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1 Introduction

The propagation of classical wave through random media affects many aspects
of everyday life. [nformation carried by sound, light, radic and microwave radia-
tion is transmitted through media which, in general. vary randomly in time and
space so that the amplitude and the phase of the waves fluctuate randomly in time
and space. [1| Extracting information from this "random” signal and investigating
the origin of these fluctuations has been of interest through the ages. [2,3] In this
thesis we study steady state transport in multiply scattering media consisting of
randomly positioned scatterers. [nterference between scattered waves leads to large
fluctuations in key transmission quantities - intensity, total transmission. and total
transmittance, which corresponds to the dimensionless conductance g. Because of
the pervasiveness of fluctuations, a full description of transport must provide not.
only the averages but the variances and the full distributions of these transmission
quantities. [4]

[nterest in the problem has intensified with the recognition of the analogy be-
tween classical and quantum waves in disordered systems. [n the mid-eighties fluc-
tuations of the electronic conductance of order of unity were observed in disordered
conductors cooled below 1 K. [5,6] These fluctuations appeared to be independent of
sample parameters such as the conductance itself, the size of the sample or the trans-
port mean free path £ of the electrons in the sample and were therefore named uni-

versal conductance fluctuations (UCF'). Such fluctuations were explained by consid-
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ering the interference processes between electron waves. [7,8] The discovery of UCF
and the predictions and the observations of coherent backscattering {9,10], short-
[11-14] and long-range [15-25] intensity correlation, photon localization [26-32|, and
the photonic band gap [33] have been of particular importance for the development
of a new field now known as Mesoscopic Physics. [t deals with transport in random
systems in which the waves are temporally coherent throughout the sample.

[n 1958, Anderson proposed that electrons could become localized by a randomly
varying potential. [34] [n multiple-scattering media, the interference processes may
become so strong that normal diffusion vanishes with the dimensionless conduc-
tance g becoming smaller than unity. Following the analogy between electrons and
classical waves in mesoscopic systems, the possibility of localizing classical waves in
strongly scattering media was suggested. [26-30| [n a proof of principle experiment
of microwave transmission in a three dimensional (3D) periodic metal wire network.
it was shown that classical wave localization due to strong scattering is possible [33].
Recently, localization of infrared light in strongly scattering samples of pure GaAs
particles was observed by Wiersma et. all. [36] Localization due to strong scattering
was achieved also in microwave experiments in quasi-1D samples of alumina spheres
by Chabanov and Genack [37].

Strong intrinsic scattering can be evaluated in terms of the product of the wave
number k£ and the transport mean three path ¢ of the wave in the system. The
condition for localization due to strong scattering is given by the [offe-Riegel cri-

terion k¢ < 1 [38], which implies that the wave scatters in a distance of order or

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



smaller than the wavelength. This strong condition must be met in the case of a
unbounded 3D system, but is not necessary for samples on which spatial boundaries
are imposed.

[t was first suggested by Thouless that electrons will always be localized in suf-
ficiently long wires at low temperatures. [39] This approach to localization can be
viewed as a particular realization of the localization condition g < 1. [n connection
with this, we note that the dimensionless conductance, which is a central parameter
in the description of the statistics of mesoscopic transport [40|, can be used in a
different context in the description of wave transport. Here, we consider three ways
in which the dimensionless conductance is a central parameter in the description of
the statistical properties of transmission quantities. The definition of the conduc-
tance of a particular system comes from the scattering theory approach pioneered
by Landauer [41]. According to this approach, the conductance equals the total
transmission when all input modes are present. [n this case, the average value of
the conductance g is given as g = N¢/L, where N is the total number of input
modes, L is the sample length, and ¢ is the transport mean free path. The average
value of total transmission for one input mode is /L. The localization threshold is
reached at g = 1 which determines the localization length of the sample £ = N?.
For L > £, the transmission through the sample decreases exponentially with in-
creasing L. [40] Another way to describe the transition to localization is provided
by considering the conductance of the system as the ratio between the level width

OF of energy states (modes) and the level spacing AF, g =6 = 6E/AE (§ is known
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as the Thouless number) [42]. When this ratio is much greater than unity, different
modes (states of the system) overlap creating a conductance band and the system
is in metallic regime. If, however, the Thouless number is smaller than one, the
modes are localized and the sample is an insulator. The localization condition is
again given by g = 1. Finally, in the probabilistic world, the reciprocal value of the
conductance 1/g gives the probability for a wave to return to a coherent volume.
The first two aspects are associated with finite systems and reflect boundary condi-
tions and indicate that localization can be achieved when g ~ 1 even when k€ > 1.
The criterion k¢ < 1 is analogous to the condition for localization associated with
the probabilistic meaning of g in the case of a 3D system. [t is important. however.,
not only to achieve classical wave localization , but also to give a full statistical
description of wave transport in this process.

In this thesis, we investigate the changing character of the statistics of wave
transport in the approach to the localization and provide a quantitative description
of the distributions of intensity and total transmission of microwave radiation near
the localization threshold.

The thesis is organized as follows. [n chapter 2, we give an overview of wave
transport in mesoscopic systems. The key transmission quantities are presented
using the scattering theory approach of Landauer. [41] The different terms con-
tributing to the intensity correlation function, which determine the magnitude of
fluctuations in transmission quantities are discussed. In this chapter, we describe

briefly the two theoretical approaches - diagrammatic field theory and random ma-
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trix theory (RMT) - the results of which are heavily used in the analysis of the
measured distributions of intensity and total transmission. The diagrammatic ap-
proach uses an expansion in the small parameter 1/g and is expected to provide an
adequate description of wave transport only in the diffusive regime of propagation
(g > 1). It appears, however, that this approach, when modified appropriately, can
describe fluctuations in samples with small values of g as well. [43] RMT does not
require the condition g > 1 and is particularly useful for studying the transition
to localization. This approach, however, uses the isotropic approximation which
assumes perfect mixing of modes. [44] [t can be used in describing wave transport in
quasi-1D samples in which the sample length is much greater than its cross-sectional
diameter d. At the end of chapter 2 we discuss the possibilities and the difficulties
which exist in microwave experiments.

[n chapter 3. we study the statistics of total transmission in quasi-1D random
samples with small values of the dimensionless conductance. Recently, an expression
for the probability distribution of total transmission in terms of g for non-absorbing
samples was obtained by Nieuwenhuizen and van Rossum using diagrammatic tech-
niques combined with RMT [45] and subsequently by Kogan and Kaveh using the
RMT approach [46]. The distribution was proposed to be Gaussian with a non-
Gaussian tail. [n optical experiments with samples with g ~ 103, de Boer et. al
observed small but clear deviations from Gaussian distribution. [47| In microwave
measurements in samples with small values of g (g < 10), we observe distinctively

non-Gaussian distributions. [43| Surprisingly, we find that the measured transmis-
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sion distributions are adequately described by the theory [45,46] when the measured
variance of the distribution, which equals the degree of nonlocal intensity correlation,
is used as a characteristic parameter in the theoretical expression. The variance of
the total transmission distribution normalized to its ensemble average value, how-
ever, is found to increase sublinearly with sample length. This is in contrast to the
superlinear increase expected from the theory in the absence of absorption. This
result is associated, therefore, with the affect of absorption on the statistics of wave
transport and raises the question of whether localization can be achieved in strongly
absorbing samples.

[n chapter 4, we present measurements of intensity distributions for the same
samples as those used in the measurements of total transmission. Here, however.
measurements were made for sample lengths as large as the localization length &
(more than twice as large as the maximum length used in the measurements of total
transmission). [48] These measurements allows us to investigate fundamental issues
of the statistics of mesoscopic transport. Recently, Kogan and Kaveh proposed a
relationship between the moments of intensity and total transmission. Using this
relation, the intensity distribution can be obtained as a transform of the total trans-
mission distribution. [46] We confirm experimentally the relationship between the
moments of these transmission quantities and the relationship between the corre-
sponding distributions. This allows us to investigate the scaling of the variance of
total transmission using measurements of the intensity distributions for lengths up

to the localization length. We find that the variance of the normalized transmission

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



~!

increases superlinearly with length near the localization length even in the pres-
ence of strong absorption. This result indicates that absorption does not destroy
localization. We also demonstrate that field measurements provide means for sta-
tistically eliminating the influence of absorption on wave transport. This facilitates
the determination of £ and allows us to clarify the interplay between absorption and
localization. Our results, show that the variances of intensity and total transmission
are reliable measures of the closeness to the localization threshold.

[n chapter 5, we obtain the absorption length and the diffusion constant of the
samples discussed in chapters 3 and 4 from the field autocorrelation function with
frequency shift. We show also that the variance of the total transmission equals
the degree of nonlocal intensity correlation across the output face of the sample.
Finally, we present measurements of the long- (C2) and infinite-range (C3) terms of
the intensity correlation function with frequency shift.

[n chapter 6, an alternative approach to localization - photonic band gap (PBG)
materials - is discussed. In this approach, localization can be achieved by tuning
the frequency of the radiation through the edge of the photonic band gap, in con-
trast to the approach employed in chapters 3 and 4 in which the sample dimensions
were changed in order to achieve localization. The possibility of creating periodic
dielectric structures which possess a photonic band gap (PBG) was first discussed
by E. Yablonovitch [33] and S. John [49] in 1987. Since then, the band structure
for various 3D dielectric [50-53] and metallic [54-56| periodic structures possessing

band gaps have been calculated and dielectric [50,57-59] and metallic [60] systems
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possessing band gaps have been constructed. If disorder is introduced into a PBG
material it is possible to create a localized state within the band gap which has
been demonstrated in many works. [50] The statistics of localization have not been
explored, however, for states associated with defects. [n a proof of principal exper-
iment, we use a 3D cubic metal structure possessing photonic band gap and show
that the statistics of the localization transition can be studied for an ensemble of
strong scatterers randomly positioned inside the photonic crystal. [35]

We conclude the thesis with a summary of the main results of this work.
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2 Wave Transport in Mesoscopic Systems

2.1 Key transmission quantities - their averages, fluctuations
and correlations

The term mesoscopic systems has its origin from the submicron size of the disor-
dered conductors in which below 1 K UCF have been observed [5,6]. The submicron
dimensions of the samples (in the case of electronic transport) are in the interme-
diate regime between the atomic (microscopic) scale and the everyday macroscopic
scale, hence the name " mesoscopic”. Mesoscopic systems are sufficiently small that
electrons (or waves) maintain their phase coherence, so that the classical description
of transport is inadequate. On the other hand, they are sufficiently large that a sta-
tistical description is meaningful. In order to maintain phase coherence, the sample
must be smaller than the characteristic phase coherence length L., determined by
the strength of inelastic scattering.

The statistical behavior of electron transport encountered in mesoscopic samples
is only quantum mechanical in that it derives from the wavelike behavior of electrons
and analogous statistical behavior is present in any system in which waves propa-
gate by multiple coherent scattering. The analogy between quantum and classical
wave transport emerges clearly from the scattering theory approach pioneered by
Landauer [41]. In this approach, the electronic conductance can be expressed solely

in terms of the transmission coefficients of the sample considered as a single, com-
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plex scattering center. Here we present briefly the arguments leading to the simplest
expression of this type as they appeared in the work of Stone et. al on random ma-
trix theory and maximum entropy models in disordered conductors [61]. An ideal
two-probe measurement is considered in which the sample is attached between two
perfect reservoirs with electrochemical potentials ; and ps = py +eV, respectively.
where V" is the applied voltage. These reservoirs serve both as current source and
sink and as voltage terminals. The total current which fows through the sample
can be obtained from a ” counting argument”. In the energy interval el” between uo
and u; electrons are injected into right-going states emerging from reservoir 1. but
none are injected into left-going states emerging from reservoir 2. Thus there is a
net right-going current proportional to the number of states in the interval p; — po,

given by

N dnt i N N ) i
[=€ZU-['E€V ZﬂJ: (ez/h)ZT'U V——-(ez/h,)g(/. (1)
i J i.J

where NV is the number of propagating channels in the sample, v; is the longitudinal
velocity for the ith momentum channel at the Fermi surface, T}; is the transmission
probability from 7 to j, and g is the dimensionless conductance. For a quasi-1D

system the density of states is dn;/de = 1/hv;. *

*In the description of classical wave transport, the letters a and b are used as subindexes
to indicate different modes instead of the letters ¢ and j as given in Eq. (1). The "classical

wave” notation will be used throughout the rest of this thesis.
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This approach can be directly applied to classical wave transport in random
media. The key transmission quantities in order of increasing spatial averaging
are the intensity, Tgp, which is the transmission coefficient for incoming mode a
into mode b, the total transmission for incoming mode a, T, = ¥, T, and the
total transmittance T = Y ;3 7u. The total transmittance is equivalent to the
dimensionless conductance in electronic systems, 7' = g. Schematic presentation of
these quantities is given in Fig. 1.

[n describing wave transport in random media, there are important characteristic
lengths which define the regime of propagation. A mean free path is a characteristic
length scale which is generally introduced to describe the scattering process. I[n
multiple scattering processes, the system is characterized by the transport mean
free path ¢, which is the average distance in which the direction of propagation of
the wave is randomized. If the sample length L is much larger than the transport
mean free path, L > ¢, and away from the localization threshold, g = £/L > 1.
wave transport is described by diffusion theory. The diffusive regime is then given
by { « L <« & When L becomes comparable to &, localization corrections must be
taken into account.

Another length scale of particular importance is the absorption length L, which
is defined as the traveled length over which the intensity is reduced by a factor of 1/e
due to loses in the medium. In the diffusive regime of propagation L, = (D1,)"/2,
where 1/7, is the absorption rate and D is the diffusion coefficient. Absorption is

often neglected in theoretical models. In reality, however, absorption is generally of
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importance to an extent determined by the ratio L/L,. Systems then can be consid-
ered as weakly absorbing (L < L,) or strongly absorbing (L > L). In the later case
the influence of absorption upon the behavior of certain transport parameters could
be significant. This is for example the case of the average values of the transmission
quantities which fall exponentially with sample length due to the presence of ab-
sorption. Because localization also leads to an exponential decay of transmission it
can be difficult to disentangle the influence of absorption and localization on trans-
mission. In this work, we find, however, that absorption affects only marginally the
statistics of intensity and total transmission and the variances of these quantities
serve as reliable measures to the closeness to the localization threshold.

[n the diffusive regime the statistical averages of intensity, total transmission,
and transmittance are given by <7y, >= ¢/NL, <T,>= ¢/L. and <T>= g =
NZ¢/L. Because of wave interference these transmission quantities exhibit significant
fluctuations from their ensemble average values. Typical spectra of intensity and
total transmission normalized by their ensemble averages, s, = T,/ <T,p> and
$q =T,/ <T>, measured in samples with g =~ 10 are shown in Fig. 2.

The intensity is the least spatially averaged quantity and exhibits the largest
fuctuations. Even for g > 1, its variance equals one, whereas the variance of total
transmission is of order of 1/g. We note also the difference between the width of
the peaks observed in the intensity spectrum and that in the case of total transmis-
sion. This illustrates the well known fact that the with of the intensity correlation

function with frequency shift is determined by the short-range correlation (C; term)
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and is much smaller than the correlation frequency in total transmission which is
determined by long-range correlation (Cs, term). In Fig. 3, we show total trans-
mission spectra for two different sample configurations which illustrate the large
sample to sample fluctuations of the transmittance quantities. On the contrary, the
spectrum for a given sample configuration is highly reproducible. This can be seen
from the difference between the two spectra taken for the same sample configuration
which is shown in the bottom part of the figure. Similar Auctuations are observed
when one moves the detector across the output face of the sample while keeping
the frequency of the radiation fixed. A typical example of spatial fluctuations is the
spectrum observed when the laser beam is transmitted through a slab containing
random scatterers.

The magnitude of the spectral and spatial fluctuations in the transmission quan-
tities is determined by the spectral and spatial correlation of intensity inside the
sample. [n a waveguide geometry in which modes are perfectly mixed. the ensem-
ble average of Ty, <7y, >, does not depend on a or b. The correlation matrix.
Caparr =<8T066Tam > | <Tup> (0Tap = Tap— <Typ>), is then the sum of three

distinct terms, [17,19,62]
C =C1+Cy +Cs = A18oa Oy + Aa(baar + bur) + As, (2)

where, to second order in the small parameter 1/g, the coefficients A;, A,, and A
are given by A; = 7(1+I32F)’ Ag = 7(%-{—1527), Az = "/152? with vy = (1—%+ﬁ)'1

. [63] The first term describes shot-range correlation and dominates fluctuations of
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T.5. The second term describes long- range correlation and determines fuctuations
of T,. The last term represents infinite-range correlation and dominates the fluctua-
tions in T'. It is the degree of nonlocal correlation (C;+Cj3) which is the source of the
deviations of intensity from negative exponential statistics and of total transmission
from a normal distribution which have been predicted [45,46,64| and experimentally
observed [22.,43,47,65| in studies of the statistic of wave transport in random me-
dia. As the extent of spatial averaging increases, the variances of the normalized
transmission quantities , Sqs, Sq and s(= T/<T >), are reduced. However, these
quantities do not self average, as they would if spatial correlation were absent. To
leading order in 1/g, the variances of S, Sq, and s arising from nonlocal correlation
for diffusing waves are 1, 2/3g, and 2/15¢® [17,19] corresponding to enhancement of

1, L/¢ [16], and (L/€)* [7,8], respectively.
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2.2 Theoretical approaches
[n this section, we briefly introduce two theoretical approaches, the results of
which are used in the analysis of the measured intensity and transmission distribu-
tions presented here, namely the diagrammatic approach and the RMT approach.t
[n considering the diagrammatic Green’s function approach we will treat the
stationary field E(r). The electric field satisfies the time-independent Helmholtz

equation

2

VE(r) + Se(r) B(r) = 0, 3)

where E£(r) denotes one of the field’s components, €(r) is the (spatially random)
dielectric constant of the system, w is the frequency, and ¢ is the speed of light in

vacuum. The wave equation can be rewritten as
V2E(r) + S E(r) = V(r) E(), 4)

where V'(r) is the scattering potential defined as V(r) = —(w/c)*[e(r) — 1]. For a

TThe reader should not expect to see here development of these approaches in order to
solve particular problems and the solutions of such. Great deal of work has been done
on wave propagation in random media (mesoscopic systems) using both approaches. The
author of this thesis is most familiar with the work of Th. M. Nieuwenhuizen and M. C.
W. van Rossum on Green’s functions diagrammatic approach (see Ph. D. thesis of M.
C. W. van Rossum [66] and references therein) and the work of C. W. J. Beenakker and

co-authors on RMT approach (for an updated review on RMT see Ref. [67]).
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collection of point-like scatterers with polarizability ¢g in a surrounding medium

with dielectric constant of unity, the scattering potential is given by

aow2 -
Vir) = ——%=2_é(r =), (3)

with r; denoting the position of the scatterers.

[ntroducing the Green’s function Go(ry,rz) as the solution of the equation

9

V*Co(rs, r2) + S Colr1,2) = ~§(r1 — ra), )

one can write the solution for the field in Eq. (4) formally as
E(r1) = Ein(rs) = [ draGo(ry, r2)V(02) E(r3), (7)

where Ein(r1) represents the incoming coherent wave. Gg(ry,r2) is also referred
to as a bare Green’s function and describes propagation of the ficiu in a medium

without scatterers. [t is given by

exp(—ik [ry —rz |)

1 (8)

Golrrra) = = o= |

where £ = w/c is the wave number.
To describe the propagation of the field in the medium independent of E;,, we

use the total Green’s function G(ry,rz) which is defined as a solution of
2 w?
v°G(ry,re) + 6—26(1‘)G(r1,r2) = —§(r; — r2), (9)

The Green'’s function G(ry,rp) describes the field at any point r; in the medium,

due to a source at rz. [t can be presented as perturbation series as
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Glr1,13) = Go(rr,72) — [ draColrs, 1) V(£a)Go(ka, 72) (10

+//dradrb(}’0(r1,ra)V(ra)C-’o(ra,rb)V(rb)C—'o(rb,rz) —-.

The first term of Eq. (10) describes propagation without scattering, the second term
equals the sum of all single scattering contributions, the third term - the sum of all
double scattering contributions, etc. To simplify the notation, Feynman diagrams
are used. The diagrammatic representation of the above series is shown in Fig. 4a.
The lines represent the bare Green’s function Gy(ry,rz) and the circles represent
the scattering potential of an individual scatterer, —aqg(w/c)?8(ry —rz). Dashed
lines connect identical scatterers. The above series can be further simplified by
introducing the single particle t-matrix £(ry,rs,w) (diagrammatic representation:
x ) defined as the sum of all repeated scattering events from one scatterer (Fig. 4b).
The resulting diagrammatic presentation of the total Green’s function using the
t-matrix of a single scatterer is shown in Fig. 4c. The perturbation series for the t-
matrix is called the Born series. The physical interpretation of this series is that the
incoming field induces an electric polarization (first term). This polarization changes
the field around the scatterer, and this change in turn affects the polarization again
(second term), etc. The t-matrix of a point scatterer located at ry is to first order
t(ry,r2,w) = ag(w/c)?6(ry — ry)é(ry — ry).

[f one considers the field and takes average over the positions of the scatterers to
obtain statistical parameters, all interference processes are lost. In order to account

for wave interference the intensity of the field must be considered. In terms of the
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total Green’s function, the intensity is given by
[(r)=E(r)E*(r) = //drldrzG'(r,rl)G'(r,rg)E,-n(rl)Ei‘n(rz). (11)

The product GG* defines the intensity propagator R(r,,T2;73,7y) = G(ry,m) X
G(rs,rs) which describes the intensity at any point in the system due to the product
of the incoming waves E;,E},. The diagrammatic expansion of R is presented in
Fig. 5a. The upper line corresponds to G(ry,r2) and the lower line to the complex
conjugate G*(ry, r2). Dashed lines again connect identical scatterers. The statistical
properties of transport then are given by the ensemble average <R(r|,ro;73,74)>,
where angular brackets denote averaging over disorder. The goal of this approach
is to obtain <R(ry,T9;73,74)>. To lowest order in scatterers density, the intensity
propagator can be approximated as built up of the so called "ladder” diagrams (Fig.
5b). Higher order corrections are included when various terms of the ”most crossed”
diagrams are taken into account some of which are shown in Fig. 3c.

While the diagrammatic approach attempts to build the scattering matrix of
the system as a whole from the scattering matrix of an individual scatterer, RMT
considers the whole system as a single scatterer. In our presentation we follow a
recent work by Beenakker [67]. Although, this work deals specifically with quantum
transport in mesoscopic conductors it provides an updated overview of mesoscopic
wave transport in general.

A mesoscopic conductor is modeled by an elastically scattering disordered region

connected by ideal leads (without disorder) to two electron reservoirs (see Fig. 6).
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All inelastic scattering is assumed to take place in the reservoirs, which are in equi-
librium at zero temperature. The ideal leads are ”electron waveguides”, introduced
to define a basis for the scattering matrix of the disordered region.

The wave function U(r) of an electron in a lead at energy Ep separates into
a longitudinal and a transverse part, ¥=(r) = ®,(y, z)exp(*ik,z). The integer
n = 1.2,..., N labels the propagating modes, also referred to as scattering chan-
nels. Mode n has a real wave number k£, > 0 and transverse wave function &,.
(For simplicity of notation, the two leads are assumed to be identical.) The nor-
malization of the wave function ¥ is chosen such that it carries unit current. A
wave incident on the disordered region is thus described by a vector of coefficients
c¢™ = (af,a3,..,a%,b7,b3, ...,by) describing the amplitudes of the incident modes.
The first set of N coefficients refers to the left lead and the second set of coefficients
to the right lead as shown in Fig. 6. Similarly, the reflected and transmitted wave is
a vector with coeficients ¢®™* = (a7, a;, ...,ay, 7. b3, ...,b%). The scattering matrix

S is a 2N x 2N matrix which relates these two vectors,

Cout — SCin. (12)
[t has the block structure
rt
S = , (13)
t r

with N x NV reflection matrices r and r’ (reflection from left to left and from right to

right) and transmission matrices t and t’ (transmission from left to right and from
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right to left).

Current conservation requires that S is a unitary matrix: S™! = S'. [t is a
consequence of unitarity that the four Hermitian matrices ttf, t'tf, 1 — rrf, and
1 —r'r't have the same set of eigenvalues T}, T5, ..., T. Each of these N transmission
eigenvalues is a real number between 0 and 1. The scattering matrix can be written

in terms of T,,’s by mean of the polar decomposition [17,68]

U o —V1=T VT U 0
S = : (14)

0V vT V1-T 0V’
Here U, V,U', V" are four N x N unitary matrices and 7 is a /V x V diagonal matrix
with the transmission eigenvalues on the diagonal. *

The scattering matriz relates incoming to outgoing states. The transfer matriz
relates states in the left lead to states in the right lead. A wave in the left lead can
be represented by a vector ¢**/* = (af, a5, ...,a%,a7,a;5,...,ay) with the first set
of IV coefficients referring to incoming waves and the second set of coefficients to
outgoing waves. Similarly, a wave in the right lead can be represented by a vector
™ = (b7,b3, ..., b5, b7, b5, ..., by). The transfer matrix M is a 2V x 2V matrix that

relates these two vectors,

cright — Mcleft. (15)

tFor the constraints imposed on the scattering matrix depending on the symmetry present

see the work by Beenakker [67]
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The scattering and transfer matrices are equivalent descriptions of scattering from
the disordered region. A convenient property of the transfer matrix is the mult:-
plicative composition rule - the transfer matrix of a number of disordered regions in
series (separated by ideal leads) is the product of the individual transfer matrices.
Thus, the transfer matrix can be readily used to investigate the scaling of mesoscopic
transport. The scattering matrix, in contrast, has a more complicated composition
rule (involving matrix inversion) and cannot be directly used in a scaling approach.
By expressing the elements of M in terms of the elements of S one obtains the polar

decomposition of the transfer matrix [17],

VvV 0 VT VT7-1 U 0
M = , (16)

0o vt VT =1 VT o Ut

in terms of the same NV x N matrices used in Eq. (14).

The transmission eigenvalues determine a variety of transport properties. First
of all is the conductance G = limy _q [/V, defined as the ratio of the time-averaged
electrical current I through the conductor and the voltage difference V" between the
two electron reservoirs in the limit of vanishingly small voltage. At zero temperature,
the conductance is given by

2e?

N
GZ GQZT,-“GO E—E—
J

The factor of two in Gy accounts for the twofold spin degeneracy.
As an illustration of the description of wave transport in terms of transmission

eigenvalues we give the explanation of UCF made by [mry [69]. Imry’s argument con-
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trasts ”closed” and ”open” scattering channels. Most transmission eigenvalues in a
disordered conductor are exponentially small. These are the closed channels. A frac-
tion ¢/ L of the total number NV of transmission eigenvalues is of order of unity. These
are the open channels. Only the open channels contribute effectively to the conduc-
tance giving a value of the dimensionless conductance ¢ = G/Go = Ny = N¢/L.
Fluctuations in the conductance can be interpreted as fluctuations in the number
Neg of open channels. The picture of "closed” and "open” channels of propaga-
tion is described mathematically by the bimodal (Dorokhov [70|) distribution of the
transmission eigenvalues p(7) which is shown in Fig. 7 in the case of nonabsorbing
systems. The distribution p(7) has been used to calculate the probability distribu-
tion of total transmission [45,46,73,79]. Consequently, the relationship between the
statistics of intensity and total transmission is used in order to obtain the probability
distribution of intensity. [46]

To summarize, RMT of mesoscopic transport addresses the following two ques-
tions. What is the ensemble of scattering matrices for a particular system? How

does one obtain the statistics of transport properties from this ensemble?
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2.3 Microwave experiments - possibilities and difficulties

In classical wave experiments it is possible in principle to measure all three trans-
mission quantities. In optical experiments one measures readily intensity in the far
field and total transmission. In microwave experiments one usually measures the
near field. Measurements of conductance, however, in classical wave experiments
have not been reported yet. In contrast, one directly measures the conductance in
studies of electronic transport. I[n studies of the statistics of wave transport, the
ability to create an ensemble of statistically equivalent sample configurations is of
particular importance. An ensemble of statistically equivalent sample configurations
can be easily realized in the case of classical waves by physically changing the posi-
tion of the scatterers inside the sample. In the case of electrons one does not have
an ensemble of different sample configurations. I[nstead, a varying magnetic field
is used to simulate differert sample configurations. In this case, however, the time
reversal symmetry of the system is broken. This can lead to some differences in the
statistics of transport as compared to systems in which time reversal symmetry is
preserved.

Microwave experiments are practically well suited for studying fundamental is-
sues of the statistics of wave transport in random media among experiments in
which classical waves are used (light in particular). Because of the relatively large
wavelength of the radiation, A ~ 1 cm, appropriate samples can be easily realized.
Here, one can readily achieve different regimes of propagation either by changing

the properties of the individual scatterers or by varying the macroscopic dimensions
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of the system - its length and/or cross-sectional area for example. The large size
of scatterers makes it possible to produce a statistical ensemble of random sample
configurations. Using microwave radiation one can measure both the amplitude and
the phase of the field transmitted through the sample. Thus, such measurements
provide the complete information necessary to describe wave transport. This makes
it possible to investigate different aspects of the statistics of transport in mesoscopic
systems in different regimes of propagation including ballistic, diffusive, critical.
and localized regimes. Also, very accurate measurements can be carried out so that
adequate comparison with theoretical prediction can be made. In this thesis, we re-
port studies of the statistics of wave transport in the approach to localization using
microwave radiation. Small values of the dimensionless conductance are achieved
by increasing the length of samples with quasi-1D geometry and by tuning the fre-
quency of radiation through the edge of the band gap of a ”photonic crystal” in
which localized states are created by introducing disorder.

Among the realities that microwaves experiments encounters the presence of ab-
sorption is probably the most significant. A trivial problem arising from the presence
of absorption is the attenuation of the transmitted signal, thus making difficult mea-
surements with low level signals. Another problem which concerns wave localization
is the fact that both absorption and localization give rise to exponential decay of
transmission which makes difficult to distinguish localization from absorption af-
fects on transmission in strongly absorbing samples. [t is therefore important that

the influence of absorption upon statistical properties of wave transport be clari-
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fied. In our work we tackle this question by studying the scaling of intensity and
transmission distributions in strongly absorbing samples. We find that even strong
absorption does not affect substantially the probability distributions of intensity and
total transmission. Furthermore, we demonstrate that it is possible to statistically
eliminate the influence of absorption upon the statistics of intensity which allows us

clarify the interplay between absorption and localization.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3 Total Transmission Distribution in Absorbing

Random Waveguides

Fluctuations in transmittance quantities increase dramatically as the ensemble
average of the dimensionless conductance, g, approaches unity. Low values of g can
be achieved in quasi-one dimensional samples such as conducting wires or multi-
mode waveguides with lengths much greater than the transverse dimensions. [n this
chapter, we report measurements of total transmission of microwave radiation in
long waveguides filled with randomly positioned scatterers in which values of the
dimensionless conductance as low as g & 3 are achieved. The distributions are ob-
tained accurately for values of s, significantly larger than unity which allows us to
adequately compare theory and experiment and investigate the number of indepen-
dent parameters needed to capture the character of the distribution as the sample

moves toward the localization transition.

3.1 Background

Nonlocal correlation in the flux transmitted through mesoscopic samples leads
to enhanced fluctuations of intensity and spatially averaged transmission for both
classical and quantum waves. [71,72| In order to examine the scaling and the uni-

versality of transport, therefore, it is important to measure the full distribution of
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key transmission quantities as the sample size, and hence g, changes. [4| In previous
studies, nonlocal correlation has been shown to lead to higher probabilities at large
values of the intensity, leading to a deviation from negative exponential statistics for
polarized microwave radiation in samples with g ~ 10 [22,65], as well as to discern-
able deviations from a Gaussian distribution and enhanced variance for the total
optical transmission when g > 103 [47].

Recently, an expression for P(s,) in terms of g for nonabsorbing samples was
obtained by Nieuwenhuizen and van Rossum using diagrammatic techniques com-
bined with random matrix theory [45] and subsequently by Kogan and Kaveh within
the framework of random matrix theory. [46] The diagrammatic calculations neglect
some terms of order higher than 1/g, whereas computations based on random ma-
trix theory neglect sample-to-sample fluctuations in the probability distributions of
eigenvalues of the transmission matrix and are expected to be accurate only to order
1/g. More recently, van Langen, Brouwer and Beenakker carried out a nonperturba-
tive calculation of the total transmission distribution in the absence of absorption.
[73] An analytic solution is obtained for the case in which time reversal invariance
is broken (8 = 2) but not for the case of time reversal symmetry (8 = 1) considered
here. However, good agreement is found between the 8-independent result for P(s,)
obtained in Refs. [45,46] and the result for § =2 in Ref. [73] for g > 10.

The distribution of total transmission was first measured by de Boer et al. in
optical measurements in slabs of titania particles. [47] Samples with g > 10% were

studied and the distribution was found to be Gaussian to within 1%. A measure of
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the deviations of the distribution from a Gaussian is the value of the third cumulant
<s3>. which gives the skewness of the distribution and vanishes for a Gaussian
distribution. For the samples studied, <s3>. was of order of 107®. [n this work,
we present measurements of the total transmission distribution in samples in which
values of g as small as g &~ 3 are achieved. The distributions obtained from these
measurements are markedly non-Gaussian reaching a value of the third cumulant of

approximately 0.1 for the sample with the minimum value of g.

3.2 Samples and measurements

[n the present work, low values of g are achieved by placing the sample in a
cylindrical copper tube in order to restrict transverse diffusion and thus the number
of modes N. The samples consist of polystyrene spheres with diameters of 1.27 cm
randomly positioned inside a cylindrical copper tube so that transverse diffusion is
restricted leading to a limited number of modes V. Sample tubes with diameters
d = 5.0 and 7.5 cm and various lengths up to 520 cm are used. Because of the
difference in the tube diameters, the samples have slightly different filling fractions
of 0.52 and 0.55 for d = 5.0 and 7.5 cm, respectively. Measurements are made in the
frequency range 16.8 - 17.8 GHz using frequency steps of 4 MHz. The sample tube is
rotated between successive measurements to produce new scatterer configurations.
[n order to eliminate the instrumental response, the spectra are normalized to their
ensemble average to give s, from which the distribution P(s,) is obtained. The

microwave radiation is coupled to the sample by a 0.4 cm wire antenna placed 0.5
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cm from the front surface of the sample and the total transmission is measured by
use of a Schottky diode detector positioned inside an integrating sphere rotating
about the sample axis at 2 Hz. A schematic diagram of the experimental set up is
shown in Fig. 8. The integrating sphere has a diameter of 40 cm and is comprised
of two concentric plastic spherical shells separated by 2 cm with the space between
them filled with movable scatterers. The outer shell is covered with aluminum
foil to form an irregular reflecting surface. The region between the shells is filled
with aluminum cylinders with diameters of 0.75 cm and typical lengths of 1 cm. The
cylinders tumble as the integrating sphere rotates resulting in a fluctuating intensity
at the detector with a correlation time of ~ 2 ms for the sample with a length of
100 ecm. The signal is averaged for 1 s at each frequency giving an uncertainty of
2.5 % in the measurement of transmission. At the maximum length of 200 cm\an
which total transmission measurements were made, a traveling wave tube amplifier
(TWTA) with an output power of 40 W is used. The transmission distributions are
obtained by using the data from at least 1000 sample configurations.

In the frequency range of the measurements, ¢ ~ 5 cm [74]. A fit of measure-
ments of the field autocorrelation function with frequency shift to theory [63] gives
Lo =34%2 cm and D = (3.03 £0.21) x 10!® cm?/s. [75] The localization length for

the samples with d = 5 cm 1s found to be £ = 551 + 18 cm from field measurements

[48] which will be discussed in the next chapter.
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3.3 Results and discussions

From the measurements of total transmission made, we obtain the probability
distribution P(s,). The distributions for three samples with dimensions (a) d = 7.5
cm, L =66.7 cm, (b) € =5.0 cm, L =50.0 cm, and (¢) ¢ = 5.0 cm, L = 200 cm are
shown in Fig. 9. In the absence of absorption, the dimensionless conductance for
these samples without localization corrections, g = N¢/L, would be approximately
15.0, 9.0, and 2.25 for samples a, b, and c, respectively. The distribution broadens
and the deviation from a Gaussian becomes more pronounced as either the sample
length increases or the cross-sectional area decreases. A value of <s2>. as large as
0.112 £ 0.035 is observed for sample c¢. Deviations from a Gaussian distribution in
the tail of the distribution for this sample can be seen in the semilog plot of P(s,)
in Fig. 10. For values of s, > 2 the distribution is essentially exponential.

We compare the theoretical results from Refs. [45,46] to the measured trans-
mission distributions. The full distributions are given by the theory as functions
of g for nonabsorbing samples. In the present case of strong absorption. the pho-
ton number is not conserved and g cannot be defined in terms of the steady state
transmission, while serving as a useful measure of the proximity to the localization
transition. This can be seen by noting that the reduction of the average transmis-
sion due to the presence of absorption is associated with a decrease rather than an
increase of the degree of correlation in the sample and to push the system farther

from the localization threshold. A parameter which characterizes the transmission

distribution as well as the closeness to the localization threshold is the degree of cor-
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relation of intensity in different coherence areas of the transmitted speckle pattern,
< 08qp0Sqp >. Were this correlation to vanish, fluctuations in different coherence
areas would be independent and the transmission distribution would be Gaussian
as required by the central limit theorem, with var(s,) =<s2>.= 1/N. As a result
of nonlocal correlation, however, the variance of the transmission is enhanced. [t is
given by var(s,) = (var(ses) — 1)/2 = <6SapdSar>. [17,19,46,62] The last equality
is consistent with the results of Ref. [62] when the cumulant intensity correlation
function is properly normalized to the renormalized average transmission. [63| [n
that case, the crossing parameter found by Shnerb and Kaveh [64] which determines
the intensity distribution is found experimentally to be equal to <§sqpdsay>. [62.63]
[n independent measurements with the sample with L = 100 cm and d = 7.5 cm., we
find that the intensity correlation function with space shift Az has a constant value
of 0.0646 £ 0.0012 for Az > 3 which equals within experimental error the value of
var(s,) = 0.0656 £0.0020 for this sample. [75] The connection between <§s,,85q5:>
and the full transmission distribution can be seen by considering the expression of

Refs. [45,46] for P(s,) in the absence of absorption in the limit g > 1,

Pl = [ 2 eapfas, — 9(z), (18)

—icc 271

where

o(z) = glnz(\/l +z/9+ \/x/g)

is the generating function. From Eq. (18) one obtains the expression for var(s,) in

terms of g,
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var(sy) = (19)

@"|m

From these expressions, a general relation for P(s,) in terms of var(s,), or equiv-
alently <6s.38sqs >, can be found by using Eq. (19) to define a new parameter
g’ = 2/3var(s,) which is substituted for g into Eq. (18). Plots of P(s,) obtained by
following this procedure with g’ determined from the measured values of var(s,).
are shown as the solid lines in Figs. 9 and 10. We find that P(s,) is accurately
given even for the lowest value of g’ of 3.06 (sample c). The distribution of Eq. (18)
with ¢’ substituted for g gives the exponential tail, P(s,) ~ ezp(—g’s,) in the limit
Sq > L. For s, > 2.0, the linear fit to the logarithm of the measured transmission
distribution for sample c gives a slope of —(2.71 £ 0.06) in accord with the fit of
an exponential function to the theoretical curve gives a slope of - 2.70 in this range
and is close to its predicted asymptotic value of 3.06 for s, > 1.

The extent of the agreement of Eq. (18) when ¢’ is substituted for g can also
be gauged from the comparison between the calculated (circles) and the measured
(squares) moments of the transmission distribution shown in Fig. 11 for samples
with ¢’ = 10.2 £ 0.1 and ¢’ = 3.06 £ 0.04. The moments calculated from the theory
are close to those obtained from the measured distributions. At n = 10, these differ
by approximately 10 % which is within the experimental error. Thus it appears that
P(s,) can be expressed as a function of the parameter var(s,).

The agreement between theory and experiment indicates that the ratio of mo-

ments is accurately reflected in Eq. (18). The dependence of the variance itself

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



33

upon sample dimensions is shown in Fig. 12. In the limit of g > 1 in the absence
of absorption and internal reflection var(s,) = 2L/3NN¢. The straight line in the
figure is drawn through the first data point and represents var(s,) ~ L/&. As
g — 1, the scaling theory of localization [40] suggests that g falls exponentially and
hence var(s,) should increase superlinearly with sample length. Instead, we find.
that var(s,) depends sublinearly upon L. This is presumably due to the presence of
absorption which diminishes the degree of nonlocal correlation. This raises the ques-
tion of whether the transmission distribution continues to broaden as L increases or

instead it reaches a limiting distribution for particular sample parameters.

3.4 Conclusions

In conclusion, we have measured the total transmission distribution of microwave
radiation in quasi-one dimensional absorbing samples with small values of g. We
find that the distribution can be described using an expression originally derived for
nonabsorbing samples in the limit ¢ > 1 when this expression is reformulated as
a function of the single parameter ¢’ = 2/3var(s,) determined from the measure-
ments. The validity of the expression for values of ¢’ as small as 3, well beyond the
limits assumed in the calculations, may well be associated with the identification
of var(s,) with <8s4p65.5>, the degree of spatial correlation in the sample, which
is the key microscopic parameter in mesoscopic physics. The sublinear increase of

var(s,) with L in strongly absorbing samples, however, raises the question as to
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whether radiation can be localized in the presence of absorption.
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4 Intensity Distribution in the Approach to

Localization

[n this chapter, we focus on the intensity distribution, which is the key distri-
bution in statistical optics. [3] We demonstrate its relationship to the distribution
of total transmission, find the scaling of the variance of the intensity and total

transmission up to L =&, and determine the extent to which absorption influences

localization.

4.1 Background

[n the diffusive limit, the degree of long-range intensity correlation is small and
the intensity distribution is well approximated by the Rayleigh distribution. [3.22.76|
For polarized detection, this corresponds to negative exponential statistics, P(sq) =
exp(—Sa). [n previous work, deviations from negative exponential behavior have
been observed and ascribed to long-range intensity correlation [22,64,65|. [n these
studies [22,65], Auctuations as large as sq ~ 10 ~ g were observed. In the present
work, fluctuations as large as fifty times g are observed in samples with lengths
L~E&.

The intensity distribution is studied in a quasi-1D geometry, which is equivalent

to the electronic case of a thin wire. Thouless argued that, the level width év
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in a wire at 7' = 0 should become smaller than the level spacing Av since v is
proportional to the inverse of the travel time and so falls as 1/L? in the diffusive
limit, whereas Av is the inverse of the density of states and so falls as 1/L. As a
result, the modes in adjacent sections of the wire should not overlap, and electrons
should become localized. [39]

The question arises as to whether radiation can be localized in the presence
of absorption. In this case, the level width falls as 1/L, just as the level spacing
does. [n the previous chapter, we showed that the variance of the normalized total
transmission, var(s,), scales sublinearly with L in the presence of absorption. If the
attenuation length due to absorption, L,, serves as a cutoff length for localization
[26,32| then var(s,) would approach an asymptotic limit as L increases. On the other
hand, if localization can be achieved in absorbing samples, then wvar(s,), which is
essentially the degree of correlation in the intensity of different outgoing modes,
should increase superlinearly as L approaches £&. This might occur, since the wave
remains temporally coherent in the presence of absorption. [77,78] Weaver has shown
in a 2-D simulation that the introduction of absorption does not disrupt the spatial
localization of acoustic waves in closed systems, though the overall energy decreases
exponentially with time. [77] [n recent calculations, Brouwer found that for diffusive
waves the prefactor multiplying L /¢ in the expression for var(s,) drops from % to

as the ratio L/L, increases. [79] The behavior of this quantity, however, was only

(N1

considered for lengths considerably less than the localization length.

Here we report measurements of intensity transmitted through random waveg-
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uides with L < &, but > L,. We expect that modes in this sample are completely
mixed and the degree of intensity correlation between different modes is constant.
Wave propagation in this sample should therefore be described by random matrix
theory (RMT). [61] Recently, Kogan and Kaveh used RMT to obtain a relationship

between the moments of intensity and total transmission in nonabsorbing quasi-1D

samples. [46] They find,
<sgpp>=nl <sh>, (20)

This leads to a relationship between the distributions of intensity and total trans-

mission, [46,80]

Plsw) = [ 52 P(su)ezp(~2). 1)

a

Since the distribution of total transmission can be calculated from the distribution
of the eigenvalues of the transmission matrix, [45,46,73| these relations provide a

basis for calculating the intensity moments and distributions from RMT.

4.2 Samples and measurements

The samples used in the measurements of the intensity distributions are the
same as those described in the previous chapter. Here, however, measurements of
intensity were made for sample lengths as large as 520 cm (~ &). Different sam-
ple configurations are created as in the case of total transmission measurements by
briefly rotating the sample tube between successive measurements. At least two

thousand sample configurations were used for each distribution. Field spectra were
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taken from 16.8 to 17.8 GHz in steps of 1 MHz using a Hewlett-Packard 8722C
network analyzer. The radiation is coupled into and out of the sample by 0.4 cm
wire antennas placed 0.5 cm from the ends of the sample. Schematic diagram of the
experimental set up is shown in Fig. 13. In order to ensure that the distributions
were not distorted by noise, it was necessary to use an amplifier with an output
power of 40 W for samples with lengths greater than 200 cm so that the average

intensity was at least three hundred times the noise.

4.3 Results and discussions

[n Fig. 14, we present the intensity distributions for two samples with L/& ~ 0.1
and 0.4. Calculations for diffusive waves in the absence of absorption have pre-
dicted that for sg 3> g, the intensity distribution falls as exp(—2,/gsa). [45] For
the samples measured, we find P(ss) ~ exp(—2,/75a) in the tail of the intensity
distribution. The values of v obtained from a fit to the tail of the measured distribu-
tions is within 20% of the parameter ¢’ = 5;;3—(3—5, [43] which equals g in the absence
of absorption . The fit of a negative stretched exponential to the distribution for
L/ = 0.4 in the range of s4 from 10 to 18 is shown in Fig. 15 and gives v = 2.9,
which is close to value of g’ of 3.06 for this sample.

The measured intensity distributions are compared to the transform of the mea-

sured transmission distributions [43] for the corresponding samples using Eq. (21).

The transforms shown as solid lines in Fig. 14, are in good agreement with the
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measured intensity distributions. A comparison of the moments of intensity and
transmission is shown in Fig. 16. We find an increasing deviation of the ratios
<sp,> [nl <s}> from the value of unity expected from Eq. (20) as n increases.
We find, however, that agreement with Eq. (20) is dramatically improved when the
moments are calculated using the asymptotic expressions in the diffusive limit for
the intensity and transmission distributions beginning from the point at which the
measured distribution have their first zero. The asymptotic expressions for the in-
tensity distribution exp(—2./¢'sqs) is substituted for the measured distribution for
values of s;; between20 and 150, whereas the asymptotic exponential expression
exp(—g's,) [43,45,46] is substituted for the measured transmission distribution for
values of s, between 5 and 25. The improved agreement indicates that the extent to
which the measured ratio of moments is in accord with Eq. (20) is largely limited
by the range of intensity and transmission values measured, which depends on the
number of configurations on which measurements were made.

Applying Eq. (20) to the second moments gives
var(Sq) = 2var(s,) + 1. (22)

The same expression can be obtained from a perturbation calculation up to order
1/g [17,46]. Our measurements confirm the prediction of RMT that Eq. (22) is
independent of the value of g and is correct up to order 1/N. In Fig. 17 we plot the
ratio var(se)/[2var(se) + 1] obtained from the measurements of total transmission

and intensity. For all samples for which this comparison is possible agreement to
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within 3% is found between experiment and theory (Eq. (22)).

[ntensity statistics at the localization threshold are studied in measurements at
L =520 cm and d =5 cm (L/§ ~ 1.0) and shown in Fig. 18. Values of sg as
large as 50 are observed. The distribution for this sample is seen in Fig. 19a to
be nearly log-normal, in agreement with predictions for localized radiation [73,79].
A comparison to the distribution obtained for a sample with L/ ~ 0.1 (Fig. 19b)
indicates the transition to a log-normal distribution as L/ — 1.

Using Eq. (21), we compare these measurements of the intensity distribution
to random matrix calculations of the transmission distribution in the presence of
absorption [79]. In order to compare the intensity distribution to theory, however,
& must be determined. We recall, that far from the localization threshold. in the
absence of absorption and internal reflection, var(s,) and & are related by Eq. (19)
[17.45.46,79].

To find € in samples in which corrections due to absorption. localization and
internal reflection cannot be ignored, we first obtain the intensity distribution for the
equivalent samples without absorption using the measured spectra in our absorbing
samples. We first obtain the time response E(¢) to a narrow Gaussian pulse in
time by Fourier transforming the product of the measured spectrum and a broad
Gaussian in the frequency domain. The time dependent field is then multiplied by
exp(t/21,), where 7, = Lo®/D = (3.81£0.70) x 10~® s is the exponential attenuation
time due to absorption. The modified time spectra are then transformed back into

the frequency domain. The spectra in frequency and in time domain as obtained
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from the measurements (thick line) and as corrected for absorption (thin line) are
shown in Fig. 20. The peaks in the frequency spectrum obtained after correcting
for absorption are clearly narrower as compared to those observed in the measured
spectrum. This is consistent with the affect of absorption which reduces the average
dwell time of photons and thus broadens the level width of modes. From the field
spectra corrected for absorption, we now obtain intensity distributions. [n Fig. 21.
we compare these with the measured distributions. At high intensity values. the
measured distribution appears lower than the one obtained from the data corrected
for absorption. This is consistent with the influence of the presence of absorption
upon intensity statistics. The intensity distributions obtained in this way are in
good agreement with transforms of the diffusive result for the distributions of total
transmission calculated in Ref. [45,46] (see the insert in Fig. 21) and give values
for the parameter g’ [43] equal to the value of g, as expected in the absence of
absorption. We also find that the average transmission obtained from the spectra
corrected for absorption is consistent with the expected scaling as (L + 2z;)7!. .
where z, is the diffusion extrapolation length due to internal reflection [81]. These
results confirm the ability of this approach to statistically eliminate absorption in the
diffusive limit. We do not expect the procedure to be effective for localized waves.
[n this case, the presence of gain is predicted to lead to an overall suppression
of transmission, [82,83] whereas an extension of the present approach would lead
to enhanced transmission. This indicates the importance of dispersion as well as

amplification or loss in this case. The influence of internal reflection upon var(s,)
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in the absence of absorption can be accounted for by substituting L = L + 2z, for
L in Eq. (19). We next account for the leading order correction to var(s,) due to
nonlocal correlation. In the absence of absorption, the variance is increased by an

additional factor of (1 + %) [63,84] to yield,

2L  4L2

'3—6— + 1—5?2' (23)

var(s,) =

A fit of Eq. (23) to the data corrected for absorption using £ and z, as fitting
parameters gives £ = 551+ 18 cm and z, = 5.25+0.31 cm. The value of z, obtained
is consistent with the values of this parameter for the same samples in the frequency
range between 18 and 19 GHz. [74]

The dependence of var(s,) upon L with and without absorption is shown in
Fig. 22. The solid curve represents the result of the calculations in the diffusive
regime (L/§ < 1) by Brouwer [79] which account for absorption and the dashed
curve shows the fit of Eq. (23) to the data corrected for absorption. The values
of var(s,) are calculated from var(s.;) using Eq. (22). For lengths up to 200 cm,
the result from the measurements, show sublinear behavior which is consistent with
the results from total transmission measurements [43] and the calculations in Ref.
[79]. The deviation from the solid line increases for larger lengths and may reflect
localization corrections that were not included in the theory. For strongly absorbing
samples (L > L,), Brouwer finds a log-normal distribution for the total transmission
with <InT,>= —L/L, —3L/4€ — InN and var(InT,) = L/2€. [79] This allows us

to calculate the values of var(s,) for the two samples with [ > 10L, for which
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measurements were made. These are presented as the squares in the figure and
indicate significant corrections due to localization in qualitative agreement with the
results from the measurements. Thus, we can associate the increase of &var(s,)/L
for these samples with the transition to localization.

We now compute P(sg) for the sample with L = 520 cm using the transmission
distribution calculated in Ref. [79] and the values of £ and L, found here. The
calculated intensity distribution is presented as the solid line in Fig. 18 and is in
good agreement with the measurements.

We also test the extent to which the theoretical calculations in the diffusive
limit and in the absence of absorption [45,46] agree with the measurements for this
sample for which L/§ ~ 1 and L/L, =~ 15. Using Eq. (18), we calculate P(s,)
with ¢’ obtained from the measured variance of intensity. The calculated transmis-
sion distribution is then transformed to give the corresponding intensity distribution
which is shown by the dashed line in Fig. 18. Surprisingly, even in the presence
of strong absorption and at the localization length the diffusion theory in the ab-
sence of absorption when properly modified (the distribution obtained from theory
is calculated so that it has the right variance) still provides good agreement with the
experiment. A comparison with the calculations in which absorption and localiza-
tion corrections are included (the solid line in the figure) shows deviation between
these two results only for large values of intensity. In contrast, the transmission
distributions from which the intensity distributions are calculated can be visibly set

apart (see the insert). In order to describe quantitatively the difference between
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these two results, one has to consider higher moments in total transmission (or in-
tensity). The diffusion theory in the absence of absorption predicts that the ratio
C(L) =<s2>. /var(s,)?, where <s3>. is the third cumulant of the distribution,
has a constant value of 12/5 in the case of an incident plane wave. [45] [n RMT
calculations in the diffusive limit in which absorption is included, Brouwer found
that the value of this parameter changes from 12/5 in the absence of absorption to
3 in strongly absorbing samples. [79] In Fig. 23, we plot the values of C(L) obtained
from the intensity measurements via Eq. 20 which show a qualitative agreement
with the theoretical result of Brouwer (solid curve). Because of the small values of
<s3>, for samples with small L (large values of g), the error bar in the results from
the measurements is very large and a quantitative comparison with theory is not
possible. For L ~ £, however, the value of the third cumulant increases and the
accuracy of the experimental results is improved significantly. For these samples.
we find values of C(L) greater than the theoretically predicted value of 3. This
can be associated with the approach to localization. We calculate C(L) using the
expressions for the total transmission from Ref. [79] in which localization corrections
are included. The results are shown as squares and, as in the case of var(s,), show

the same trend which is found in the experiment.
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4.4 Conclusions

In conclusion, we find that the intensity distribution for s, > g is described by
a negative stretched exponential to power 1/2 and that the distribution for L ~ &
is close to log-normal. We confirm experimentally the relationships obtained by
Kogan and Kaveh between the moments and full distributions of intensity and total
transmission. These relations unify the statistical description of local and spatially
averaged transmittance quantities. Qur measurements demonstrate that the statis-
tics of wave transport is only marginally affected by absorption and that absorption
does not substantially inhibit localization. The ability to reach the localization
threshold using a quasi-one-dimensional sample is an extension to classical waves of
the suggestion by Thouless that electrons will always be localized in sufficiently long
wires at low temperatures. These results show that the variances of the intensity or
transmission are reliable measures of the impact of localization upon transport in

random media.
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5 Field and Intensity Correlations in Random

Waveguides

In this chapter we obtain the absorption length and the diffusion constant of the
samples discussed in chapters 3 and 4 from the field auto correlation function with
frequency shift. We show also that the variance of the total transmission equals
the degree of nonlocal intensity correlation across the output face of the sample.
Finally, we present measurements of the long- (C2) and infinite-range (Cj3) terms of
the intensity correlation function with frequency shift. To the best of our knowledge.
measurements of the frequency dependence of the Cj correlation term are reported

for the first time in this work.

5.1 Field-field correlation function with frequency shift

The field autocorrelation function with frequency shift éw is defined as
<J(w, Aw)>=<FE(w)E*(w + Aw)>. [t reflects the short-range intensity correlation
which is simply C)(w, Aw) =|</(w, Aw)>|?

[nside the sample

_ sinh[(ys —iy_)(L — 2)] :
<[(r,w,Aw)>= sinhl(ye — i )Ll (24)

where 72 = o* + 0%+ a® a = L;! is the absorption coefficient, and § =

(Aw/D)2. [63] For samples for which af, #¢ < 1 and 2, ~ ¢ the field auto corre-
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lation function at a point at the output face of the sample is given by

sinh((vs —iy-)z) (7= —#y-)2

Aw)>= ‘ ~ ' . 25
< B> bl =71 D] skl = 1-) ] )
When the function is normalized to the outgoing average intensity

_ _ Vi — 7/')/_ sz’nh(aL)
<[(QJ, ALU)>— Fo% S‘LTLh[('Y—*— - VY—)LI )

(26)

We obtain </(w, Aw)> from the measurements from which the intensity distri-
butions (discussed in chapter 4) were obtained. In Fig. 24 we present its real part
for the sample with L/ ~ 0.1. From a fit of Eq. (26) to the data. using a and D as
fitting parameters, we obtain L, =34 +£2 cm and D = (3.03 £0.21) x 10'® cm?/s.

The result from the fit is shown on the plot as a solid line.

5.2 Intensity-intensity spatial correlation function

[n this section we demonstrate experimentally that the variance of the total
transmission distribution equals the degree of nonlocal correlation across the output
face of the sample. In microwave measurements of the intensity distribution and the
intensity-intensity correlation function with frequency shift. Genack and Garcia have
shown that the variance of the distribution is directly related to the C*(= Cs + Cy)
term of the correlation function at zero frequency shift which represents the degree
of nonlocal intensity correlations in the system. [65,62] Here we confirm this relation
in a more direct way by measuring the intensity-intensity correlation function with

displacement.
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This is done by measuring the transmitted field as the detecting antenna is
moved to different positions along the diameter of the sample output. The intensity-
intensity correlation function, C(r,r") =<§L,(r)é,(r')>, consists of three con-
tributions C' = C} + C, + C3. For two observation points at the output plane which
are separated by a distance AR, the short-range part C) is given by [63]

S'LTL(ICQAR

CuonlRR) ~{ <L R>F? | 2R o are), @7

where kg is the wave number in air and AR is the distance between the two points
of detection. Normalizing to the outgoing average intensity and taking w = v’ leads

to

Ci(R,R) = [Sm(’“"AR) ] ) exp(~AR/?). (28)

kAR
The long-range term, C», in the intensity-intensity correlation function also depends
on the displacement. In the quasi-1D geometry, however, this term is dominated
by the zero-mode contribution which is spatially independent and is equal to the
relative fluctuations in total transmission (var(sg)). [63] The C3 term is of order
1/g*(< 1) and is considered to be constant.

The intensity correlation function with displacement is obtained for the
polystyrene sample with L/ ~ 0.1. The transmitted field is measured as the
position of the detecting antenna is changed in steps of 1 mm to cover a distance
of 5 cm across the output face of the sample. Field spectra between 16.8 and 17.8
GHz are taken for each sample configuration and for each position of the detecting

antenna. Measurements are made for 600 different sample configurations. From the
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data we obtain the intensity-intensity correlation function with displacement (Fig.
25) We fit the expression for C(AR) = C; + C, with C; given by Eq. (28) and
C, = constant to the experiment. The term Co represents the spatially independent
part of Cy and includes the infinite-range correlation (C3) term as well. We use ko,
¢, and C, as fitting parameters. The result of the fit is presented on the plot by
a solid line. We note that the value of kg = 4.22 obtained from the fit gives an
index of refraction n = 1.16 which is between the value of n in air and the effective
index of refraction in the sample of n = 1.35. This can be associated with the
fact that close to the output face of the sample, the speckle pattern has already
begun to "broaden” as compared to the picture inside and its characteristic length
is different from the wavelength in the sample. The value of the constant term:.
however, is not affected in any way. We obtain C» = (6.46 + 0.12) x 10~2 which.
within experimental error, equals the value of the variance of the total transmission
for this sample, var(s,) = (6.56 £ 0.20) x 1072. The excellent agreement between
the results of these independent measurements (we recall that var(s,) is obtained
from the measurements of total transmission distributions) confirms that var(s,) is
given by the degree of nonlocal correlation. [n light of the results presented in the
previous chapter, this indicates that the degree of nonlocal intensity correlation is

a key parameter which determines the statistics of mesoscopic transport.
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5.3 Total transmission measurements of long- and infinite-
range intensity correlation

Here we present measurements of the C; and C3 terms of the intensity correla-
tion function with frequency shift. Although the analysis of the results from these
measurements are still in progress, we present our results, because of the significant
interest toward these quantities. Cj3 is of particular interest, since it is the analog
of UCF in the case of classical waves. The frequency dependence of the long- (C5)
and infinite-range (C3) correlation terms has been considered in various theoretical
works (for a comprehensive review on the subject we refer to the work of van Rossum
and Nieuwenhuizen [86] and the references therein) and the frequency dependence
of C, has been observed experimentally [62,65]. In these experiments. however. the
contribution of C; in the intensity correlation function was found to be small as
compared to the other terms and in the analysis of the data was considered to be
frequency independent. In measurements of total transmission we obtain the cross-
correlation function between two input modes with frequency shift in which the Cj
term is dominant. [75]

Total transmission measurements with a polystyrene sample with L/§ ~ 0.1 are
made as described in chapter 3. In order to observe the infinite-range correlation,
however, two identical wire antennas are used as independent sources of excitation.
These were placed 0.5 cm in front of the input face of the sample and were separated
by a distance of 3.0 cm which is approximately twice the wavelength. Transmission

spectra for a single sample configuration are taken separately for each antenna by
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using a microwave switch which couples radiation to one of the antennas only while
isolating the other. Measurements for four thousand sample configurations were
made. From these measurements, we obtain the autocorrelation function in total
transmission with frequency shift using spectra taken with the same antenna and
the cross-correlation function between spectra taken with different antennas.

We first turn our attention to the total transmission autocorrelation function
which is shown in Fig. 26. It is much broader as compared to the intensity auto
correlation function (which is dominated by the short-range correlation term) which
explains the difference between the average peak width in intensity and total trans-
mission as discussed in the beginning of chapter 2.

To order 1/N, the total transmission autocorrelation function equals the C, term
of the intensity auto correlation function. In the presence of absorption this term is

given by [85]

3T _ a2 — 20.2 ]
Cal) = 3z (cos(L) = cosh(2aL)) ™ x [Frm—zvsinh(2eL)
a® + 2% . o?(a? + b?) _
2
+b(a2 ey sin(2bL) + = o) a1 bz)smh(QaL)], (29)

where ) = Aw/D, a = (a*+Q2)icos(p/2), b = (a*+Q2)isin(p/2), and tangp = 4.
As before, the role of internal reflection is accounted for by substituting L = L + 2z,
for L in this expression. We calculate C3(Q2) from Eq. (29) using the values of
L, and D determined from the field autocorrelation function. The result from the

calculations is presented by the solid line in Fig. 26 and shows good agreement

with experiment. Only for large frequency shift slight deviations between theory
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and experiment are observed. We plot also the theoretical curves in the absence
of absorption and internal reflection (dashed line) and when absorption is included
only (dotted line). The comparison shows that absorption affects Cs in two ways:
first, it decreases the magnitude of the degree of long range correlation (Cy(0)) which
is consistent with the results for var(s,) in chapters 3 and 4 §; second. the presence
of absorption broadens the frequency width of the correlation which is associated
with the reduction of the average dwell time of photons in the sample.

Finally, in Fig. 27a, we plot the cross-correlation function with frequency shift
obtained from these measurements. We find that its value at zero frequency shift of
is comparable to the value of 2/15¢% as predicted by theory [62,87]. The behavior
of the total transmission cross-correlation function measured is in qualitative agree-
ment with the theoretical calculations by van Rossum et al. [87] in the presence of
absorption (Fig. 27b). A detailed quantitative analysis considering the contribution
of long-range correlation which are expected to be comparable to the C3 contribution

in the measured cross-correlation function are in order.

§When we used Eq. (29) to calculate C2(0) in the presence of strong absorption, we

found the same reduction from 2/3 to 1/2 as predicted by Brouwer [79].
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6 Microwave Transmission Through a Periodic 3D

Metal Wire Network Containing Random Scatterers

6.1 Background

Band gaps exist in the electromagnetic spectrum in a variety of periodic struc-
tures in analogy with the electronic band gaps in crystals [33,49,50]. In the photonic
band gap (PBG), electromagnetic waves are evanescent. When disorder is intro-
duced in a PBG structure, modes can be created into the gap but they are localized
and again propagation is inhibited. Such localized states could be associated with a
single defect in the photonic crystal which are analogous to localized electron states
on isolated impurities in semiconductors [88| or to localized vibrational modes asso-
ciated with defects in crystals [89,90]. They may also be associated with scattering
from a statistically homogeneous random distribution of scatterers. John predicted
the existence of a mobility edge separating localized from propagating electromag-
netic waves within the pseudogap for nearly periodic systems [49|. He proposed that
introducing disorder would lead to strong Anderson localization for photons [34]. [n
the present study, we measure transmission through a nearly periodic copper wire
network with a structure close to simple cubic. A PBG is found in this structure
both when it is empty and when it is filled with Teflon spheres producing a Teflon-

air medium. By substituting aluminum spheres for some of the Teflon spheres, we
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create a succession of random scatterer configurations inside the structure. The
transmission is measured in an ensemble of random scatterer configurations for var-
ious degrees of disorder introduced within the periodic metal matrix. The band
structure for various 3D dielectric [50-53] and metallic [54-56| periodic structures
possessing band gaps have been calculated and dielectric [50,57-59| and metallic {60]
systems possessing band gaps have been constructed. Localized states have been
created by adding to, removing or displacing part of the structure in dielectric PBG
materials and by cutting selected wires in metal systems [58,60|. These defects are
introduced in a controlled manner so that it is possible to associate specific modes
with particular defects. Our interest here is to create an ensemble of equivalent ran-
dom configurations of scatterers within the PBG structure. We introduce disorder
in a nearly periodic metal wire network by filling it with mixtures of Teflon and
aluminum spheres. The Teflon and aluminum spheres have diameters of 0.47 cm.
This is approximately half the lattice constant of the wire network of @ = 1 cm and
the spheres readily penetrate the interior of the wire structure. The Teflon sphere
medium has a scattering length which is much greater than the dimensions of the
metal structure. Consequently, the Teflon spheres serve as an ideal support matrix
into which scatterers can be substituted.

Sigalas et al. calculated the band structures for 3D periodic metal systems
consisting of isolated metal scatterers and of metal wires which form a continuous
network [56]. Periodic systems composed of isolated metal scatterers show behavior

similar to that of dielectric PBG materials and do not exhibit a cutoff frequency
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below which transmission is sharply reduced. Calculations for metal networks with
simple cubic and diamond type structures predict a PBG in both systems. The
cubic structure considered is infinite along the £ and y directions and has a thick-
ness along the z-axis of L = 4a with a lattice constant a of 1.27 . m. The volume
fraction occupied by the metal wires is 0.03. A band gap is found below a cutoff
frequency v, = yc/a, where c is the speed of light in vacuum and 7 = 0.4445. At

v./2, the attenuation is approximately 15 dB per unit cell.

6.2 Samples and measurements

The metal structure used in our experiment is a network of 1 mm diameter
copper wires. The system has a geometry close to simple cubic structure with a
lattice constant of 1 cm. The sample has a length of 8 cm on each side. Square
wire meshes are created by overlaying one set of parallel wires onto another set of
parallel wires oriented in the perpendicular direction. Straight wires are extended
through parallel 2D wire meshes in the longitudinal direction. Wires oriented in the
three direction are connected by a light solder applied at the vertices of the unit
cells. The lattice is not perfectly periodic because of slight bending of the wires and
because of variations in the solder joints. The volume of the copper wires is 6 % of
the total volume of the system. The front and back of the structure are open and
copper plates are placed on the sides.

The transmission is measured in the frequency range between 4.0 and 10.4 GHz

using a Hewlett-Packard 8722C network analyzer. Antennas, consisting of 1.5 cm
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pins, coupled the radiation to the metal network and detected the transmitted ra-
diation. The input antenna and the front surface of the network are enclosed in
an absorbing chamber and the detector and the output surface of the sample are
within another chamber with absorbing walls. The antennas were placed 0.5 cm
from the input and output faces of the sample. They are placed close to the sample
to enhance the signal so that the measurements can be performed with an adequate
dynamic range. As a result, however, the incident and detected waves cannot be

approximated by plane waves.

6.3 Results and discussions

The results of the measurements in an empty metal network are shown in Fig.
28a. There is a sharp reduction in the transmission coefficient at a cutoff frequency
of 9.33 GHz. This gives v = 0.31 for the constant of proportionality in the relation
v, = yc/a. There is a difference between the value of v observed and the value
calculated theoretically [56] which maybe due to the difference in the filling fractions
of metal wires in the sample used in the experiment and in the theoretical model.
For frequencies below v, the transmission is significantly suppressed. The average
value of the attenuation in the gap from 6 GHz to v, is approximately 30 dB. At
frequencies around 5 GHz, however, a transmission peak occurs in which attenuation
is reduced to approximately 10 dB. This peak in transmission may arise because of
deviations of the structure from simple cubic symmetry or it may be associated

with surface sates [91|. The sharp peaks in the spectrum observed above the cutoff
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frequency are a result of the interference between partial waves propagating through
the system and reaching the detecting antenna. When the antennas are far from
the sample only modes with small transverse components of the wave vector are
detected and the spectrum appears relatively flat above the gap.

When the network is filled with Teflon spheres at a volume filling fraction of 0.57
which is measured as a fraction of the total volume free of metal. the cutoff frequency
shifts to 7.58 GHz (Fig. 28b). The frequency of the transmission peak in the gap
undergoes the same fractional shift. This confirms that the peak is intrinsic to the
metal structure. Since v, ~ Upn/a, where vy, is the phase velocity in the medium
., we expect that the fractional shift of the cutoff frequency is proportional to the
ratio of the phase velocities in air and in the medium of random Teflon spheres and
air.

In order to determine the phase velocity in the medium of Teflon spheres and
air, we have measured the field transmitted through a sample of Teflon spheres
contained in a 7.5 cm diameter copper tube with a length L = 10 cm. In these
measurements, the filling fraction of the Teflon spheres is 0.60 which is slightly
higher than it is in the metal network. We first determine the index of refraction
n for this sample at a frequency vy = 6.45 GHz to be n = 1.26, by measuring the
frequency shift of a resonant cavity mode in a medium of Teflon spheres relative
to that in air. The absolute phase of the field transmitted through a sample with
length L is po = kL = 2mvL/vy,. Here vy, is the phase velocity in a copper tube

containing the Teflon spheres and is given by v}, = vps[1 — (129 /v)?]~"/2 [92], where
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Uy, = ¢/n is the phase velocity in an unbounded medium of Teflon spheres and 1"
is the cutoff frequency of the cylindrical waveguide. The value of v? = 2.06 GHz
in this case was determined experimentally from measurements of the transmission
through the copper tube filled with Teflon spheres from 1 to 4 GHz. Using these
relations and the index of refraction measured at vy we determine the absolute phase
wo = 2wyl [uy,. Then, starting from this frequency, we measure the frequency
dependence of the field transmitted through the sample of Teflon spheres contained
in a copper tube. Transmission spectra were obtained for 1000 different sample
configurations. The small variation between configurations of less than 1% of the
field amplitude indicates that the scattering due to the Teflon spheres is extremely
weak. This explains the persistence of the band gap when the network is filled with
Teflon spheres. The real part of the ensemble average complex field < Ecosg> is
shown in Fig. 29. The well defined sinusoidal frequency dependence of <FEcosp>
allows us to follow the phase roll-up with frequency. By following the increase in the
phase of the transmitted field when the frequency is changed in small increments
of 2.5 MHz, we are able to obtain the phase Ay accumulated between 6.45 and
10.0 GHz. By adding the accumulated phase Ay to the absolute phase yp, we
determine the absolute phase in this frequency range. From this phase, we calculate
the phase velocity vp, in a medium of Teflon spheres and air contained in a copper
tube. The frequency dependence of vy, is shown in Fig. 30. Using Maxwell-Garnet
approximation [93], small corrections to upy, are made to determine the phase velocity

in the Teflon-air medium within the metal network. At a frequency equal to the
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cutoff frequency for the metal structure filled with Teflon spheres, the phase velocity
is 2.39 x 10'° cm/s. This gives vy, /c = 0.80 which is close to the ratio of the cutoff
frequencies of the network in Teflon and in air of 0.81.

When some of the Teflon spheres are replaced by aluminum spheres, transmission
peaks appear below the band edge. Measurements have been made for two filling
fractions of aluminum spheres f;; = 0.05 and f;; = 0.10. A typical transmission
spectrum at a filling fraction of the aluminum spheres of 0.05 is shown in Fig. 31.
The peaks below the cutoff frequency are reminiscent of modes associated with
"donor” defects which have been observed in 3D dielectric PBG materials [58|.
However, the radius of the scattering spheres in the present case is at least an order
of magnitude smaller than the wavelength. Thus these transmission peaks are more
}ikely associated with random configurations of many metal spheres rather than with
individual scatterers.

We characterize the strength of the disorder of the scattering medium at an
aluminum flling fraction of 0.10 by measuring the scattering length £, of the Teflon -
aluminum mixture apart from the metal lattice. The scattering length is determined
by measuring the intensity associated with the average field I.,, =|<E>|? as a
function of the sample length L. In a sample tube with a diameter which is larger
than the wavelength in the medium, the coherent intensity falls exponentially with
an attenuation length which is close to the scattering length, once the sample is long
enough that a single waveguide mode predominates or has a large enough diameter

so that the incident wave can couple effectively to a large number of modes with
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small components of transverse momentum. In this case, [,n ~ [loezp(—L/¢,).
The average field for 2000 sample configurations in the frequency range from 4 to
10 GHz was obtained for various thicknesses. By averaging over an ensemble of
samples, the diffusive component of the field tends towards its average value of zero.
From measurements with sample length from 7.5 to 25 cm we find that ¢; > 20cm
at 4 GHz and that it decreases to ¢, = 4.5 0.5 cm at 10 GHz. Since ¢, > /.
where £ is the transport mean free path, the measurements show that k¢ is greater
than 10 over the entire frequency range. Since localization in samples without long-
range order is expected when k¢ ~ 1 this indicates that microwave radiation in the
mixtures of Teflon and aluminum spheres apart from the metal network is far from
the localization threshold. The values of k£ used in the estimate are calculated using
the phase velocity in a random medium of Teflon spheres.

In Fig. 32, we present the average transmission spectra for 200 sample config-
urations for the two concentrations of aluminum spheres. [n these measurements.
different sample configurations were created shaking the sample by hand. In the
average spectrum the band edge is broadened relative to that of the metal network
in air and with Teflon spheres inside. The band gap becomes less pronounced as the
density of metal scatterers increases. The frequency of the peak in the transmission
at low frequencies, however, is not affected. This indicates that the phase velocity
is not changed substantially by the insertion of metal spheres into the network. The
Auctuations in the phase velocity due to the presence of metal scatterers does not.

therefore, appear to cause a smearing of the band edge.
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We recall that var(sy;) was found to be a reliable measure of the approach to
localization. We investigate the behavior of the second moment, <s,;>= var(sq) +
1, of the intensity transmitted through the structure filled with mixtures of Teflon-
aluminum spheres as the frequency is tuned through the band gap edge. A sharp
increase is observed with a maximum value of approximately 4.5 which indicates
localization transition.
6.4 Conclusions
[n conclusion, we have observed a band of attenuated microwave transmission
through a 3D periodic metal network. We have shown that filling the metallic
network with dielectric scatterers. which are small compared to the electromagnetic
wavelength, shifts the band edge to a value proportional to the phase velocity in
the medium. This demonstrates that a well defined band gap can be produced in a
structure which deviates from perfect periodicity and suggests that useful photonic
devices can be produced using structures which are not perfectly periodic. The
extent of disorder that can be introduced before the band gap is significantly altered
can be studied by introducing a variety of defects into the periodic lattice. I[n
this study, we have measured transmission through a periodic metal wire structure
with various concentrations of randomly positioned metallic spheres. We observe a
broadening of the band edge which is associated with the presence of localized states
in the gap. Because the systems studied are small, the transmission peaks observed
may not be associated with sharply defined localized states which can be seen in

larger structures. Studies in larger systems would make it possible to investigate the
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localization transition in this system. For such samples the ability to observe sharp
transmission peaks associated with individual localized modes would be limited by

the absorption of the sample.
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Summary

[n a series of independent microwave experiments, we study the statistics of in-
tensity and total transmission in mesoscopic systems in the approach to localization.

[n measurements using long waveguides with volume disorder, we were able to
reach the localization threshold. This is the realization using classical waves of the
Thouless idea of localization of electrons in long wires. We find that, near the lo-
calization length, the probability distributions of intensity and total transmission
deviate significantly from negative exponential statistics and from a normal distribu-
tion, respectively. For large values of these quantities, the corresponding distribution
decay instead as a negative stretched exponential to the power 1/2 and as a simple
negative exponential.

We confirm experimentally the relationships between the moments of intensity
and total transmission and their full distributions derived from RMT calculations
for samples with quasi-1D geometry. These relations unify the statistical description
of local and spatially averaged transmittance quantities.

The results of these measurements show that the distributions of intensity and
total transmission are not significantly affected even by the presence of strong ab-
sorption. [n contrast, the ensemble average value of the transmission falls exponen-
tially as a result of absorption. The presence of absorption only postpones somewhat

the approach to localization, but does not destroy localization. We find that the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



64

variances of intensity and total transmission are directly related to the degree of
nonlocal intensity correlation and serve as a reliable measure of the approach to
localization.

We have obtained the auto- and cross-correlation function with frequency shift
of the total transmission. These functions are dominated by the long- and infinite-
range correlation terms of the intensity correlation function and allow us to experi-
mentally determine the frequency dependence of the infinite-range correlation term
for the first time.

[n a proof of principle experiment of microwave transmission in a 3D periodic
metal wire network possessing a photonic band gap, we demonstrate that, by creat-
ing an ensemble of random scatterer configurations within the ”photonic crystal”.
it is possible to investigate the statistics of the localization transition.

In conclusion, in this thesis we have established the nature of intensity and total
transmission statistics and show how these can be used to study the localization

transition.
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