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Introductio n n 

Thiss thesis describes an experimental study of the propagation of light in disordered scat-
teringg media. In an intensive search for Anderson localization of light in 3D systems, 
strongly-scatteringg samples of high refractive index semiconductors have been studied. In 
thiss chapter a general introduction to light localization is given, starting from the basis of 
singlee and multiple scattering (sections 1.1 and 1.2). Weak localization and interference in 
randomm media are explained in section 1.3. In section 1.4 a simple picture of localization 
andd the role of the dimensionality are given. A summary of the history of localization can 
bee found in section 1.5. The reasons why it is difficult to localize light are discussed in 
sectionn 1.6. A short summary of the chapters of this thesis is given in section 1.7. 

1.11 Singl e scatterin g 

Thee propagation of light in a homogeneous material is simple: light propagates in 
straightt trajectories. Eventually, optical absorption may occur and the light inten-
sityy decays exponentially as the wave travels in the medium. If the wave encoun-
terss an inhomogeneity it is scattered, which means that its direction of propagation 
changes.. An inhomogeneity or scatterer can be an atom with polarizability <p, or a 
particlee of refractive index n, or a density fluctuation in a liquid or gas. The scat-
teringg cross section of the scatterer as is defined as the amount of light removed 
fromm the incident beam by scattering. 

DependingDepending on the size of the scatterer r relative to the wavelength Ao, the scat-
teringg can be classified in three different types: Rayleigh scattering, Mie scattering, 
andd geometrical-optics scattering. 

Rayleighh scattering is the scattering by particles much smaller than the optical 
wavelength,, like for instance atoms and molecules. In this regime the scattering is 
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10 0 CHAPTERR 1: INTRODUCTIO N 

veryy inefficient and the cross section is given by [3] 

C7SS = - T t C p 2 ^ , ( 1 . 1) 

wheree <p is the polarizability and the wave vector in vacuum is given by k0 = IU/XQ. 

Iff  the size of the scatterer is of the order of the wavelength as is maximal. This 
regimee is known as Mie scattering. The determination of the Mie cross section 
iss far from trivial, and it can be calculated numerically with relative ease only for 
objectss with a high degree of symmetry, as spheres or cylinders [4,5]. In general, 
ass is larger when the refractive index contrast m between the scatterer and the 
surroundingg medium is higher. 

Iff  the size of the scatterer is much larger than the wavelength its scatter-
ingg cross section is equal to two times its geometrical cross section. This is the 
geometrical-opticss regime, and the scattering is described by Snell's law [6]. 

Thee three scattering regimes are depicted in Fig. 1.1. In this figure the quality 
factorr (or ÖS normalized by the geometrical cross section) is plotted as a function of 
thee size parameter defined as 2nr/Xo. This example corresponds to a germanium 
spheree in air (m — n/n0 = 4.1). In the Mie scattering regime (r ~ XQ) the cross 
sectionn presents a rich resonant structure, and it is up to 12 times larger than geo-
metricall  cross section. For r <C Xo, as scales with X~4, and for r^>Xo,as converges 
t oo 2JC7-2. 

1.22 Multipl e scatterin g 

Thee scattering mean free path £s in a medium is definedd as the average distance be-
tweenn two consecutive scattering events. If the medium is larger than £s the single-
scatteringg approximation is not valid. Multiple scattering takes place. Depending 
onn the arrangement of the scatterers, two limiting cases of multiple-scattering me-
diaa can be discerned: crystals on one side and random or disordered media on 
thee other. In this thesis a photonic material is defined as a medium that strongly 
scatterss light. 

AA photonic crystal is a periodic structure of (usually two) different dielectric 
materials,, with a lattice parameter of the order of the wavelength of light. Photonic 
crystalss were first devised by E. Yablonovitch [7] and S. John in 1987 [8]. Light in 
suchh a structure is multiply scattered due to the periodic variation of the refractive 
index.. This causes a splitting of the bands at the edges of the Brillouin zone called 
stopp gaps. Light with energy equal to the energy of the stop gap can not propagate 
inn the photonic crystal, and it is reflected according to Bragg's law [9]. A stop gap 
thatt exists for all directions is called a band gap. The feasibility to create a photonic 
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Figuree 1.1: 
Qualityy factor, defined as the 
scatteringg cross section as nor-
malizedd by the geometrical 
crosss section nr2, plotted ver-
suss the size parameter Inrfko 
off  a germanium (n — 4.1) 
spheree in air n0 = 1. For r <C X<, 
(Rayleighh scattering) the qual-
ityy factor scales with X~A. If 
rr  ~ Xo (Mie scattering) the scat-
teringg cross section is maximal 
att the resonances. If r » Xo 
(geometrical-opticss scattering) 
thee quality factor converges to 
2. . 

crystall  with a band gap has been demonstrated for microwave radiation [10]. A 
greatt experimental challenge is to make a crystal with a photonic band gap at 
opticall  wavelengths. 

Three-dimensionall  photonic crystals can be formed by self-assembly of col-
loids.11 Ordered colloids surrounded by air are called opals. If the air voids of an 
opall  are filled with another material and the colloids are removed, by for instance 
calcinationn or etching, an inverse photonic crystal is formed [12,13]. 

Apartt from the multiple applications that photonic crystals have and are ex-
pectedd to have (superprisms [14], microcavities [15], waveguides [16], optical 
fibersfibers [17], efficient light sources [18]), a photonic band gap will lead to excit-
ingg fundamental phenomena as the inhibition of spontaneous emission [7]. The 
realizationn of a photonic band gap material depends on the crystal structure, and 
onn the refractive index contrast between the dielectric materials; for instance, for a 
face-cube-centeredd (fee) inverse crystal a refractive index contrast larger than 2.8 
iss required [19]. 

AA disordered medium has a random distribution of scatterers. Multiple scat-
teringg of light in random media is a phenomenon encountered daily: clouds, milk, 
sand,, paper are some examples. The photonic or scattering strength in a disor-
deredd scattering medium is described by the inverse of the localization parameter 

*Manyy other techniques to produce 3D photonic crystals have been developed. For a review see 
Ref.. [11]. 



12 2 CHAPTERR 1: INTRODUCTIO N 

k£k£ss (also known as the Ioffe-Regel parameter [20]), 

In In 
k£k£ss = —njs, (1.2) 

wheree k is the wave vector in the medium, and ne is the effective refractive index 
off  the medium. 

Thee scattering mean free path is, to a first approximation (independent-scattering 
approximation),, given by 

1 1 
44 = — , (1.3) 

P<7s s 

wheree p is the density of scatterers and os is the average scattering cross section. 
Inn a weakly-scattering medium k£s > 1. The photonic strength can be increased 
byy reducing £&, which is achieved by maximizing the scattering cross section. 

Inn the weak-scattering limit, that is when the scatterers density is low, and/or 
whenn the scattering cross section is small, the transport of light is well described 
byy the diffusion equation. The wave diffuses in the medium as electrons do in a 
disorderedd metal. The main approximation of the diffusion approach is to neglect 
anyy interference of the wave propagating along different paths. When the scatter-
ingg becomes strong, interference plays an important role. If the scattering is strong 
enoughh light can be spatially localized, which means that it can not propagate. 
Thiss occurs when k£s~l, which is known as the Ioffe-Regel criterion of localiza-
tionn [20]. In sections 1.3 and 1.4 a simple picture of the role of interference and its 
connectionn to localization is given. 

Similarr to photonic crystals, direct and inverse random media can be real-
ized.. A direct medium or disordered opal consists of a powder of particles in air; 
whilee an inverse random media is a sponge like material in which air voids are 
surroundedd by the material with high refractive index. 

Figuree 1.2 (a) shows a scanning-electron-microscope (SEM) photograph of an 
inversee photonic crystal of titanium dioxide Ti02. The SEM photograph 1.2 (b) 
correspondss to an inverse random medium formed by electrochemical etching of 
galliumm phosphide (GaP). The formation of porous GaP is described in chapter 5. 

1.33 Weak localizatio n 

Thee concepts discussed in this and the next sections are general to any kind of 
wave.. Therefore, they are applicable not only to light but also to quantum waves as 
electronss or to any classical wave as electromagnetic radiation or acoustic waves. 
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Figuree 1.2: (a) SEM photograph of an inverse photonic crystal. The white regions cor-
respondd to TiÜ2. The dark spots are the contact points between the colloids that formed 
thee opal before the infiltration with TiÜ2. These colloids were calcinated after the infiltra-
tion.. Photo by courtesy of L. Bechger. (b) SEM photograph of an inverse random medium 
formedd in GaP. The black regions are holes created by electrochemical etching. 

Thee microscopic description of the wave propagation in a random medium 
requiress the solution of the appropriate wave equation, such as the Schrödinger 
equation,, the Maxwell's equations or the acoustic-wave equation. In order to ob-
tainn this solution the precise location of all the scatterers and their scattering prop-
ertiess need to be known. Of course, this is an impossible task. 

Byy using the diffusion equation a great simplification is achieved in the macro-
scopicc description of the wave propagation [22], i.e., on length scales larger than 
if.if. The main approximation that the diffusion approach does is to neglect any 
interferencee effect. 

Thee essence of the diffusion approximation can be captured by looking at the 
averagee intensity (7AB) i n a point B produced by a source located at A, as it is 
depictedd in Fig. 1.3 (a). By average intensity is meant the ensemble average or the 
intensityy averaged over all possible positions of the scatterers. 

Thee wave can propagate along many different optical paths. For clarity, in 
Fig.. 1.3 (a) only two of these paths are represented. It is important to realize that 
whenn a plane wave is incident on a scatterer, a spherical wave emerges from it. The 
liness representing the optical paths in Fig. 1.3 correspond to the wave vector of the 
scatteredd waves. The intensity at point B is calculated by multiplying the sum of 
thee complex amplitudes E of the wave propagating along all possible optical paths 
byy its complex conjugate 

</AB>> = d>i>;> = (£W)+<EE*B?) *  <E*E?) = <I»
ii  j i i fêi i i 

(1.4) ) 
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Thee term Y.i^iE* corresponds to amplitudes that propagate along the same path i. 
Thee term L / ^ y / f ^ accounts for the interference of the amplitudes propagating 
alongg different paths. This interference contribution depends on the difference in 
thee length of paths i and j . For a path length difference of nX, with n = 0,1,2... 
andd X the wavelength in the medium, the two amplitudes interfere constructively; 
whilee if the path difference is (2n+ l)A./2 the interference is destructive. 

Inn a real system there are many possible optical paths, and the interference 
termm leads to the characteristic speckle pattern that can be observed on the trans-
mittedd or reflected light. Speckles are the bright and dark spots formed by the scat-
teredd light and they give to the transmission and reflection its granular aspect [23]. 
Iff  the intensity /AB is averaged over all possible realizations of the disorder, the in-
terferencee term or speckle vanishes. This vanishing of the speckle occurs because 
onn average the interference term cancels out since the contribution of constructive 
andd destructive interference are equal. Neglecting the interference term in Eq. (1.4) 
thee average intensity (/AB) is the sum of the intensities of the waves diffusing along 
differentt paths. Therefore, the diffusion approximation does not make any distinc-
tionn between diffusing particles or wave intensities. The wave diffuses in a 3D 
mediumm with a diffusion constant 

0BB = iv e*B , (1.5) 

wheree ve is the energy velocity or the rate at which the energy is transported [24, 
25],, and £B is the Boltzman mean free path or the length over which the direction of 
propagationn of the wave is randomized by scattering in the absence of interference. 

However,, in a random medium there is always an interference contribution 
thatt survives (even for weakly-scattering media) the averaging over different con-
figurationsfigurations of the disorder. This interference originates from closed paths [26] as 
thee one plotted in Fig. 1.3 (b). For each closed path a wave emitted at the source 
AA can return to the same point after propagating along two reversed paths, I and II 
inn Fig. 1.3 (b). These paths are called time-reversed paths. The returning probabil-
ityy or average intensity at the source after the wave has propagated in the random 
mediumm is 

</AA>> = <££.*;> + <L I E,EJ) + (£Eft) =*  2 ) = 2<£/,>. 

(1.6) ) 

Thee first term is the same as in Eq. (1.4). The second term accounts for the inter-
ferencee of the amplitudes propagating along different paths, except for the time-
reversedd ones. Because of the same argument as before, the interference term is 



1.4.. ANDERSON LOCALIZATION 15 5 

A=B B 

(a)) i (b) 
Figuree 13: r 5 S / "\ ("^ 

(a)) two possible paths (I and II) ^ <j£^^ V» J J 
inn a random medium between a 'y \ 
sourcee located at A and B. (b) v ^ " }  | \ f  0 

aa path (I) and its time reversed IP** - ^\J 
(II). . 

negligible.. The £/=,/ £,-£J term corresponds to the intensity due to waves propa-
gatingg along the time-reversed paths i and i'. The difference between the lengths of 
time-reversedd paths is zero, i.e., the interference is constructive, and the amplitudes 
aree equal. All this makes that the intensity at the source is two times larger than 
expectedd on the basis of neglecting the interference. This effect is called weak 
localization,, since it is believed to be the precursor of Anderson localization or 
strongg localization (see section 1.4). 

Thee main influence of weak localization on transport of the wave is the renor-
malizationn of the diffusion constant [28]. If the probability for the wave to return 
too the source is higher than the probability to diffuse away, the diffusion constant 
iss reduced. The renormalization of the diffusion constant can be expressed as 

DB>D=^vDB>D=^veee,e, (1.7) 

wheree £ is the transport mean free path or length over which the direction of prop-
agationn of the wave is randomized by scattering in the presence of interference. 
Weakk localization is a stationary process, and the renormalization of the diffusion 
constantt should be interpreted as a renormalization of the Boltzman mean free 
path. . 

1.44 Anderso n localizatio n 

Localizationn was introduced by Philip W. Anderson in his famous article absence 
ofof diffusion in certain random lattices [29]. Anderson localization can be defined 
ass D = 0 or equivalently I = 0. Following the discussion of the preceding section, 
localizationn occurs when the diffuse transport breaks down due to interference of 
wavess propagating along time-reversed paths, i.e., when the wave returns to the 
source.. When a wave is localized, its ensemble-average intensity decays exponen-
tiallyy with the distance to the source L and with a characteristic length given by the 
localizationn length \, 

</ ) -exp( -LA).. (1.8) 
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Inn this thesis only ensemble-average quantities are investigated. Therefore, the 
symbolss () will be omitted in the following. 

Andersonn localization is a phase transition between propagating states and 
localizedd states. As the important length scale for interference effects is the wave-
length,, A.F. Ioffe and A.R. Regel proposed that when the scattering mean free path 
iss comparable to X, it should not be possible to describe classically the wave trans-
portt [20]. They established that the transition between the extended and localized 
statess in a 3D infinite system formed by isotropic scatterers occurs when 

k£k£ss~l.~l. (1.9) 

Equationn (1.9) is known as the Ioffe-Regel criterion for localization. The validity 
off  the Ioffe-Regel criterion has been confirmed with more rigorous theories [30, 
31]. . 

Att this point it is worthwhile to stress the difference between the scattering 
andd the transport mean free paths. The scattering mean free path 4 is the average 
distancee between scattering events. The transport mean free path £ is the average 
distancee necessary to randomize the direction of propagation of the wave by scat-
tering.. In the absence of interference the transport mean free path is called the 
Boltzmann mean free path ^B- If the scattering is anisotropic, one scattering event is 
nott enough to randomize the direction of the propagation; in other words, one scat-
teringg event does not fully convert the ballistic propagation of the wave into diffuse 
propagation.. The number of scattering events required for a full conversion in a 
non-absorbingg medium is 

TTss
==  l~(cos$)  ( U 0 ) 

wheree (costf) is the average of the cosine of the scattering angle [32]. Thus £s < £Q, 
andd both mean free paths are equal only for isotropic scatterers, i.e., if (costf) = 0. 

Duee to interference in strongly-scattering media, £B is renormalized to £ [28, 
30].. In Fig. 1.4 the scattering and transport mean free paths of a system formed by 
isotropicc scatterers are represented as a function of the disorder, which is defined 
ass £~l. As can be appreciated, for a low degree of disorder 4 = £. Close to the 
localizationn transition, indicated with an arrow in Fig. 1.4, £ becomes smaller than 
4-- If the Ioffe-Regel criterion is satisfied £ = 0, and light is localized. 

Oftenn one can find in literature that the criterion for localization is k£ ~ 1. This 
iss not correct since a non-zero £ means that transport is possible. The source of this 
confusionn is probably due to the experimental difficulties to obtain 4 in a strongly-
scatteringg medium. As £ can be readily extracted from enhanced-backscattering 
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Figuree 1.4: 
Scatteringg (£8) and transport (£) 
meann free paths of light in a 
randomm medium plotted as a 
functionn of the disorder or the 
inversee of the scattering mean 
freee path. The system is formed 
byy isotropic scatterers. Close to 
thee localization transition (ls ~ 
l/k),l/k), £ becomes smaller than 
L.L. At the transition £ = 0. 

MLML  (disorder) 

measurementss or from total-transmission measurements, k£ is incorrectly taken as 
thee localization parameter. 

Thee dimensionality plays a crucial role in localization. The following simple 
descriptionn of localization gives an idea of its main features and the role of the 
dimensionality.. According to the diffusion equation, the energy density at place R 
andd time t of a wave emitted from a point source in an infinite medium is [33] 

W ^ 0 = ( 4 i ^ e X p [ - / ? 2 / ( 4 D 0 ] ' ' 
(1.11) ) 

wheree d = 1, 2 or 3 is the dimensionality. The returning probability can be ex-
pressedd as 

limm / t/d(0,f) = lim / (1-12) ) 

Thee lower integration limit of Eq. (1.12) should be replaced by the transport mean 
freefree time T = £2/D. At t < x it does not make sense to speak about diffusion since at 
thiss time scale the wave propagation is ballistic. If the returning probability is used 
too calculate interference contributions, the upper limit of integration of Eq. (1.12) 
shouldd be replaced by the dephasing time xp — Lj/D , where Lp is the dephasing 
length.. Several dephasing mechanisms will be discussed later. Interference of 
wavess propagating along time-reversed paths can not occur on time and lengths 
scaless larger than xp and Lp. Integration of Eq. (1.12) gives 

/ ' ' 
f/d(o, 00 = < ;d;d = 2, (1-13) ) 

ï£jïD\tï£jïD\t ipj ; < * - 3 
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Iff  Lp — oo, the returning probability diverges in ID and 2D systems, which 
meanss that the wave is always localized independently of the degree of disorder. 
Localizationn of classical waves has been observed in ID and 2D systems [34-38]. 

Forr d = 3, the returning probability is finite. This probability is larger if £ is 
small,, i.e., when the disorder is large. In 3D systems localization is only possible 
iff  the disorder is high enough. 

Theree are several dephasing or phase-breaking mechanisms. For instance, the 
finitefinite size of the sample will cut off long paths, preventing them to interfere. If the 
samplee is smaller that the localization length %, the wave can propagate through 
thee system. Theoretical [39] and experimental [38] studies in quasi-ID systems 
orr waveguides, have shown the change in the wave transport as a function of the 
waveguidee length. 

Ann important phase-breaking mechanism in electronic systems is the electron-
electronn interaction, which complicates the study of the localization transition. The 
photon-photonn interaction is negligible, making optical systems more suitable for 
thiss study. 

AA characteristic of classical waves is absorption. Since the number of electrons 
iss conserved, absorption is absent in electronic systems. Absorption preserves 
thee phase coherence of the wave. Therefore, it has been argued that absorption 
onlyy introduces trivial effects and does not alter the essential behaviour of the 
transportt [40,41]. However, since absorption removes paths that are longer than 
thee absorption mean free path 4 (see section 2.1), preventing them to interfere, it 
iss believed that it strongly affects the localization of classical waves and ultimately 
destroyss it [42,43]. 

Itt is certainly very interesting the study of the competition between localiza-
tionn and absorption, but special care has to be taken in absorbing systems since 
experimentss can be misinterpreted. For instance, a transmission that decays ex-
ponentiallyy with the sample thickness can be due to strong localization in a non-
absorbingg medium, or to classical diffusion in an absorbing medium, or to a com-
binationn of both effects. 

Thee opposite effect to absorption is gain. Random lasers are disordered media 
withh optical gain, and they were first described by Letokhov in 1968 [44]. Af-
terr the work of Lawandy et al in 1994 [45], random lasers have attracted great 
experimentall  and theoretical interest [46-53]. 

Recently,, it has been claimed Anderson localization in random lasers from the 
observationn of narrow peaks in the fluorescence spectra [54-60]. This claim has 
beenn questioned due to the weakness of the scattering in the studied samples [61]. 
Alternativee explanations for these observations have been proposed [61,62]. 
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1.55 The histor y of localizatio n 

Localizationn was introduced in 1958 by Philip W. Anderson in the context of elec-
tronicc propagation in disordered metals [29]. Anderson considered the solutions 
off  the one-electron Schrödinger equation. For a perfect crystalline solid the elec-
tronss can move freely with a bandwidth B. However, Anderson contemplated the 
possibilityy of having potential wells with different heights V = Vb  AV in a lattice; 
thuss with AV as the disorder parameter. He showed that if AV /B is greater than 
aa certain quantity all the states in the band become localized, and the electronic 
transportt is inhibited. 

Ass it has been mentioned in sections 1.2 and 1.4, A.F. Ioffe and A.R. Regel 
establishedd in 1960 the criterion for the localization transition in infinite systems, 
i.e.,, kis ~ 1 [20]. 

Onee of greatest advancements came in 1977 from the hand of D.J. Thou-
lesss [63], who showed that the onset of localization in a open system is determined 
byy the sensitivity of the wave function to a change in the boundary conditions. 
Thiss sensitivity is expressed by the dimensionless conductance g. The dimension-
lesss conductance is defined as the ratio between the width of the energy levels and 
thee level spacing. For g < 1 the typical level spacing is larger than the level width, 
andd the coupling between eigenfunctions of adjacent systems is not possible. In 
thiss situation the transport is inhibited. 

Inn 1979, E. Abrahams et al. developed the scaling theory of localization [64]. 
Basedd on perturbative calculations, they constructed a one-parameter scaling the-
oryy for the conductivity (or equivalently the diffusion constant). According to this 
theory,, there is only a localization transition in 3D systems. In ID and 2D systems 
alll  the states are localized. 

Onee year later, D. Vollhardt and P. Wolfle went beyond the perturbation theory 
and,, using diagrammatic techniques, they calculated the renormalized diffusion 
constantt close to the transition [30]. 

Itt was at the beginning of the 80's when the connection between weak localiza-
tionn of electrons and the interference of quantum waves was made. B.L. Altshuler 
etet al. used the argument of the electron-returning probability discussed in sec-
tionn 1.3 to study the effect of an external electrical field on weak localization [65]. 
Thee interpretation of weak localization in k-space in a 2D system of electrons was 
donee by G. Bergmann [66], who referred to the time-reversed paths as the echo 
ofof a scattered conduction electron. Bergmann also studied the effect of several 
phase-breakingg mechanisms, such as magnetic field, spin-orbit coupling and mag-
neticc impurities. D.E. Khmel'nitskii used the simple picture of weak localization 
andd localization in real space as it is explained in section 1.3 [26]. 
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Inn the mid 80's, S. John [42] and RW. Anderson [67] suggested that since 
localizationn is mainly a wave phenomenon, it should be possible to localize also 
classicall  waves. 

Inn the search for Anderson localization of light many achievements in the un-
derstandingg of the propagation of waves in random media have taken place. The 
greatestt breakthrough was the observation of optical weak localization [68,69].2 

Thiss was the first experimental evidence of interference that survives ensemble av-
erage,, and the similarities of the electronic propagation in disordered metals and 
lightt propagation in random media were demonstrated. Other important develop-
mentss have been the prediction [71] and observation of long-range speckle corre-
lationss [72,73] and universal conductance fluctuations [74], and the understanding 
off  resonant scattering which leads to a reduced energy velocity [24,25]. 

Difficultiess in realizing a random medium where the scattering is efficient 
enoughh to induce localization has been the reason why only few works report 3D 
localizationn of electromagnetic waves. In 1989, J.M. Drake and A.Z. Genack [75] 
measuredd a very low diffusion constant in samples of Ti02 scatterers. These pio-
neeringg experiments can be interpreted as the result of a low transport velocity due 
too resonant scattering, and, unfortunately, not to a renormalized transport mean 
freee path [24]. 

Inn 1991, N. Garcia and A.Z. Genack reported microwave localization in a 
randomm mixture of aluminum and teflon spheres [43]. The relatively strong ab-
sorptionn in these samples is a complicating factor in the interpretation of the mea-
surements.. Localization of near infrared light in powders of GaAs was reported 
inn 1997 by D.S. Wiersma et al. [76]. The interpretation of these measurements 
inn terms of localization was questioned by the possibility of residual absorption 
introducedd during the sample preparation [77]. Z.Q. Zhang et al. observed in 
19988 localization of MHz electromagnetic radiation in a network of coaxial ca-
bless [78]. In 1999, F.J.P. Schuurmans et al. [79] interpreted the rounding of the 
enhanced-backscatteredd intensity versus the scattering angle, measured on porous 
GaPP at visible wavelengths, in terms of the onset of Anderson localization. In these e 
sampless no opticall  absorption was detected [80]. 

A.A.. Chabanov, M. Stoytchev and A.Z. Genack have shown recently that, even 
inn the presence of absorption, the fluctuations of the transmitted flux reflect the 
extentt of localization [38,81]. As pointed out by these authors, fluctuations are of 
greatt importance in the study of localization. In this thesis only ensemble-average 
quantitiess are studied, thus fluctuations will not be treated. 

22 Weak localization was independently measured by Y. Kuga and A. Ishimaru in 1984 [70]. How-
ever,, they did not explain their observations in terms of weak localization but as an anomalous 
retroreflectance. . 
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1.66 How to localiz e ligh t 
Too approach the localization transition k£s needs to be reduced. In contrast to 
electrons,, to localize light it does not suffice to reduce the wave energy. For A. > r 
thee scattering is very inefficient (Rayleigh scattering), and kis is large. Increasing 
kk above a certain limit will also lead to inefficient scattering (geometrical-optics 
scattering).. Therefore, light localization wil l be only possible in an energy window 
wheree os is maximal, i.e., where £s is minimal. This window will correspond to 
wavelengthss of the order of the scatterers size. 

Thee scattering cross section as is larger when the refractive index contrast m 
betweenn the scatterers and the surrounding medium is high. Therefore, for local-
izationn experiments materials with high refractive index are necessary. 

Thee relation ts = l/pas suggests that localization may be achieved more easily 
att the scattering resonances [82] (see Fig. 1.1). However, this relation is only 
validd in the limit of low density of scatterers, i.e., independent-scattering limit. In 
thee situation of a high density of scatterers, dependent scattering gives rise to an 
increasee of 4 [83]. 

AA simplified behaviour of £s on the ratio between the average scatterer radius 
rr  and the wavelength in the medium A. is plotted in Fig. 1.5. The minima of 4 are 
achievedd in the Mie scattering regime r ~ X. The dashed line in Fig. 1.5 represents 
thee value of £a at which £ becomes zero due to interference. The transport mean 
freee path is renormalized for values of £s in the vicinity of localization transition 
(dashedd lines in Figs. 1.4 and 1.5). For a low refractive index contrast localization 
iss not possible at any value of r/X. If the refractive index contrast is high enough, 
theree is a window (represented by the dotted line in Fig. 1.5) in which light is 
localized.. The localization transition takes place at the so-called mobility edges. 
Thee mobility edges are marked with solid circles in Fig. 1.5. 

AA material in which light can be localized should be composed of scatterers 
off  high refractive index material with a size of the order of the light wavelength in 
aa matrix of low refractive index, i.e., a powder. An alternative to powders would 
bee porous structures or samples formed by scatterers of low refractive index in a 
matrixx of high refractive index material. The energy density coherent potential 
approximationn (EDCPA) [84] predicts that it is easier to achieve light localization 
inn porous structures than in powders [85,86] (see appendix A). 

Thee refractive index of some materials are plotted in Fig. 1.6 versus their en-
ergyy band gap. The band gap is also displayed in terms of the wavelength ^gap. As 
absorptionn must be avoided in the search for localization, X̂ ap sets a lower limit 
forr the wavelength. Even at sub-band gap wavelengths special care has to be taken 
sincee residual absorption introduced during the sample preparation can mislead the 
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r/X r/X 

Figuree 1.5: Scattering mean free path £s plotted as a function of the ratio between the 
averagee radius of the scatterers r and the wavelength (after S. John [42]). The dashed line 
representss the Anderson localization transition k£s ~ 1. Above the dashed line the transport 
off  light is diffusive, below it light is localized. The two curved lines are £$ in media with 
differentt refractive index contrast, mi < rri2, between the scatterers and the surrounding 
medium.. A minimum in 4 is achieved when the scatterers have a size of the order of the 
wavelength.. The dotted part of the mj line stresses the window in which localization of 
lightt takes place. 

interpretationn of the optical experiments. 
Inn the past, a lot of effort has been put into achieving localization with TiÜ2 

powderss [24,75]. The high refractive index of Ti02, together with its absence 
off  absorption in the visible, made it an attractive material for localization exper-
iments.. Although strongly-scattering samples without significant absorption can 
bee easily made with TiÜ2 powders, the lowest measured value of k£s is ~ 7 [24], 
thuss still far from the localization transition. Some semiconductors have higher 
refractivee indexes than T1O2 (see Fig. 1.6), and are good candidates to prepare a 
materiall  where light can be localized. 

1.77 This thesi s 

Thiss thesis constitutes an experimental study of the propagation of light in disor-
deredd scattering media formed by high refractive index semiconductors. In an in-
tensivee search for Anderson localization of light in 3D systems, strongly-scattering 
sampless of Si and Ge powders and porous GaP have been studied using several ex-
perimentall  techniques. Special attention has been paid to differentiate localization 
effectss from optical absorption. This thesis is organized as follows: 
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Figuree 1.6: 
Refractivee index n, band gap 
energy,, and the wavelength as-
sociatedd to this energy Xgap of 
somee materials. Figure repro-
ducedd from Ref. [87] 

•• Chapter 2: the theoretical framework of the propagation of light in random 
mediaa is presented in this chapter. Coherent and diffuse propagation are dis
cussed.. Internal reflection at the sample interface determines the boundary 
conditionss of the diffusion equation. The internal reflection is treated exten
sively.. Stationary diffuse-transmission and reflection measurements allow 
thee determination of the transport mean free path and the absorption length. 
Fromm dynamic measurements the diffusion constant and absorption time can 
bee obtained. Enhanced backscattering is discussed in detail. The effect of 
Andersonn localization on the wave transport and its implications for the op
ticall measurements are also explained. 

•• Chapter 3: total-transmission measurements through fine powders of Si and 
Gee particles in the near infrared are presented and discussed. At different 
wavelengths,, the scattering properties and the effect of residual absorption 
aree analyzed. The wavelength dependence of the transport mean free path in 
thee Si samples is well described by the energy density coherent potential ap
proximationn EDCPA [84]. A method to study the effect of optical absorption 
consistss in measuring the total transmission through the samples filled with a 
non-absorbingg liquid. The Si and Ge samples are strongly-scattering media. 
However,, the transmission measurements can be explained using diffusion 
theory,, and significant absorption at sub-band gap wavelengths has been ap
parentlyy introduced during the sample preparation. 

•• Chapter 4: this chapter contains the results of midinfrared experiments on 
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Gee powders done with a free electron laser (FELIX, Rijnhuizen, The Nether
lands).. From the transmission of the coherent beam the scattering mean free 
pathh is obtained in the wavelength range 5 — 8 taa. These are the first di
rectt measurements of £s in strongly-scattering samples. The transport mean 
freefree path and the absorption coefficient are obtained from total-transmission 
andd reflection measurements. The comparison of both mean free paths con
stitutess a new approach to the study of the localization transition. These 
measurementss suggest a renormalization of £ due to the proximity of the 
localizationn transition. Also dynamic measurements were done with FE
LIXX on the Ge samples. From these measurements the diffusion constant 
wass obtained at Xo = 4.5 and 8 /mi. It is found that the diffusion constant 
iss significantly reduced in samples thinner than ~ It. Although there is 
nott yet a theoretical explanation for this size dependence of the diffusion 
constant,, these measurements confirm previous optical results on TiC>2 sam
pless [88] and acoustic measurements [89]. With the diffusion constant and 
thee transport mean free path, the energy velocity can be obtained. Due to 
resonantt scattering [24,25], the energy velocity in the Ge samples is 2 to 4 
timess lower than the phase velocity. Using the pulsed structure of the FELIX 
radiation,, photoacoustic spectra of the Ge samples were obtained. Photoa-
cousticc spectroscopy is a sensitive method to measure residual absorption in 
strongly-scatteringg samples. 

•• Chapter 5: the formation of porous GaP by electrochemical etching is dis
cussed.. Macroporous GaP is the strongest scattering material of visible light 
too date [79,80], and no measurable optical absorption is introduced during 
thee etching. The average size of the pores (scatterer radius) and inter-pore 
distancee (scatterer density) depend on the doping concentration and on the 
etchingg potential. Therefore £s and the scattering strength can be easily tuned 
inn a wide range. The scattering strength was investigated with enhanced-
backscatteringg measurements. The strongest scattering samples have the 
biggestt pores and are low-doped GaP etched at high potentials. The pore 
diameterr can be further increased by chemical etching. With regard to the 
measurementss presented in this thesis, porous GaP is the best candidate to 
localizee light and to study the localization transition. 

Mostt of the results presented in this thesis are contained in Refs. [90-97] 


