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" introduction 0
@ coherent back scattering
@ light Incalization

@ new directions



Photonic matter

A
A dielectric 1s a2 material with a q1=lectric constant
$

that depends on frequency

e(®)
A photouic1~aterial has a dielectric constant
that cepends ot position

()

£{0,1)

and varies in spacve-on a length scale of the order
of the wav=lenigth of light



Multiple scattering

single: doubl¢:




Diverging scattering setries

We expect new phenomena wvhen the
polarization (polariza’»'1ty-density)
becomes of order ct.e

Ca:om

@ dieleqtnc catastroply
@ liziitlocalization

) phctoxic vandgaps




Is it any interesting?

@ diverging phase velocity
@ vanishing phase velocicy
@ diverging group velccity
@ vanishing oroup velocity L | .
@ vanishing density of states (photonic bandgap)
& oiverging density of states var.-Hove-singularity)
@ vanishing difiusion constant

@ varisning meai-iree path

@ vahishing cncizy velocity



Goal: reduce mean free path to zero

=
(qe]
(@l
S
-
>

)
s

/

/
\

degree of.d!sncazl

K¢, == order(1)



Material aggregation state

State of matter
powders
nanomaterials
supermolecular structures
colloias
SPINZES
1iquid crystals
ultia-cold gasgses

Symmetry l (Cain

’ > .
non raciprocal I dye + colloids

gyrotropic ground laser crystrals
anisotronie
bi-anisotropic




Materials

@ high density of scatterers
@ large contrast

@ resonant scattering —~ '(si.¢ scatterers ~\ )

index insiae, visible:

water 1.3 olass 1.5
dia.pond © 2.4 0, 2.7
GaP 5

1232k 1n the-intfaled:
GaAs 3.57 " (zear ir)
Ge +.1 Si 3.5



Example material: powders

166 ¢ 1.56 um
Si Ge
(a) (b)

Gomez Rivas, Sgrik, Soukoulis, Busch, AL, Europhys. Lett. 1999



xample materials: spunge

GaP elecrochemica'l 7 etche

Schuurmans, Vanmaekelbergh, Van de Lagemaat, AL, Science 1999




Is diffusion important?

In many languages diffuse
also means vague

We often usevine word diffusive
with a regative connotation

I think the difrusios 'lawvs are
next.ze. Newten lavws the most

important iaws 1n science




Generality of diffusion

A
l wave diffusion:

@ particle diffusior @ surface waves
@ momentum diffision | @ sound

@ cnergy ditlusion light

@ .. electron(s)
‘ plasmons

@ coirc magnons

elastic waves
seismic waves
... Many more

@ lL:guages




Coherent beam

* . forward scattered
" /coherent beam

scatiered wave

N\

‘ iaultiple scat ering diffuse intensity
object

YYYYY

2
incoming beain, " I



From scattering to transport

S"l\‘ulg
verturbations
no perturbatiop multiple scattering
particle L 4@ e particle , :
—>~hecanotion = diffuse motion

wave o

wave

ciassical + granmuum cilassical + quantum

heat, sound, light,
electrons, neutrons



Key diffusion parameters

@ mean free path ’ = —
@ diffusion coefficenis D
@ systomsize L

@ censcivation lew vieiater Zabs



Diffusion condition

) global conservation law
@ number of partices
@ total momentutii
@ intersity
" I

(8. Coniplicated interactiols

imbilance must be transported over space @

mild violation cof conservation allowed



Transport theory

wave impinges on complex shject
Boltzmann theory neglccis interference
resulting equatiorcis. 2’ palance equation
N\ ( - A
di(r,s) < \I{rs) 1
— ) |

N~ j 0(3,8)1(r,8)ds’
C.S X 04

change =" loss - “gain

| (r,S) Intensity at r in direction S




Diftfusion theory

long-lenght limit of transport thcory
gives diffusion equation

2 AT Z
a—I—D(a | = | +@ I] dynamic form

ot . Aax\ oyt oz°
\ D(‘€?|+62| AN . )
— Ny T T Ty stationa orm
Lox? oyt o i

@ mc¢ an-free nzth thows in boundary condition
@ radia’ive tiansport theory slightly
bette; than diffusion theory



Experimentalist’s toolbox

@ total (angularly integrat=cl)
transmission and r&flection

@ angularly resolvea
transmiscidnt and reflection

@ intenisity correlations and
yluctuaticus (speckle)

@ interferometry (nliase and amplitude)

as 4 functientes sample thickness,
wavelg gth, polanzauon time,
pulse guration,



Stationary transmission

coherent stationary Incohererit atetioiary

i

I
|
v

- )

L

not transzoit

L,
T = exp(—é, T = ¢




Coherent backscattering ...

v introduction

- ] coherent.bfctScattering
a

@ light Incalization

@ new directions




Weak localization

arriving probability returning ‘prebav lity

P = (D 5 = _
=a’+ B° xeross —terms | Y= o2 + g? + 202




Coherent backscattering

AL =2d cCeq, (26, + 6,)}sin(, 6,)




CBS examples

Intensity

| I S TR S VN T VY W R ST WS W X
—100‘ 0 100 200 300

scatiecring apgle (mrad, 0 = exactly backscattering)

Marsow coiie: BaSO,: K., €=22.6
F'ioud cone: TiO, : K. €= 5.8



CBS examples (continued)

Storzer Gross, Aegertet, Maztt, PRL 2006

- angle (degrees)



Magnetic field destroys it

Lenke, Eiﬁe?nmann, Reinke, Maret, Phvs. Revet' 2002
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Disorder in photonic bandgap crystal

air-sphere crystal (wavelength-269 rum)

A0 W F!

—_
\®)
|

Air spheres

Packscartered intensity

-
o

10 5 0 5
Angle (mrad)
Koenderink, Megens, Van Soest, Vos, AL, Phys. Lett. A. 2000



Light localization ...

v introduction
v coherent back scattering

" lighlQdalization

@ new directions



Weak to strong localization

enhanced backscatteing

= reduces foraarg-yropagation

= reduction ¢t mean free path

= +educdon of diffusion  constant



One-Iliners about localization

@ break-down of transport theony
<& vanishing of diffusien coeiiicient
@ absence of extended inodes

Complicaticns:

€ t.ot everv breakdowiiis
Ara=tsen localizetion

@ ¢ nave «iimiied under-
stanaitig of transport theory

in high density systems



Generality of concept of localization

surface waves
sound >
light (visible, micicv-aves etc.) I v ==
electron(s) oy
plasmans
TagnoIs
elastic vraves
seisi1i¢c waves

000006666

purple buliet - \’ classical
green bullcts: @ quantum



Scientific merits classical localization

the electron people are very-zoca in
making their own casw

we now undersiand multiple scattering
and traasport much better
Itceuations (speckle); ‘[, amplitude, phase

random lasets {scattering + gain)



Is 1t genuine?

Is absorption mistakep tor-localization?

Is impurity luthincscense mistaken
for loca’ization?

1:7a single localized myee= niistaken
tor locarization?



Strong localization

—
00 N\~

cegree of disotd<r

di fusion constant

two lenoith seales: Z;Cnt. ba A
ZSC,.t <_N/21 extreme condition

ket <1

scat



Dimensionality and transport




Lower dimensionality slows down

long-time behavior

1

P(t—)oo)oc‘[dT

P(t— ) \J P()dt=00 1D

1/2
t

1

4312
t

Pt — o) o P(tiat =firiite 3D

lower dirensions are slower



Localization and dimensionality

if system is of infinite size:

@ in 1D always lecilizdation
@ in 2D always localization

° \.¢ ) -ir >
irpracice L= ¢

@ i1y 30) critical araount of disorder



Volhardt and Waolfle

Mean-field-type theory

Qmax 4

1 1
—_—=—-+ DOS 4 N —d < .
D D, J G 0 general dimensions
| = L ) W’ S L
D D D one dimension

DED, (1=EDSKL)



Extension of localization theory

B. L. Altshuler, A.G. Aronov, and B. Z. Spivak, JETY Leit. 53,24 (1981)
D.Yu. Sharvin and Yu.V. Sharvin, JETP Lett. 24 272 (1981).

1 1 \ Co(r,r)

D(Q) ‘D, V()

tealistic geometry forfinaing
size dependence

Sphx e D(l‘)

slab 1 (7)



Inhomogeneous localization

Spatial dependence of
mean free path

&lftssical b&havidr
D \
localized —
7\
interfesinac

Van Tiggelen, Wizrsnra, Ay, T RL (2000)
Skipetrov and Var ™ ogelen PRL (2004) dynamic 1D /3D



Other theories

@ scaling theory g(L) of gang of four

@ numerical simulations
systeins are always too small

whnat'to lodk for?

@ field theoties



Outstanding problems in theory

separation of interference ttom
non-interference s uestionable

realistic finite-size theory

critical exponents

tole vl albsorption

ayvhiamics

bevcaa total transpussion

:vetaging-ovesdisorder
mathematical definition lacking




How to observe localization?

(¢ = (@)
D = D)

Experiments include:
@ total tansmission (L)
) angular tzansmissiot
@ pulsed fransmission
@ speckle cortsladon (0,0,t,phase)
@ statistics



Parameter space

© material
form, size of scatterexs

o wavelength

© dimension ality

€ s nunetry wnderlying stiucture:
randex, Iattice, ..

S1aAtas. ké

scat



Localization effects

@ coherent backscattziing (industry)
@ resonance delay

@ long-range speckle (UCF)
@' phase statisiics




In GaAs (infrared)

Wiersma, Bartolini, A.L. , Righiri, Na‘ture 1997
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Long-time tails

Storzer, Gross, Aegerter, Georg Marct I’ RL 2006
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Critical backscattering

Schuurmans, Megens, Vanmaekelbergh, AL PRL 1999
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Absorption

absorption is a real killcr
@ it kills long light pztis
@ causes exponential decay (L)
@ localization is characterized
by exponeiitial decav. (L)

experuv.ientalictc 19 everything they can to
minimize abeorption (typical 1 out of a million)
but ofte¢n not enough



New directions ...

v introduction
v coherent back scattering
v lightlo¢alization

2 \"9\ @ -
R diktions AV




Anisotropy

Localization in lowgr dralensionality

1S easier to obitain

Aqivivouepy might be a way



Anisotropic diffusion

Silicon nitridie 12ycr prevents - -:"_.*‘r":.l-
etching at thZ pulished strfaceof
the wafer, poreggr¢w froim the
bottom edge up.

perpendicular (bottom, scale bar=300
nm) cross sections with respect to the
etch direction



Asymmetric spot

Bxx

N4
Dyy

P. M. Johnson B. P. J. Bret, J. Gémez Rivas, J.J. Kelly, and A. L. PRL 89 (2002)



More anisotropic CBS

Anisotropic GaP Bre< and 1. PRE 2004

1ntensuy

backscatter




Transverse localization

Transverse Localizatior. of Light

Hans De Raedt, Ad Lagendi ik, and Pedro de Vries
Phys. Rev, Lett. 62, 47-50 (1989)

solutive ¢ of ellintic problera £3,. "Apart from a missing
minus sign inthe definition of-A, (5) is nothing but the
time-dependent Schrdainger equation (TDSE) for a par-
ticle moving inthe 2D potential — V(x,y), z playing
the role c¢fume. The initial state wix,y,z=0)



Beam confinement

De Raedt, AL, De Vries, PRL (1987)

._-u-lllllll"-"'ll'""“‘“‘.‘‘II.-k M

J---‘---’ s =




Near-field set-up

microporous silicca g.25s

lens

detector

)

near-field probe

Emiliani, Inton i, Cazayous, Wiersma, Colocci, Aliev, A.L,, PRL (2003)
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Spin-off

@ better understandirg role of disorder
in nano-op+icalkraaterial (like PBG)

@ diffusing wwave spectroscopy (DWS)

(& inedical imaging

@ interdivcinlinaryintercsts

@ applications



Lecture I11I: mesoscopic light ...

v introduction

v/ coherent back scattering
v’ light localization

v new dircctions
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