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Introduction

Chapter1
Despite the fact that we are always surrounded by light, science struggles to this
day to fully understand its properties. In this introduction we give an overview of
important observations that capture the essence of light. Let us start with the first
estimation of the speed of light. In 1668 Giovanni Domenico Cassini published
his observations of the eclipse of the Galilean moons. Ole Rømer continued this
observations and recognised deviations of the eclipse with respect to predictions.
He was the first to prove that light has a finite speed [1]. The estimated value for
the speed of light was roughly 215,000,000 m/s [2].

Almost simultaneously two different approaches to describe the propagation of
light were developed. First we will introduce the particle theory, before discuss-
ing the wave theory of light. Pierre Gassendi proposed a theory in which he de-
scribed light as particles. In 1675 Isaac Newton followed this train of thoughts
and formed the ‘Hypothesis of Light’. In this theory, light was made up of cor-
puscles, emitted in all direction in straight lines from a source. With this theory
it was possible to describe reflection and refraction under the assumption that
the gravitational pull in a denser medium is higher, from which he concluded
that light travels faster in an optical denser medium. The final corpuscle theory
was published in his book ‘Opticks’ in 1704 [3]. Furthermore Newton was able to
qualitatively explain polarisation of light for the first time. However, his theory
could not explain diffraction.

The other aforementioned approach was made by Christiaan Huygens working
on a mathematical wave theory of light in 1690 [4]. He proposed that light was
emitted in all directions as a series of waves. This wave theory predicted that light
could interfere. Thomas Young demonstrated with the famous double slit exper-
iment (1802) that light indeed interferes, proving its wave nature. Also, Young
introduced the idea that different colours are due to different wavelengths. In
the meanwhile Fresnel worked on another approach of the wave nature of light
and was able to describe polarisation mathematically in 1821, assuming a pure
transverse wave. In 1850 Léon Foucault was able to show that the speed of light is
lower in water than in air, confirming the wave theory. The wave theory requires
a transmission medium, the so called ‘aether’. With the Michelson-Morley exper-
iment (1887), the existence of the ‘aether’ was put into question as they were not



able to measure the speed of earth through the ‘aether’ with an interferometric
setup [5].

An important observation was made by Michael Faraday in 1845, by discovering
that linear polarised light is rotated when it propagates through a transparent
dielectric material in the presence of a magnetic field [6, 7], known as Faraday
rotation. His experiment was the first hint that light is related to electromagnet-
ism. Later, in 1847, he proposed that light could be a high frequency electromag-
netic vibration that could propagate even in the absence of a medium. Faraday’s
work led James Clerk Maxwell to study electromagnetic waves and light. Max-
well found that electromagnetic waves should travel at a constant speed through
space, equal to the measured speed of light. In 1862 he concluded that light is a
form of electromagnetic radiation [8]. His book ‘A Treatise on Electricity and Mag-
netism’ [9] contains a full description of electric and magnetic fields, also known
as Maxwell’s equations. His theory was experimentally confirmed by Heinrich
Hertz by generating and detecting radio waves, demonstrating the same beha-
viour as light [10]. Hertz also discovered the photoelectric effect.

Max Planck tried to explain the black body radiation and proposed in 1900 that,
although light behaves like a wave, electromagnetic energy can only be emitted
in quantized form [11], today called photons. It was the birth of quantum phys-
ics. In 1905, Einstein followed this idea and was able to explain the photoelec-
tric effect with light quanta [12]. Some years later (1923) Arthur Holly Compton
showed that a particle theory was needed to explain how low intensity X-rays
are scattered from electrons [13]. Another important prediction was made by
P. W. Anderson in 1958 with the idea that in a sufficient disordered medium waves
could localise, if one takes interference into account [14, 15]. He suggested to
study this phenomenon for instance with light [16].

The transition from diffusion to localisation in three dimensions using light is
the subject of this thesis. The first report of localisation in a three dimensional
system of GaAs scatterers with light was made by Wiersma at el. [17]. However,
the interpretation of this publication was put into question [18,19], and was later
corrected [20]. Nine years later Störzer et al. were able to perform an experiment
showing localisation of light with TiO2 scatterers [21]. Unlike in the first exper-
iment which was static, time of flights were recorded. Based on the theoretical
work of N. Cherroret et al. [22] and the experimental results of Hu et al. [23], we
set up an experiment with an ultra fast camera system to measure the time de-
pendence of the width of the transmitted light intensity distribution. Therewith
we were also able to show localisation [24]. Major features of this experiment
are that the results do not depend on the absorption and that they are in good
agreement with the time of flights. Additionally we have found weak non-linear
effects in our samples highlighting localised modes [25]. Nevertheless our inter-
pretation was also questioned because of the observed inelastic effects [26, 27].
To show that these effects are caused by localisation, we set up an experiment
that should destroy the mechanism of localisation. In this work we will present
the different experiments we performed. However, we will show at the end of this
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Chapter 1. Introduction

work – based on recent measurements – that most probably a fluorescence in our
powders is responsible for the as ‘localisation’ misinterpreted signature.
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Theory

Chapter2
At first we want do develop the theoretical frame work that is needed to under-
stand light scattering in complex media. We start with a general description
of light matter interactions that are necessary to describe the processes in our
samples. Afterwards we will introduce multiple light scattering. At the end we in-
troduce the concept of Anderson localisation, which additionally includes inter-
ference effects. Within this description we will include the discussed light matter
interactions needed to understand our experiment.

2.1 Light-Matter Interactions

There are many different light-matter interactions. Only those which are of con-
cern for the experiment will be discussed. At first we will introduce elastic scatter-
ing, where no energy is transformed. Within the elastic process Faraday rotation
will be discussed, since we are making use of this effect in our experiment. In our
samples we do not have solely elastic scattering, thus absorption and non-linear
effects will be treated as inelastic processes.

2.1.1 Elastic Scattering

Scattering takes place in general when light encounters a difference in the re-
fractive index. At first the elastic scattering will be introduced, where the ratio
between the wavelength of light λ and the size of the scatterer d plays an import-
ant role.

2.1.1.1 Limit of Rayleigh scattering

If the scatterer is much smaller than the wavelength (d ¿ λ) scattering can be
described in the limit of Rayleigh scattering [28–31]. The light wave excites the
electrons of the molecule, at which the photon is scattered at, inducing a dipole
moment. This induced dipole moment acts like an Hertzian dipole, emitting light



Light-Matter Interactions

at the same wavelength. In this limit the scattering strength strongly depends on
the wavelength. The scattering intensity is:

I = I0

R2

1+cos2θ

2

(
2π

λ

)4 (
n2 −1

n2 +2

)2 (
d

2

)6

(2.1)

Here I0 is the incoming intensity, θ is the scattering angle, R the distance from
the scatterer and d the diameter of the particle. The strong dependence can be
easily seen to be I ∝λ−4, being responsible for the blue sky, e.g.

2.1.1.2 Limit of geometrical optics

In the limit of geometrical optics, where the wavelength is much smaller than the
scatterer (d À λ) Fermat’s principle is applied. It implies that light travels the
fastest path between two given points. In geometrical optics light is described as
’rays’ and scattering is described with Snell’s law.

2.1.1.3 Mie scattering

When the wavelength of the light is comparable with the size of the scatterer (d ≈
λ), the approximation of Rayleigh scattering is not valid any more. Gustav Mie
solved analytically Maxwell’s equations for scattering of electromagnetic waves
at spherical objects of any size [32]. Contrary to the Rayleigh limit the scattering
cross-section changes strongly with the scatterer size. For the right conditions of
wavelength and scatterer size resonances can show up, leading to much stronger
scattering. For small scatterer sizes Mie theory transitions to Rayleigh’s theory.
For bigger sized scatterers Mie theory transitions to the limit of geometrical op-
tics. With Mie theory it is possible to describe Rayleigh scattering and geomet-
rical optics, but these two approximations are more simple to deal with.

2.1.1.4 Faraday Effect

A different elastic light matter interactions is the Faraday effect, which depends
on an externally applied magnetic field. The Faraday effect explains the rotation
θ of the polarisation of an incoming linear polarised light beam propagating in a
longitudinal applied magnetic field B in a medium. The connection of the mag-
netic field B and the rotation angle θ is:

θ =V BL cos(φ) (2.2)

The Verdet constant V is a material specific parameter, that determines the ro-
tational capability, and L is the material length. Here φ is the angle between the
wave vector k and the magnetic field B.

6



Chapter 2. Theory

Figure 2.1: The selection rules for left (l.c.p) and right circularly polarised (r.c.p)
light to M J states are shown, caused by the Zeeman splitting in a mag-
netic field. Figure taken from [34].

The Faraday effect is closely connected to a well known effect of matter interac-
tion with magnetic fields, the Zeeman effect, as assumed first by Becquerel [33].
The Zeeman splitting of the eigenstates of an atom in a magnetic field causes
transitions to dependend on the polarisation of the light, see fig. 2.1. The os-
cillation parallel to the magnetic field M J = 0 exhibits no influence. The other
two transitions M J =±1 are perpendicular to the magnetic field. The electrons of
the corresponding transitions are experiencing a Lorentz force in the magnetic
field. Depending on their direction of rotation, the electrons are accelerated or
de-accelerated, thus resulting in a helicity dependent refractive index n± of the
light (incoming light can be separated into two circular polarised parts). A more
detailed description can be found in [34].

2.1.2 Inelastic Effects

The former given descriptions were elastic, meaning no energy transfer. Since we
have inelastic effects in our experiments we will introduce them briefly. Differ-
ent to elastic interactions, inelastic effects will transform energy. This can be as
simple as absorption, where the scatterer picks up the energy of the wave or more
complex like non linear effects that can for example create a second harmonic.

7
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2.1.2.1 Absorption

Absorption, which is a serious issue in our experiment, decreases the intensity of
a wave. At low energies in an absorbing homogeneous material the probability
of absorption is equal at all penetration depths, described by the Beer-Lambert
law [35]:

Id = I0e−µd (2.3)

The material specific absorption is given with µ and d is the penetration depth.
This law shows that the initial intensity I0 will decrease exponentially with the
depth d .

2.1.2.2 Non-Linear Effects

As we are using a pulsed femto-second laser system, with high energy densities, a
non-linear response of the material is possible. Because of non-linear interaction
in a dielectric medium a non-linear polarisation PNL is created, acting as source
of a new electromagnetic field ENL.

In a dielectric material the electric field E of the wave causes the electrons to
oscillate, inducing an electric dipole moment emitting new waves. In the case of
low fields the response is linear P = ε0χE (ε0 - vacuum permittivity), the emitted
wave oscillates with the same frequency as the incoming one.

At high intensities, where the electric field is comparable to inter-atomic fields,
terms of higher order are not negligible and have to be taken into account. We
can perform a Taylor expansion in E of the polarisation to get:

P = ε0
(
χ(1)E+χ(2)E2 +χ(3)E3 + . . .

)
(2.4)

P = ε0χ
(1)E+PNL (2.5)

Here χ(n) is the n-th order non-linear susceptibility of the medium, being a n +1
tensor. Not necessarily all terms of higher order are present. For example even
terms (like χ(2)) are only present if the medium is not invariant under spatial in-
version, otherwise they must be equal to zero and the first non-linear contribu-
tion is χ(3), without any non-linearities of higher quadratics. Typical intensities
in non-linear optics experiments are of the power of I ∼ 1GW/m2 [36].

There are many non-linear effects. We will only focus on few of these. Non-linear
effects can be second harmonic generation or in general generation of higher
harmonics, difference and sum frequency generation is possible as well. Optical
parametric oscillation, as used in our setup, is a three wave interaction where the
pump wave of frequency ωp is converted into a signal and idler wave. The sum
of the frequencies must be equal to the pump wave ωp =ωs +ωi .

8
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x

n

Figure 2.2: Self focusing effect caused by refractive index variation due to high
field strengths of the laser beam in TEM00 mode, resulting in an ap-
proximately quadratic variation, that causes a lens-like effect.

An important non-linear effect is the optical Kerr effect which is a third order
non-linearity process. The effect describes the change in the refractive index of
a material in response to the electric field of the light1. In this case an intensity
dependent refractive index has to be considered:

n(I ) = n0 +n2I (2.6)

The material specific non-linear refractive index n2 can be given by [37]:

n2 ' 1

n2
0cε0

χ(3)
eff (2.7)

The non-linear coefficient n2 is normally very small, for example for common
glass in the order of 10−20−10−18m2/W, but can be orders of magnitude higher in
suitable materials [37].

Transversal intensity variations of the light beam are leading to distortion of the
wave front, which causes self focusing or defocusing, depending on the sign of
n2. Self phase modulation is caused by longitudinal variation of the intensity.
Commonly the Gaussian mode TEM00 is used by lasers. In this mode, with high
intensities in a Kerr medium, an approximate quadratic refractive index variation
and thus a lens-like effect is caused, called self focusing, see fig. 2.2. For n2 > 0
the medium acts as a collecting lens and for n2 < 0 as a diffuser lens. The focal
point is dependent on the maximum intensity.

1There is also the electro-optic and magnetic Kerr effect, where the electric or magnetic field is
applied externally.

9
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virtual energy level

ground state

first excited state

Rayleigh
scattering

Stokes
scattering

anti-Stokes
scattering

Figure 2.3: The three possible scattering situations are shown. For Rayleigh scat-
tering there is no energy transfer. In the case of Stokes scattering the
emitted photon has less energy, whereas for anti-Stokes scattering the
emitted photon has more energy.

2.1.2.3 Raman Scattering

Another effect that could be of importance for us is Raman scattering, named
after one of his discoverers [38]. Light scattering at atoms or molecules is mostly
elastically, see Rayleigh scattering. However a very small fraction in the order of a
millionth is scattered by an excitation (e.g. a phonon). The scattered photon then
has a different energy than that of the incident photon due to energy transfer.
This effect is the basis of the field of Raman spectroscopy.

Raman scattering has two possibilities (see fig. 2.3), the emitted photon has a
lower energy, called Stokes scattering, or the emitted photon has a higher energy
than the absorbed photon, called anti-Stokes scattering. The energy difference
between the absorbed photon and the emitted one is given by the energy differ-
ence between two resonant states of the atom or molecule, being independent
of the energy of the photon. The frequency shifts of the Stokes and anti-Stokes
scattering are symmetric with respect to the incident frequency. As in thermal
equilibrium the upper state is less populated than the lower state, the anti-Stokes
line will have lower intensity as the Stokes line. The difference to fluorescence is
that there is no resonant absorption.

2.1.2.4 Fluorescence

Fluorescence is similar to absorption, the light is absorbed by the material, but
can be spontaneously re-emitted (in general) with a longer wavelength (lower
energy).

10
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ground state

excited states

S0

absorption

fluorescence

vibrational
relaxation

S1

S2

internal
conversion

Figure 2.4: The energy level are sketched (Jablonski energy diagram). A photon
that is absorbed from the ground state S0 can excite an electron to e.g.
the state S1 or S2. This electron can relax via internal conversion or
vibrational relaxation and emit a photon of longer wavelength.

An electron will be excited from the ground state to an excited state by absorp-
tion of a photon, see fig. 2.4. The excited state is energetically unfavourable and
thus unstable. A non-radiative transition (internal conversion or vibrational re-
laxation) to a lower excited level follows. This process happens on time scales of
pico-seconds. The final process is in general the emission of a longer wavelength
photon as the molecule returns into the ground state, which happens on a longer
time period of nano-seconds.

The fluorescence lifetime τfl is the characteristic time, that the system remains in
the excited state, before returning to the ground state (and emit a photon). The
fluorescent signal decays exponentially with the lifetime:

I (t ) = I0e
− t
τfl (2.8)
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2.2 Multiple Scattering

In section 2.1.1 we discussed the different regimes of single scattering and other
effects. Now we want to go a step further and establish a description for multiple
scattering. Therefore we first introduce important length scales and then develop
the diffusion approximation. Afterwards we will look at diffusion for geometries
of our samples and describe how Faraday rotation behaves in multiple scattering
media.

2.2.1 Length Scales

When dealing with multiple scattering different length scales are of importance,
which shall be introduces briefly. Here we will follow the introduction of [39]. The
step size between two consecutive scattering events is called the elastic mean free
path le . It can be given by the scattering cross-section σs and the density ρs of
the scatterers, as long as ρs is small enough so that correlations are negligible.

le = 1

σsρs
(2.9)

If light scattering is anisotropic, such as Mie scatterers, there is an enhanced
probability of forward scattering. The anisotropy factor is, with θ being the scat-
tering angle:

〈cosθ〉 =
∫

cosθσ(θ)dΩ∫
σ(θ)dΩ

(2.10)

With the anisotropy factor, the mean free path can be correct by the transport
mean free path l∗ to:

l∗ = le

1−〈cosθ〉 (2.11)

The transport mean free path is the typical distance after which the wave has
lost all information of its initial direction. If the scatters are Rayleigh scatters the
anisotropy factor vanishes and we get l∗ = le .

The absorption length la accounts for absorption in the medium. The absorption
length is directly connected to the absorption time τa, giving the length or time
after which the intensity is reduced to e−1 and the effective speed of light ceff.

la = τaceff (2.12)

12



Chapter 2. Theory

The lateral length La is the macroscopic absorption length and is defined as:

La =
√

DBτa =
√

l∗la

3
(2.13)

Here DB is the diffusion coefficient, see eq. (2.18) for the definition.

2.2.2 Diffusion Approximation

Multiple scattering is a connection of many single scattering events that a wave
exhibits in a strong scattering medium. It is not of importance what kind of scat-
terers the medium is made of (isotropic or anisotropic). A requirement for the
diffusion approximation to be valid is that the scattering paths are much larger
than the transport mean free path l∗. Again we will follow [39].

The distance between two such scattering events within a certain time ∆t is ∆r .
The statistical nature of a so called random walk leads to a Gaussian distribution
around the origin at r = 0. After N steps the spread can be calculated as:

〈r 2(ti )〉 = 1

N

N∑
j=0

r 2
j (ti ) (2.14)

By substituting with the former position r (ti ) = r (ti−1)±∆r and ensemble aver-
aging, the linear term in r cancels out, because of the symmetry of the random
walk. The spread becomes:

〈r 2
j (t )〉 = t

∆t
∆r 2 (2.15)

The mean-square displacement is directly connected to the Boltzmann diffusion

coefficient by DB = ∆r 2

2∆t .

〈r 2〉 = 〈r 2
x 〉+〈r 2

y 〉+〈r 2
z 〉 = 6DB t (2.16)

The mean square displacement 〈r 2〉 in a random walk, assuming an exponential
path length distribution, for the dimension d can be calculated to be:

〈r 2〉 = 2sl∗

d
(2.17)

Here s = nl∗ is the path length, after n steps. By combining equation (2.16) and
(2.17), introducing the energy transport velocity v = s

t , we get the expression for

13
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the diffusion constant in the dimension d 2:

DB = vl∗

d
(2.18)

Now we will turn to the diffusion approximation. Assuming photon conserva-
tion (no absorption), energy density changes are due to a flux j, described by the
equation of continuity.

∂tρ =−∇j (2.19)

Absorption is introduced by 1
τa
ρ and by using Fick’s law j = −DB∇ρ we get the

diffusion approximation.

∂tρ = DB∇2ρ− 1

τa
ρ (2.20)

In the limit of an infinite medium without boundary conditions the diffusion
equation is solved by a Gaussian function with exponential decay. Absorption
lowers the intensity exponentially, as already described introduced with the Beer-
Lambert law.

ρ(r, t ) = 1

(4πDB t )
d
2

e

(
− r 2

4DB t − t
τa

)
(2.21)

2.2.3 Diffusion in Slab Geometry

So far, the solution (eq. (2.21)) of the diffusion approximation (eq. (2.20)) was
obtained under the assumption of a delta peak as source and an infinite medium.
Since we use a pulsed laser whose pulses are shorter in time as the resolution of
our detectors and the detected signal length, the delta peak approximation is still
valid. In experiments an infinite medium is not realisable, thus this assumption
does not hold for our slab geometry samples.

The transmitted intensity through a finite slab can nevertheless be calculated.
This can be done with the image point method as described in [39]. With this
method the photon density in presence of two boundaries (in slab geometry) can
be calculated. The image point method combined with the diffusion approxima-
tion in transmission for a slab geometry, using Fick’s law to get the Intensity I (t ),

2It shall be noted that for a long time it was unclear, if the diffusion coefficient is independent
of absorption [40–42] or not [43–45]. It was only in 2006 that Pierrat et al. could resolve this
issue [46]. The time dependent diffusion constant is independent of absorption and has the
form presented by [39], whereas the static diffusion constant is absorption dependent.
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gives [47, 48]:

I (t ) ∝ e− t
τa

∞∑
n

(−1)n+1n2e− n2π2DB t

L2 (2.22)

The only parameters are the diffusion constant DB and the absorption time τa,
giving a solid instrument to measure these quantities experimentally of a sample
of known length L. In the case of long times the transmitted intensity can be
expressed more simply, because the contribution of higher terms in n is small:

I (t ) ∝ e− t
τa e−π2DB t

L2 (2.23)

We see that at longer times only an exponential decay is left (mainly governed
by absorption). The time of maximum transmitted intensity τmax is of certain
interest, because later it is handy to normalise with τmax. At first we need the
diffusion time, which is the typical time needed to cross the disordered sample
by diffusion3:

τD = L2

π2DB
(2.24)

The diffusion time is not equal to the time of maximal intensity. An approximate
calculation of τmax is given by W. Bührer [49].

τmax = τD

3
ln

(
16+4τD

τa

1+ τD
τa

)
(2.25)

The diffusion constant and the absorption time are independent of the sample
size L, being intrinsic parameters. Thus τmax is approximately proportional to
the diffusion time τD . The ln term only gives small contributions, depending on
the absorption. Higher absorption (smaller τa) will lead to a smaller time τmax,
whereas lower diffusion will lead to higher τmax.

2.2.4 Faraday Effect in Multiple Scattering Media

We have already introduced the concept of Faraday rotation and want to apply
this effect on multiple scattering. For diffusive transport Erbacher et al. de-
veloped a model to describe the Faraday rotation in a multiple scattering me-
dium [50, 51].

A monochromatic plane wave is considered assuming L À l∗ À k−1 and that
the scattering paths are uncorrelated. The incident polarisation is lost within the

3Since l∗ ¿ L the term z0 ∼ l∗ is negligible
(
τD = (L+2z0)2

π2DB

)
.
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length l∗. It is supposed that the Faraday rotation within l∗ is small, thus the
configuration of the paths are not much affected. In the case of paths s being
much longer than l∗, they decompose into statistically uncorrelated paths of the
length l∗. The average contribution then is θ = BV l∗ cosφ, withφbeing the angle
between the first direction lin of the path and the magnetic field B. The mean
rotation angle is zero 〈θ〉φ = 0 (averaging over 4π), because the orientation of lin

relative to B is random. However, the mean square angle is:

〈θ2〉φ = (
BV l∗

)2 〈cos2(φ)〉φ (2.26)

Erbacher noticed, that the magnetic field effect is stronger than expected in com-
parison to a homogeneous material [50]. For Faraday rotation in multiple scat-
tering media a new correlation length l∗FR is introduced analogous to l∗. Only up
to the length l∗FR it is possible to describe θ with eq. (2.2). In the latter derivation
Erbacher assumed that l∗FR = l∗. Later Lenke et al. [52, 53] calculated and meas-
ured [54] that assuming equality of l∗FR and l∗ is not valid in all cases. They found
that the correlation length is in the range of:

2l∗ ≥ l∗FR ≥ l∗ (2.27)

It shall be only noted here that B. van Tiggelen et al. developed a theory to de-
scribe the Faraday effect in multiple scattering media as well. A microscopic the-
ory for point like scatterers was developed first [55, 56] and later a theory only
based on Mie theory [57]. Additionally we would like to mention that the mag-
netic field can have an effect similar to the Hall effect for electrons, which is
called transverse diffusion of light [58, 59]. The transport of light through a mul-
tiple scattering medium, showing Faraday rotation, can be affected by applying
a magnetic field, introducing an transverse diffusive current.

2.3 Anderson Localisation

So far we have developed a description of multiple scattering in multiple scatter-
ing media that is ruled by the sample size L, the diffusion constant DB and the
absorption time τa. With these parameters the propagation in a diffusive me-
dium can be fully described. In this section we will complement the mechanism
of diffusion with interference effects.

It was P. W. Anderson who thought about interference effects in a diffusing me-
dium. He came to the conclusion that if there is a sufficient randomised potential
diffusion in non-interacting electronic systems should stop [14]. The potential
can be impurities or displacements of the nuclei at which the electrons scatter.
The result of a total stop of diffusion would be localisation of the electrons. The
material would then become an insulator instead of being a conductor. With this
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Figure 2.5: In the regime of Anderson localisation closed loops, like the one
shown here exemplary, are forming. Since the opposite (time re-
versed) path has the same phase both directions interfere construct-
ively, leading to a higher population. These closed paths are hindering
diffusive transport.

theory Anderson tried to explain the metal-insulator transition. This phase trans-
ition is called Anderson localisation. In his picture the electrons are handled as
waves, with interference between electrons being the cause of localisation. Later
Anderson expanded his idea to all sorts of waves [15] and suggested to look for
localisation using ultrasound or photons [16]. The advantage of ultrasound or
photons is that there is no interaction like the Coulomb force between electrons
that create a repulsive potential.

This concept may be understood using the picture of closed loops (see fig. 2.5). In
the case of localisation waves are scattered on closed paths. Due to time-reversal
symmetry, if these paths are travelled in opposite direction they have the same
phase. Both waves will interfere constructively. As a consequence these loops are
more populated than pure diffusive paths, leading to a break down of diffusion.

In 1960 Ioffe and Regel presented an estimation how strong the disorder should
be at the transition from diffusion to Anderson localisation [60]. The estimation
is called the Ioffe-Regel criterion and states that the wavelength and the mean
free transport path should be of the same order of magnitude for the transition
to take place:

kl∗ . 1 (2.28)

Here k denotes the wave vector. The point of the transition is called the mobility
edge. This criterion is valid for infinite media. If we substitute the wave vec-
tor with the wavelength (k = 2π

λ
), we can easily find that the wave is scattered in
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Figure 2.6: (left) The case for diffusive states is shown in terms of energy. The Ei-
genstates are overlapping, allowing for transport between the modes.
(right) The case for localisation is shown, where the Eigenstates are
separated and no coupling between the modes is possible any more.
Figure taken from [63].

such a strong way that it is scattered roughly six times within one wavelength.
At this point a classical picture of wave propagation has to break down. A gen-
eral description could be: if the wave is scattered on shorter distances than the
wavelength the transition to Anderson localisation should take place.

2.3.1 Scaling Theory

As already mentioned the Ioffe-Regel criterion is only valid for infinite systems,
but experimentally only open systems are accessible. D. J. Thouless described
localisation in finite open systems [61], which developed to the scaling theory of
localisation [62]. On short time scales waves propagate like in an infinite me-
dium. If the waves are starting to ‘feel’ the effects of the boundaries, these can
not be neglected any more. An extended (diffusive) state spans (extends) over
the the entire sample Ld . The Thouless criterion distinguishes localised and ex-
tended states by their sensitivity to boundary conditions. δω represents the shift
in frequency when the boundary conditions are changed from symmetric to anti-
symmetric. This frequency width is due to the Thouless time τT ∼ 1/δω, which is
needed for the wave to react to the change in the boundary conditions. ∆ω is the
average frequency separation between neighbouring states, which is inverse pro-
portional to the density of states, also called the Heisenberg time τH ∼ 1/∆ω.

The dimensionless Thouless conductance can be defined by g = δω/∆ω. If the
Thouless conductance becomes g > 1 the states are diffusive (extended) and in
the case of g < 1 they are localised.

In the next step we will examine what happens, if small samples are coupled to-
gether to produce a larger one. In the case of diffusive systems, when the states
overlap in frequency (δω > ∆ω, see fig. 2.6 (left)), the Thouless time becomes
δω ∼ τ−1

T = τ−1
D = DL−2. The Heisenberg time then reads as ∆ω = 1/ρLd ∝ L−d .
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Therewith the dimensionless conductance becomes:

g = δω

∆ω
(2.29)

∝ Ld−2 (2.30)

For a localised system the states are separated in frequency (δω < ∆ω). Here an
additional length scale will be introduced, the localisation length ξ. It describes
the minimum extend a medium has to have to localise. The Thouless time be-
comes δω ∼ τ−1

T ∼ e− L
ξ and the Heisenberg time stays the same. So the dimen-

sionless conductance becomes:

g ∝ e− L
ξ for L > ξ (2.31)

These results are giving different behaviours for the dimensionless conductance
for different system dimensions. In a three dimensional system g increases with
the system size L for diffusive states, but on the other hand in a localised state g
decreases with L. In lower dimensions (1D and 2D) the dimensionless conduct-
ance always decreases with L. This means there is no transition in such systems,
they are always localising. The scaling of the dimensionless conductance with L
can be described with the scaling function β(g ) [62]:

β(g ) = dln g

dlnL
(2.32)

If the scaling function is larger than zero the states are extended, in the case of
localisation β is smaller than zero, see fig 2.7. It follows that the transition from
diffusion to localisation is at β(g ) = 0. The effect of changing the disorder can be
compensated by changing the system size L, as g depends on both.

The predictions that can be made with the scaling theory are that there is only a
transition from extended to localised states in a three dimensional system. This
statement was recently limited in the case of light scattering by Skipetrov and
Sokolov [64]. They state that in a random ensemble of point scatterers, which is
the case for Rayleigh scattering, there is no Anderson Localization. In one and
two dimensional systems all states are localised, no matter what the degree of
disorder is, the sample has only to be made large enough.

2.3.2 Pólya’s Random Walk Theorem

We want to make a short excursion to a more mathematical way of looking at
the problem. Long before the scaling theory was developed there was a math-
ematician called Georg Pólya who investigated the probability p(d) of a random
walk on a d dimensional lattice to come back to its origin [65].
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Figure 2.7: The scaling function β(g ) in dependence of ln g is shown. In one
and two dimensional systems localisation is always present (β(g ) < 0).
Only for three dimensional systems a transition from diffusion to loc-
alisation at β(g ) = 0 is present. Figure taken from [62].

A particle (the random walker) is located at a certain point of the integer lattice
Zd , with d being the dimension of the lattice. The particle is jumping periodically
to a random neighbouring lattice point. The probability to jump into any direc-
tion is equal. The particle is performing the random walk on the lattice Zd , as
discussed earlier on multiple scattering in section 2.2. In his work Pólya showed
that in one and two dimensions the probability of a random walk to return to
its origin is one (p(1) = p(2) = 1). For higher dimensions d > 2 he could show
that the return probability is smaller than one (p(d > 2) < 1). This result is equal
to the statement of the scaling theory. The particle in 1D and 2D is not able to
leave, the probability to escape is zero (pesc = 0), meaning the random walker is
recurrent (localising). Whereas the escape probability in d > 2 is larger than zero
(pesc > 0).

Later it was shown that the probability of a random walk in three dimension to
return to its origin is p(3) = 0.34 [66].

2.3.3 Self-Consistent Theory

The scaling theory is not the only theory that established to describe the phe-
nomenon of localisation. The self-consistent theory will be introduced, which
was developed by D. Vollhardt and P. Wölfle in 1980 [67] and later published in
the book ‘Self-consistent Theory of Anderson Localization’ [68]. In their work
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only low dimensional (d ≤ 2) and infinite media were considered. B. van Tiggelen
et al. generalised the theory to media of finite size [69].

Later in 2006 the self-consistent theory was expanded by S. Skipetrov and B. van
Tiggelen to three dimensional open systems in slabs [70], and was also derived
microscopically [22]. The self-consistent equations then read as follows:

(−iΩ−∇rD(r,Ω)∇r)C (r,r′,Ω) = δ(r− r′) (2.33)

1

D(r,Ω)
= 1

DB
+ 12π

k2le
C (r,r,Ω) (2.34)

The first equation (2.33) is the self-consistent solution of the diffusion equation
using the intensity Green’s function C (r,r′,Ω), which characterises in the time
domain the density of wave energy at a given point r at the time t of a wave
packet emitted at the point r′ at time t ′. The new concept is that the diffusion
coefficient in eq. (2.34) is position and time dependent (by Fourier transform-
ation). The self-consistent equations are in accord with the super-symmetric
field theory for finite media [71]. The position dependent diffusion coefficient
was numerically confirmed for wave-guides [72, 73], and later also experiment-
ally shown [74]. With these dependencies of the diffusion coefficient it is possible
to include boundary effects.

Skipetrov and van Tiggelen further calculated the time dependent diffusion coef-
ficient D(t ), whose rough dependency for times t À τD and in the diffusive re-
gime kl∗ À 1 is:

D(t )

DB
∼ 1− 1

(kl∗)2
(2.35)

This results implies that it would be experimentally very challenging to meas-
ure, since the effect is very small4. For the localising regime with kl∗ < 1 the
parameterα∗ = DBξ

−2exp(−Lξ) is introduced, with the requirement that the loc-
alisation length is much smaller than the sample size ξ ¿ L. Then for times
τD ¿ t < 1

α∗ the time dependent diffusion coefficient becomes:

D(t )

DB
∼ τD

t
(2.36)

We want to briefly note, that it is discussed that the self-consistent theory fails at
long times (for quasi 1D media), where long-lived modes are dominating [75, 76]
(and note in [72]).

4In fact we do not see any deviation for pure diffusive samples.
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2.3.4 Coherent Backscattering

Coherent backscattering is an experimentally very useful tool to determine the
mean free scattering path l∗ of a sample. To obtain this effect the medium does
not need to be localising, which is very similar to the mechanism of Anderson
localisation.

If we look at a scattering medium in reflection we will see a speckle pattern, ori-
ginating from the random interferences of the back scattered waves. We want to
consider the introduced idea of Anderson localisation. The basic idea behind co-
herent backscattering is that it is possible to have counter propagating paths in
back reflection, which is called weak localisation. These paths are picking up the
same phase shift leading to constructive interference in backscattering direction,
see fig. 2.8. It is similar to interference from double slits with the slit distance be-
ing the start and end point of the path ρ. Such an interference pattern will have
a contribution of 1+ cos(qρ). The contributions to constructive interference of
all double slits are adding up to a contribution only in direct backscattering dir-
ection, leading to an enhancement of a factor of two. This signal survives all
averages in the medium, unlike the speckle pattern, which will give a mean in-
tensity. Weighted with probability of a distance ρ to occur we get the coherent
backscattering cone:

α(q) =
∫

p(ρ)cos(qρ)dρ (2.37)

The solution for the shape of the backscattering cone can be found in e. g. in
[39, 77–80]. For a more detailed description of coherent backscattering as here
presented see for example [39, 79, 80].

From now on we will follow the description of Akkermans and Montambaux [79].
A plane and uniform wave illuminates the multiple scattering medium perpen-
dicular to its surface. The wave should have infinite spatial and temporal coher-
ence and the medium should not be absorbing and semi-infinite. The backs-
cattered wave can be described with an incoherent partαd , called ‘Diffuson’, and
a coherent part αc , called ‘Cooperon’. Single scattering is not included in this
description. The expression for the incoherent part is:

αd = 3

4π
µ

(
z0

l∗
+ µ

µ+1

)
(2.38)

With µ= cos(θ) and z0 = 2
3 l∗ being the average penetration depth5. The coherent

5In [79] it is mentioned that z0 ' 0.710l∗ is the exact solution of the Milne problem, but this is
not consistent with the diffusion approximation.
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Figure 2.8: The principle of coherent backscattering is shown. Counter propagat-
ing paths interfere similar to a double slit with the distanceρ (rxy). The
dotted part corresponds to a longer path that includes internal reflec-
tions. In the left arc three generic interference patterns are shown. All
these contributions will sum up to the coherent backscattering cone,
right arc. The result is an enhancement of a factor of two in direct
backscattering direction. Figure taken from [49] (modified).

part is described by:

αc = 3

8π

1(
k⊥l∗+ µ+1

2µ

)2

(
1−e−2k⊥z0

k⊥l∗
+ 2µ

µ+1

)
(2.39)

Here is k⊥ = k |sin(θ)|. What we want to note is that in exact backscattering dir-
ection (α= 0) the ‘Diffusion’ and the ‘Cooperon’ are equal to one, giving a backs-
cattered intensity enhanced by a factor of two.

α(θ) =αd (θ)+αc (θ) (2.40)

α(0) = 2αd (2.41)

Short paths correspond to big angles and long paths to small angles on average.
Without any cut-off the cone tip would be triangular, but absorption and local-
isation introduce cut-off lengths, reducing longer paths. The result is a rounding
of the cone tip. The mean free path is determinig the width of the cone. If l∗ be-
comes smaller the cone is getting wider, the relation is: FWHM−1 ≈ kl∗. Internal
reflections at the sample boundaries can extend diffusive paths, which would
lead to an overestimation of kl∗. The corrected FWHM was calculated by Zhu et
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al. [81], with the reflectivity R (see paper for definition):

FWHM−1 =
(

z0

l∗
+ 2

3

(
1+R

1−R

))
kl∗ =

(
1+ 1+R

1−R

)
2

3
kl∗ (2.42)

In the case of internal reflections also the penetration depth z0 has therefore to
be corrected [81]:

z0 = 2

3

(
1+R

1−R

)
l∗ (2.43)

The term for absorption can be introduced with the simple substitution of:

k⊥ →
√

k2
⊥+k2

a =
√

k2
⊥+ (DBτa)−1 = kabs (2.44)

k−1
a =

√
DBτa =

√
lal∗

3
(2.45)

Combining internal reflections and absorption, under the assumption of weak
absorption (l∗ ¿ la = p

DBτa), which should be valid for all our samples, the
‘Cooperon’ then yields6:

αc = 3

8π

1(
kabsl∗+ µ+1

2µ

)2

(
1−e−2kabsz0

kabsl∗
+ 2µ

µ+1

)
(2.46)

The latter derivation does not include energy conservation. This aspect is taken
into account in Fiebig et al. [83]. They derived a correction to the ‘Cooperon’ αe

that ensures that energy conservation is fulfilled. The correction factor is propor-
tional to −(kl∗)−2 and is given by:

αe '− 1.15

(kl∗)2

µ

µ+1
(2.47)

The factor of 1.15 is in this case an approximation, matching the experimental
parameters and does not ensure energy conservation for other parameters. To
have energy conservation for all situations we have to solve the integral over the
corrected cone: ∫

(αc +αe )sinθdθ = 0 (2.48)

6In the PhD thesis of S. Fiebig the ‘Cooperon’ (eq. (2.18)) is given without the assumption of
l∗ ¿ la =

p
DBτa, using an other normalisation [82]. In the given equation it was not explicitly

mentioned to use z0 with internal reflections, which should be done.
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By introducing the parameter a into αe as done in [82], replacing the factor 1.15,
we can ensure energy conservation.

αe =− a

(kl∗)2

µ

µ+1
(2.49)

If we use this expression of αe we get, by solving for a, a general expression that
gives energy conservation7:

a =
∫ π/2

0 αc sinθdθ∫ π/2
0

1
(kl∗)2

µ
µ+1 sinθdθ

(2.50)

Recently there was an alternative derivation published for the energy conserva-
tion in coherent backscattering, putting in question the calculation made in [83].
They found a correction of ln(kl∗)/(kl∗)2 [84, 85]. However, this result is equal to
the form of the previous correction, if we see a as a fit parameter:

ln(kl∗)

(kl∗)2
= a

(kl∗)2
(2.51)

We want to introduce briefly the concept of the coherent forward scattering cone
[86, 87]. In addition to coherent backscattering, as the name indicates, there
should also be a cone in forward scattering direction. The idea behind the for-
ward scattering cone is that if a wave-package launched inside a random poten-
tial the coherent backscattering cone is complemented by a forward cone. The
authors state, that the forward cone should only appear in the regime of Ander-
son localisation and thus providing a useful tool to proof the existence of loc-
alisation. The reason why we mention this interesting effect is that we tried to
measure the forward cone, but did not succeed and will not go into any detail in
this work. It failed most probably because we are not able to launch the wave in-
side our scattering medium. The best candidate to measure this effect is a matter
wave experiment where a laser creates a speckle potential, which can be switched
on at any time (see section 3.2). This way the disorder can be turned on to have
the wave package inside the speckle potential.

2.3.5 Localisation in Slab Geometry

Before introducing the concept of Anderson localisation we already gave a de-
scription how waves are transmitted through a slab in the diffusive case. The

7In the work of S. Fiebig a does not have the same normalisation used in the work [82], which
should be corrected if used.
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concept of localisation shall be combined with equation (2.22) to allow for a de-
scription in the localised regime. In the previous chapter on the self-consistent
theory, we have seen that the diffusion coefficient should become time depend-
ent, which has to be accounted for. This was done by R. Berkovits and M. Kaveh
[88], who give the following description of time dependent transmission through
a slab:

I (t ) ∝ e− t
τa

∞∑
n

(−1)n+1n2
(

D(t )

DB

)
e− n2π2D(t )t

L2 (2.52)

A deviation from the exponential decay is now introduced with the time depend-
ent diffusion coefficient D(t ), but neglecting the position dependence. However,
the diffusion coefficient has still to be defined. The use of the time dependent
diffusion coefficient of eq. (2.36) is not applicable, as for our strongest scattering
samples the times would be 1

α∗ > 100ns and τD ≈ 8ns, being too long to measure.
Additionally an expression at shorter times is missing. Zhang et al. [75] proposed,
that we should use the calculated D(t ) from [69, 89, 90], which is not feasible for
our system, as these calculations were done for one dimensional systems. The
dependence on the dimensionless conductance g would have to be a fit para-
meter and would give the form D(t )/DB = A−B t , which does not fit our data.

Instead we use an empiric approach. The basic idea is that after a certain time,
the localisation time τloc, there will be a deviation from diffusive behaviour. The
diffusion coefficient will decrease according to the following equation [47]:

D(t ) = DB
τa

loc(
τm

loc + t m
) a

m
(2.53)

Here a new parameter is introduced, the localisation exponent a. If there is only
pure diffusion a becomes zero giving the classical description of diffusion, as in
eq. (2.22). In the case of full localisation the parameter should be a = 1. The
value m has to be large enough to have a fast enough crossover from diffusion to
localisation, setting it to m = 10 satisfies a fast crossover. Further this approach
seems feasible as former simulations done by Lenke et al. have shown a similar
behaviour [91].

2.3.6 Transverse Confinement

An alternative way of studying the effect of Anderson localisation in transmission
was proposed by N. Cherroret et al. [92]. They suggest to examine the transmis-
sion profile instead of the overall intensity.

They use the self-consistent equations to derive the transverse confinement of
a monochromatic, continuous beam and a short pulse focused to a point at the
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Figure 2.9: The theory is assuming a spot like light source, thus the wave has to
be focused onto the sample surface. The transmitted profile T (ρ) is
observed and the mean square width σ2 evaluated.

surface of a sample in slab geometry. Therefore they introduce the mean square
width σ2.

σ2 =
∫
ρ2T (ρ, t )d2ρ∫

T (ρ, t )d2ρ
(2.54)

2.3.6.1 Continuous Waves

For a detailed derivation see the PhD thesis of N. Cherroret [63], we will only
focus on the results.

At first the case of static transmission shall be analysed. Therefore it is neces-
sary to set the frequency in the self-consistent equations (2.33) and (2.34) equal
to zero (Ω= 0). As a consequence the time dependency of equation (2.54) disap-
pears as well. Further only large samples, with L À l∗, are considered.

In the case of pure diffusion (kl∗ À 1) the dependence of the diffusion constant
on the position can be neglected and one can set:

D(z,0) = DB

(
1− 1

(kl∗)2

)
(2.55)

Solving the self-consistent equations then gives the mean square size σ2
diff:

σ2
diff '

2L2

3
(2.56)
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As expected, and typical for diffusion, σ is proportional to L. The derivation for
the localised regime (kl∗ < 1) is not as simple. The result for σ2

loc reads as fol-
lows:

σ2
loc ' 2Lξ (2.57)

In contrast to diffusion σ2
loc depends on the localisation length ξ and sample size

L. At the mobility edge (kl∗ = 1) the mean square width σ2
me becomes:

σ2
me =

3L2

8
(2.58)

Compared to the diffusive case there is only a difference in the pre-factor and
still qualitatively different to the localised case. As a next step absorption will be
included, but only for the diffusive case. In the limit of weak absorption (La À L)
σ2 changes to:

σ2
diff,LaÀL = 2L2

3
− 2L2

45

(
L

La

)2

(2.59)

And for strong absorption the mean square size will be:

σ2
diff,La¿L = 2LLa (2.60)

In the case of weak absorption there are only small additional corrections. How-
ever, for strong absorption we can see that the absorption length La plays sud-
denly the same role as the localisation length ξ in equation (2.60). These results
show that is is not possible to differentiate between localisation and absorption
in a static experiment.

2.3.6.2 Short Pulses

A way to overcome the problem of distinguishing between absorption and local-
isation is a time resolved measurement. A suitable way is the use of short pulses
and examination of the dynamics. The mean-square width is now used in its time
dependent form (eq. (2.54)). By doing so absorption (exp(−t/τa)) cancels out and
will not influence the width. An intuitive explanation is possible if we are looking
at the times the waves needed to travel through the sample. All waves detected
at a certain time have spend, of course, the same amount of time in the sample,
thus contributing to the profile width and being equally affected by absorption.
Nevertheless, absorption lowers the signal.

Unlike for the stationary case there is no simple analytic solution or approxim-
ation for D(z,Ω) at arbitrary frequencies. That is why N. Cherroret solved the
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Figure 2.10: Numerical result forσ2(t ) of the self-consistent equations are shown.
Diffusion (solid black curve), the mobility edge (solid red curve) and
localisation (solid green, blue and pink curves) are shown. In the
case of localisation a saturation can be observed. The plot was taken
from the PhD thesis of N. Cherroret [63].

self-consistent equations numerically to compute σ2(t ). The results of these cal-
culations are shown in fig. 2.10. They are done for all three regimes for a fixed
slab of the size L. The solid black curve shows diffusion, the solid red curve rep-
resents the mobility edge and the localising case is shown with the solid green,
blue and pink curves.

We will examine the long time evolution of the mean square width. In the case of
pure diffusion, as an exception, an analytical solution exists.

σ2
diff(t ) ' 4DB

(
1− 1

(kl∗)2

)
t (2.61)

As expected the spread is linear in time, which is also represented in the calcu-
lations. The kl∗ dependence is only a small correction and can be neglected.
The solution in the localised regime is made under the assumption of an infinite
medium and was developed up to the first order in ξ

L ¿ 1.

σ2
∞,loc = 2Lξ

(
1− ξ

L

)
(2.62)

This result, in contrast to diffusion, has no more time dependence. This means
that the spread is confined within a certain length given by the sample size and
the localisation length. As can be seen, for example in the pink curve in fig. 2.10,
this results in a plateau at long times. The dashed line is a comparison with a
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numerical simulation, indicating that the result should be valid in the limit of big
samples L À ξ. Approaching the mobility edge (L ≈ ξ) is problematic, because
equation (2.62) then becomes zero. At the mobility edge saturation also sets in,
as can be seen in fig. 2.10. The asymptotic value for the mean-square size was
found to be:

σ∞,ME ≈ L (2.63)

The short-time behaviour can be found in the inset of figure 2.10. The mean
square width is growing in the limit of the mobility edge and the localisation re-
gime withσ2(t ) ∝ tα, withα' 0.5. This finding is surprising, as one would expect
at short times normal diffusive behaviour, because the wave has not exhibited
any localisation effects.

2.3.7 Critical Exponent

For localisation the mean square displacement is expected to reach a plateau
value of 〈r 2〉 = DBτloc. The corresponding path length is the localisation length
ξ=p

DBτloc. In the case of approaching the mobility edge the localisation expo-
nent is 0 < a < 1 and the localisation length becomes more complex [47]:

ξ=
√

DBτloc
a

L1−a (2.64)

If we know the critical turbidity kl∗crit, which can be determined by the cross over
from localisation to diffusion, it is possible to observe the critical behaviour of
the localisation length ξ. Aegerter et al. gave the following description by norm-
alising the inverse of ξ by the mean free transport path l∗ with ν being the critical
exponent [47]. Here a modified formula is given, where kl∗ is the critical para-
meter8:

l∗

ξ
∝

(∣∣kl∗−kl∗crit

∣∣
kl∗crit

)ν
(2.65)

There are different theoretical prediction for the critical exponent, the scaling
theory of Abrahams et al. [62] suggests ν < 1. A critical exponent of ν = 1 is pre-
dicted by [93, 94], whereas Schuster et al. predict a critical exponent of ν = 0.5.
There are also predictions that are above one, going up to ν= 1.5 [95–98].

8As suggested by C. M. Aegerter, private communication.
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2.3.8 Localisation in Non-Linear Media

Anderson localisation is an elastic effect, that is only based on the coherence of
waves. What happens if localisation and non-linear media are combined? It is
not obvious at a first glance, because there are a variety of non-linear effects. The
question arises: “Does nonlinearity weaken Anderson localization?” [99].

We will follow McKenna et al. briefly to get an overview of ‘older’ publications
[99]. Getting a clear answer is not possible, some theories say non-linear ef-
fects will weaken Anderson localisation [100–103], whereas other say they will not
[104–107]. The way of posing the problem varies between the publications. One
can involve a pulse [100, 101] or an extended, single frequency wave [103, 104],
giving different results. In the case of a linear system everything would be equi-
valent, related by Fourier transformation, but in non-linear systems different
ways of describing this problem are not equivalent any more. McKenna et al.
were able to create a simple one dimensional, non-linear system, by using a
stretched steel wire with small weights attached [99]. They found that localisa-
tion is slightly enhanced due to the non-linearities.

We want to turn to ‘newer’ results. The effect of non-linearities on Anderson loc-
alisation is a subject of high interest for a couple of years. Thus there are many
different publications with different predictions. Here they will be presented in
a condensed form. As most publications are dealing with one dimensional sys-
tems, it will be noted if a publication treats higher dimensions.

A common approach to describe the effect of non-linearities on Anderson local-
isation is the use of a discrete non-linear Schrödinger equation (DNLSE). It de-
scribes a lattice of coupled an-harmonic oscillators:

i~
δψn

δt
= Enψn +β ∣∣ψn

∣∣2
ψn +V

(
ψn+1 +ψn−1

)
(2.66)

Here En is the on-site energy and with the parameter β the non-linearity is in-
troduced. V represents the scattering potential. Generally the DNLSE is solved
numerically.

There are a couple of publications using the DNLSE, that state non-linear effects
will lead to sub-diffusion (de-localisation) [108–112], but the detailed description
differs. Additionally publications using other models stating de-localising effects
as well, such as a generalised self-consistent theory (for 3D) [113], a frequency
modulated kicked non-linear rotator (for 1–4D) [114], and a fractional non-linear
diffusion equation [115].

Contrary to these findings, there is a publication also using the DNLSE, find-
ing that the Anderson modes interact due to the non-linearities, not leading to
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de-localisation [116]. In strong contrast stays the result of a non-linear (station-
ary) Schrödinger equation with a Kerr non-linearity observing that the interplay
of non-linearity and disorder causes a new phenomenon: bi-stability and non-
reciprocity [117].

Unlike the results above there are also publications that say Anderson localisa-
tion can be enhanced. Very different approaches were used, like solving Max-
wells equations [118], a non-local and non-linear Schrödinger equation [119], a
Gross-Pitaevskii equation [120] and a DNLSE for a two dimensional disordered
photonic lattice [121, 122].

As can be seen the outcome of calculations on the effect of non-linearities on
Anderson localisation is very diverse. As most of the DNLSE users report de-
localisation, other models can give quite opposite findings. Since most of the
systems considered are one-dimensional it is unclear whether the results can be
transferred into three dimensions.

A possible way to investigate the effect of non-linearities on (weak) localisation
is to look at their effect on coherent backscattering. In the past there were a few
publications concerning the effect of different non-linear processes on the cone
shape [123–125].We want to briefly introduce the work of T. Wellens et al. [126–
129]. They used the diagrammatic theory to observe the effect of non-linearities
on coherent backscattering. The theory was posed for diffusive media (kl∗ À 1)
with weak non-linearities smaller than the disorder (non-linear effects can be
neglected on the length scale of l∗) in a slab geometry. In the case of a conservat-
ive non-linearity they found de-phasing, leading to a decrease of the cone height,
even turning into destructive interference (negative enhancement), see fig. 2.11
(left). The case for amplifying and absorbing non-linearities is shown in fig. 2.11
(right), in this scenario the enhancement is amplified or weakened. This beha-
viour could help identifying the non-linear processes in such media.

2.3.9 Destruction of Localisation with the Faraday Effect

We want to discuss the effect of Faraday rotation on Anderson localisation in
this section. The idea is that in a medium, which is Faraday active and multiple
scattering or possibly localising, coherence effects are destroyed by applying a
magnetic field. Making use of the Faraday effect to destroy interference was pro-
posed already by Golubentsev [130] and MacKintosh and John [131]. Erbacher et
al. state in their publication on the Faraday effect in multiple scattering media
[51]: “This effect provides a unique way to destroy interferences between time-
reversed scattering paths and may be expected to affect light localisation.”

In the year 1993 F.A. Erbacher, R. Lenke and G. Maret were able to experimentally
prove that weak localisation is affected by Faraday rotation [51, 132]. What they
have shown was that the enhancement of the backscattering cone is lowered with
an increasing magnetic field B . The rotation acts as a cut off for long paths. The
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Figure 2.11: The backscattered intensity γL (background intensity) plus γc (q) (in-
terference intensity) versus the scattering angle ql∗ = kl∗θ is shown.
The non-linearity is given by g . (left) The backscattering cone for
conservative non-linearities with L

l∗ = 10 is shown. With increasing g
the enhancement shrinks, up to larger g where it becomes negative,
meaning destructive interference. (right) The effect of amplifying
(positive g ) and absorbing (negative g ) non-linearities for L

l∗ = 5 are
shown. In this scenario the cone is amplified or suppressed. Figures
taken from [128].

higher the magnetic field the shorter the cut off is, and thus the enhancement
is lowered. They also developed a first theory how coherent backscattering is
affected by Faraday rotation that fits the data. Under the assumption of a very
thick slab and the diffusion approximation they get:

I (k) = 1+
(
1−e−2γ

p
κFR

)
2γ

p
κFR

(2.67)

The parameter γ is in this case 5/3 and κFR = k2l∗2+2V 2l∗2B 2 is the substitution.
Shortly after, Martinez and Maynard managed to fit the data of Lenke and Maret
with a Monte Carlo simulation for Mie scatterers in a thick slab [133].

These findings stimulated a series of publications. B. van Tiggelen et al. dis-
cussed the effect of Faraday rotation on the cone enhancement with a micro-
scopic theory [55, 56], as well with a self-consistent theory [134]. Later the the-
ory was refined by calculating the enhancement for Mie scatterers embedded in
non-magnetic matrix using rigorous Mie theory [57]. Also Lenke et al. did further
experiments and refined their theory [52, 53]. They discovered a new effect, the
formation of a twin peak for linear polarised light (see fig. 2.12). This effect can be
explained by the decomposition of the linear polarisation into two decorrelated
circular polarisation states along the scattering paths.

We have seen, that weak localisation can be destroyed by using the Faraday effect,
we now want to look at strong localisation. Again we have time reversed paths,
but in contrast to weak localisation they are present as closed loops. However,

33



Anderson Localisation

Figure 2.12: Here the formation of a twin peak at 7.5T for linear polarised light
due to Faraday rotation is shown. The sample was a to a pellet melted
Faraday glass with a volume fraction of approximately 5% of small air
bubbles. The image was taken from [53].

the basic idea stays the same. The Faraday rotation acts as a cut off length for the
length of the closed loops, and therewith the localisation length ξ should increase
with increasing magnetic field B .

The fact hat Anderson localisation is affected by magneto optical materials was
studied by Bliokh et al. [135]. They considered a one dimensional random layered
structure. They were able to show that there are non-reciprocal features in the
averaged localisation length and individual transmission resonances. If and how
these results translate to three dimensional systems is entirely ambiguous.

There is an argument that localisation is not fully destroyed by breaking the time
reversal symmetry, but rather decreased9. Systems with time-reversal symmetry
(localisation) belong to the orthogonal symmetry class, whereas those without
(localisation broken by Faraday rotation) to the unitary symmetry class. For both
cases there are exact solutions for quasi one dimensional geometries, the average
conductance 〈g 〉 is [136] (eq. 6.29):

〈g 〉∝ e
− L

2Lloc orthogonal (2.68)

〈g 〉∝ e
− L

4Lloc unitary (2.69)

In this case Lloc is defined to be the same for all classes, but by defining the local-

isation length by 〈g 〉∝ e− L
ξ , we see that ξ is twice as large for the unitary class. It

shows that localisation is very robust in such systems. However, how it would be
in three dimensions is though an open question.

9Following an argumentation by S. Skipetrov, private communication.
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Chapter3
As we have completed the theory chapter, we will briefly introduce the state of the
art of the various experiments on Anderson localisation before introducing our
setup to measure localisation. Here we will regard the past ten years (no claim
of completeness). Already the amount of the here presented experiments shows
the large interest to explore the field of Anderson localisation experimentally.

The scaling theory (section 2.3.1) shows us that for dimensions lower than three
no transition is expected. For d ≤ 2 the only criterion is the sample size, which
has to be large enough to show localisation. This fact makes it very attractive to
perform experiments in lower dimensions to observe and study Anderson loc-
alisation quite easily. Therefore it is not surprising that most experiments are
carried out with such systems.

3.1 One and Two Dimensions

A popular realisation of localisation experiments is to investigate the transport of
microwaves in a one dimensional wave-guide [137–141]. The intensity distribu-
tion inside the sample can be directly observed with a detector placed inside the
sample, or by detecting the out-coupled wave intensity to higher dimensions. An
example of such an experiment is shown in fig. 3.1, where localisation was ob-
served [139].

Not only microwaves can be used to observe Anderson localisation. Experiments
with light were also performed by using photonic structures [142–145]. There are
attempts to observe localisation in matter waves (ultra cold atom gases, Bose-
Einstein condensates) as well, the first of which were not successful [146–148].
Nevertheless two groups succeeded to measure localisation (at the same time)
in such systems [149, 150]. The matter wave was guided into a speckle pattern
made by lasers, creating the disorder. The spatial distribution was measured
by absorption imaging [150] or fluorescence [149]. A problem when perform-
ing such experiments is the interaction between the atoms which can lead to
de-localisation [151].



Three Dimensions

Figure 3.1: (left) The experimental realisation of a microwave wave-guide is
shown, which is closed by microwave absorbers at the ends. There
are 100 scatterers that can be moved via micrometer screws. The de-
tection antenna (lower one) can be placed anywhere within the ar-
rangement. (right) The single mode transmission pattern (

∣∣S12(k)
∣∣) in

dependence of position and wave number is shown. On top the trans-
mission of the whole wave-guide is shown (black). Localisation can be
seen at positions k/d ≈ 0.25, 0.65, 1.25. There is another gap due to
the Brillouin zone at k/d = 1. Figures taken from [139].

There are a couple of experiments on two dimensional systems to observe An-
derson localisation, but not as many as one dimensional. There are realisations
for systems with microwaves [152], sound [153], and light [154–158]. In principle
such systems still allow to measure the wave inside the sample as in one dimen-
sional systems. This way localised modes can also be visualised directly.

3.2 Three Dimensions

Experiments on three dimensional systems are different, as already stated by
the scaling theory, as an increasing system-size does not automatically lead to
localisation. The existence of this transition makes it a very interesting subject
of research. There are only a few experiments with three dimensional systems
that have observed localisation. The first report was made 1997 by Wiersma et
al. [17] with light on GaAs powders, however the claim was questioned shortly
after [18,19]. A recent experiment performed by some of the same authors found
no evidence of localisation [20], correcting the former interpretation. It took
nine years of further progress for the next report of the realisation of a ‘localisa-
tion’10 experiment, carried out by Störzer et al. [21], by measuring time of flights

10We put localisation in quotation marks, since the signature is most likely caused by fluores-
cence, see chapter 6.
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Figure 3.2: (left) Time of flights of light in transmission through a strongly scat-
tering TiO2 powder with kl∗ = 2.5 is shown. The measured data are
deviating from a diffusion fit (red line), showing non exponential be-
haviour caused by ‘localisation’. Figure taken from [21]. (right) The
time dependent width w 2(t ) of the measured transmission profiles of
ultrasound scattered on aluminium beads is shown. The experiential
data (symbols) are showing plateaus due to localisation, which are fit-
ted (solid lines) with the self-consistent theory. Figure taken from [23].

of light, see fig. 3.2 (left). In 2008 and ongoing Page’s group observed localisa-
tion of ultrasound on aluminium beads [23, 159–161], see fig. 3.2 right. It is to
note that their samples are relatively thin in terms of l∗. They argue that the
(sample) surface reflection is quite strong, leading to an effective sample size
that is larger. In the same year another group managed to show localisation by
realising an experiment of the quasi-periodic kicked rotor with ultra cold cae-
sium atoms [162, 163]. The quasi-periodic kicked rotor is an equivalent to a 3D
disordered system. Anderson localisation of matter waves was reported first in
2011 [164, 165], six years after the first 1D realisation. These results are also un-
der debate [166, 167]. Shortly after another group reported localisation of mat-
ter waves [168, 169], too. Seven years after the publication of Störzer et al. we
were able to present new results and further progress on ‘Anderson localisation’
of light in 2013 [24], in great agreement with the previous work. The results of
both experiments are also under debate [25–27]. We will discuss it in more de-
tail in chapter 6. Later in 2014, another group could also report observation of
localisation of matter waves [170].

3.3 Non-Linearities

There are also a few experiments that were designed to observe the effect of non-
linearities on Anderson localisation. Because three dimensional localising sys-
tem are hardly available, challenging to understand and to manipulate, one and
two dimensional systems are favoured. As we have seen in section 2.3.8, there are
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Figure 3.3: (a) The transmission spectrum of the disordered fibre (blue) is shown.
The input is shown as dashed line. (b) Spatial distribution of most
intense mode (blue circle in a) is shown for different input power. (c)
The average localisation length is shown for different input powers.
Figure taken from [171].

different theoretical predictions on the impact of non-linearities on localisation.
Therefore those experiments are important.

Schwartz et al. performed an experiment in a two dimensional photonic lattice
including non-linearities [172]. They observed that a self-focusing non-linearity
will lead to an enhancement of localisation, whereas a defocusing one will de-
crease localisation. However, the effect is weak. In an experiment performed
on a disordered wave guide lattice, Lahini et al. observed two different types of
modes [173]. One of these de-localises with the introduction of non-linearity
and the other shows an enhancement of localisation. In another experiment on
a quasi-periodic lattice with a focusing non-linearity, they found that the loc-
alised regime is reached faster, but within the localised regime there is a weak
expansion of the width of the localised wave package [174]. A similar, but still
different, experiment was carried out by Naether et al. [175]. They also used a
wave guide lattice and examined the effect of non-linearities in the vicinity of
the transition to localisation in one and two dimensions11. In the case of a non-
localising system they observed that a weak focusing non-linearity will lead to

11The disorder was tuned in a way, so that the system was too small to localise.
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further de-localisation, whereas for a localising system self-focusing will have an
enhancing effect. With a two dimensional disordered optical fibre, experiments
were performed with a focusing non-linearity by Leonetti et al. [171, 176]. They
also observed (similar to Schwartz et al. and Naether et al.), that self-focusing
enhances localisation, see fig. 3.3.

What we can learn from these different experiments is in general a positive effect
on localisation, if the non-linear effect is a self-focusing one. Whether this can be
translated into three dimensional systems or not remains an open question, but
is not unlikely.
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Chapter4
In the introduction to Anderson localisation we have already seen that the ori-
ginal proposed phase transition from diffusion to localisation does not only exist
for electrons [14], but can be observed for all kinds of waves [15]. Anderson him-
self suggested to look for this transition with ultra-sound or light to get rid of the
Coulomb interaction always present with electrons [16]. In our experiment we
therefore use light as a wave-source to observe Anderson localisation in three
dimensional media.

There are also other ways to measure the properties we are interested in as the
ones presented in this chapter. The mean free transport path l∗ for example can
be determined by total transmission measurements [177,178] or measurement of
the intensity inside a sample [179]. The diffusion coefficient D can be obtained
by speckle correlation experiments [177, 178], the spread of short pulses (differ-
ent to the experiment we perform) [180], by an interferometric method [181] or
speckle contrast [182].

4.1 Samples

4.1.1 Highly Scattering Samples

The Ioffe-Regel criterion (see section 2.3) gives an estimation how strong a me-
dium has to scatter to localise. The value kl∗ . 1 means that the wave has to
be scattered on lengths shorter than the wavelength. This implies for optical
experiments the use of nano-particles to be in the regime where scatterer and
wavelength are of comparable size. Additionally a high refractive index for strong
scattering is needed, as the scattering cross-section is mainly determined by the
refractive index difference between the scatterer and the medium. Additionally
absorption should be as low as possible, as very long travelled paths are expec-
ted.

Finding a suitable material is not easy, as several properties are needed at once.
There are a couple of interesting materials with very high refractive indices, such



Samples

Table 4.1: Sample information of different TiO2 powders (not all are shown).
Evaluation of kl∗ with LabVIEW code.

Sample mean diameter in nm polydispersity in % kl∗ (590nm)
R700 245 45 2.8
R902 279 38 3.4
R104 233 25 3.7
Al-Rutile 540 37 6.0
Al-Anatase 170 47 6.4

as GaAs (n = 3.8), GaP (n = 3.45) and HgS (n = 2.9). The drawback of these mater-
ials is the high absorption in the visible regime of light. Diamond is transparent
in the visible and has a high refractive of n = 2.419, but is too expensive. In our
work we use TiO2 in the rutile phase, being birefringent, which has refractive in-
dex of no = 2.619 and ne = 2.903 at 589.3nm [183]. In the visible absorption is
very low in TiO2, as the bandgap is located at 3.05eV (406.5nm), resulting in an
albedo of > 99%. There are also other phases of TiO2, but only the anatase phase
is of further interest for us with a refractive index of no = 2.562 and ne = 2.489 at
589.3nm [183] and a bandgap of 3.23eV (383.9nm).

Titanium dioxide is chemical stable and there is a well known synthesis, making it
easy to obtain. It is a broadly used material, which has its own ‘E-number’ (E 171).
The use ranges from colour confections, cheeses, icings, tableted drug products,
and a variety of cosmetics [184] and amongst other things in white paint, sun-
screen and as photocatalyst.

The samples we use are solely commercial products. DuPont and Sigma-Aldrich
provided test samples in sufficient quantities. The particles of the samples have
very different diameters ranging from 170nm up to 540nm with varying poly-
dispersity, see tab. 4.1. The diameter and polydispersity was evaluated with a
scanning electron microscope by Martin Störzer and Wolfgang Bührer [48, 49].
The scattering strength (kl∗)−1 was obtained by coherent backscattering. As can
be seen, no connection can be made how the diameter and polydispersity will
influence kl∗ in detail. Figure 4.1 shows scanning electron microscope images of
two different powders.

As it is of importance for our experiment we want to take a look at non-linear
properties of TiO2. The non-linear refractive index (rutile) was obtained to be
n2 = 55.8 · 10−13 esu = 1.89 · 10−18 m2/W at 1064nm [185], giving a positive Kerr
non-linearity, which is also reported in [186–192]. Contrary, a negative Kerr non-
linearity for anatase and rutile was reported in [193, 194]. Iliopoulos et al. state
that discrepancies between the results can be attributed to the different exper-
imental conditions (method, excitation wavelength and pulse duration) and to
different properties of the investigated systems (structure and thickness) [189].
The non-linearities contribute to spectral broadening, mostly due to Raman scat-
tering, as measured on mono-mode Titania wave-guides in the near infrared
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Figure 4.1: (left) A SEM-image of a R700 powder is shown. (right) An Aldrich
anatase sample are shown.

[192]. Three photon absorption was observed by Zhang et al. at 790nm at intens-
ities of about 1GW/m2 [195]. Borne et al. [196] find, contrary to [183,197,198], via
third harmonics generation in TiO2, a formula for the ordinary and extraordinary
refractive index of rutile that gives much higher indices12: no = 2.956 and ne =
3.200 at 590nm. We can conclude that TiO2 has non-linear properties that are
also of interest for different applications (like optical switching) [190–192,194].

4.1.2 Faraday Active Samples

We have already introduced the idea to destroy localisation by using the Faraday
effect in section 2.3.9. To do so we need a Faraday active material that should op-
timally have a very high refractive index, low absorption and a high Verdet con-
stant. Unfortunately our powders do not fulfil the requirement of a high Verdet
constant. TiO2 is diamagnetic with a Verdet constant of VTiO2 = 100rad/Tm [201],
being insufficient for Faraday rotation at the accessible magnetic fields in our
experiment.

A common Faraday rotator is terbium gallium garnet (TGG, Tb3Ga5O12) with a
Verdet constant of V =−134rad/Tm at room temperature and 632nm. Different
to TiO2 it is paramagnetic and a gain factor of 28 by cooling down from 300K
to 6.3K was reported recently, giving a large Verdet constant [202]. There are
many other strong Faraday active materials, including rare-earth compounds.
We use CeF3 as Faraday rotator, since it also has a high Verdet constant (being
close to TGG in VIS) and is easy available as a powder. Earlier experiments where
glasses (Hoya FR5) where pestled to get powders had the disadvantage of abra-
sion, leading to high absorption. Additionally CeF3 is advantageous in the figure
of merit over TGG, which is defined as the ratio between the Verdet constant and

12There are many slightly different refractive indices for rutile published [183, 197–200], making
it very hard to judge which could be the ‘right’ one. However the indices from [196] are notice-
able higher, but the measurement seems to be done carefully.
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Figure 4.2: The figure of merit, the ratio between the Verdet constant and the ab-
sorption coefficient, for PrF3, CeF3 and TGG is shown. CeF3 has the
highest figure of merit in the VIS, making it first choice. Figure taken
from [203].

absorption coefficient [203,204], see fig. 4.2. However the refractive index of CeF3

n = 1.62 is lower than for TGG n = 1.95.

The Verdet constant of CeF3 is V77K = −1100rad/Tm at 77K and a wavelength of
457nm [201]. The wavelength dependence of V can be given for single electron
transitions as [204]:

V = E

λ2 −λ2
0

(4.1)

The parameter E includes all the constant terms and λ0 is the transition wave-
length, here λ0,CeF3 = 282nm [204]. With an inverse linear dependence in Tem-
perature (V ∼ T −1) above 77K [205], we can calculate V as:

V =V77K
(457nm)2 −λ2

0

λ2 −λ2
0

77K

T
(4.2)

This gives us in comparison to TGG at room temperature and at 632nm a value
of V300K = 114rad/Tm, being lower, but not far away from the Verdet constant of
TGG. Since TiO2 is diamagnetic, the Verdet constant is temperature independent,
giving no possibility of gain.

A scanning electron microscope image of the CeF3 powder we use is shown in fig.
4.3. As can be seen the powder particles are far away from being spherical, having
an arbitrary shape. The size of the particles varies from 200nm up to more than
1000nm. Additionally we see particles sticking together, forming bigger clusters
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Figure 4.3: A SEM image of CeF3 is shown. The shape of the particles is arbitrary
with varying sizes between 200nm and more than 1000nm. Measured
by Matthias Altenburg.

of particles. Since we want to mix the CeF3 powder with TiO2, as the refract-
ive index of CeF3 is too low for strong scattering, we emulsified both powders in
acetone, to break the clusters and mix the powders. Acetone does not react with
any of the powders, so we can wait for it to evaporate. Care has to be taken with
the long time behaviour of CeF3 as it hydrolyses to CeOF. At this point we are lack-
ing experience how the samples are changing. The non-linear refractive index of
CeF3 was measured to be n2 = 1.3 ·10−13 esu = 68.1 ·10−21 m2/W at 1064nm [185],
playing no role in our experiment.

4.2 Coherent Backscattering Cone

We have seen in the theoretical description of Anderson localisation that in three
dimensional media the scattering strength (kl∗)−1 determines if the medium is
localising or diffusive. A very useful tool to measure this parameter is the coher-
ent backscattering cone. The width of the cone is directly connected with the
scattering strength FWHM ∝ (kl∗)−1.

In the past there were different experimental realisations to measure the backs-
cattering cone. The first ones measured angles up to 0.6◦ [206], and 2.0◦ [207].
Later experiments measured larger angles with a scanning setup where a max-
imum angle of 20◦ and 35◦ were realised [208, 209]. If we calculate the width of
the cone for kl∗ = 1 we get that FWHM ≈ 60◦, without internal reflections [210].
This result shows that the angles needed to record have to be large. Even with
internal reflections the width is expected to decrease only by a factor two to three
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Coherent Backscattering Cone

Figure 4.4: The collimated laser beam is guided to a focusing lens and a circu-
lar polariser. The focal point of the lens lays in the height of the
photo-diodes to cut-off as few angles as possible. The laser then il-
luminates the sample which is rotated to average out speckles. The
backscattered light is filtered for single scattering by a circular polar-
isation foil and is then being detected by the photo-diodes, which are
arranged on an arc. Figure taken from [82] (modified).

to maybe 20◦. For an accurate kl∗ determination the baseline is very important,
so measuring higher angles is necessary.

This led to the construction of a backscattering setup where angles up to 85◦ can
be measured [210]. With this apparatus energy conservation was shown the first
time [83]. In fig. 4.4 the setup is shown as we use it. The collimated beam is
guided through a lens with focal point being at the photo-diode array and a cir-
cular polariser. Focusing is necessary to lose as few small angles as possible. The
beam then shines onto the sample, which is rotated to average out speckles. The
spot size of the laser beam is not unimportant for the shape of the cone [211],
but is in general no issue with this setup. The beam diameter on the sample sur-
face is roughly 1 cm. The light has to pass two circular polarisers, one placed
before the sample and the second one right before the diodes. The combination
of these two filters removes the single scattered photons. The angular resolution
is highest at small angles and lower at higher angles, since a high resolution is
only needed at the centre of the cone. For more details about the backscattering
setup see [48, 82, 210].

Since all the diodes are not identical, the response has to be calibrated. At this
point the reference signal as relative intensity is important. The laser power is
varied with neutral density filters in commonly 8 to 10 steps to record the re-
sponse of the diodes for different incoming intensities. The maximum intensity
should nearly saturate the diodes, whereas the lowest intensity should just be
detectable. We use a Teflon sample since kl∗ is very high and thus the cone nar-
row (FWHM = 0.03◦), being smaller than the angular resolution. The calibrated
data is then fitted by a polynomial function [82]. Simultaneously the incoher-
ent background (eq. (2.38)) is subtracted, as it is independent of l∗. Further the
calibration has to be corrected for the different albedo of Teflon and the sample
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Figure 4.5: The coherent backscattering enhancement of a R700 sample is shown.
The wavelength is 619 nm resulting in a value of kl∗ determined by the
energy conservation fit (solid line) to be kl∗ = 2.86. Python program
used for evaluation.

that is measured [82,83]. A different albedo changes the intensity recorded at the
photo diodes at equal incoming intensity.

With this setup it is possible to measure the whole large angle cone within a
couple of seconds. To achieve good statistics we average over 100 measurements.
This enables us to measure several samples in a reasonable time. An example of
a recorded backscattering cone is shown in fig. 4.5.

4.3 Time Resolved Setup

In static transmission experiments it is not possible to differentiate between loc-
alisation and absorption effects, as they have the same signature. The 1997 pub-
lished article of Wiersma et al. claimed to have measured localisation in a three
dimensional medium with a static experiment [17]. Shortly after, Scheffold et
al. showed that these measurements could be explained by pure absorption [18].
This example shows the big difficulty with static experiments, as the result can
not be clearly interpreted. Thus a time resolved experiment is inevitable, since a
distinction between these two effects is possible.

To perform a time resolved experiment with light a pulsed source is essential. Ad-
ditionally the pulses have to be short in comparison to the measured time scales.
In our setup we thus use a femto-second laser-system. The system is sketched
in fig. 4.6. The pump-laser is a Coherent Verdi V18, a 532nm frequency doubled
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Figure 4.6: The setup is built up of a 18W frequency doubled Nd:YVO4 laser
which pumps a Titanium-Sapphire laser. By pumping an OPO the
wavelength is converted to the visible spectrum. The following pulse
picker diffracts e.g. every 15th pulse to the detector.

Nd:YVO4 laser, which pumps a mode-locked Coherent HP-Mira Titanium-Sap-
phire laser. The pulse length of the HP-Mira is about 250fs with a repetition rate
of 75MHz (13.3ns). The HP-Mira can be tuned in wavelength from 700−1000nm,
enabling to use a broad range of wavelengths. The maximum output power of
4.2W is around 790nm.

Because the wavelength is in the near infrared, the HP-Mira pumps an optical
parametric oscillator (OPO) from APE to convert the infrared light to visible light.
The OPO uses a crystal for second harmonic generation and a Rubidium Titanyl
Phosphate crystal for optical parametric oscillation. The maximum efficiency
with 1W output is around 590nm, which is the wavelength we commonly use.
When the HP-Mira is tuned in wavelength the OPO also changes in wavelength.
The range of accessible wavelengths spans from 550nm up to 650nm.

The pulse to pulse time of this laser-system can be limiting, because light trans-
port through a sample can be longer than 13.3ns. Thus we use a pulse picker,
which is able to pick every 10th to 20th pulse (commonly every 15th) via an
acousto-optic modulator. The contrast between the picked and unpicked pulses
is around 500:1 at 590nm, depending on the wavelength and the rates the pulses
are picked.

4.3.1 Time of Flight

Watson et al. realised first an experiment to measure the transmission of a short
laser pulse through a diffusive medium in slab geometry via time of flights [212].
Time of flights are giving us useful information about different sample properties.
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HPM-100-40
 
Absence of afterpulsing improves dynamic range of fluorescence decay measurements 

            

Left: Fluorescence decay recorded with conventional PMT. The background is dominated by afterpulsing. Middle: The only source of background in  
the HPM is thermal emission of the photocathode. The dynamic range is substantially increased. Right: The lower background yields improved 
lifetime accuracy and lifetime contrast in FLIM measurements. 

Fluorescence correlation measurements are free of afterpulsing peak 

             
Left: Autocorrelation of continuous light signal of 10 kHz count rate, conventional GaAsP PMT. Middle: Autocorrelation of continuous light signal 
of 10 kHz count rate, HPM-100 module. The curve is flat down to the dead time of the TCSPC module. Right: FCS curve of fluorescein solution, 
HPM-100 module. The red curve is a fit with one triplet time and one diffusion time. bh DCS-120 confocal FLIM system, laser 473 nm. 
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Specifications, typical values 

Wavelength Range  300 nm to 730 nm 
Detector Quantum efficiency, at 500 nm  45% 
Dark Count rate,  Tcase = 22°C  560 s-1 
Cathode Diameter  3 mm 
TCSPC IRF width (Transit Time Spread)   120 ps, FWHM 
Single Electron Response Width  850 ps, FWHM 
Single Electron Response Amplitude  50 mV, Vapd 95% of Vmax  
Output Polarity  negative 
Output Impedance  50 Ω 
Max. Count Rate (Continuous)  > 10 MHz 
Overload shutdown at  >15 MHz 
Detector Signal Output Connector  SMA 
Power Supply (from DCC-100 Card)  + 12 V, +5 V, -12V 
Dimensions (width x height x depth)  60 mm x 90 mm x 170 mm 
Optical Adapters  C-Mount, DCS-120, LSM 710 NDD port 

HPM-100 Conventional PMT 

DCS-120 with HPM-100 

Conventional PMT  HPM-100 
 

HPM-100 

Figure 4.7: The quantum efficiency of the photomultiplier is shown. In the
wavelength range accessible in our experiment (550nm to 650nm) the
quantum efficiency does not vary much. Image taken from [213].

With this method we can accurately evaluate the diffusion coefficient, absorption
and the time of deviation from pure diffusive behaviour. To record time of flights
in transmission we use a photomultiplier. It is in principle the same setup as the
one used by Martin Störzer and Wolfgang Bührer [48, 49]. The photomultiplier is
a Becker & Hickl HPM100-40 hybrid detector, using semiconductor and stand-
ard photomultiplier technique. This combination lowers after-pulsing and gives
a smaller width of response. The quantum efficiency is plotted in fig. 4.7, which
is relatively flat in the range of interest from 550nm to 650nm. The time of flight
acquisition-card (Becker & Hickl SPC-140) assigns 1024 time slots, with typically
20ns of total measuring time. A time channel then corresponds to 19.5ps (min-
imum time resolution of this card is 8ps). The laser pulse with 250fs width is delta
like at this resolution. The response function of the photomultiplier can thus be
directly measured with the laser pulse, which simplifies the data analysis.

To measure a time of flight it is important to ensure single photon counting. Oth-
erwise, if two photons would arrive within one cycle, only the first one would
be detected, leading to distortion of the statistic towards earlier times. As an ex-
ample of this issue see fig. 4.8 (left). With optical density filters (OD) the count
rate can be adjusted. The count rate should be lower than 1/10 of the pulse rate,
but to avoid too much noise not lower than 10kHz. The general arrangement is
sketched in fig. 4.9. The filter can be placed behind the sample as well.

For spectrally resolved measurements we additionally place bandpass filters be-
hind the sample. The bandpass filters have a FWHM of 10nm. The filter effect
with respect to an incoming wavelength of 590nm is obtained from the manufac-
turer (Thorlabs), see tab. 4.2. Additionally the transmission at the bandpass filter
specified wavelength measured with an Ultrospec 2100 pro is given (no diffuser
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Figure 4.8: (left) Time of flights of one sample at different count rates are shown.
If the count rate is too high the statistic is shifted towards earlier
times. For lower rates the measured curves fall onto each other. (right)
Broadening of the laser pulse due to bandpass filters is shown. For
BP620 a stronger effect which will have a small influence on the signal.
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Figure 4.9: The pulsed laser is adjusted to hit the centre of the sample. If the
intensity is too high an optical density filter can be used for reduc-
tion. Additionally a bandpass filter can be placed behind the sample
for spectral resolved measurements.
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Table 4.2: In this table the filter effect of different bandpass filters with respect
to 590nm obtained from the manufacturer (Thorlabs) are shown. Ad-
ditionally the measured transmission at the specified wavelength is
shown.

Filter 560 570 580 590 600 610 620
OD 4.80 4.10 2.10 0.29 2.35 4.20 4.97
trans. in % 79.9 75.5 82.9 78.3 82.1 82.8 74.5

used). With a diffuser (FWHM 25◦) in front of the filter to account for different in-
cident angles we can measure if the filters have any effect on the pulse shape, see
fig. 4.8 (right). The filter BP630 shows a strong effect (not shown) on the width of
the pulse, which is why we did not use this filter at all. The effect is not as strong
for BP620, thus we use this filter despite it will influence the signal slightly. The
effect of the other filters (not all are shown) is not as strong, being negligible as it
makes hardly a difference for data evaluation. Technically it would be the correct
way to measure the laser reference always with the bandpass filters that will be
used, so that it will be accounted in the fit. However, we are able to exclude that
the features observed are purely bandpass filter effects.

4.3.2 Transmission Profile

Another way to measure in transmission is to record the transmitted profile. The
advantage of this method over time of flights is the independence of the profile
with respect to absorption. This gives a more sensible measure for deviations
from diffusion. The profiles are recorded with an ultra fast gateable camera sys-
tem. The system contains a high rate image intensifier (PicoStar from LaVision)
and a 16 bit monochromatic CCD (Andor Ikon). The image intensifier has a
GaAsP photo-cathode with a maximum quantum efficiency of 40.6% at 590nm.
The gate has a minimum opening time of 1ns, the time steps are generally 0.25ns.
The gain starts at 0.01counts/electron and is maximum at 360counts/electron,
giving a total amplification of 36000. Via a fluorescent screen the signal is imaged
onto the camera. The CCD has a resolution of 512×512 pixel within an area of
6.6× 6.6mm2 and a depth of 16 bit. To reduce noise the camera can be cooled
down to -100◦C.

The setup is sketched in fig. 4.10. The lens is a f = 200mm lens to focus onto the
sample surface which has a diameter of roughly 100µm to have spot like source.
With a 25mm lens from Schneider-Kreuznach in retro position13, to get a suitable
magnification, the transmitted profile is imaged onto the high rate intensifier.

13By using a lens in retro position a shorter distance of the image to the lens is possible, a bigger
magnification follows. The lower the focal length of the lens is, the bigger the magnification
will become. Focusing then is only possible by changing the image lens distance.
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Figure 4.10: The setup of the ultra fast gateable camera system is sketched. A
lens with f = 200mm is focusing the beam onto the sample surface.
The transmitted profile is then imaged with a lens onto the high rate
intensifier.

The magnification of the system is measured with a mm-graph paper instead of a
sample (see 4.11), giving about 8mm/512 pix which is a magnification of 0.825 : 1.
To get the time t = 0 the laser pulse (attenuated with OD filters) is measured as
reference. In general for sample measurements no OD filter is necessary. The
exposure time of the camera is usually 600ms for each time step, after which the
gate will be delayed by 0.25ns.

4.4 Magnet Setup

A possible way to destroy time reversal symmetry and thus Anderson localisation
is the use of the Faraday effect. In the introduction to Faraday rotation we have
seen in eq. (2.2) that the rotation depends on the Verdet constant V and the
magnetic field B . This dependency gives two independent ways to influence the
degree of rotation. Our goal is to have as little Faraday active material as possible
to have a sample scattering as strong as possible.

4.4.1 Time Resolved

The magnet we use is a custom made, adapted Oxford Instruments NMR super-
conducting NbTi and Nb3Sn magnet (26km long coil), with a 63l helium reser-
voir. It was designed to have as high as possible magnetic field capable with su-
perconducting filament technology using NbTi and Nb3Sn and a room temper-
ature bore of 41mm and is capable to reach a high magnetic field of 20T (which
is 400,000 times the earth‘s magnetic field), if the lambda point refrigerator is
pumped (2.2K). At liquid helium temperature (4.2K) the maximum field is 18T,
at this field B∇B is high enough to let water levitate [214]. The bore is 41mm
in diameter, leaving enough space to introduce a sample. Initially the magnet
was ordered to be able to be run with 1T/min, which could be never achieved
without quenching above 13T. We instead use slower rates: 0.82T/min up to
8.18T, 0.54T/min up to 10.91T, 0.27T/min up to 15T and 0.14T/min up to 18T.
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Figure 4.11: The image of a mm-graph paper is shown. It is used to centre (dark
spot drawn on paper) the camera and calculate the magnification.
The round edges are due to the image intensifier.

At these rates it takes roughly one hour to drive the magnet up or down. If the
magnet would be driven up to 20T the rate would stay at 0.14T/min.

The Verdet constant is a material specific parameter, which can be large for suit-
able materials, like CeF3. At this point no further improvement can be expected,
as we have to use materials that are suitable for our experiments. But for para-
magnetic materials the Verdet constant is temperature dependent (see eq. for
CeF3 (4.2)), giving us the possibility for optimisation. This dependence forces
a reduction of the temperature for higher Verdet constants. This behaviour is
however stated not to be valid for extremely low temperatures (T < 20K) [201].
At these temperatures the rotation angle becomes θ ∼ tanh(gµB B/kT ), with g
being the Landé factor, the Bohr magneton µB and k the Boltzmann constant.
Leycuras et al. unfortunately measured the Verdet constant of CeF3 only down
to (supposedly) the temperature of liquid nitrogen (77K) [205]. Nevertheless in
the master thesis of L. Schertel the Verdet constant of CeF3 was evaluated down
to 6K, also showing roughly a T −1 dependence [216], however saturation is ex-
pected to set in at deeper temperatures. In conclusion by cooling the sample the
Verdet constant should increase up to V4K '−10200rad/Tm at 590nm (using eq.
(4.2)). Thus cooling from 300K down to 4K gives us a tremendous factor of 75 for
the Verdet constant.

Cooling of the sample is done with a custom made flow cryostat from Oxford In-
struments. The cryostat is designed to fit into the bore of the magnet and placing
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Figure 4.12: The schematic of the flow cryostat is shown. The liquid helium is
pumped out of the dewar through a low loss transfer tube into the
cryostat. The sample is directly cooled by the helium, returning
through the transfer tube into a gas-flow meter to the helium recov-
ery. The flow can be adjusted with a needle valve in the transfer tube.
The heater of the cryostat is regulated by a PID controller. Figure
taken from Oxford Instruments Homepage [215]. Courtesy of Oxford
Instruments.
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the sample at the position of the highest magnetic field. The cryostat is cooled
with liquid helium, see fig. 4.12 for a schematic of the system. The liquid helium
is pumped through the cryostat, where the sample is directly cooled by helium.
The transfer tube is designed in a way that the returned helium is passing through
the tube, simultaneously cooling it for lower loss. With a needle valve the helium
flow can be regulated. The minimum (stable) temperature that can be achieved
is about 3.9K. The temperature can be stabilised with a heater, which is regulated
by a PID controller. The outer tube of the cryostat (vacuum shield) was replaced
by a shorter one, to move the vacuum window closer to the sample. By doing so
we can collect more light and reduce stray light.

The magnet and the flow cryostat have to extend the existing setups, which cre-
ates several additional problems. As the magnet is big and heavy, it can not be
moved, so the whole setup was moved to the magnet lab. The laser system was
placed right beside the magnet, but since the laser beam has to be guided to the
top of the magnet to illuminate the sample, light paths are several meters long.
Divergence becomes an issue and alignment is more difficult. Additionally the
flow cryostat is a bottle neck, as the inner diameter of the sample rod is only
10.2mm within a length of 1.2m. Of course, the magnetic field brings along prob-
lems as well. Everything has to be non-magnetic or strongly attached, so that it
will not move. The detectors are sensitive to magnetic fields as well. The camera
system turned out to be quite unproblematic, but as expected the photomulti-
plier is quite sensitive to magnetic fields. Thus the photomultiplier was covered
in µ-metal foil, to get a sufficient shielding from magnetic fields.

The setup is sketched in fig. 4.13. As already mentioned the flow cryostat was
built to fit into the magnet, positioning the sample at the maximum field. A
lens with f = 1200mm focusses the laser beam onto the sample surface. With a
40mm lens, with 40mm diameter, the scattered light is collected and two lenses,
a 300mm and a 67mm lens with diameters of 2in, will create an image. The lens
with f = 67mm is placed at a larger distance to the 300mm than the two focal
lengths 367mm (without loosing light). The effect is a decent magnification and
a focus at which the detector will be placed. Roughly in focus of the 300mm lens
a mirror is placed to redirect the light into the horizontal plane. Since, for prac-
tical reasons, the detectors have to be orientated horizontally, the mirror can not
be excluded. The rack of the magnet is completely shielded with black cardboard
against any stray light. This is a proof of concept setup and surely has potential
for improvement.

4.4.2 Transmission Speckle

In the master thesis on ‘Magneto-optical Faraday effect in multiple-scattering me-
dia’ Lukas Schertel investigated the amount of Faraday active material that is ad-
ditionally needed to a TiO2 sample to decorrelate speckle patterns in transmis-
sion [216]. This should be roughly equivalent to destroying time reversal sym-
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Figure 4.13: The aforementioned setup extended with the magnet and the flow
cryostat is sketched. The cryostat is put into the magnet, where the
sample is located at the highest field. A 1200mm lens is focusing
onto the sample, where afterwards a 40mm lens is collecting the
light. A 300mm and 67mm lens are imaging onto the detector, with
a mirror roughly at the focal point of the 300mm redirects the trans-
mitted light into the horizontal plane.
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Figure 4.14: The transmission speckle setup is shown. The sample is cooled with
a flow cryostat, which is placed in a superconducting magnet. The
laser used for illumination is a frequency doubled Nd:YVO4 (532nm).
The speckle pattern is filtered by a linear polariser to get better con-
trast and then recorded with a high resolution 16 bit CCD. [216]

metry. The idea is to measure the decorrelation of the speckle pattern in de-
pendence of the magnetic field in order to get the minimum amount of Faraday
active material that is needed for a complete decorrelation (eventual criterion for
destruction of localisation). For this purpose a transmission speckle experiment
as shown in fig. 4.14 was built up. The magnet used is an old Thor Cryogenics
superconducting magnet that can provide fields up to 7T. A flow cryostat is used
as well, an old adapted cryostat, where the sample space is cooled without dir-
ect helium contact, fitting into the bore of the magnet. The sample space can be
pumped or flushed with contact gas (helium) to have better thermal conductivity.
The cryostat is placed to have the sample at the highest magnetic field. The laser
used is a frequency doubled Nd:YVO4 (532nm) from Coherent with a maximum
output power of 2.2W. Typical intensities used are between 0.1W and 0.5W. To
get better speckle contrast a linear polariser is put in front of the CCD. The cam-
era is an Alta U4000 from Apogee, having 2024×2024 pixel with 16 bit resolution.
The camera is cooled down to −30◦C. Due to the low transmitted intensity good
light shielding and long exposure times of 20s to 60s are necessary.

4.5 Sample Holder

The powders we use have to be held together and be densely packed to achieve
strong scattering. Thus we contain the powder in a sample holder that com-
presses the powder, see fig. 4.15. The sample holder housing is made of a hol-
low cylinder being sealed with a glass in a bracket. The powder is then filled into
the holder and is compressed with a stamp having a glass attached, and fixed
with screws. In this way we can contain and compress the powder at the same
time and are able to measure in transmission. For reflection measurements in
the backscattering cone apparatus we remove the top bracket with the glass to
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Figure 4.15: Picture of the three different sample holders is shown. The left
sample holder is used in the ‘old’ cryostat, the middle on in the Ox-
ford cryostat and the right one for ‘normal’ experiments.

avoid the reflex of the glass. Even with a coated anti reflex cover glass the reflex is
disturbing.

The sample holders we use are all working according to the described principle,
but details vary. The ones for all ‘normal’ measurements are made of aluminium,
but the stamp is made of titanium. The materials are chosen this way to over-
come the issue of sample holders getting stuck. The sample diameter is 15mm in
this case. For measurements in the ‘old’ flow cryostat the glass cover has a thread
and is screw-able to the cylinder, both made of aluminium. The stamp is made
of brass (typo in [216]), fixed by screws. For this layout the sample diameter is
11mm. The sample holder for the Oxford cryostat is made of copper, for best
thermal conductivity. The glass cover is made of bronze and is screwed to the
copper cylinder. The stamp is made of bronze, too, being fixed with a thread. The
sample diameter is 13mm. For the sample holders of the two cryostats Sapphire
windows were used for better thermal conductivity, instead of fused silica.

With these sample holders filling fractions up to 53.8% for R104 (on average) can
be achieved, see tab. 4.3. The filling fraction fsam is determined with the weighted
mass Msam of powder filled into the sample holder of radius r , the measured size
Lsam and the density ρsam:

fsam = Msam

πr 2Lsam
ρ−1

sam (4.3)
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Table 4.3: The mean filling fraction for different samples is shown.

Sample R104 R700 R902 Al-Anatase
Filling fraction 53.8% 51.6% 42.6% 38.5%

It is interesting to note that the filling fraction for the anatase sample is, in com-
parison, quite low. Additionally it is interesting to note that the filling fraction for
R104 is 11% higher than for R902, but kl∗ is lower for R902.

59





Data Analysis

Chapter5
In this chapter we will focus on the details and difficulties of the data analysis for
the different experiments. We will use the results discussed in chapter 2, where
we have seen that we can get the different parameters of interest with the differ-
ent setups discussed in chapter 4. We will put the claim of localisation in quota-
tion marks, as the signature most likely originates from fluorescence, see chapter
6 for details.

5.1 Coherent Backscattering

We have already discussed that the coherent backscattering setup is useful to get
the important parameter of the scattering strength (kl∗)−1. We will introduce the
details of data analysis to obtain the for us so important parameter l∗.

From the experiment we get the calibration data and the sample data. The first
step in the data analysis is to apply the calibration made with Teflon for different
intensities as reference, see section 4.2. The procedure is to fit the calibration
curve of each angle with a cubic polynomial, see fig. 5.1. Then for the incoming
intensity Pref the calibration of each angle is applied to the sample data giving
Ccal in units of voltage. Pref is the (relative) power for the cone measurement
at the reference photo-diode in voltage. If we want to work without the albedo
correction we can make at this point the following calculation:

Cexp = Ccal

Pref
−offset (5.1)

Note that Cexp has no unit. The offset subtracted will shift the ‘Cooperon’ Cexp to
a range between zero and one. This is the simplest case to treat the data, which
can then be fitted with Cfit of eq. (2.46) to obtain l∗. An experimental ‘Cooperon’
lower than one (eg. 0.8), for example caused by stray light, is considered with a
pre-factor E called enhancement to the fit (E ·Cfit). This way we have three fit
parameters: l∗, E and the offset. Note that due to the calibration, the ‘Diffuson’
was automatically removed, since the calibration data made with Teflon are only
the ‘Diffuson’, since the ‘Cooperon’ can not be resolved.



Coherent Backscattering

Figure 5.1: The calibration measurement at different intensities for one diode
(number 227) is shown (red). A cubic polynomial is fitted to the data
(black). The two black lines represent the calibration made for the (re-
lative) incoming intensity Pref, giving Ccal ∼ 1.2V in this case for diode
number 227.

For a correct calibration of the data it is not sufficient to only apply the diode cal-
ibration to get Ccal. By doing so, the ‘Diffuson’ DT of Teflon vanishes (Craw/DT).
Therefore we have to multiply with the ‘Diffuson’ DT of the Teflon and subtract
the one of the sample Dsam afterwards. The ‘Diffuson’ DT and Dsam is calculated
with eq. (2.38), including internal reflections. Furthermore we have to regard the
different albedo of Teflon and of the sample, since it changes the recorded backs-
cattered intensity at constant incoming intensity. This quantity is included in the
albedo mismatch A of Teflon and the sample A = AT/Asam. If we combine these
two steps we will get the following expression:

Cexp = Ccal

Pref
ADT −Dsam (5.2)

Energy conservation will be seen only with this way of data calibration. Of course
the data Cexp can be fitted without energy conservation using eq. (2.46), but to
obtain energy conservation we have to use eq. (2.49). For both fits, and different
to the simple data treatment, we do not need the offset as parameter any more as
this is corrected with the ‘Diffuson’. We have in this case the albedo mismatch A
as fit parameter. Thus the quantity of parameters stays the same.

The three different cases of analysing the data are shown in fig. 5.2. The values
obtained for l∗ are quite similar. For the case where the data is not corrected
for the albedo mismatch, fitting eq. (2.46) gives l∗ = 282.2nm. By correcting
the albedo mismatch and performing the same fit we get nearly the same value
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Figure 5.2: The three different possibilities of data analysis are shown. The simple
case is without any corrections and without energy conserving fit. The
albedo corrected data is shown without (albedo) and with energy con-
servation fit (conserve). The sample was R700 at 619nm.

of l∗ = 283.7nm. Fitting with energy conservation (eq. (2.49)) gives a slightly
lower value: l∗ = 279.4nm. Between the different variations l∗ is only marginally
affected. In general the difference is not higher than 2%.

Note that the data evaluation was reprogrammed in python. There were simple
reasons to turn away from the old LabVIEW program that was used for all previ-
ous publications. First, the fit is now made by least square and not by hand any
more. This ensures a more precise result of l∗. Secondly the poor readability of
the LabView code makes it hard to understand. And thirdly the missing integ-
ration of the energy conservation. The python code was extensively tested, to
ensure correct behaviour. For the latter examined sample the fit by hand using
the LabVIEW code gave l∗ = 325nm, being higher than the least square fit. This
is a consistent trend for all examined measurements, but not surprising since the
code is not exactly the same.

5.2 Effective Refractive Index

In the theoretical description of coherent backscattering we have seen that in-
ternal reflections at the sample boundaries have to be taken into account (eq.
(2.43)). To calculate the reflectivity R we need the effective refractive index neff

of the medium. To the best of our knowledge there is no way to measure the
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effective refractive index of our samples. Index matching for example is not pos-
sible due to the very high refractive index of TiO2. Therefore we have to estimate
the effective refractive index. We will briefly follow [217], where a more detailed
description can be found.

The simplest estimation would be a linear interpolation from the volume fraction
f of the scatterers in the sample, since we know the bulk refractive index and the
index of the medium nm:

neff = f nTiO2 + (1− f )nm (5.3)

A better estimation of neff can be made by using the Maxwell Garnett Equation
[218]. This equation is an analytical approach to calculate the effective refractive
index, being valid for small particles (Rayleigh scatterers) or small mismatches
between the refractive index of the medium and the scatterers. The solution of
the Maxwell Garnet equation is [219]:

εeff = εm
2 f (εTiO −εm)+εTiO +2εm

2εm +εTiO + f (εm −εTiO)
(5.4)

As in our experiment we have densely packed large scatterers with high refractive
index mismatch it is not expected to get precise results. Instead we use an energy
coherent potential approximation that was introduced by Soukoulis et al. [220,
221]. It is an efficient and accurate approach to calculate the effective refractive
index in random media.

The approach is to embed a spherical scatterer in a homogeneous medium, to
model the effective medium with a defined dielectric constant assuming energy
conservation. The idea is that the energy density of the effective medium has to
be the same with and without the scatterer. The difference of the energy density
in both cases is minimised while varying the dielectric constant . We use a pro-
gram developed by Ralf Tweer based on the latter approach. The results of neff are
between the linear interpolation and the Maxwell Garnett Equation, see [49].

5.3 Time of Flight

The measurements performed with time of flights are giving us other important
parameters. The diffusion coefficient DB gives us information about the trans-
port in our samples. Additionally the absorption time τa is also accessible. It
is a non negligible quantity as the photons can travel very long distances in our
samples. If the sample is localising we can furthermore determine the localisa-
tion time τloc, which is the time after which the time of flight deviates from diffu-
sion.
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The data we obtain from these experiments are on one hand the laser pulse used
as a reference for t = 0 and to measure the system response. On the other hand
we have the recorded time of flight of the sample. The data are measured and
recorded until one of the 1024 channels hits 16 bit, independent of the count
rate. The count rate is not saved by the software and has to be noted by hand.

To analyse the data a diffusive fit (eq. (2.22)) or a localisation fit (eq. (2.52)) with
time dependent diffusion coefficient D(t ) (eq. 2.53) can be performed. To in-
clude the response of the system we convolute the fit with the system response.
This way the measured time of flights are unchanged and the fit slightly changes
its shape. The fit is performed with the method of least squares. The calculated
error-function Ferr, being the difference from the fit to the data which is to be
minimised in the fit routine, is calculated logarithmic by:

Ferr = log(Ifit)− log(Idata) (5.5)

By doing so we ensure that not only the part of maximum intensity is correctly fit-
ted, but rather the whole range as the entire curve is important. Otherwise, since
we can record on a 16bit range, the error-function would be dominated by the
high intensity channels. A gliding average is implemented, but commonly not
used as the data quality is very good in most cases. The time τmax of maximum
transmitted intensity is calculated by taking the channel with highest counts and
fitting a parabola within ±10 channels. This ensures a good estimation of τmax.

To perform the fit, the range on which the curve should be fitted can be selected
manually. This is useful if not the whole time of flight can be fitted or to exclude
the after-pulse. The only parameter for the fit is the sample size L. The fit can
be, as mentioned above, chosen to be diffusive or localising. If we perform a
localising fit the localisation exponent a can be made a fit parameter as well.

In fig. 5.3 an example of a time of flight is shown. We can see the onset of trans-
mission and evolution to high intensities, being dominated by D , and the long
time tail, being dominated by absorption and ‘localisation’. The two fits, dif-
fusive and localising, are shown. The fit curves contain the after pulse due to
the convolution with the laser pulse. The diffusive fit deviates at a certain time
from the measured curve. However, the localisation fit could in none of the ob-
served cases fit over all times. Its purpose is only to give the localisation time τloc.
For comparison a fit on the curve, similar to the older data, is shown. With the
present data evaluation we can see, that this fit is not quite correct. Additionally
in tab. 5.1 the fit parameters of the different fits shown are listed to emphasize
the differences. The localisation fit does not give reliable results for D and τa for
different samples prepared from one powder, whereas the diffusion fit produces
consistent results.

We want to note here that the evaluation for the time of flight was reprogrammed
in python as well. The LabVIEW fit was done by hand, similar to the LabVIEW
program for coherent backscattering. The sources of error in this case are not too
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Figure 5.3: The time of flight of a R700 sample with a size of L = 0.98mm at 590nm
is shown. In the data we can see the onset of transmission, delayed by
the sample, and the long time behaviour including the after pulse. The
diffusive fit deviates earlier than the localisation fit, but neither can fit
the whole data set. For comparison a fit according to the old data is
shown.

Table 5.1: The fit parameters for the fits made in fig. 5.3 are listed. The localisa-
tion fit influences the values of D and τa. The maximum transmission
is at τmax = 3.453ns.

diff loc Störzer
D in m2/s 10.8 11.6 14.5
τa in ns 0.89 1.14 1.65
a 0.00 0.46 1.00
τξ – 4.04 4.80
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big, as it is important to fit the maximum well and to follow the shape to obtain
good results for D and τabs. This brings us to the problem of the LabVIEW code:
A moving average of eight was used by default, arguing that the systems response
is that big [49], which is not wrong. Unfortunately the moving average was not
calculated correctly, by doing a simple average, starting with the leftmost value
and looking at logarithmic data. This led to a general shift of the data and for
strong slopes, like the ascending edge, an additional small shift occurs. The result
is an increased diffusion coefficient D as one would normally get. The correct
way of implementing a moving average Iavrg is:

Iavrg = exp

[(
N /2∑

i=N /2
log Ii

)
N−1

]
(5.6)

5.4 Transmission Profile

In addition to time of flights, transmission profiles can be measured. The method
is different: by looking at transmission profiles we record the spatially resolved
data. We have seen in the section 2.3.6 on transverse confinement that absorp-
tion will not influence the transmitted shape, but only the intensity, this gives us
a more sensitive tool to measure deviations from diffusion than time of flights.

The transmitted profiles for diffusive media should be Gaussian with increasing
width in time, since the photon cloud spreads over time. In the case of local-
isation a confinement of the photon cloud is expected, limiting the width of the
transmitted profile at times longer than the localisation time τloc. The profile is
then expected to change to an exponential [23, 164, 172]. This implies two differ-
ent kinds of fits, a Gaussian and an exponential.

The Gaussian fit is a simple two dimensional Gaussian fitted to the data I (x, y):

I (x, y) = I ·exp


(

x0−x
σx

)2 +
(

y0−y
σy

)2

2

 (5.7)

The intensity I is the maximum intensity of the Gaussian at the centre (x0, y0). A
measurement consists in general of twenty measurements that will be averaged.
The centre is determined in advance by taking the maxima of the sum of the rows
and columns for all frames, and averaging. In the next step the background is
subtracted. Introducing an additional fit parameter for the background gave very
unstable results. The fit is then applied for each frame by using the method of
least squares. An example of the contour of a fit can be seen in fig. 5.4.
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Figure 5.4: The contour plot of the Gaussian fit to experimental measured trans-
mission profile of a R104 sample at t = 4.75ns is shown.

At the end, the mean square widthσfit is calculated by averagingσx and σy , both
are expected to be equal. The value of σfit is not equal to the theoretically cal-
culated width, where the integral

∫
ρ2T (ρ)d2ρ divided by the normalisation is

evaluated. The difference between the theoretical and fit value is a factor of two
that comes from the following calculation:

Ix y = 1

2πσ2
e− x2+y2

2σ2 (5.8)

σ2
theo =

∫
Ix yρ

2dxdy (5.9)

=
∫

x2IxdxIy dy +
∫

y2Iy dy Ixdx (5.10)

=
∫

x2Ixdx +
∫

y2Iy dy (5.11)

=σ2
x +σ2

y = 2σ2
fit (5.12)

The next point is the exponential fit. The procedure is the same as for the Gaus-
sian fit, but with a different fit function. The exponential to fit reads as follows:
I (r ) = A ·exp(− r

σ ). We can assume that the width σ(t ) tends to a constant value
at long times. A is the amplitude and r is the three dimensional distance vector,
which we obtain in the plane z = L, with L being the sample thickness. With this
description we get:
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Figure 5.5: The uncorrected transmission profile of a R104 sample is shown. The
small offset is determined by fitting the linear part of σ2(t )/L2 (solid
line).

I (ρ) = A exp

(
−

√
ρ2 +L2

σ

)
(5.13)

= A exp

−L
√

1+ (ρ
L

)2

σ

' A(t )exp

−L
((

1+ 1
2 (ρL

)2
)

σ

 (5.14)

= A(t )exp

(
−L

σ

)
·exp

(
− ρ2

2σL

)
(5.15)

The approximation made is only valid for values of ρ that are small compared to
the sample size L. For our measurements this approximation is valid in the centre
of the peak. The highest signal to noise ratio is given at this point, where the
main contribution origins from a Gaussian. Only at the tails of the distribution
the exponential becomes important.

Finally, σ2/L2 is corrected with respect to a possible offset, see fig. 5.5. The cause
of the offset is the size of the laser spot on the sample surface. As already men-
tioned in the description of the setup for transmission profile measurements
(section 4.3.2), the spot size is about 100µm in diameter, being small but not
point like. Additionally, if the sample is slightly out of focus, the spot size will be
a bit larger. The correction is made by fitting the linear part ofσ2(t )/L2 = a+m ·t ,
with a being the offset. The offset correction is in general small, indicating good
alignment.
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In the next two sections we will shortly take a look at two specific aspects con-
cerning the transmission profile measurements. These will help us to better un-
derstand the data that will be presented. The high rate intensifier distorts the
measurement, which will be explained. Additionally the data will not be fitted
with an exponential, even if the signature is present. That fitting a Gaussian in all
cases is feasible will be shown.

5.4.1 Gating of the HRI

For a better understanding of the shape of the width extracted from the transmis-
sion profile we have to take a look at the gating behaviour of the HRI. What we
have observed is that the width of the gate influences the shape of the transmit-
ted profile. The voltage of the ring-shaped cathode that accelerates the photo-
electrons has to be switched fast and in a way to not give rise to bursts in the
photo-active material. Therefore the opening behaviour is like the one of a dia-
phragm being opened over a certain time, probably with some boundary ef-
fects due to maybe capacitive effects. There are multiple possible gating modes
available which differ in the gating time. In fig. 5.6 a measurement of a diffus-
ive sample with different gating times (from FWHMcombHi-500 = 1100ps up to
FWHMUser3 = 1700ps) is shown without offset correction. Obviously for longer
gating times the measured width differs strongly from the expected linear beha-
viour of the diffusive sample. At points in time before τmax = 2.5ns the width
is overestimated, where as at τmax the width is underestimated. We can con-
clude that the ‘underswing’ is an experimental artefact and not a feature of the
sample.

5.4.2 Gaussian vs. Exponential Fit

As explained before, it depends on the sample and time whether a 2D Gaussian
or an exponential is more appropriate to fit to the transmitted profile. For a local-
ising sample it is expected that the shape of the tail becomes exponential after the
localisation time τloc, which would imply that after this time the fit function has
to be changed. Indeed we see an exponential behaviour in ‘localising’ samples at
longer times in the tail (see fig. 5.7 (right)), which would require an exponential.
However we always fit a Gaussian to the data which we will justify in the following
paragraph.

We want to qualitatively determine the error made by fitting a Gaussian instead of
an exponential. In the derivation of the exponential we argued that the signature
is only important at the outer parts of the profile. As a consequence this signature
disappears quite fast in noise, because of the decreasing signal to noise ratio. To
quantify the deviation of a Gaussian fit compared to an exponential the error χ2

was evaluated as shown in fig. 5.8. χ2 is shown over the whole time span of the
measurement and it can be seen that the quality of both fits are comparable.
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Figure 5.6: The increase of the mean square width of diffusive Aldrich anatase
sample for different gating times of the HRI is shown. The gating time
decreases from top to bottom. What can be seen is a systematic de-
viation (around the maximum in transmitted intensity τmax = 2.5ns)
from the linear behaviour. For more clarity no error bars are shown.
Figure taken from [24] (SI).

Figure 5.7: Profiles of the intensity in the x and y direction for a localizing sample
at the time point of maximum intensity. The (left) pair shows a Gaus-
sian fit to the profiles, whereas the (right) pair shows an exponential
fit to the tails of the profiles. Figure taken from [24] (SI).
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Figure 5.8: Determination of the quality of the fit for a whole time span of a trans-
mission profile in a localizing sample is shown. (left) The error χ2 of a
Gaussian fit as a function of time. (right) The error χ2 of an exponen-
tial fit is shown. Figure taken from [24] (SI).

72



Results

Chapter6
The measurements of the experiments introduced in section 4 will be presented
and discussed in this chapter. We will do this chronologically and since we very
recently found that the signature does most likely not arise from localisation (see
sec. 6.5.2), we will put this claim in quotation marks for clarity.

First we will take a look at different sample properties and then turn to the meas-
urements done for Sperling et al. [24], part of which can also be found in the PhD
thesis of Wolfgang Bührer [49]. These results will be compared to earlier results
obtained by Störzer et al. [21, 47, 48]. Afterwards we will turn to the effect of non-
linearities on ‘Anderson localisation’ which was the work of Wolfgang Bührer’s
PhD thesis [49]. For the publication of Sperling et al. [25] the measurements were
repeated for better consistency amongst themselves. Afterwards we will shortly
discuss the outcome of the work of Lukas Schertel [216], and present first time
resolved measurements of Faraday active samples in a high magnetic field. At
the end some unresolved issues will be discussed and recent measurements will
be shown, which strongly suggest that we observe fluorescence instead of local-
isation.

6.1 Sample Properties

First we present the various sample parameters we have access to with our meas-
urements. The powders we use were already introduced in section 4.1.1. We be-
gin with showing examples of backscattering cones for samples we commonly
use, see fig. 6.1 (left). The cones shown were chosen generic to show the general
trend. The error of l∗ is about 10% in all cases, because the fit (not shown) does
often not match the baseline. The measured kl∗ of a certain powder can vary as
the filling fraction is different for each sample (deviations of ±5% from the val-
ues given in tab. 4.3 are maximum error). Note that since we have to remove the
cover glass of the sample holder to measure the backscattering cones, the sample
might relax. This would lead to an increase of l∗, but since this effect can not be
quantified, we can only mention that the ‘real’ values of kl∗ might be lower.
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Figure 6.1: (left) Coherent backscattering cones of Aldrich anatase (kl∗ = 4.7),
R104 (kl∗ = 3.0), R902 (kl∗ = 2.8) and R700 (kl∗ = 2.3) are shown.
The error in the fit is 10% in all cases. Although the cones of R700
and R902 look quite similar, kl∗ is different because the filling frac-
tion is 10% lower for R902 (see tab. 4.3), resulting in a lower effect-
ive refractive index. (right) Time of flights of anatase, R104, R902 and
R700 samples with sizes of L = 1.00mm ± 0.03mm are shown. The
small peak at t >14ns is the after pulse.

The coherent backscattering cones are not the only properties to differ from one
sample to the other. The transport mean free path l∗ also influences the trans-
port properties, see eq. (2.18). This is noticeable in the position of the max-
imum transmittance (τmax). To measure these properties, we perform time of
flight experiments, see fig. 6.1 (right). Absorption will also influence the shape
of the time of flight, but mainly determines the slope at longer times. For ‘lo-
calising’ samples a deviation from this slope can be observed (in this case only
anatase is diffusive). The four samples were chosen to have nearly the same size
of L = 1.00mm ± 0.03mm, so we can compare the progression of the time of
flights directly. The obtained values are given in tab. 6.1. These sample para-
meters are typical for these powders, but obviously they can vary because of the
filling fraction dependency.

We have introduced the sample holders we use in section 4.5, where we have
seen that, depending on the experiment, we have sample diameters between
d =13mm and d =15mm. The sample thickness is normally around L =1mm.
If we assume a value of l∗=250nm (kl∗ = 2.66), which can be even lower for
R700, we can express the sample sizes in terms of l∗: the sample size is L =
4000 · l∗ and the diameter between d = 52000 · l∗ and d = 60000 · l∗. This shows
that we are deep in the regime of diffusive transport and that our samples are
really three dimensional, with practically infinite radial dimension. Within such
a sample photons can travel distances of more than 2m (with neff = 1.72) and
being scattered more than 107 times.
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Table 6.1: Sample properties extracted from time of flights and backscattering
cones (Python evaluation) for different L = 1.00mm ± 0.03mm thick
powders are shown.

R700 R902 R104 Al anatase
filling fraction 51.1% 43.8% 51.5% 37.6%
D in m2/s 11.00(1) 9.29(1) 15.37(1) 21.41(3)
τa in ns 0.89(1) 1.27(1) 0.98(1) 1.52(1)
τmax in ns 3.45 4.49 2.95 2.66
kl∗ 2.3(2) 2.8(3) 2.9(3) 3.8(4)

6.2 Determination of the ‘Transition to
Localisation’

With the time of flight and transmission profile setups we have powerful tools
to measure the transport properties of our samples and are able to detect lo-
calisation effects, if present. We will expand the measurement done by Martin
Störzer et al. [21, 47] and show why the transmission profile measurements are
more sensitive. The aim is not only the implementation of a transmission profile
experiment as a comparison to time of flights, but rather a better understanding
of ‘localisation’ and a more precise measurement. At appropriate points we will
compare our results with other experiments.

The here presented values of kl∗ are evaluated with the old LabVIEW code (see
section 5.1). This is done to be consistent with the values in [21, 24, 47, 49].

6.2.1 Size Dependent Transmission

First we study the transmission of different powders (Aldrich anatase, R104, R700
and R902), of which we will vary the size L. The anatase sample has a lower re-
fractive index compared to the other ones, with the highest kl∗. This will be our
diffusive reference. From previous experiments we expect R104, R700 and R902
to be ‘localising’ [21, 48, 49]. The filling fractions for one powder can of course
vary. However, measurements of the coherent backscattering cone showed very
comparable results (measured for each sample, not shown). The idea behind
changing the sample size is to produce samples smaller than the ‘localisation’
length ξ. Therewith the sample should become diffusive, giving us a possibility
to obtain the ‘localisation’ length of the sample without any further data analysis.
Additionally the transmitted profile should give direct access to the ‘localisation’
length ξ due to the confinement giving rise to a plateau (see section 2.3.6). Fur-
thermore we will show the corresponding time of flights. The sample sizes we can
experimentally achieve at maximum are constraint by the transmitted intensity
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Table 6.2: Averaged sample properties for the size dependent measured samples.

R700 R902 R104 Al anatase
filling fraction 51.6% 42.6% 53.8% 38.5%
D in m2/s 12.6 10.1 15.0 20.1
τa in ns 0.90 1.27 0.95 1.31
kl∗ 2.8 3.4 3.7 6.4

that we can detect. Thus we can not measure samples bigger than the thickest
here presented.

Before showing the transmission profile measurements, we will discuss the time
of flights. These are shown for all four powders and measured sample sizes in fig.
6.2. For our diffusive reference (anatase) we can see the classical diffusive beha-
viour: a linear decrease of the intensity at long times, even for the biggest sample
with L = 1.52mm. The transition to the noise level should not be confused with a
deviation of diffusion. The other three powders, expected to be ‘localising’, show
indeed a deviation from the linear decrease which is strongest for R700, having
the lowest kl∗ of all. We can also see, best for R104, that at shorter sample sizes
the long time tail is nearly linear, indicating that the sample size is smaller than
the ‘localisation’ length. More details according ‘localisation’ can not be iden-
tified. We also see that R902 has the lowest absorption among the ‘localising’
samples, recognisable through the slower decrease at long times, which is also
visible in the fit parameters. The averaged parameters of the different measured
powders are given in tab. 6.2.

The observations from transmission profile measurements from various samples
are presented in fig. 6.3. For a better illustration of the data the time axis was
rescaled with τmax and the mean square width σ2(t ) with L2. This way we can
better distinguish the measurements. We see for the anatase sample that even
the biggest sample with L =1.52mm shows a linear increase in time (fig. 6.3 (a)).
The time dependent width can exceed the sample size, because we investigate
the width at specific times. For the other three samples (fig. 6.3 (b),(c) and (d))
one can see non-classical diffusion in the time dependent transmission profiles.
Numerical solutions of the self-consistent theory predict a short time behaviour
of σ2(t ) ∝ t−1/2 and a plateau value of σ2∞ = 2Lξ, see section 2.3.6. Testing these
predictions we find, contrary, a short time behaviour with a linear dependence
σ(t )2 ∝ t . For acoustic and mater waves a similar (linear) behaviour was also
found [23, 168]. A plateau can be observed for the ‘localising’ samples, being
in agreement with the theoretical prediction (see section 2.3.6). This was also
observed with acoustic and matter waves and the quasi-periodic kicked rotor [23,
162, 164, 170].

Interestingly by approaching a certain sample size a decrease in the mean square
width can be observed. This is an unexpected behaviour which we will explain
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Figure 6.2: Time of flights for different samples in dependence of the sample size
L are shown. All curves are normalised to one at the maximum and
cut off at t = 14ns to hide the after-pulse. Legend in mm. In (a) an
anatase sample is shown. This powder is purely diffusive, which is
identifiable by the linear decrease at long times for all sample sizes.
Contrary R104 (b), R700 (c) and R902 (d) show ‘localisation’ effects.
This can be recognised as a deviation from the linear decrease, which
is strongest for R700 (c). R902 (d) has the lowest absorption, which
causes a slower long time decrease. Note that the transition to the
noise level, which can also be seen before the pulse, is smooth and
should not be confused with a deviation of diffusion.
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Figure 6.3: Time dependence of the mean-square width for different sample
thickness L is shown. Legend in mm. In (a) an anatase sample, which
behaves diffusive, is shown. The mean square width is increasing lin-
early for all sizes. In contrast R104 (b), R700 (c) and R902 (d) are ‘lo-
calising’ samples, showing deviations from a pure diffusive slope of
σ2(t ) ∝ t . All error bars correspond to standard errors. Partly same
figure as in [24].
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Figure 6.4: The figure shows a schematic of the expected time dependence of σ2

assuming statistically distributed localisation lengths as discussed in
the text. The decreasing population at long times of the modes for
larger localization lengths leads to an overall decrease in the width, in
particular for sample sizes close to the average localization length, be-
cause big loops leak out of the sample other than small loops. Differ-
ent coloured lines represent microscopic localization lengths increas-
ing from small (green) to large (red). Same figure as in [24] fig. 2 (d).
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with a statistical picture of localisation. The localisation length ξ is an average
length. There are localising modes with very different lengths (Gaussian) dis-
tributed around ξavg (see fig. 6.4). In finite slabs large loops are likely to be cut
off by the surfaces, whereas small loops are not necessarily cut off. Large loops
correspond to long times which would have no significant effect on the obser-
vation of localisation, since they are very likely to be absorbed. At the mobility
edge (L ≈ ξ) it is more likely that smaller loops are also cut off. The observed
width will correspond to shorter localisation lengths, decreasing the mean square
width. In numerical calculations of the self consistent theory a (small) peak also
showed up [92], but for thicker samples. Such a small peak is also present in the
data of McGehee et al. [165], though it is unclear if there is a relation. When the
sample size is smaller than the localisation length (L < ξ) this behaviour changes
to monotonic sub-diffusive increase in σ2(t ). At the transition a kink in σ2(t ) can
be observed, at which the initial slope is reduced. This behaviour is similar to the
predicted sub-linear increase at the mobility edge of σ2(t ) ∝ t 2/3 [88].

To evaluate the ‘localisation’ length we can use the different plateaux. For meas-
urements where the time dependent width shows a maximum instead of a plat-
eau the maximum is used. Because the given dependency ofσ2∞ = 2Lξ (for L À ξ)
does not fit our data, we defined σ2∞ = ξ2. This is justified by the fact that only
the localisation length can limit the width of the profile, not depending on the
sample size L. For the ‘localising’ samples we obtained ξR104 = 717(6)µm, ξR902 =
717(9)µm and ξR700 = 670(9)µm as average values. This order is in good agree-
ment with earlier time of flight experiments [21,48,49]. Since we see a ‘transition’
by changing the sample size we are also able to estimate the ‘localisation’ length
via the mobility edge, where the plateau changes into a ‘sub-diffusive’ curve. By
doing so we can estimate a ‘localisation’ length of ξR104 = 730(3)µm for R104, as
the ‘transition’ is between L = 0.71mm and L = 0.75mm. For R902 the ‘trans-
ition’ can be seen between 0.7mm < L < 0.8mm. For R700 we have not seen the
‘transition’, so we can only give an upper limit ξR700 < 710µm.

In conclusion we were able to establish a new method to measure ‘localisation’
by evaluating transmission profiles. Measurements of diffusive samples give a
linear increase in time σ2(t ) ∝ t , whereas ‘localising’ samples show a plateau at
long times. The obtained results are in good agreement with other experiments.
The profiles are a very sensitive indicator for ‘localisation’, outdoing the time of
flights in this point. The ‘localisation’ length can be obtained by evaluation of the
plateaux or by locating the transition to ‘sub-diffusive’ behaviour.

6.2.2 Spectral Measurement

The different powders limit our choice of strong scattering samples as kl∗ is fixed
for each powder within a small deviation due to different filling fractions. An el-
egant way to tune kl∗ to a certain extent is by changing the wavelength and thus
kl∗. This way we can examine one sample and change kl∗ without changing the
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Figure 6.5: Spectral measured inverse turbidities as determined from the width of
the coherent backscattering cone are shown. (left) measurements for
R104 are shown and (right) for R700. Red points are evaluations with
the LabVIEW code and black ones with the new Python program. In
both cases a clear trend of increasing kl∗ with increasing wavelength
can be observed.

sample, giving us the great possibility to characterise the ‘transition to localisa-
tion’ in a complete different way as explained before. Therewith we can rule out
effects of sample quality. Here we investigate R104 and R700 spectrally.

We do not know a priori the wavelength dependence of l∗, and thus measured
the dependency of the coherent backscattering cone on the wavelength. The es-
timated spectral values of kl∗ are shown in fig. 6.5. We can see, within the error
bars, a roughly linear increase with λ. We thus extrapolate/ interpolate kl∗’s for
wavelengths where we could not measure the backscattering cone. For R104 and
R700 the obtained trend is comparable. This measurement shows us that de-
creasing λ will increase the scattering strength within the range we measure. A
linear fit to the LabVIEW fitted data gives the following dependency:

kl∗R700 =−5.7912+0.0144 ·λ (6.1)

kl∗R104 = 0.2114+0.0065 ·λ (6.2)

Time of flights of different incident wavelengths for a R104 sample of the size
L = 1.02mm are shown in fig. 6.6 (left). The same for a R700 sample with L =
0.98mm can be found in 6.6 (right). For both samples the long time tail deviates
more for shorter wavelengths. The scattering strength of R104 is lower than for
R700 which is why the deviation is not as strong. At the longest wavelengths the
decrease is almost linear, approaching the ‘mobility edge’. The very similar long
time behaviour of these two samples, despite their different kl∗, suggests that by
approaching the ‘mobility edge’ the wave transport does not suddenly change,
it is rather a smooth transition. Additionally we can observe for both samples
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Figure 6.6: Time of flights for R104 (left) and R700 (right) for different incident
wavelengths are shown. Legend in nm. The deviation at long times
from a linear decrease is bigger for R700 (lower kl∗). For larger λ we
observe a convergence to diffusion. For both samples diffusion gets
slower with decreasing wavelength. (right) Same figure as in [25].

a shift of τmax to longer times, indicating that the transport is slower at lower
wavelengths. The diffusion constants obtained from a classical fit to the data are
shown in fig. 6.7 (right). That D increases for bigger wavelengths could be seen
as an indication of approaching the diffusive regime.

By evaluating the difference between the measured data and a diffusion fit, we
can get a quantification of the excess of photons at long times. This way we can
show more clearly the onset of ‘localisation’. The excess of photons Ξ is defined
as follows:

Ξ=
∫ 3.5τmax

2.0τmax
Imeas(t )dt∫ 3.5τmax

2.0τmax
Ifit(t )dt

(6.3)

The integration limits were chosen to start at a time (2.0τmax) where ‘localisation’
signs are expected at the earliest, and to stop before the signal vanishes in noise
(3.5τmax). The result for both samples is shown in fig. 6.7 (left). We can see that
the excess for R700 rapidly decreases until kl∗ ≈ 3.2. In contrast for R104 Ξ is
much lower and decreases almost instantly to one. Here we observe a discrep-
ancy between both samples. The excess for R700 is already unity at kl∗ ≈ 3.2,
whereas for R104 we can still see a small excess at kl∗ ≈ 3.85. This significant dis-
crepancy is present in all the data presented here. The most probable reason lies
in the estimation of kl∗ from the coherent backscattering cone. Since the qual-
ity of the cone depends strongly on the adjustment and the calibration, this is a
possible source of error, hampering a fit of the data. Additionally the estimation
of the effective refractive index could be imprecise, leading to a different kl∗ as
it should be. We can see in fig. 6.5 that the new data evaluation leads to values
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Figure 6.7: (left) The excess Ξ is shown for R104 and R700. For R700 it decreases
rapidly to unity, whereas for R104 even the biggest excess is close to
unity. Same data for R700 as in [25] (re-evaluated). (right) Depend-
ency of the classical diffusion constant DB , as obtained from a dif-
fusive fit, is shown as a function of the incoming wavelength. For
both samples D is increases with λ. Same data for R700 as in [25] (re-
evaluated).

of kl∗ that are closer together, however the range of kl∗ still does not overlap for
both samples either. Thus we do not use the new data evaluation to not lose the
comparability with experiments performed before.

The corresponding transmission profiles can be found in fig. 6.8 for R104 (left)
and R700 (right). Again the two samples look comparable. For the shortest wave-
length the profile for R104 shows a peak, indicating that the sample is roughly
as long as the ‘localisation’ length, whereas for R700 a nice plateau can be ob-
served. For both samples, the longest wavelength shows ‘sub-diffusive’ beha-
viour. The transition from ‘localisation’ to ‘sub-diffusion’ can be determined for
R104 at 600nm and for R700 at 640nm. These observations are again in agree-
ment with the different scattering strengths of both powders. At this point the
transmission profiles are ‘better’ than the time of flights, as a distinction between
‘localisation’ and ‘sub-diffusion’ can easily be made. The decrease of diffusion
with decreasing wavelength can also be observed via the slope of the linear part
of the curves and is comparable to the time of flight measurements.

By varying the incident wavelength we are able to see a crossover from ‘localisa-
tion’ to ‘sub-diffusion’. While it is rather hard to locate with the time of flights, the
transmission profiles are giving enough information. This gives us the possibility
to determine the transition from ‘localisation’ to diffusion in combination with
the size dependent measurements, which we will do in the next section.
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Figure 6.8: Transmission profile measurements at different incident wavelengths
are shown for for R104 (left) and R700 (right) are presented. Legend in
nm. For R700 we can clearly see plateaux for the shortest wavelengths,
whereas R104 only shows peaks (L ≈ ξ), being in accord with the dif-
ferent scattering strengths kl∗. A crossover to ‘sub-diffusion’ can be
seen for R104 at 600nm and for R700 at 640nm. (right) Same figure as
in [24].

6.2.3 The ‘Localisation Transition’

We are able to determine the ‘transition’ from diffusion to ‘localisation’. R104 e.g.
is closer to the ‘mobility edge’ than R700, whereas the Aldrich anatase is purely
diffusive. Therefore we know that the ‘transition’ takes place between kl∗R104 = 3.7
and kl∗AA = 6.4. With the information about the ‘localisation’ length ξ and kl∗ we
are able to determine the ‘transition’. Approaching the ‘mobility edge’, ‘localisa-
tion’ is limited by the sample length which is ∼1mm, showing a peak instead of a
plateau. For the ‘(sub-)diffusive’ case the mean square width becomes σ2∞ =∞,
since the photon cloud is not confined anymore. The result of the long time eval-
uation of the plateaux is plotted in fig. 6.9 (left). At the ‘transition’ one can see a
jump, which is around kl∗crit ≈ 4.3. This result is consistent with previous meas-
urements made with time of fligths [47], finding kl∗crit,ToF = 4.2(2).

Alternatively we can determine the ‘transition’ via the exponent a of the time
depended slope ofσ2∞ ∝ t a . We determine the exponent as the local derivative of
σ2(t ) and normalisation by its own value. The value of the exponent corresponds
to the one of the derivative at the time τloc for non classical curves. Because the
data is noisy at long times, the derivative is only an estimation. The result can
be found in fig. 6.9 (right). In the diffusive regime the exponent is a = 1. While
transitioning away from diffusion around kl∗crit ≈ 4.5 the exponent changes to
a = 0, approaching the ‘localisation’ regime. This result is close to the previous
determination, showing the equality of both evaluation methods. With that we
can give a value for the ‘transition’ of kl∗crit = 4.4(3), being in accord with [47].
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Figure 6.9: (left) The inverse of the long time mean square width σ2∞ in de-
pendence of kl∗ is shown. The transition from ‘localisation’ to ‘sub-
diffusion’ is clearly recognisable at kl∗crit ≈ 4.3. The error bars corres-
pond to systematic errors. Figure taken from [24], minor corrections
applied. (right) The exponent a, giving the temporal evolution of σ2,
is shown. In the diffusive regime the exponent is unity, different to
the ‘localising’ regime where the transmitted width is confined and
thus a = 0. The ‘transition’ occurs around kl∗crit ≈ 4.5. Figure taken
from [24], minor corrections applied.

With ultrasound the transition was measured to be at kl∗crit,us ≈ 1.8, which is lower
but of the same order of magnitude.

There is yet another way to evaluate the ‘transition’. In the latter description the
curves were evaluated by derivation to get the exponent a. We can instead fit
the curves with a time dependent diffusion coefficient analogous to eq. (2.61)
combined with eq. (2.53):

σ2(t ) = 4Dt
τa

loc(
τm

loc + t m
) a

m
(6.4)

In this case m = 10 shall also ensure a fast crossover to localisation. Note that the
exponent a is vice versa to the latter description. The same problem as for estim-
ating the derivative arises, at long time the data is noisy and the time window we
are interested in is very small. This will lead to an inaccuracy of the fit. Examples
of the fit are shown in fig. 6.10 (left) and the exponent a (right). For fits where
the exponent exceeded unity, which is the case for all curves showing a peak, we
still speak of ‘localisation’ (see fig. 6.4). The ‘transition’ can clearly be seen, also
taking place between kl∗ = 4 and kl∗ = 6.

The effective refractive index of a R104 sample is around neff = 1.65 at the ‘trans-
ition’ kl∗crit. The onset of ‘localisation’ corresponds to l∗/λeff ≈ 1, which is a reas-
onable assumption.
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Figure 6.10: (left) Fits for R104 of eq. (6.4) are shown. The agreement with the
data is very good. (right) The exponent a observed from the fit is
shown for different kl∗’s. In the ‘localising’ regime a is one or larger
and approaching zero for diffusion. For fits where a exceeded unity
we still speak of ‘localisation’ (see fig. 6.4). The dashed lines indicate
the different regimes.

6.2.4 Estimation of the ‘Critical Exponent’

In this short section we will re-evaluate the data of [47]. We use eq. (2.65) which is
slightly different to the approach made in the latter publication. The evaluation
is shown in fig. 6.11 with a ‘critical value’ of kl∗crit = 4.4. The obtained ‘critical
exponent’ is ν = 0.66±0.11, to have a more reliable result we would need more
dynamical range we can not access at the moment. This result is in agreement
with [62]. Different to our findings an exponent of ν = 1.63 ± 0.05 was found
using a quasi-periodic atomic kicked rotor [163]. However, they use a different
formulae to extract ν including an offset that is justiefied as “a cutoff parameter
taking into account the various limitations”. An evaluation of the transmission
profile measurement was not possible, it failed because the value of the plateaux
(ξ) changes less than l∗, leading to an opposite slope.

6.3 Inelastic Effects

As the first deviations from diffusion were measured by Störzer et al. [21] an ex-
periment was performed to exclude that the signature origins from fluorescence.
This section is based on the work of Wolfgang Bührer that had a high impact on
the Anderson localisation community [49]. By placing bandpass filters behind
the sample the spectrally resolved transmitted signal was measured. The inter-
esting observation was that there is indeed a weak red shifted signal, but even
more surprisingly, blue shift could also be measured. These measurements lead
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Figure 6.11: The re-evaluated data of Aegerter et al. [47] are shown. In this case
the normalisation is done with kl∗crit = 4.4. The obtained ‘critical
value’ is ν= 0.66±0.11. With courtesy of Christof Aegerter.

to some debate on the interpretation of the data which we will discuss at the
end [26, 27]. For better consistency of the data most of the measurements were
re-done, as published in [25].

6.3.1 Incident Power

To check if the observed effect is due to non-linearities or caused by a differ-
ent mechanism we use two different samples: a R700 powder with size of L =
0.93mm and kl∗ = 2.7 and 1:1 mixture of R104 and Aldrich anatase (R104AA) in
order to decrease the turbidity with a size of L = 1.00mm and kl∗ = 5.714. The size
is chosen to be nearly equal for a better comparability. With measuring the time
of flights in dependence of the incoming intensity at 590nm we check for non-
linear effects, see fig. 6.12. I0 corresponds to an energy density of I0 ≈ 1GW/m2

at the sample surface and an OD3 filter behind the sample to reduce the count-
rate to an appropriate value. The value 100 times higher than I0 was achieved
by focusing the laser beam onto the sample surface, in all other cases the corres-
ponding OD filters are moved from behind in front of the sample to give the cor-
responding relative intensity. We can see only a very small effect for the R104AA
sample shortly before the noise level. The effect is also prominent for the R700
sample showing a difference of a factor of roughly two at long times. This indic-
ates that the power dependent effect is weak and only visible at long times. We
associate the long time tail with Anderson localisation, which, as extensively dis-
cussed in the previous section, is kl∗ dependent. As expected and intended, the
long time tail for R700 is more pronounced for R700 due to the higher turbidity.

A test for the power dependent response is to measure the total transmission

14There is a typo in fig. 3 in [25], it is all the same sample.
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Figure 6.12: (left) The power dependent time of flights for R104AA are shown.
The long time tail is nearly linear, showing a slightly power depend-
ent upturn at long times. (right) The measured data for R700 are
shown. The upturn is more prominent, showing a slight power de-
pendence, too. Same figure as in [25], separated.

with varying incident intensities. This measurement was performed with a R700
sample of the size L = 1.25mm, shown in fig. 6.13 (left). The range spans five
decades of incident power and shows a good match with a linear fit. This result
indicates that if there are non-linear effects they are very small, of the order 10−5

or less. Evaluating the difference of the curves shown in fig. 6.12, in terms of
incident power, using eq. (6.3) from τmax = 4.0 to τmax = 4.4 with respect to the
OD3 (I0/1000) data, clearly shows a difference between both samples, see fig.
6.13 (right). In the PhD thesis of Wolfgang Bührer a R902 and a pure R104 sample
is also shown [49]. Ξ is clearly sub-linear within the three decades of incident
intensity. The exponents of the fit Ξ= m · (I /IOD3)a are aR104AA = 0.08±0.01 and
aR700 = 0.14±0.01. The curves where we focused onto the sample appear equal
without focusing within the error bars, thus we omitted these data points. This
finding is surprising since we would expect an exponent larger than one for a
non-linear process.

6.3.2 Wavelength Resolved Measurement

The next step is the wavelength resolved time of flight measurement using band-
pass filters. We used bandpass filters, as common spectral resolution techniques
would fail since the transmitted intensity is very low and scattered in all direc-
tions. Since the light is not collimated behind the sample a pinhole has to be
used, drastically reducing the recorded intensity, thus making a different spectral
time resolved experiment very hard to realise. Even with the bandpass filters we
are restricted to a wavelength range between 560nm and 620nm due to the inev-
itably decreasing intensity while moving away from the incident wavelength.
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ent intensity is shown. The solid line is a linear fit, showing very good
agreement. Same figure as in [25], measured by Wolfgang Bührer.
(right) Evaluation of the integralΞ (eq. (6.3)) with respect to the OD3
data is shown. The solid line is a power fitΞ= m · (I /IOD3)a , showing
sub-linear behaviour of Ξ over three decades of incident power (see
text).

The incident power is fixed in the experiment at 590nm with I0 ≈ 1GW/m2. If
needed the count-rate is decreased with an OD filter behind the sample, thus
the incoming intensity is the same for every measurement. This way we can
probe for possible inelastic components. We use the same two samples as before.
The time of flight data are shown in fig. 6.14 for R104AA (left) and R700 (right).
The data show the relative wavelength dependent transmission according to the
count rate of the photo multiplier, corrected for the different optical densities of
the filters with respect to their central wavelength (see tab. 4.2). Additionally the
dark noise of the photomultiplier was subtracted. The data is normalised so that
the curve with BP590 is one at τmax. For both samples the transmitted intensity is
highest at the incident wavelength of 590nm. There is a strong decrease of trans-
mitted intensity visible for the spectrally shifted curves. The transmitted intens-
ity for BP600 is near to BP590 because of an overlap of their transmission win-
dows. We can conclude that most of the light transmitted is elastically scattered
and diffusive for both samples. For the R104AA sample the shape of the curves
does not depend strongly on the detected wavelength. This is different for R700
which shows much higher upturns for the wavelength shifted curves. Stimulated
Raman scattering will lead to a power dependent spectral broadening in TiO2, as
shown by Evans et al. [192], which can be a possible effect for our powders. Addi-
tionally the kl∗ scaling of the upturn is evident again (see [49] for other samples).
There are only small deviations of τmax, being not comparable with those of the
spectral measurements (fig. 6.6) and are probably due to inaccuracy of measure-
ment.

Furthermore we can observe that the inelastic scattered contributions do hardly
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Figure 6.14: (left) The wavelength resolved time of flight for R104AA relative to
each other is shown. The incident wavelength is 590nm with a power
of I0 ≈ 1GW/m2. There are red and blue shifted contributions ob-
servable, showing a small deviation in the long time tail. The legend
represents the bandpass filter. (right) The same measurement for
R700 is shown. Again there are blue and red shifted contributions,
showing stronger deviations at long times. Same figures as in [25].

exceed the elastic ones. As a consequence we still can measure a small upturn
at the non shifted part of R700 not coming from wavelength shifts, see fig. 6.15
(left). In this case the long time tails seems to be mainly covered by the strong dif-
fusive contribution and absorption. In contrast for the wavelength shifted meas-
urements the non-diffusive part is mainly suppressed. In contrast R104AA is per-
fectly diffusive for the non shifted case, showing again the kl∗ scaling. Addition-
ally we can also measure the transmission profiles wavelength resolved, see fig.
6.15 (right). These measurements are more difficult to perform, since we need
more intensity in comparison to a time of flight measurement. The sample is a
R700 powder with smaller size (L = 0.86mm) to be able to perform the measure-
ment without too much noise. The mean square width without a filter shows a
peak, which is also visible for BP580 and less pregnant for BP600. In agreement
with the time of flight measurement the mean square width for BP590, the non-
shifted photons are not purely diffusive as can be seen at the onset of a plateau.

We have seen that by decreasing the incoming wavelength and thus kl∗ (sec.
6.2.2), the long time tail deviation is getting stronger. To check if we see the same
behaviour wavelength resolved at another incoming wavelength we use the R700
sample and chose a different incident wavelength of 570nm, see fig. 6.16. The
data for 590nm are the same as in fig. 6.14 (right) and additionally the measure-
ment without a filter is shown. The measurement at an incident wavelength of
570nm shows an upturn at long times too, being stronger than for 590nm, which
is also obvious in fig. 6.6 (right). By introducing a bandpass filter according to the
incident wavelength the shape changes to be mainly diffusive with only a very
small deviation present, similarly to the measurement at 590nm. If we introduce
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Figure 6.15: (left) The curve for BP590, giving the non shifted photons, is shown
for R104AA (down shifted one decade). The diffusive fit (solid line)
perfectly matches the data. The same data are also shown for R700.
In this case a small deviation from the fit is visible. Both are the same
data as in fig. 6.14. Same figure as in [25], longer times are shown.
(right) Wavelength resolved transmission profiles for a L = 0.86mm
R700 sample are shown. For comparison the measurement without
filter is also shown. The wavelength shifted curves are showing sat-
uration, as well as the non shifted curve. Same figure as in [25], with
additional curves.

a BP570 at 590nm we can see an upturn, which rules out that we see a wavelength
specific effect. When we look at wavelength shifted contributions for 570nm we
can see an upturn again, being in agreement with the 590nm measurement.

In the description of the time of flight setup (sec. 4.3.1) we have introduced the
bandpass filters we use. The optical density for the different filters with respect
to 590nm are listed in tab. 4.2, which are plotted in fig. 6.17. Additionally we can
measure the wavelength-resolved (total) transmission of the R700 sample using
these filters. As can be seen in fig. 6.17 the recorded signals are always stronger
than the pure optical densities of the filters (except for BP590). However, we can
hardly estimate the excess of photons since the bandpass filter broaden the sig-
nal, see 4.8 (right). Thus a simple comparison with the count rate is not possible.
Therefore we will not give any numbers. There are no further features visible, but
due to the broad FWHM of 10nm possible features could be hidden.

6.3.3 Interpretation

Because of the complexity of interpreting the data and the debate caused by the
PhD thesis of Wolfgang Bührer [25–27, 49], we first presented the data without
any further interpretation, which we will do below.
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Figure 6.16: (left) Wavelength resolved measurement for 590nm is shown, again
relative to the count rate. Same data as in fig. 6.14 (right). (right) Ad-
ditionally we changed the incoming wavelength to 570nm and also
measured wavelength resolved. We chose only two bandpass filters
for more clarity. Same figure as in [25], separated.
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First we summarise the important observations. To quantify the strength of the
non-linear effects we measured the power dependence of the time resolved and
time integrated transmission, see fig. 6.12 and 6.13. We observe a factor of about
2.5 difference in the long time tail according to low transmitted intensities, if we
vary the incident power by a factor of thousand. The deviation of the diffusive
fit is only 0.37% for OD3 in the case of R700 showing that the excess of long time
photons is very small, see fig. 6.12 (right). Thus we can conclude that the inelastic
effect is weak, if the inelastic contribution would lead to a long time tail. This is
also underlined by fig. 6.13 (left).

By measuring the transmission wavelength resolved (fig. 6.14) we see that there
are red and blue shifted contributions. Both are showing deviations in the long
time tail. The bandwidth of the laser can also not explain the shift, which is
roughly 3nm. In fig. 6.17 one can see that this is not just a bandpass filter effect.
The non-shifted part (fig. 6.15) appears diffusive in the time of flight, whereas the
transmission profile still produces a plateau.

6.3.3.1 Localisation Interpretation

First we will connect important observations and afterwards give an interpreta-
tion of the long time tail which merges the inelastic effects and Anderson local-
isation. Following this section we will discuss the points being under debate. As
we will show in section 6.5.2 the statement that we have observed localisation is
most probably a misinterpretation15.

Focusing onto the sample surface hardly changes the upturn, thus it is likely that
inelastic events occur inside the sample. Also it should be mentioned that the
non-linearity is very weak, but the finding of an exponent smaller than one is
puzzling (fig. 6.13 (right)). Nevertheless, the upturn observed in fig. 6.12 is un-
likely to be caused purely by non-linearities. Additionally we point out that chan-
ging kl∗ by a factor of roughly two changes the long time upturn by nearly two or-
ders of magnitude (see fig. 6.14 (right)). The incident power is lowest for 550nm
with I550nm = 0.85GW/m2 and highest with I590nm = 2.8GW/m2 at 590nm, which
is only a factor three ratio. In strong contrast varying the incoming intensity by
three orders of magnitude (fig. 6.12 (right)) changes only by a factor of about two.
This underlines the strong kl∗ scaling over the weak power dependence we can
observe.

We can explain these findings using the following argumentation. As we have
seen, Anderson localisation is due to time reversal symmetry of closed paths,
which should therefore have an enhanced population (sec. 2.3) . The overpopu-
lation can not be easily estimated, but should be significant. We have measured
long time deviations with two very different methods that are in agreement with
theoretical models. If we thus assume we have localised modes and illuminate

15For better readability we will not use quotation marks any more.
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the sample with high intensities, as we do, we can have high energy densities in
these modes as well. The cross section of a mode can be estimated by A ∼ λ2

which gives A ≈ 10−13 m2. Within this very small area we would only need 1mW
of peak power to have ∼1GW/m2 of energy density, being comparable with the
incident energy density. This 1mW peak power would correspond to a fraction
of 10−7 of the incident pulse. Of course there is reflection at the sample surface
and absorption inside our samples, but it sounds reasonable that more than a
fraction of 10−7 photons would localise in one mode. We are not able to give
any numbers, but the energy density in such a localised mode is expected to be
much higher than the energy density at the surface of the sample. Following this
argument we see that non-linear effects should appear exclusively in localised
modes. We want to mention that the pulse energy in our experiment is way lower
than in the experiments performed on non-linear effects in TiO2. This even un-
derlines our statement, since nowhere else we have the necessary energy density
available. If we have additionally self-focusing in these localised modes we can
expect en enhancement of localisation, as argued in the previous section. That
we only see a small fraction of localised photons is explained by two arguments.
First a photon can only be detected if it can couple out of a localised mode.
Since the modes are expected to have high Q values [142, 222, 223], out-coupling
is weak. If an inelastic process (except self-focusing) occurs, the mode is most
likely non-resonant for the emitted photon, thus better detectable. Secondly loc-
alised photons travelled long paths and are more likely absorbed. Absorption
will lead to a dramatic reduction of long paths, thus cutting off localisation sig-
natures. This will lead to an weak detectable signature. The transmission profile
data support our argumentation, since we see an exponential decay of the tails,
see fig. 5.7. This behaviour is, as mentioned, expected to occur in the localising
regime, as measured by different groups [23, 164, 172]. However, an exponential
tail is not visible for anatase which is our diffusive reference.

With the latter interpretation of the data we gave a consistent argumentation how
inelastic effects can be combined with the picture of Anderson localisation. In-
elastic processes can be combinations of different non-linear effects or probably
(stimulated) Raman scattering. This interpretation is capable to provide an ex-
planation of the ‘source’ of inelastic effects, namely the localised modes. Only
these modes can provide the necessary energy density, besides Raman scatter-
ing. This picture is not inconsistent with Anderson localisation.

6.3.3.2 Ongoing Debate

In this section we discuss the points being under debate, again assuming we
have observed localisation. In their comment Scheffold and Wiersma argue that
elastic scattering is a necessary condition for Anderson localisation [26]. This
statement is not quite correct. As we have seen there are different theoretical
predictions concerning inelastic effects (sec. 2.3.8) that predict an enhancing ef-
fect on localisation, especially for a self focusing non-linearity (in 1D and 2D).
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Additionally several experiments could confirm this enhancement, see section
3.3. Whether this effect translates for three dimensional systems has not been ex-
amined yet, but seems not unlikely. Since TiO2 shows a positive Kerr effect (sec.
4.1.1), an enhancing effect can not be excluded. If there is an enhancing effect
in three dimensional systems this could also lead to an earlier onset of localisa-
tion, which would be in accordance with our determination of the localisation
transition at kl∗crit ≈ 4.4.

The statement [26] that inelastic scattered contributions are exceeding the elastic
ones by at least one order of magnitude at long times was made based on a mis-
leading plot (fig. 5.4 in [49]). Indeed these contributions do not exceed the elastic
scattered signal, which is obvious in fig. 6.14, where we have chosen a more clear
presentation.

They further noted that the long time tail vanishes only when the non-shifted
contribution is examined. This point was already explained before (fig. 6.15
(left)). The long time tail seems to be covered by the strong diffusive contribution
and absorption. However, the transmission profile measurements give a convin-
cing answer that there are still localised modes (fig. 6.15 (right)).

They also state that non-linear effects can be confused with signatures of local-
isation. This argument implies that these non-linearities have a distribution of
lifetimes ∆t . This time delay would change the transmission profile (the time of
flight as well) to:

T (ρ, t ) = Telastic(ρ, t )+Tinelastic(ρ, t −∆t ) (6.5)

Such a time delay would lead to a long time tail or an apparent saturation of the
transmission profile. If there was a lifetime effect in our samples this would be a
valid point. We do not know the source of inelastic scattering, thus we can give
no definite answer in the following argumentation. We expect very fast response
times from non-linear processes, for example Torres et al. give an upper limit of
80fs for two photon absorption in TiO2 [224]. Another group has pinned down
the lifetime for χ(3) processes to 5− 6.5fs [225, 226]. Here even the longest re-
sponse time is much shorter than our typical time resolution of roughly 20ps.
Thus a lifetime effect caused by a non-linear response is unlikely. Additionally,
if the samples do not localise the non-linear effects have to occur at the sample
surface, as the energy density is lowered by diffusion. The energy density at the
surface with I0 ≈ 1GW/m2 is comparably low to experiments that examined non-
linear effects in TiO2. The energy of our setup is probably too low to excite non-
linear processes this way.

We address Raman scattering as a possible cause for the spectral broadening [25].
Evan et al. measured a spectral broadening for anatase [192]. Raman scatter-
ing could explain parts of the spectrum in their measurement. But in compar-
ison our pulse energies are three orders of magnitude lower. We show Raman
spectra of our powders of Aldrich anatase and R700 in fig. 6.18. We can see that
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Figure 6.18: (left) The Raman spectrum for an Aldrich anatase powder is shown.
The spectrum features a strong peak at ∼140cm−1. (right) Here the
spectrum of a R700 powder is shown. This spectrum exhibits features
comparable with literature [227, 228]. Measurement performed by
Matthias Altenburg.

the spectra are very different, where anatase it is dominated by a strong peak at
∼140cm−1, R700 has not such a single strong feature. The spectrum of R700 is in
accord with rutile spectra [227,228]. The peak at 237cm−1 is a second order scat-
tering feature, all others can be assigned to fundamental phonons. The lifetimes
estimated from the linewidth from R700 is giving maximum lifetimes of about
0.1ps, being comparable with 0.3ps found in [229]. Even in the case of Raman
scattering we do not find any time scales that are of relevance in our experiment,
thus we can also rule out this process as a lifetime effect. This would weaken the
point made by Scheffold and Wiersma that different filling fractions, thus differ-
ent pressure applied, will lead to different non-linear optical coefficients, as we
are lacking temporal resolution to observe these effects.

From the latter argumentation we can conclude that the doubts of Scheffold and
Wiersma can be, to the best of our knowledge, disproved in all points. The cru-
cial point in the debate are lifetime effects, of which we only found negligible
ones in the literature. Since the powders we use are irregularly shaped and poly-
disperse particles there are no strict symmetry rules for non-linear effects, thus
many of them could occur and mix along the travelled paths. Thus we can not
easily determine the source of inelastic effects, being unable to pin down these
signatures. We can not once and for all rule out a lifetime effect, but it appears to
be unlikely.
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6.4 Magnetic Field Measurements

Magnetic field measurements with Faraday active material added to the sample
should give an answer to the question if our samples are localising or not. The
idea, introduced in section 2.3.9, is to break time reversal symmetry, thus travel-
ling a closed path in opposite direction should not be the same any more.

First we want to start with the work of Lukas Schertel [216]. He used the setup
described in sec. 4.4.2 to measure speckle correlations in transmission. The pur-
pose of the work was to determine the strength of Faraday rotation that is needed
to destroy time reversal symmetry. The idea is to measure speckle correlations as
a function of the magnetic field. The claim is that a complete speckle decorrela-
tion should be equal to destruction of time reversal symmetry. This should also
be seen in the speckle distribution. In the case of localisation the speckle is dom-
inated by a few bright spots [23], whereas in the diffusive case the speckle distri-
bution is exponential. However, we do not expect to see any significant changes
in the speckle pattern, since the ‘localisation’ signal represents only ∼1% of the
whole signal. Additionally breaking time reversal symmetry should lead to an
increase of the transmitted intensity.

Since the Faraday effect of TiO2 is too small for our purpose we add CeF3 as
Faraday active material to our powders. To increase the Verdet constant we ad-
ditionally cool the samples down to liquid Helium temperature (see sec. 4.4).
As localising samples require a certain sample size, which implies very low trans-
mission, the experiments are performed on thin samples in order to have enough
transmission. On top of that a yet unknown effect causes an intensity loss even
bigger than I0 ·10−2 while cooling the sample to 4K. This effect is also observed
for pure R700 and antase, but not for pure CeF3. Interestingly no change in ab-
sorption is observed with time of flights. A big issue is the general instability
of the speckle pattern, supposedly caused by thermal energy, which is reduced,
but still present, when the sample is cooled. Thus a measurement of a deviation
from a exponential speckle distribution is not possible. To overcome this prob-
lem the sample is filled up with glycerol. The idea is to embed the powders into
a solid matrix, thus preventing any movement. Indeed adding glycerol improved
the stability to a suitable value. A careful study to characterise the Faraday ro-
tation in dependence of the magnetic field, temperature and amount of CeF3

was performed. As an example fig. 6.19 (left) shows the speckle decorrelation
in dependence of the CeF3 concentration. With all these data the amount of the
needed CeF3 concentration could be estimated to be 5vol% or 15wt%, see fig.
6.19 (right).

Knowing the suitable parameters we can create a sample that should have a feas-
ible Faraday effect to destroy time reversal symmetry. The mixture with 15wt%
CeF3 has the drawback that l∗ is reduced and because CeF3 absorbs more than
R700 the sample absorption is stronger. Nevertheless such a sample still shows a
deviation in the long time tail in time of flights, despite the clearly visible higher
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Figure 6.19: (left) Speckle correlation measurements for different concentrations
of CeF3 are shown, increasing from top to bottom. The solid lines are
theory fits to estimate the effective Verdet constants. Figure taken
from [216]. (right) Based on the results of correlation measurements
the prediction can be made that we need 5vol% CeF3 for a 1.1mm
thick sample. The correlation decreased below g2(B)−1 < 0.1, which
should be feasible to destroy time reversal symmetry. Figures taken
from [216].

absorption (fig. 6.20 (right)). Measuring transmission profiles was not possible
in a first attempt, as the intensity was too low.

To exclude effects that are caused by the setup or the powder (R700), we first
perform a measurement on the pure powder with L =0.94mm. After recording
a time of flight at room temperature and zero field the first step is to cool down
the sample in the Oxford cryostat to ∼4K. We can observe a change in the pro-
gression at longer times by cooling, as can be seen in fig. 6.20 (left). The main
effect is a reduction of absorption, visible in a lower slope after τmax. This effect
is not surprising and can be explained with the bandgap of TiO2. If the sample
is cooled down the Fermi edge becomes sharper, since a low thermal energy re-
duces states populated above the Fermi level. Thus leading to a reduction of ab-
sorption. Indeed the effect is moderate and no big change was expected, since
the wavelength we use (590nm) is far enough away from the bandgap. The long
time tail still persists. The next step is to apply the magnetic field. This is done in
two steps, first to a field of 14T. This is roughly the maximum field at which the
photo multiplier does not lose count rate due to the magnetic field. Afterwards
the field is increased to 18T where the count rate is only half as high. The results
are included in fig. 6.20 (left). We see applying the magnetic field lowers τmax

slightly, although this could be within the measurement uncertainty. If we run
down the field to zero Tesla and heat up the sample to approximately room tem-
perature, we can see that the curve matches with the very first one. This result
shows us that we do not change our sample by cooling and applying a magnetic
field, the process is reversible.

Since we have not seen any unexpected effects, we can measure a mixture of R700
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Figure 6.20: (left) A time of flight of a pure R700 powder is shown in dependence
of the temperature and the magnetic field. Cooling down causes
lower absorption and no further changes are visible. As expected the
magnetic field has no effect. The legend represents the chronolo-
gical order of the experiment. (right) The same measurement with
R700 and 15% per mass CeF3 is shown. Absorption also decreases
by cooling. Different to our expectation the magnetic field shows no
influence on the long time tail.

with 15wt% CeF3 of the size L =1.04mm. Again we see a decrease in absorption
due to cooling, see fig 6.20 (right). First, we also apply a magnetic field of 14T and
later increase it to 18T. In this case we can observe a small shift of τmax as well,
assuming that it is a real feature. A possible explanation is that the magnetic field
applies a force on the CeF3 particles. The ‘pull’ can lead to a change in the sample,
creating small holes which do not relax, thus leading to faster diffusion. What we
do not see, against our expectation, is a decrease of the long time deviation. In
the presented measurements the magnetic field has no measurable influence on
the long time tail of our sample.

This observation is the hardest to interpret, since there can be many reasons that
we see no change in the long time tail. We will discuss different possible reasons
why we did not see any change. It shall be mentioned that the measurements
were performed in a proof of principle setup. Therefore improvements are surely
possible.

First, we could not find literature on the saturation magnetisation of CeF3 and we
have not the possibility to measure it ourelves. If CeF3 saturates at values of some
Tesla at 4K we might not see any change, since the correlation is still quite high,
see fig. 6.19. A way to measure the saturation magnetisation with our setup is
to perform a speckle correlation experiment up to 18T. The main problem is the
setup stability, which is expected to be even worse with the longer Oxford cryo-
stat. We can conclude from the experiments performed by Lukas Schertel, that
no saturation is observable up to 7T and 9K [216]. Another possibility is that the
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Faraday effect is simply not strong enough. There is no theory concerning the
Faraday effect in a localising medium for a three dimensional system. Thus we
can only assume that by destroying the speckle correlation, the rotation is strong
enough to destroy time reversal symmetry. Indeed we do not know if this is feas-
ible or if the Faraday effect can influence or destroy localisation in 3D media at
all. We are also not able to transfer the predictions from one and two dimensions
to three and we do not know if the experiments with weak localisation are com-
parable with strong localisation. Another possible case is that we did not observe
localisation at all in our experiments. It remains an open question we are not
able to answer at this point.

We measured time of flight at low temperatures up to fields of 18T. Destruction
of time reversal symmetry could not be observed with the proof of concept setup.
More careful experiments have to be done to determine if or if not time reversal
symmetry can be broken. A final statement is not possible at this point.

6.5 Unresolved Issues

In this last section we will discuss some unresolved issues and try to interpret
them. First we will discuss the estimated values of the ‘localisation’ length, since
they are not equal for each method. In this very last part contradictions of the
long time behaviour are pointed out and examined in detail. We will show that
the signature interpreted as localisation is caused very likely by fluorescence.

6.5.1 ‘Localisation’ Length

In the data analysis section we mentioned that the localisation fit for time of
flights can not fit the whole data range (sec. 5.3). The purpose of these fits is
to get the localisation time τloc. The fit was developed for the data measured by
Martin Störzer [47]. Since then, we have improved the data analysis and know
now that the estimation made in the fit can not explain the whole data range.
Martin Störzer obtained values of τmax = 4.8ns for R700, which corresponds to a
‘localisation’ length of ξ ≈ 250µm. With the new data analysis we get ‘localisa-
tion’ times of τloc that are close to τmax. This time has to be incorrect, since we
do not see any deviations around this time. However, the estimation for D(t ) is
empirical and might be not correct. If we estimate bye eye the time where the
data deviates from diffusion we get τloc ≈ 7ns, corresponding to ξ≈ 290µm. This
time is in good accord to the transmission profile measurements of R700. Here
we have a contradiction, even within the transmission profile data, the ‘localisa-
tion’ length estimated from the time of deviation is not equal to the time estim-
ated from the plateaux of the transmission profiles with ξ = 670µm. The factor
of about 2 could be a misinterpretation of σ2∞ = 1 ·ξ2.
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We see that with a better data evaluation, the localisation fit for time of flights
does not fit our data. However, the times where a deviation from diffusive be-
haviour can be observed is the same for time of flights and transmission pro-
files, thus being consistent. Our approach to set σ2∞ = ξ2 might have been wrong
within a pre-factor, but the dependency should stay the same.

6.5.2 Long Time Behaviour

The transmission long time behaviour of our samples is the crucial point for the
observation of localisation. Any deviation from diffusion has to be carefully ex-
amined. We have discussed the points being under debate in detail in section
6.3.3 and have given a consistent explanation of the observed effects. This sec-
tion exclusively contains very first measurements and insights, thus no point of
this discussion was present in the previous sections.

In sec. 6.4 two different samples prepared for measurements in the magnet are
shown. The pure R700 sample shows the known deviation at long times. The
mixture with CeF3 also shows a clear deviation, but looking somewhat different.
We can see a sharp transition from the diffusive decay into something that looks
like another exponential. Indeed we can fit an exponential at the long time tail of
this sample, but the range is too short to get a good result. However, this finding
is confusing. Before we further discuss this observation we want to show a very
different measurement and afterwards begin the discussion of the results.
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Figure 6.21: (left) The time of flight for a thin (0.72mm) and a very thin(0.27mm)
anatase sample is shown. Legend in mm. The diffusion fit (solid line)
matches perfectly, even for the after pulse. (right) Size dependent
time of flight for R700 starting from a small sample size (0.69mm)
going down to very thin sample size (0.21mm). Legend in mm. Here
the diffusive fit (solid line) does not match at long times.

We show in section 6.2.1 sample size dependent measurements. For R700 we
argue that we can not see sub-diffusive behaviour, because the smallest sample
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Figure 6.22: (left) Transmission profiles for the sample in fig. 6.21 (left) are
shown. As expected we see a linear increase (diffusion). Legend in
mm. (right) Transmission profiles for the sample in fig. 6.21 (right)
are shown. In accord with time of flights a decrease of the mean
square width is observed for all samples.

size is larger than the localisation length. In fig. 6.21 we show time of flights and
in fig. 6.22 transmission profiles of very thin antase samples for comparison (left)
and R700 (right). For the time of flight for anatase we see a nearly perfect fit and
a linear increase of the mean square width. This reference underlines that meas-
urement and fit are in very good accord in case of diffusion. In contrast for R700
we still see a deviation from diffusion for time of flights and transmission profiles,
even for the thinnest sample. This observation is unexpected, since the sample
size is smaller than the estimated localisation length and at least the transmission
profiles should show sub-diffusive behaviour.

With these observations we want to start the discussion. The time of flights for
the thin R700 samples (fig. 6.21 (right)) seem to have a linear decay at long times
too. For the thinnest samples the initial decay after τmax is not ruled by absorp-
tion any more, but rather by the sample size leading to a steeper decay. For these
samples we can also see a clear transition. For the biggest sample the transition
is more smeared out. The fits (solid line) for the thinnest and thickest samples
(compare with antase fit) show that we are not interpreting the noise of the de-
tector. This observation might suggest that there could be second exponential
in all our measurements that we did not recognise before, because the trans-
ition is too smooth and the visible range too small. The transmission profile
measurements are in accord with these deviations visible in time of flights for
all samples.

Two interpretations are possible at this point. These deviations even for these
thin samples can be reconnected with localisation, if we use the proposed model
of a loop size distribution in section 6.2.1. Also within thin samples, there are
small loops present and longer loops that are cut off. This will lead to a time de-
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Figure 6.23: (left) Calculations for time of flights of diffusion with a lifetime pro-
cess are shown. We observe similar features as in the experiment.
(right) The corresponding transmission profiles are shown. Here the
similarity to the experiment is given as well. In both cases a simple
calculation shows remarkable agreement with the data. Both plots
with courtesy of Mirco Ackermann.

cay of detected photons as observed in time of flights and a non-diffusive trans-
mission profile. If we take a closer look at fig. 6.21 (right), we can see that the
deviations are getting weaker with decreasing sample size, being in agreement
with the given interpretation.

The other interpretation does not include localisation at all, but rather a lifetime
process. We will discuss this possibility critically in the following. Such a lifetime
can also lead to a delay of detected photons. Calculations performed by Mirco
Ackermann taking into account only diffusion and such a lifetime process show
that such a delay will lead to a second exponential decay for time of flights and a
peak in the transmission profiles similar as observed in our experiment, see fig.
6.23. In this simple calculation eq. (2.22) for time of flights and eq. (2.61) for
transmission profiles is used to get a diffusive progression. The lifetime process
is implemented by adding constant absorption. The probability for a photon to
be absorbed is then proportional to its path length. These absorbed photons are
re-emitted to later times with an exponential distribution. This simulates that
a photon that has travelled a certain total distance ‘rested’ for a short time and
therefore is detected delayed. This calculation also has the feature of a peak in
the transmission profile, without any further model. It is impressive that such a
simple calculation shows the same features we can observe in the experiment.

However, the source of such a lifetime process is unknown. The fact that the de-
viation is sample size dependent is explained by the number of scattering events,
with increasing number of scattering events the probability for such an inelastic
process to occur is enhanced. For example, a signal present at 7ns corresponds to
a travelled distance of roughly 1.2m or ∼ 5·106l∗ (for R700). This huge amount of
scattering events makes an inelastic effect like Raman scattering or fluorescence
more likely. If the number of scattering events increases the probability for an
inelastic process we expect scaling with L2/l∗. Following this argument we want
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Figure 6.24: (left) The excess of photons for R104,R700 and R902 compared to a
diffusion fit at the time t = 3.1 ·τmax (±5 channels) in dependence of
L2/l∗ (Lmin =0.21mm to Lmax =1.30mm) is shown. The grey line is
a guide to the eye, indicating scaling. (right) The same for spectral
measurements is plotted between 550nm and 650nm for R700.

to examine the excess of photons of the long time tail at t = 3.1 ·τmax averaged
over ±5 channels. The result for R104, R700 and R902 with different sample sizes
is shown in fig. 6.24 (left). There is a threshold, because the transmission for very
thin samples has increased drastically due to much shorter path lengths, cover-
ing the weak inelastic signal. The data points scatter somewhat, but scaling for
the excess photons seems likely as indicated by the guide to the eye line. The
same evaluation can be made for the measurements at different wavelengths,
see fig. 6.24 (right). Again we see a threshold and a much stronger increase of
the excess with increasing L2/l∗. The stronger excess signal could arise from a
Raman process whose scattering cross-section depends on λ−4, or from a fluor-
escent absorption depending on the wavelength. Nevertheless a final conclusion
can not be drawn here either. With our setup we are not able to measure bigger
samples or at other wavelengths, thus clarifying the scaling behaviour is at this
time difficult.

Since we can not extract a clear statement with the present data we have to look
for possible inconsistencies. We want to take a different approach concerning the
crucial point of the kl∗ scaling. In both figures showing the localisation transition
6.9 (right) and 6.10 (right) the values from kl∗ = 5.0 to kl∗ = 5.8 correspond to an
Aldrich rutile powder measured at different incident wavelengths. The corres-
ponding time of flights and transmission profiles are shown in fig. 6.25. While
in the time of flights no deviation from a diffusive decay can be observed (only
the after-pulse effect is visible), the mean square width of the transmission pro-
files show deviations. However, the deviations found correspond with the after-
pulses. Since the spatial position is different the measured profile shifts, leading
to errors while fitting. Due to the low absorption of τa ≈5.5ns the time scales to
measure have to be much larger as for all other samples. These measurements

104



Chapter 6. Results

I i
n 

a.
u.

10−3

10−2

10−1

100

10−3

10−2

10−1

100

t in ns
0 5 10 15 20 25

0 5 10 15 20 25

0.000000000000000000e+00
0.000000000000000000e+00
0.000000000000000000e+00
0.000000000000000000e+00

590nm
580nm
570nm
560nm

σ2
/L

2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0

0.2

0.4

0.6

0.8

1

1.2

1.4

t in ns
0 5 10 15 20 25 30

0 5 10 15 20 25 30

590nm
580nm
570nm
560nm

Figure 6.25: (left) Time of flights for an Aldrich rutile powder for different incid-
ent wavelengths is shown. The decay looks purely diffusive. For
570nm the after-pulse (at t ≈16ns) causes a small deviation. (right)
The according transmission profiles are shown. All profiles show dif-
fusive behaviour. Deviations from linear behaviour are caused by
afterpulsing.

follow pure diffusion, which is not surprising in this kl∗ regime.

The Aldrich rutile measurement shows no inconsistency of the localisation inter-
pretation. But, a measurement of a rutile powder with higher kl∗ is expected to
show deviations if there is a lifetime process invoked and no localisation. Since
we have do not posses a rutile powder with higher kl∗ than the Adlrich one, the
scattering strength will be reduced by diluting the powder in another medium.
This way the refractive index contrast is decreased and kl∗ is increased. If we
place R700 (n = 2.7) in water (n = 1.33) we have an index mismatch equal to ant-
ase (n = 2.5) and air. A time of flight at 590nm for such sample is shown in fig.
6.26 (left). We can clearly see a deviation from diffusion. Placing a BP590 be-
hind the sample appears to be purely diffusive. This observation indicates that
only the inelastic scattered photons are causing the long time deviation, being in
accord with a lifetime process assuming a wavelength shift by this process. We
can decrease the index contrast even further by placing the R700 powder in gly-
cerol (n = 1.47), see fig. 6.26 (right). In this case we can still observe a deviation
from diffusive behaviour and a pure diffusive curve for non-shifted photons for
the whole transmitted intensity. The transmission profiles also show a deviation
in both cases (not shown) and the profiles with BP590 are also deviating. This is
most probable due to a leakage of the filter to other wavelengths, see fig. 6.14.
The backscattering cone suggest kl∗ > 10 for the glycerol R700 mixture. This
observation strongly strengthens the suspicion of a lifetime process. Indeed in
the localisation picture this sample should definitively not show any deviations.
This results makes it very likely that R700 and probably all other presented rutile
samples show signs of a lifetime process16, except the Aldrich powders.

16A R101 powder in water and R902 and R794 in dodecane was measured as well, showing the
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Figure 6.26: (left) Time of flight for R700 in water is shown. The measurement
shows a clear deviation from diffusion, whereas with a bandpass fil-
ter at the incident wavelength the curve is purely diffusive. There is
small optical short cut just before 13ns. (right) The same measure-
ment with glycerol as surrounding medium is shown. A deviations
is also present and also the elastic scattered photons appear to be
diffusive. Both measurements performed by Lukas Schertel.

So far, the picture of a lifetime process was consistent and only one inconsistency
remains. We are not able to explain the size dependence of the time integrated
transmission that can be seen in fig. 5 in [230]. However, the absorption time
to interpret these data given is τa = 1.9 ns, whereas the average absorption time
with the new data evaluation from a diffusive fit gives reliably τa = 0.89ns. In
combination with an average refractive index of neff = 1.72, an l∗ = 250 nm and
average diffusion constant of D = 11.7m2/s we get:

La =
√

D ·τa = 102µm (6.6)

La =
√

l∗la

3
= 114µm (6.7)

In fig. 6.27 (left) the data of the static transmission plot in [230] are shown with
an exponential of exp(L/l∗/400). As can be seen this exponential agrees with
the data and corresponds to an absorption length of La = 400/l∗ = 100µm. This
result is in very good agreement with our estimation and shows that with a better
data evaluation the claim made in [230] has to be corrected: There is no deviation
from absorption. This finding fits perfectly with a lifetime process and disproves
the localisation interpretation in another important point.

To complete the picture we show in fig. 6.27 (right) a measurement of a R700
sample measured with a short-pass SP600 and a long-pass LP605. This figure en-

same behaviour.
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Figure 6.27: (left) Size dependent integrated transmission of a R700 sample is
shown. The solid line shows an exponential according to La =
100µm. We see that this exponential matches the data. Same data as
in [230], without error bars. (right) Measurement of a R700 powder
with a short and a long pass is shown. We can observe that the short
pass curve appears to be diffusive, whereas the long pass seems to
contain the whole long time tail. Data plotted relative to the count
rate. Measurement performed by Lukas Schertel.

hances the evidence that we observe a lifetime process. By using the SP600 we see
nearly no deviation, whereas the LP605 contains nearly the whole long time tail.
However, the red shifted signal has to be further examined, since the LP605 influ-
ences the pulse shape (stronger than in fig. 4.8 (right)). This shows that there is
an inelastic effect, probably fluorescence, above 605nm17. Additionally we have
an indication (not shown) that there might be a signal in the blue, which would
be in accord with luminescence [231]. Since this process can only originate from
two photon absorption, this signal could to be the cause of the non-linear signa-
ture in our data. However, the power dependence of the non-linearity (fig. 6.13
(right)) has a shape that can be also found by saturated fluorescence, being in
accord with an exponent lower than one. This would also explain why focus-
ing makes no difference, because the (two photon) fluorescence already satur-
ated. The same would be also expected for an anatase powder. We have seen
that anatase shows no deviation from diffusion at all and since anatase has a
lower absorption the (blue) fluorescence signal might be covered by the elastic
scattered photons.

We show finally the emission spectra of R700 for two different incident wave-
lengths, see fig. 6.28. The spectra are recorded with a confocal microscope setup
of the group of Alfred Leitenstorfer. The sample is illuminated with an Er:fibre
laser which operates pulsed with pulse lengths of about 1ps and tunable in wave-

17There is probably a mistake with the filter chosen in fig. 1 in [230].
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Figure 6.28: Two emission spectra of R700 (relative to each other) recorded at in-
cident wavelengths of 532nm and 570nm are shown. We observe a
broad red fluorescence, which is stronger at 532nm. Measurement
performed in the group of Alfred Leitenstorfer.

length. The spectrum is then recorded with an EMCCD18. Measurement of the
lifetime was not possible, since this part of the setup was not aligned. The powder
was placed onto a cover, which shows no spectral response in the recorded wave-
length range. One of the spectra measured at an incoming wavelength of 532nm
with a long pass 550nm, while the other is recorded at 570nm with long pass
590nm. The two spectra are shown relative to each other, showing a stronger sig-
nal for 532nm excitation. In both cases the spectrum is broad (FWHM∼100nm)
and extends deep into the red spectrum of light. In both cases possible Raman
signatures are cut off by the long pass filters. However, these measurements show
a broad fluorescence for our R700 powder, being in very good agreement with
6.27 (right), while the emission signal is stronger for 532nm, being in accord with
the ‘kl∗ scaling’. An estimation of the probability of this process is not possible
with this setup. A measurement with the anatase powder showed no such fea-
tures, only a very weak signal mostly covered by noise (not shown). This simul-
taneously ensures that we do not observe pure filter effects. The two points that
remain is the determination of the lifetime to be sure that we observe a lifetime
process (which then should be in accord with the fit) and to identify the source
of fluorescence of the DuPont powders (R104, R700 and R902).

We have discussed different aspects of the localisation and lifetime interpreta-
tion. Up to this point we could disprove that we observe signatures of localisation
in our samples. The localisation picture is violated in a fundamental aspect, the
kl∗ dependence. The lifetime interpretation is able to give a full and consistent
explanation of our data. We have evidence that we observe a red fluorescence.

18electron multiplying charge-coupled device
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However, the source of such a fluorescence is completely unknown yet and has
to be further characterised. A possible blue fluorescence could explain the non-
linear contribution in our data and should also be further examined. It seems
unlikely that we mainly observe Raman scattering, but it can not be completely
excluded. A connection to the massive intensity loss due to cooling can not be
drawn within this interpretation. Interestingly, the absorption is even lower due
to cooling and the excess of photons is enhanced. In principle we would asso-
ciate an intensity loss without changing the absorption with localisation. We
would expect an increase of the refractive index by cooling the sample, which
should lower l∗. Nevertheless we see this effect for anatase as well, and the pro-
cess causing this intensity loss is completely unknown.
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Chapter7
7.1 Summary

The goal of this thesis was to continue the work Martin Störzer [48] and Wolfgang
Bührer [49], to refine the measurements and to prove the concept of Anderson
localisation.

Our samples are made of TiO2 in the rutile phase, which has a high refractive in-
dex and very low absorption. The properties of these powders are well known
by previous experiments. From these we know that some powders show devi-
ations in the long time tail, where more photons are observed than expected for
pure diffusion [21, 48]. These deviations were interpreted as a sign of localisa-
tion. By implementing the new method of transmission profile measurements
we were able to observe results consistent with the time of flight measurements.
This method uses a pulsed laser and an ultra fast gateable camera system, being
able to record the temporal evolution of the photon cloud in transmission. Eval-
uating the transmission profiles has the great advantage that it is unaffected from
absorption signatures. Thus pure deviations from diffusion are visible, allowing
a more precise measurement of these deviations that were not observable with
time of flights. The results are in agreement with theoretical predictions [92],
and comparable to measurements with ultrasound [23]. kl∗ scaling was shown
by using different powders and tuning the laser wavelength. With the measured
transmission profiles, an estimation of the localisation transition was possible
and is in good agreement with previous measurements [47].

In a second experiment we have redone the measurements of Wolfgang Bührer
[49] for better comparability of the data. We prepared a mixture of R104 and
anatase and also a pure R700 sample. The mixture is expected to show only a
very small deviation in the long time tail, acting therefore as a reference. This
was confirmed by the measurement. By changing the incoming intensity of the
laser we observed a non-linear increase of the long time tail for both samples, but
stronger for R700. We further investigated the inelastic scattered contributions
via wavelength resolved measurements with bandpass filters. We were able to
measure red and blue shifted contributions. The non-shifted photons appear to
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be diffusive in the time of flight, but not in the transmission profile. Here the ad-
vantage of the transmission profile measurements becomes apparent. We were
able to show a full interpretation of our data with a localisation picture involving
non-linear effects. The main arguments are that localised modes have increased
intensity and additionally the photons path travelled are enormous (up to sev-
eral meters), increasing the probability of an inelastic event to occur. Therewith
the inelastic scattered photon is not resonant in the mode any more and can be
detected. The doubts raised by Scheffold and Wiersma could be dismissed in
almost every points [26].

We have always seen the destruction of time reversal symmetry using the Faraday
effect as an ultimate tool to show that we observe localisation. Therefore we in-
troduced a flow cryostat and a superconducting magnet into our setup. We mixed
our powder with a Faraday active material, the ratio based on the estimations
of Lukas Schertel [216]. The flow cryostat is required to cool down the samples
to liquid Helium temperature (4K) to drastically increase the Faraday effect. By
driving the magnetic field up to 18T we expect destruction of localisation in our
samples. With a proof of principle setup we were able to measure time of flights
at low temperatures and 18T without loosing signal to noise ratio. The time of
flights showed that absorption was decreased by cooling, but contrary to our ex-
pectations the magnetic field had no observable influence. There are many pos-
sible reasons why we did not see the expected behaviour. Thus no conclusion
can be drawn from this experiment.

The last part is the crux of this work. We observed some features in our data
that might indicate that there is a lifetime process involved. This was the main
argument of Scheffold and Wiersma. We have systematically investigated prob-
able indications that the localisation or lifetime interpretation becomes incon-
sistent. Very small samples still show deviations, which is still explainable with
both models. Calculations done by Mirco Ackermann involving diffusion only
and a lifetime process show very similar features as measured and strengthen
the suspicion that we observe such a process. In contrast to the localisation in-
terpretation we were able to observe in very first measurements done by Lukas
Schertel on mixtures of water or glycerol with R700 an excess of photons at long
times. Further short and long pass measurements underlined an inelastic life-
time process and finally a measurement of the emission spectrum gave evidence
of fluorescence in the red. Other measurements suggest that the non-linearity we
observe originates from luminescence of two photon absorption [231]. However,
this non-linear signal looks similar to saturation of fluorescence, which might
indicate a saturation of two photon absorption. We can conclude that it is very
unlikely that we observed signatures of localisation, but rather misinterpreted
the fluorescence. The process behind the effect of intensity loss due to cooling is
still unknown.
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7.2 Outlook

The last two parts of the summary already show that further investigations are
needed. The important measurements in a magnetic field should be continued.
As a first step the saturation magnetisation of CeF3 has to be measured, since in
further experiments this information can be useful. Alternatively to the powders
used in this work an experiment could be done in a lower dimensional system.
The goal should be to examine if Faraday rotation can influence Anderson loc-
alisation at all, like proposed in [135]. Possible realisations could be the produc-
tion of a fibre including Faraday active material as scatterer or a layered system.
However, such an experiment would not give any informations about three di-
mensional systems, but it is likely that if a one or two dimensional system can be
influenced, a three dimensional system will also be influenced.

Furthermore the fluorescence process must be further investigated. The spec-
trum should be analysed more deeply, also for other powders to verify if this is
a rutile effect. The eventual process of two photon absorption could be excited
directly with UV-light. With the knowledge of the spectrum the process could
maybe identified and probably circumvented. Additionally the lifetime should
be estimated and should, of course, fit our data. Supplementary measurements
with high kl∗ samples could be performed too. For a better characterisation a gel
as surrounding medium can be used to have a firm sample. Therewith sediment-
ation is prevented and the measurement of coherent backscattering is simplified.
A connection to the effect that cooling massively reduces the intensity, simultan-
eously with lower absorption, seems very unlikely. However, this effect should be
also further examined.

Backscattering cones from non-linear media could also be measured to better
understand the effect of non-linearities on (weak) localisation, as theoretically
examined by Thomas Wellens et al. [126–129]. There are only a couple of experi-
ments that performed coherent backscattering measurements with a non-linear
response [232–235]. In principle we only need some non-linear powders to start
such an experiment, since the setup already exists. Furthermore an improve-
ment for the large angle cone setup could be implemented. Instead of using a
Teflon sample as the calibration reference a uniform illumination of the diodes
would simplify data processing and might give better results, as no incoherent
scattered background will be present in the calibration data.
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Zusammenfassung

Kapitel8
Ziel dieser Arbeit war es die Ergebnisse von Martin Störzer [48] und Wolfgang
Bührer [49] weiter zu optimieren und eine neue Methode zur Messung der An-
derson Lokalisierung zu implementieren.

Zur Messung von Anderson Lokalisierung war ein zeitaufgelöstes Experiment an
sehr stark streuenden Proben notwendig. Als Proben benutzen wir verschiedene
Pulver aus TiO2, welche eine mittlere Größe haben, die kleiner als die benutz-
te Wellenlänge ist und im Bereich der Mie-Streuung liegt. Die Eigenschaften der
verschiedenen Pulver sind durch vorangegangene Experimente bereits gut be-
kannt. Als Laser benutzen wir ein gepulstes System mit einer Wellenänge zwi-
schen 550nm und 650nm, sodass wir in der Lage sind die Photonenausbreitung
zeitaufgelöst zu messen. Wir haben eine neue Methode zur Messung der Lokali-
sierung mittels eines ultra-schnellen Kamerasystems realisiert. Bei dieser Metho-
de wird die Ausbreitung der transmittierten Photonenwolke gemessen. Der Vor-
teil bei dieser Art der Messung ist, dass sie keine Signaturen von Absorption bein-
haltet, trotzdem verringert Absorption das Signal. Dies macht Abweichungen von
reiner Diffusion sehr genau messbar. Die beobachteten Ergebnisse sind konsis-
tent mit den vorherigen Messung der Flugzeitverteilung, welche die Abweichun-
gen weniger genau zeigen. Die Messungen sind im Einklang mit den theoreti-
schen Vorhersagen [92] und Messungen mit Ultraschall [23]. Eine Skalierung mit
der inversen Streustärke kl∗ konnte durch wellenlängenabhängige Messungen
gezeigt werden. Damit konnten wir den Übergang von Diffusion zur Lokalisie-
rung bestimmen, welcher in guter Übereinstimmung mit vorherigen Experimen-
ten ist [47].

In einem zweiten Experiment haben wir Messungen von Wolfgang Bührer wie-
derholt [49], um eine bessere Vergleichbarkeit der Daten zu erreichen. Dazu ha-
ben wir eine eins zu eins Mischung aus einem Anatase und einem R104 Pulver,
sowie reinem R700 angefertigt. Die erste Mischung soll als Referenz dienen, wel-
che nur schwache Signaturen von Lokalisierung zeigen soll. Durch Änderung der
einfallenden Intensität konnten wir einen nichtlinearen Anstieg, der bei langen
Zeiten detektierten Photonen, messen. Dieser Anstieg war bei der R700 Probe
größer. Zusätzlich haben wir den unelastisch gestreuten Teil untersucht indem
wir das transmittierte Signal mit Hilfe von Bandpassfiltern gemessen haben. In



der Tat konnten wir rot und grün verschobene Anteile messen. Die elastisch ge-
streuten Photonen erscheinen rein diffusiv in der Messung der Flugzeitvertei-
lung, jedoch nicht in der Messung des Transmissionsprofils. Uns gelang eine kon-
sistente Beschreibung der Daten mit Lokalisierung, inklusive der nichtlinearen
Effekte. Das Hauptargument ist, dass die Energiedichte innerhalb der lokalisier-
ten Moden stark erhöht ist und zusammen mit den langen Pfaden die Wahr-
scheinlichkeit für einen nichtlinearen Prozess steigt. Ein unelastisch gestreutes
Photon ist dann nicht mehr resnonant in der Mode und kann detektiert werden.
Die Zweifel, die von Scheffold und Wiersma geäußert wurden, konnten in fast
allen Punkten wiederlegt werden [26].

Die Zerstörung der Zeitumkehr-Invarianz mittels Faraday Rotation sehen wir als
ultimativen Beweis von Lokalisierung. Dafür musste das Experiment umgebaut
werden, damit wir die Faraday Rotation in einem supraleitenden Magneten mes-
sen können. Dazu kühlt ein Durchflusskryostat die Probe mit flüssigem Helium
bis auf 4K, um die Verdetkonstante entscheidend zu erhöhen. Wir mischen unse-
re Probe mit CeF3 als Faraday aktives Material, basierend auf Experimenten von
Lukas Schertel [216]. Durch das Anlegen eines magnetischen Feldes von 18T er-
warten wir den Zusammenbruch von Lokalisierung für unsere Probe. Mit einem
ersten Aufbau waren wir in der Lage Flugzeitmessungen bei einem Feld von 18T
zu machen, ohne Abnahme des Signal-Rausch-Verhältnisses. Wir beobachteten
eine Abnahme der Absorption durch das Kühlen der Probe, jedoch haben wir,
entgegen unserer Erwartung, keinen Einfluss des Magnetfeldes beobachten kön-
nen. Dies kann verschiedene Gründe haben und wir sind noch nicht in der Lage
eine Schlussfolgerung aus diesem Experiment zu ziehen.

Der letzte Teil ist von besonderer Wichtigkeit, da manche unserer Daten andeu-
ten, dass wir einen Lebenszeitprozess beobachten, welches das Hauptargument
der Zweifel von Scheffold und Wiersma war. Systematisch haben wir versucht In-
konsistenzen der Lokalisierungs- oder Lebenszeit-Interpretation zu finden. Dass
auch sehr dünne Proben eine Abweichung bei langen Zeiten zeigen kann mit bei-
den Modellen beschrieben werden. Berechnung von Mirco Ackermann, welche
nur Diffusion und einen Lebenszeitprozess beinhalten, haben qualitativ einen
ähnlichen Verlauf wie in unseren Messungen gezeigt. Um dies zu überprüfen ha-
ben wir an einem kritischen Punkt angesetzt: der kl∗ Skalierung. Tatsächlich ha-
ben wir in ersten Messungen von Lukas Schertel an R700 in Wasser oder Gly-
cerin ebenfalls eine Abweichung festgestellt. Bei solch einer Probe erwarten wir
jedoch keine Signatur von Anderson Lokaliserung. Weiter haben Messungen mit
Lang- und Kurzpassfiltern ein starkes Signal im roten gezeigt, welches vermut-
lich von einer Fluoreszenz stammt. Letzlich haben Messungen des Emssionss-
pektrums eindeutig eine Fluoreszenz gezeigt. Zusätzlich gibt es Hinweise, dass
wir über Zwei-Photon-Absorption Lumineszenz im blauen anregen [231]. Diese
nichtlineare Signatur sieht jedoch der von gesättigter Flupreszenz sehr ähnlich.
Zusammengefasst: Sehr wahrscheinlich haben wir keine Lokalisierungs-Signatur
beobachtet, sondern haben die Fluoreszenz falsch interpretiert.
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