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1.

2.

Contents of the course

Introduction to localized waves

. Historical perspective
. Diffusion of waves and mean free path
. Localization in a nutshell

Theories of Localization
Random Matrix theory
Ab-initio methods
Supersymmetric theory
Selfconsistent theory of localization

Mesoscopic transport theory
Dyson Green function
Bethe-Salpeter equation
Diffusion approximation
Interference in diffusion

From matter towards classical waves
. Analogies and differences
. Mesoscopic regime for different waves
. Energy velocity of classical waves



5.

6

7.

8.

Contents of the course

Enhanced backscattering as a precursor of strong localizain

Reciprocity principle
Observation of enhanced backscattering of lightsouhd
Return probability in infinite and open media

Speckles and correlations in wave transport

Gaussian statistics
Short and long-range correlations

Random laser

Historical perspective
Recent experiments and link with localization

Observation of Anderson localization in high dimensions

3D light localization
2D transverse localization
Quasi 1D localization of microwaves
3D localization of ultrasound
- dynamics in transmission
- transverse confinement
- selfconsistent theory
- speckle distribution
- multifractal wave function



Contents of the course

5.  Anderson localization of noninteracting atoms in 3D
. Self-consistent Born approximation in speckle pts
. Phase diagram from selfconsistent theory
. Energy distribution of atoms



Coherent Backscattering of Light by Cold Atoms

G. Labeyrie, F. de Tomasi.* J.-C. Bernard, C. A. Miiller, C. Miniatura, and R. Kaiser

Institut Non Linéaire de Nice, UMR 6618, 1361 route des Lucioles, F-06560 Valbonne, France
(Received 30 July 1999)
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Coherent backscattering
with seismic waves in Auvergne

Larose etal, PRL 2004
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Enhanced Backscattering in a magnetic field
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Enhanced Backscattering in strongly scattering

Backscattered Intensity
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Enhanced Backscattering in strongly scattering

Scaled backscattered intensity
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V.c How much extra energy returns at to the source
by constructive interference ?

interferermeenergy _y j dt AT 1
Source o (Dt)*"2

wave volume x Probability density
at source of quantum
diffusion at source
— (kg)Z
2D & 1D 00
Pparticule = |-*'i 1|:2 + |*"J12‘2
Ponde = I-"‘ll =4 -42|2
Ponde = 2J-!':"[:rartic:ufe

Something Is wrong with diffusion picture at large times
Enhanced backscattering IS precursor



..... and In open quasi 1D wave guide ?

interferemeenerg/ y ILZ/Ddt AY1 1
Source "Elo 211) A(Dt)"

171
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..... and in open d-dimensional media ?

interferem:eenerg/ —v jLZ/Ddt A d_li
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e d=2 critical dimension for localization
» velocity cancels
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A critical pointin d>2 near k€=1 with scale dependent diffusion?



Localization In open media ?
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Thouless, Edwards, 1972



Scaling theory of localization

ﬁ( g] Extended

g™

log ¢
3D
2D

Localized 1D Quasi-extended
Weakly localized

_dlogyg
ﬁ{g} - dlﬂg I
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V. Enhanced Backscattering as a precursor
of localization

e conclusion:near g=1 constructive
Interferencesdominate wavetransport



VI. Specklesand correlations



VI.a Gaussian Statistics of

complex field
Im ¥ W= Worw o+t
P = Eexp(i¢)
ReW
Multiple scattering = Gaussianstatistics
Plw,, w,,..w, )= ﬂ“dlet sex- ¥ T DY )

<y Y > From diffusion equation



Speckles of Micro -waves In Quasi 1D media

Genack etal, 1990
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Phase statistics in diffuse regime

1 K
P(E,,....Ex) = K det C EKP(_ Z EEC;';'lEj)
~ f l
(") 2 [0 + (&' — I)E]HE

Diffusion approximation

Genack etal, 1998




VI.b Correlations of intensity
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VI.b Long -range and nonGaussian intensity correlations
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Observation of C2 and C3 in dynamic colloids (DWS)

Maret, Scheffold, 1998

g=100, D= 4 um (®) e

C(t) x 10°

0.001 0.01 0.1 1 10

100



Observation of C2 and C3 In microwave polarization
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VI1.c Fluctuations of transmission and transmittance

Intensity Total Transmission Transmittance
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Fluctuations of transmission and transmittance

Intensity Total Transmission Transmittance

() o

Universal conductance fluctuations
(never observed with light)

N >>1, g>>1



VI. Specklesand correlations

conclusion : near g=1, fluctuations in transmission are
are strong and non Gaussian




VIl. Random Laser



a b Amplifying and
* scattering particles

Mirror Partial reflector

Regular laser cavity

Random laser

Generation of spatially incoherent short pulses
in laser-pumped
neodymium stoichiometric crystals and powders
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W Non-radiative fast decay
hoe l YWWMS - Radiation

\. Non-radiative fast decay
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Basic questions

* Is this « random laser » really a laser

(or just stimulated emission amplified by scattering ASE)?
 What happens beyond diffuse threshold ?
* IS it possible to use one single mode to  lase?

« How does the random cavity look like? Localized , extended ?

What is a laser anyway, and what makes a laser « random »?
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Spectral pulse energy (pJd/nm)
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Nature of lasing modes
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VIIl. Observation & Modelling of Anderson
Localization in high dimensions
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Scaled backscattered intensity
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VIlIl.b 2D Transverse localisation of light
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VIlIl.b 2D Transverse localisation of light
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VIlIl.b 2D Transverse localisation of light
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VIIl.c Quasi 1D localisation of Nmicrowaves
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Data: A.Z. Genack (2004); theory: Skipetrov and van Tiggelen



VIIl.c Quasi 1D localisation of microwaves
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VIIl.c Quasi 1D localisation of
phase
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bvt3

VIll.d 3D localisation of ultrasound
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Page , Skipetrov , Van Tiggelen, Nature Physics 2008
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Normalized Intensity

Normalized Intensity

Time-dependent transmission of ultrasound
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bvt4

transverse confinement of ultrasound

>

L=15 mm

Diffuse: < p2> = 4Dt
transition: < p2>~ L2, not t 23
Localized : <p?>~ L§
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Dynamics ofLocalization in finite open media
Skipetrov & Van Tiggelen, PRL 2004,2006
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3D Transverse localisation of ultrasound
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3D Transverse confinement of ultrasound
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transverse confinement of ultrasound

Transverse localization
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Speckle distribution of transmission
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Multifractality of wave function
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Multifractality of wave function
y F. Evers and A. D. Mirlin, Rev. Mod. Phys. 80, 1355 (2008).
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Multifractality of wave function
Faez, Page, Lagendijk and Van Tiggelen (PRL 2010)
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Multifractality of wave function
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Localized ultrasound
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VIl.d Observation of 3D ultrasound Localization
Transverse confinement: D(r)!

Anomalous dynamic transmission

Glant non-poissonian fluctuationsg<1
Multifractal wave function

1/t? reflection (in progress )

Critical exponent

Critical LDOS fluctuations (in progress )



3D, localized half space: k{=0.7
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Preliminary observation of infinite range correlations
(fluctuations of LDOS)
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Anderson localization of noninteracting cold

Qur disordered potential: laser speckle

Diffusive

Laser speckle : diffraction from a rough plate
Argon laser
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IX.a Q1D BEC in random potential
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localization In 1D speckle potential
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Experimental verification of localized
cold atoms in 3D

Experimental observation of the Anderson transition

with atomic matter waves

. 1 . .22 . r 2 .. 2
Julien Chabé’, Gabriel Lemarié”, Benoit Grémaud”. Dominique Delande”, Pascal

Szriftgiser’ & Jean Claude Garreau' PRL ; 2008
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Localization of noninteracting cold atoms in 3D white noise
Skipetrov , Minguzzi , BAvVT, Shapiro PRL, 2008
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Average density profile of atoms at large times
Probability of quantum diffusion
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Density profile of atoms at large times

Skipetrov , Minguzzi , BAvVT, Shapiro PRL, 2008
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Cold atoms in a 3D speckle potential
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Kuhn, Miniatura, Delande etal 2007
Yedjour, BavT, 2010
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Is 3D cold atoms are delocalized below « sea - level »

out above percolation threshold
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Cold atoms in 3D speckle
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Energy
distribution
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Anderson Localization Is still a

major theme in condensed matter physics,
full of surprises

New experiments (in high dimensions and
with « new » waves) exist and are underway.

Thank you for your attention

*B.A. van Tiggelen , Les Houches 1998

eLagendijk , Van Tiggelen , Wiersman / Aspect, Inguscio Physics Today,
august 2009

«C. Muller, D. Delande, Les Houches 2010 http://arxiv.org/abs/1005.0915




Mesoscopighysicsfor absolutebeginners
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All waves
behave in a
similar way

L. Brillouin, 1960



