculate the intensity-
correlation function g4(7T), we note that it involves the
average of the product of four electric fields. Hence, by
using the pairing rules of the amplitudes as in the calcu-
lation of the angular-correlation function (see Fig. 11), we
obtain™

go(T) = |y1a(T)|%. (58)

In the limit 7" = 0, we recover the second moment of the
Rayleigh law, Eq. (23). For a slab with fixed ingoing and
outgoing waves, we obtain, by using relations (56) and
(58), the corresponding expression gél)(T)lz’38

LIL, \*
sinhL/L,| ’

with L 4(T) = 1,(27,/3T)"2. It can also be derived from
relation (30) by replacing 1/q, by L ,(T). The intensity-
correlation function decreases exponentially with time T
and with a characteristic time 7* given by T*
= 7,(L/l,)2.

An advantage of the measurement in transmission as
compared with reflection is that only long multiple-
scattering trajectories that transit the sample do enter.
For such trajectories, the diffuson approximation is justi-
fied, while in reflection, for instance for the albedo, short
trajectories also contribute which cannot be described us-
ing the diffuson approximation.

Relation (58) is correct whenever diffuson crossings can
be neglected. Higher-order terms in powers of 1/g for the
time-correlation function are obtained from the possible
pairings of the four complex amplitudes as represented in
Fig. 11. For the case of one crossing, we note that, unlike
g(Ql)(T), the corresponding correlation-function g(z2 (T) in-
volves two kinds of diffusons: those whose amplitudes
are taken at the same time and those taken at times 0
and 7. The calculation can be achieved along the same
lines as for the angular-correlation function Cffb)a, p With
the result?®:30

gy (T) = Fy(L/IL,) = ( (59)

2
go(T) = ;FZ(L/L¢>, (60)

where the function Fy(x) has been defined in Eq. (44).
Unlike g\?(T), this correlation function decreases at
large times like a power law. It is smaller than g(Zl)(T)
by a factor of 1/g, so that its measurement requires one to
get rid of g\P(T). This can be achieved by an angular in-
tegration over the outgoing directions or, equivalently, by
averaging over a large number of speckle spots.340
The correlation-function g$(T) with two diffuson
crossings is more involved. We can no longer derive it
from the angular-correlation function and replace g, by
1/L 4 since, as noted before, g(23) has no angular structure.
By using the rules we have set for phase boxes and ex-
pression (26) for P in the slab geometry, and by replacing
k, by 1/L ,, we obtain®
L (L L4
g@NT) = f f dzdz'P*(1/Ly, 2, 2') = ——5F3(L/Ly),
0o Jo 8D
(61)

so that
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1
g = g—2F3<L/L¢>, (62)

where we have defined

32 + 2x% — 2 cosh2x + x sinh 2x
Fyx) = 5 x*sinh? x

We recover the result C'®(0) = 2/15 for L, — «. The
expression of g(23)(T) given by Eq. (61) involves the inte-
gral of P2. This originates from the closed loop appear-
ing in Fig. 11. This expression looks quite close to those
proposed in Ref. 35, but it gives a much slower time de-
pendence that should be sought in the behavior of the dis-
tribution of all closed loops inside the slab, and not only
those reaching the boundaries. The term g3 (T) is much
more difficult to observe®® since it is proportional to
1/g%= 1074
Unlike g\(T), the two other contributions to the time-
correlation function of the intensity cannot be written in
terms of the degree of coherence y;5(7"). This is due to
the presence of the phase boxes that entangle the complex
amplitudes of the diffusons. This situation is, in a sense,
analogous to those encountered for the time-correlation
functions of photons for which there is no relation be-
tween the quantum degrees of first-and second-order
coherence.*! Nevertheless, the single time that charac-
terizes all the correlation functions is the phase-
coherence time 7,. This is a consequence of our assump-
tion of scalar waves. We expect different results when
we take into account the polarization of the wave and its
coupling to degrees of freedom of the scatterers as in cold
atomic gases.!314:42:43

(63)
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Localisation faible et rétrodiffusion cohérente en optique
Fluctuations universelles de conductance et speckle en optique

La théorie des matrices aléatoires

La physique du graphene
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L'effet Hall quantique (1981)

COMUCTENCE fe'feh)

GATE VOLTAGE IV}

mais ici trés grande précision

o 2 4 G 8 10 12 14
Magnetic Field (T}

- Etalon de résistance

R, = eﬂz = 25812,807449(86) O

cf. quantification de la conductance,

21

L'effet Hall quantique fractionnaire (1983)

[

Hall Resistance, Ry (h/e?)

Resistance, R

0 10 20 30
Magnetic Field (T)

Mise en évidence de charges fractionnaires !
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Théorie des matrices aléatoires

Décrire les niveaux d'énergie d'un systéeme complexe

I_ b ' el s ) LT .
T O O | T T A AR

I : g BEZidE 3 [ A 3 h
Mﬂ‘u&u‘ﬂm:umﬂwwwﬂmm'f&
1 e b

1 oM 1050 COUNTS |

Noyaux

Billards quantiques

Autres systémes quantiques
atome d’hydrogéne sous champ magnétique
systémes désordonnés (métaux)

Modes acoustiques, mécaniques, électromagnétiques

Zéros de la fonction £ de Riemann
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La physique du graphene

Systeme parfaitement 2D

Particules de masse nulle !

) Applications importantes

Equation de Dirac : ,
Particule massive




Retour sur la conductivité de Drude - Sommerfeld
ne’z(T)
m

o(T) =

Loi de Matthiessen 1 1 1
=t

(M) 7. 7,(T)
/

Collisions élastiques

Collisions inélastiques :

¢lectron-phonon

20 40 60 B0 100

Température (K)

conductivité résiduelle :

2
2
m

Formule de Drude

Relation d'Einstein
To Temps de collision, temps de vie élastique

Ie = VF T, Libre parcours moyen

Validité limitée a des échantillons macroscopiques

|, <L « régime diffusif »
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Fluctuations reproductibles de conductance |e < L< L¢

2
AG(e /h)
IS o
T T

%

 —
oY

m -

§'§
w B
- <

La description de Drude-Einstein est une description moyenne,
correcte si

Comment aller au-deld de la moyenne, et décrire ces fluctuations ?

-> Domaine de la Physique Mésoscopique
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\ Diffusive

SAVAL
7z

nanoscopique

J
A
Quasi - ballistic /
\
J

Ballistic

L=<

mésoscopique macroscopique
1nm 10-1000nm lum

balistique

diffusif | L




Les matériaux

powvTEGHIauE Métaux Or, Argent, Cuivre,... Transport diffusif
Les matériaux |, ~10nm ‘ ‘

Les Techniques de fabr-icaﬂon Hétérostructures de semiconducteurs  6aAs-AlGaAs

Transport diffusif ou balistique
|, ~10 zm

Gaz 2D
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Métal Fil métallique gravé : exemples

1nm 10-100nm 1um

balistique Ie diffusif L¢ W’_)Iwn

Gaz 2D semiconducteur = .
PAAN

1nm 1-10um

balistique I L
e ¢ . Institut Néel, Grenoble




Institut Néel, Grenoble

Nanofabrication

Lithographie électronique

métal

T

LPN Marcoussis
—

Ag 6N (99.9999%)

SPEC-CEA Saclay 34

Leica EBPG5000+

Lithographie électronique
LPN Marcoussis 35

LABORATOIRE DE PHOTONIQUE ET DE NANOSTRUCTURES Marcoussis
CENTRE NATIONAL DE L& RECHERCHE SCIENTIFIQUE - UPR20

Présentation du laboraioire u ==
F 10N TECHNOLOGIE COLLABORATIONS | FAITS MARGUANTS | RECHERCIES
EMPLOIS SEMINAIRES SUELE:SITE

H Présentation

Le Laboratoire de Photonique et de Nanostructures -LPN- (51 chercheurs, 41 ingénieurs et
techniciens, et une soixantaine de doctorants et post-doctorants) est une unité propre du Centre
Mational de Recherche Scentifique -CNRS- rattachee a deux instituts, 'Institut de Physique -INP-
et I'Institut des Sciences de I'Ingénierie et des Systémes -INSIS-.

Le LPN est I'une des 6 centrales du premier cercle du réseau RENATECH.

Sa3 vocation premiére est I'avancement coordonné de la recherche fondamentale et de la
recherche appliquée, tant pour les recherches internes au laboratoire gque pour celles
développeées en partenariat avec d'autres laboratoires publics ou priveés, en s'appuyant sur
I'exploitation et le développement de ses compétences technologiques.

Voici un lien vers l'organigramme du LPN.

Les 8 groupes de recherche du laboratoire développent leurs activités autour de guatre
thémes de recherche principaux :

- . . i i ‘g
Photonique Nano-Electronique Materiaux Mlcmﬂl."(h ue et <
Nano-Biotechnologie

et 2 thémes de recherche transverses :

Composants et systémes % ; dpn. .
Composants et systémes T R www.lpn.cnrs.fr
opto-électroniques Sane-lechinologie




gemre de Nanosclences et de Nanotechnologles
_ampus de Paris-Saclay

Accueil Actualris

Le projet

1 de Nanolechnalogies

icial

Lo projot

Le C2N en chiffros Les grandes dtapes Contacts Infranet

Les grandes etapes
mbre 2011 ion de financerr

Decembre 2011 . Déci
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Hétérostructures de semiconducteurs

Gaz 2D, tres grande mobilité

Principe : un puits de potentiel confine les électrons
a l'interface de deux semiconducteurs différents.

y.
B
2DEG : gaz d'électrons

\%/

bidimensionnel

Si-MOSFET
oxyde
metal Si0,

1959 Bell labs

Grille

Metal-Oxide-Semiconductor
Field Effect Transistor
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Hétérostructures de semiconducteurs III-V

- GaAs

ED. ——— Ec
dopage Si

— Ev

AlGaAs

©00600061]
QE:
n-AlGaAs y GaAs
z -

/ wave function
®

z —-

Dopage modulé : les porteurs libres sont éloignés des donneurs
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PERIODIC TABLE OF THE ELEMENTS

GROUP
1 1, 8 VillA
RELATIVE ATOMIC MASS (1) ] Meta [ Semimetel  [] Nonmetal B -
1
GROUP IUPAC, GROUE CAS [ Alkal metal [18] Chalcogens element He
i 131 lila [2] Akaling earth metal (11] Halogens ees 13 JilA 14 VA 15T WA 16 VIA 17 VLA | HEGUM |
E 4 50122 | ATOMICNUMBER- |5 10811 ] Trensiion metals i) Noble gas 5 0811|6 12011|7 14007|8 15509|9 12898 (10 20180
2[ svupoL——B [ tanthanide " panpann STATE @5 c: 101 893 B & N (0] F Ne
k [ Actinide Ne - g2 Fe - solid carBON | NITROGEN | OXYGEN | Fruoame || NEON. |
i Ga -llguid & - synlhetic 13 26932 |14 28.036 |15 30974 [16 32.065 |17 35453 |18 39948
ELEMENT NAME
3| | AL[Si| P | S |a|Ar
B 4~ WBs VB 6 VIBETZ VIB 8 9 10 11 15 12 |IB| AuMNuM SULPHUR | CHLORINE | ARGOM |
22 47.867 | 23 50.802 | 24 51.996 [ 25 54.935 | 26 55.045| 27 56.933 | 28 56693 [29 63.546| 30 659 |3 69723 |32 72.64 |33 74.922|34 78.96(35 79.804[36 8380
. A
Ti | V |Cr (Mn| Fe | Co | Ni |[Cu | Zn | Ga | Ge | As | Se | Br | Kr
TITANIUM | VANADIUM | CHROMIUM |MANGANESE|  IRON COBALT | NICKEL | COPPER znc | GAuuM |GERMAMIUM| ARSENIC | SELEWUM | BROMINE | KRYPTON |
40 91224 |d1 92906 |42 9594 [d3  (98) |44 10107| 45 1029146 106.42 [47 107.67 |48 112.41(49 11482 |50 116.71 |51 121,76 |52 127.60 | 53 126.90 54 131.29
Zr |/Nb Mo | Te ([Ru|(Rh |Pd [Ag [Cd | In | Sn | Sb | Te | I | Xe
ZIRCONIUM |  NIOBIUM | MOLYBOENUM| TECHNETIUM| RUTHENIUM| RHODIUM. | PALLADIUM | SIVER | CADMIUM | IMOWM T | TELLURIUM | IGOINE | XENON |
72 17649 | 73 160.95 | 74 183.64 75 186.21|76 190.23|77 1922278 195.06 [79 196.97| 80 20059 |81 2043682 207.2 |83 2009584 (209)| 85 (210) |86 (222
Hf | Ta | W | Re | Os [ Ir [ Pt [Au | Hg | T1 | Pb | Bi | Po | At [ Rn
HAFNIUM | TANTALUM | TUNGSTEN | RHENIUM OSMIUM. IRIDIUM PLATINUM GOLD MERCURY | THALLIUM LEAD BISMUTH ASTATINE EM E
3 |104 (261) 105 (262} | 106 (266) [107 (254) [108 (277)| 109 (268) (110 (281) (111 (272)| 112 (285) 114 (z89)
RE | Db | Sg | Bh | Hs | Mt [Uwn|Unw Unb Uug
BUBNIUM BOHRUM | HASSIUM UNUNBIUM NUNGUAD
LANTHANIDE Copyright & 1598-2003 Evics {origZhit-spliLhr
(1) Pure Apgl. Chom. 73, No. 4, 661-683(2001) | 57 138.01 | 58 140,12 |59 140.91| 60 14224 |61 (145)| 62 15035 | 63 151.96 64 157.25| 65 158.93| 66 16250 | 67 164.93 | 68 167.26 [ 69 168.93|70 173.04 |71 17487
Relative alomic mass is shown with fve
res. F x:
e e e wee | La | Ce | Pr | Nd [IPm | Sm | En | Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu
iNGICATES e NIZES DUMDGE of e KGastiived
isotapo oftho olomant. LANTHANUM|  CERIUM _[PRASECOVMWUM| NEODYMIUM [PROMETHIUM SAMARIUM | EUROPIUM TERBIUM HoLmium | ERBuM | THULM | yITERBIUM | LUTETIUM
Howaver threo such clomerss (Th. Pa. ard U} A CTINIDE
o hiree a chsaclorisic torrostral isctopic
msgm,-mmnnmanammvmwm 89 (227)|90 23204 |91 231.04 |92 2380393 (237)| 94 (244)| 95 (243)[96 (247)[97 (247)|98 (251)|99 (252) | 100 (257)|A01 (258)102 (250) | 103 (262)
o
Ac | Th | Pa | U |Np | Pu [Am|Cm | Bk | Cf | Es | Fm | Md | No | Lr
ACTINIUM THORIUM |PROTACTINI URANIUM | NEPTUNIUM | PLUTONIUM | AMERICIUM | CURIUM | BERKELIUM |CALIFORNIUMEINSTEINIUM| FERMIUM | MENOELEVIUM| NOBELIUM [LAWRENCIUM

Edior: Aditya Vardhan {acévir @neilin, com)

For more information and downloads please visit - - - > http://www.p

iodni.com/en/d load.html

Dopage n de AlGaAs par Si

13 - & 14

VA 15

VA

5 108116 12011

T 14.007

N

MNITROGEN

15 20974

41 42
Gaz d'électrons dans un potentiel 1D triangulaire —
CoAN
0.25 4 V(Z):eEZ ‘g =C SRR
L= - T\Aig‘ As N Contact
< 2m NN _*t\‘g*t‘:t_\
L 020 23 5T liebt g
§ c, A{S—”(n +3/4)} GaAs
E 0.15 - 2 . o
E n:0,1,2, ¥ ——
é 0.10 2DES
13 ) Nlo_sGao_yAS GaAs
g o005 hze4 o3 HEMT
& =C| —— MODFET
o0 n n 2m 82 2D

distance (nm)

Les niveaux sont quantifiés dans la direction z
mouvement libre dans le plan xy, avec une masse effective

£(k) =

2m

hz*(kxz+k§)+gn

constante diélectrique

m ~0,067 m,

Une grille métallique module la densité électronique

Les charges libres sont éloignées des impuretés donneuses - bonne mobilité
A

_ C(VG _VT)

2D e
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Molecular Beam Epitaxy (MBE)

Ultra-high vacuum

Substrate

>
NNSNNNY

Electron density
Mobility
Mean free path

Shutters

Bell labs, 1968

2DEG 2DEG

n~10" em?
po~ 10" em/Vsec
2.~ 100 um

Ultra-high quality, low-density 2D metal

LPN, Marcoussis

MBE
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