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ABSTRACT

Percolation phenomena involving the electrical conductivity, dielectric constant,
Hall coefficient, magnetoconductivity, relative magnetoresistivity, 1/ f noise and ther-
moelectric power are investigated in graphite (G) and hexagonal boron-nitride (BN)
powder mixtures. Two kinds of systems are used in the experiments: highly com-
pressed discs and parallelepipeds, cut from these discs, as well as 50%G-50%BN and
55%G-45%BN powder mixtures undergoing compression.

The measured DC conductivities follow the power-laws o (¢, 0) o (¢—¢.)* (¢ > ¢.)
and o(¢,0) x (¢.—¢)~° (¢ < ¢.), and the low frequency (100Hz & 1000Hz) dielectric
constant varies as e(¢,w = 0) x (¢, — ¢)~*(¢ < ¢.), where ¢. is the percolation
threshold, ¢ and 5 are the conductivity exponents, and s is the dielectric exponent.
Near the percolation threshold and at high frequencies, the AC conductivity varies
with frequency as o(¢,w) x w® and the AC dielectric constant varies as e(¢,w) x w™9,
where the exponents r and y satisfy the scaling relation = + y = 1. The crossover
frequency w, scales with DC conductivity as w, < 0%(#,0) (¢ > ¢.), while on the
insulating side, w, ~ 1, resulting in ¢ ~0 for the three G-BN systems. The loss
tangent tané(¢,w) (¢ < ¢.) is found to have a global minimum, in contrary to the
results of computer simulations.

The Hall constant could not be measured using existing instrumentation. The
measured magnetoconductivity and relative magnetoresistivity follow the power-laws

— Ao x (¢—¢:)*® and AR/R x (¢ — ¢.)*?® respectively. These two exponents,
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3.08 and 0.28, are not in agreement with theory.

The 1/f noise was measured for the conducting discs and parallelepipeds. The
normalized 1/ f noise power varies as Sy /V? «x R* with the exponents w = 1.47 and
1.72 for the disc and parallelepiped samples respectively. Furthermore, the normalized
noise power near the percolation threshold is, for the first time, observed to vary
inversely with the square-root of sample volume.

Based on the Milgrom-Shtrikman-Bergman-Levy (MSBL) formula, thermoelectric
power of a binary composite is shown to be a linear function of the Wiedeman-
Franz ratio. A scaling scheme for the Wiedeman-Franz ratio for percolation systems
is proposed, which yields power-law behavior for the thermoelectric power. The
proposed power-laws for the thermoelectric power can be written as (S,, — My)
(¢ — ¢ )™ for ¢ > ¢. and as (S, — My) o« (¢ — @)™ for ¢ < ¢., where S, is
the thermoelectric power for the composites, M, is a constant for a given percolation
system, and h; and h; are the two critical exponents. The experimental thermoelectric
power data for the G-BN conducting parallelepipeds was fitted to the above power-
law for ¢ > ¢.. A least squares fit yielded the exponent h; = —1.13 and parameter
M;=9.51pV/ K respectively.
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Chapter 1

INTRODUCTION

Percolation theory deals with both macroscopically and microscopically disordered
systems. The origin of percolation theory is attributed to Broadbent and Hammersley
(1957), who introduced lattice models for the flow of a fluid through a static random
medium, and showed, using geometrical and probabilistic concepts, that no fluid will
flow if the concentration of active medium is smaller than some nonzero threshold
value — a percolation threshold. Since the 70s, percolation models have involved the
concepts of scaling, which emphasizes particularly the so-called critical phenomena.
Percolation theory has become one of few theoretical techniques that is available to

describe strongly disordered materials.

Percolation theory is marked by the fact that it provides a well-defined, simple,
and intuitively satisfying model for granular binary composites, in which the rele-
vant physical properties of the individual components differ widely. To be specific,
consider compacted random binary mixtures of conducting (metallic) and insulating
(dielectric) components, for which only an average grain size and overall composition
are known. Then, if the concentration of dielectric is not too large, electrons can
move through the sample via an “infinite” metallic cluster, resulting in conducting
sample. As the dielectric concentration increases the infinite metallic cluster becomes
less dense, and eventually breaks into isolated clusters embedded in dielectric ma-

trix, resulting in insulating sample. Denoting the volume fraction of the conducting



component in the sample by ¢, percolation theory predicts that there is a critical
value fraction ¢,, called a percolatior. threshold, at which en infinite metallic cluster
spanning whole sample first appears, and the system undergoes a percolative metal-
insulator transition (MIT). This percolation transition is the most fundamental and
striking feature of the percolation model, and makes percolation a natural model for

describing a diversity of physical processes.

In many aspects, the percolation transition is an analogue of second order phase
transition in thermodynamic systems. Near the percolation threshold, the percolation

quantity () follows a power-law given by

Q o [¢— ¢, (1.1)

where a is a critical exponent characterizing the asymptotic behavior of Q) as ¢, is
approached from below or above. Scaling laws relate the different exponents which
occur in a given percolation system, which means that the critical exponents appeared
in a percolation system are not independent of each other. The exponent « can be
positive or negative depending on what physical property is under study in the per-
colation system. The values of a, found from computer simulations, are dependent
only on the dimensionality of system [Stauffer and Aharony 1994]. Exponents of this
nature are described as universal. Recent experimental and theoretical results show
that, in three dimensional continuum systems, the values of the same exponent could
differ considerably from system to system{Carmona et al. 1984, Kogut and Straley
1979, Feng et al. 1987, Balberg 1987a, and Nan 1993 and references therein]. It has
been shown that the particle size distribution, shape and orientation can influence
the percolation threshold ¢, [Kusy 1977, Balberg 1987b, and Dovzhenko and Zhirkov
1995]. Note that the power-law (1.1) is expected to hold only close to the percolation
threshold and then only if the investigated physical properties of the two components
are drastically different. If it is not the case, a variety of effective-medium theories

can be employed to model the properties of the composites.



The electrical transportation properties which have been studied experimentally
on continuum percolation systems include: electrical conductivity, dielectric con-
stant, 1/f noise, Hall constant, magnetoconductivity, and thermoelectric power (
thermopower). In addition the critical current density and critical field have also
been investigated, using a percolation approach, for inhomogeneous superconductors
[Deutscher and Rappaport 1979; Grave, Deutscher and Alexander 1982]. For perco-
lation systems, the electrical conductivity and the dielectric constant are the most
extensively studied quantities. Some of the continuum percolation systems that have
been previously investigated include: amorphous carbon-teflon composites [ Song et
al. 1986], carbon-epoxy composites [McLachlan et al. 1990, Lee et al. 1993], nickel-
polypropylene composites [Chen and Johnson 1991}, carbon-wax mixtures [Chen and
Chou 1985; Chou and Jaw 1988; Chakrabarty et al. 1993], carbon-polymer composites
[Michels et al. 1989], carbon-PVC composites [Balberg and Bozowski 1982], polyethy-
lene gels-conducting polymer system [Fizazi et al. 1990], carbon fibers-polymer com-
posites [Carmona et al. 1984], Ag-KCl composites [Grannan et al. 1981], glass-iron
balls mixtures [Benguigui 1985], plain and silver-coated glass microbead mixtures
[Laugier 1982, Laugier et al. 1986], glass-In mixtures [Lee et al. 1986], PrBa;CuzO7-
Ag composites [Lin 1991], sintered silver beams [Deptuck et al. 1985], thin gold films
[Laibowitz and Gefen 1984; Hundley and Zettl 1988], granular Sn-Ar films [Rohde
and Micklitz 1989], thick bismuth ruthenate films [Nitsch et al. 1990], thick glass-
RuO, films [Pike 1978], and microemulsions [Van Dijk 1985, Van Dijk et al. 1986,
Moha-Ouchane et al. 1987, Peyrelasse et al. 1988, and Clarkson and Smedley 1988].

The Hall constants of only two percolation systems has been studied: Al-Ge films
[Dai et al. 1987] and Sn-Ar films [Rohde and Micklitz 1989]. The latter reference also

reported the investigation of the magnetoconductivity and relative magnetoresistivity.

The 1/f noise is a sensitive probe of the microstructure of the infinite clusters
in percolation systems [Rammal, Tannous and Tremblay 1985]. Percolation systems,
in which 1/f noise has been investigated, include: carbon-wax mixtures [Chen and

Chou 1985], copper particle-polymer composites [Pierre et al. 1990], Al,03—Pt cer-
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mets [Mantese and Webb 1985 and Mantese et al. 1986], thin gold films [Williams
and Burdett 1969 and Koch et al. 1985], silver films [Octavio et al. 1987], thin Al,
In, and Cr foils [Garfunkel and Weissman 1985], and AgPt-TFE mixtures [Rudman
et al. 1986].

The percolation behavior of the thermoelectric power in Al-Ge films was investi-

gated by Hurvits et al. (1993).

The experimental results obtained from the above-mentioned continuum percola-
tion systems have verified many aspects of percolation theory and provide a significant
experimental data for the application of percolation models. However, some discrep-
ancies between theory and experiment still exist, and, therefore more experiments
are necessary to further advance the development of theoretical models, especially for

non universal exponents.

It should be noted that in most previous studies of a single continuum percola-
tion system only one or two of the physical percolation properties were measured,
discussed, and compared with other experimental results and theoretical predictions.
In many cases, other percolation phenomena could have been measured on the same
system. This situation makes it difficult to compare and correlate the different expo-
nents that have been obtained from experiments done on various percolation systems.
It should also be noted that for the Hall coefficient, magnetoresistivity and thermo-

electric power only one or two previous sets of experimental data are available.

The primary objective of the study presented in this thesis is to observe as many
of these percolation phenomena as possible in a single reliable continuum percolation
system. The measured critical exponents and percolation thresholds are then used
to, where possible, test various theoretical models and the exponents are compared
with those obtained from other previous experiments. This full spectra of critical
exponents, all from the same system, should help to provide a more complete under-

standing of percolation theory.
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Various mixtures of graphite (G) and hexagonal boron-nitride (BN) powders, un-
dergoing compression in the appropriate cell, compacted discs and the parallelepipeds
cut from these discs, were chosen as the subject of this study. In these systems the
graphite powder is the conducting component, while the hexagonal boron-nitride is
the insulating component. The reasons for choosing these systems are as follows.
Firstly, the insulating and conducting components have a very small conductivity
ratio &~ 1x107!7. Secondly, they have the same densities, 2.25g/cm?, and nearly the
same unit hexagonal cell dimensions at room temperature: ¢ = b = 2.464A and
¢ = 6.736A for graphite, while « = b = 2.504A and ¢ = 6.661A for hexagonal boron-
nitride [Lide 1994] . These properties made the two components indistinguishable
by the usual X-ray methods and easy to mix together to form random composites.
Thirdly, single crystals of G and BN show very similar stress-strain relationships along
either the c-axis or the a-b layer planar [Lynch and Drickamer 1966]. These properties
of two components appear to make the G-BN powder mixtures nearly ideal percola-
tion systems, on which the critical volume fractions and many of the exponents that

appear in the percolation equations can be measured.

No previous investigation on the G-BN percolation systems has been reported in
the literature. Phenomena studied at room temperature include the DC conductivity,
AC conductivity and dielectric constant, magnetoconductivity or relative magnetore-
sistivity, 1/f noise and thermoelectric power. It was not possible to measure the Hall

coeflicient at room temperature or at liquid nitrogen temperature.

In Chapter two the various theoretical percolation equations, relevant to the mea-
surements made on the G-BN percolation systems, are presented. The topics include
the geometric phase transition, where the basic concepts and elementary results are
introduced, the percolation equations for the various electrical transportation prop-
erties, 1/f noise and thermoelectric power for a binary continuum medium, as well
as recent progresses in the understanding of the nonuniversality of the critical expo-
nents. Chapter three describes the experimental techniques and apparatus used in

this study. The results for the disc porosity, grain orientation, grain size distribution,
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and the comparative strength of the interparticle bonds are given here. The various
powder cells employed for measuring the DC and AC conductivities and dielectric
constant in the axial (along the direction of compression) and transverse (perpendic-
ular to the direction of compression) directions for 50%G-50%BN and 55%G-45%BN
powders and powder pouring methods are described in detail. The principles of
measurement, schematic diagrams and electrical circuits are given for the apparatus
and techniques used to measure the electrical conductivity, dielectric constant, Hall
constant, magnetoconductivity, 1/f noise and thermoelectric power. Chapter four
presents the experimental results of the electrical conductivity, dielectric constant
and magnetoconductivity. Chapter five presents the experimental 1/f noise results
obtained from the compressed conducting disc and parallelepiped samples near the
percolation threshold. In Chapter six, power-laws to describe the Wiedeman-Franz
ratio in continuum percolation systems are proposed, which in turn lead to new
power-laws for the thermoelectric power near the percolation threshold. Measured
thermoelectric power data for the G-BN parallelepipeds, on the conducting side of
percolation threshold, is presented and fitted using one of the new power-laws for
the thermoelectric power, developed in this chapter. In all cases, the experimental
results are illustrated using a large number of graphs, while the observed or fitted
parameters, obtained from various theoretical expressions, namely the critical volume
fractions and exponents, are given in tables or the text where appropriate. Where
possible, comparisons between the present experimental results and those obtained
from other continuum percolation systems are made. Chapter seven of the thesis
summarizes and discusses the main results, and makes several suggestions for the

further investigations.

In order to look for signs of weak localization near percolation threshold, the tem-
perature dependences of the resistances were studied using conducting G-BN paral-
lelepipeds at temperatures from 1.8K to 300K, using a DIP system [Albers 1994].
Some of these samples, which had ¢ values very near the percolation threshold, were
also measured at temperatures from 1.4K to 30K and in magnetic fields up to 8.5T.

Since these experimental results were inconclusive, they are not included in this thesis.
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Chapter 2

THEORY

2.1 Introduction

This chapter deals with the percolation theory of a number of phenomena in het-
erogeneous conductor-insulator composites. A fairly complete overview of the theo-
retical developments in this field is given. Some relevant numerical and experimental
results will also be discussed in this section, but only when it is necessary to prove or

to supplement the line of the theoretical arguments.

Since the 70s, percolation theory and its applications have been the subject of a
large number of review articles and some books. Some of the review articles quoted
here in chronological order are by Kirkpatrick (1973), Essam(1980), Deutscher et al.
(Ed., 1983), Clerc et al. (1990), Bergman and Stroud(1992), and Nan (1993). Stauffer
and Aharony’s revised textbook (1994) provides the most recent complete review of
geometrical aspects of the percolation problem, with emphasis on cluster statistics,

renormalization group techniques, and numerical algorithms.

This chapter is organized as follows. Section 2.2 contains a detailed presentation
of the geometrical percolation problem, with emphasis on the critical exponents and
scaling laws. Section 2.3 presents the application of percolation theory to the mea-

surements of various physical quantities measured in this thesis, and again emphasizes
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the critical volume fraction and the existence of scaling laws. The microstructures
leading to different ¢.s are presented first. The percolation equations, describing the
electrical conductivity, dielectric constant, magnetoresistance, Hall coefficient, 1/f
noise, and thermoelectric power, are then discussed. In addition, the GEM equation,
which interpolates between the two percolation equations, is discussed in this section.
The chapter ends with Section 2.4, in which the current models accounting for the

nonuniversality of the conductivity exponent are reviewed.

2.2 Geometric Percolation

The geometric phase transition can be studied, either as a bond or as a site per-
colation problem. The bond percolation problem may always be converted into its
dual site percolation problem [Fisher, 1961]. The converse is however not true: not
every site percolation problem corresponds to a bond percolation problem. For this
reason, the site process is considered to be more fundamental. In this section, the ba-
sic concepts and elementary results of geometric percolation are illustrated using the

site percolation model, which is also the most appropriate one for continuum systems.

A site percolation system, using a 50x50 square lattice, is shown in Fig. 2.1.
Each site is occupied (black squares) at random with probability p or empty (white
squares) with the complementary probability (1-p). The neighboring squares are
called nearest neighbours if they have one side in common but not if they touch
only at one corner. A group of occupied squares, connected through nearest neigh-
bours, is called a cluster. A s-site cluster is a cluster containing s sites. When p is
small, most occupied squares are isolated or form very small clusters. The occupied
squares become more interconnected and form larger clusters as p is increased. At
percolation threshold p., an infinite cluster spanning the entire lattice appears.
For all p < p., there is no infinite cluster, and for p > p. the infinite cluster co-exists

with smaller finite clusters, which join the infinite one as p is further increased.
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Fig. 2.1 Percolation network on a 50x50 square lattice for three
values of p is shown in the figures. Occupied and empty sites are rep-
resented by black and white squares, respectively. The ‘infinite’ (per-
colating) cluster near the percolation threshold p. =0.59 is also shown.
The arrow indicates that (d) is obtained from (c) by deleting all clus-
ters except for the percolating one. (Reproduced from Smilauer 1991)
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The geometric phase transition from isolated clusters to an infinite cluster, plus
small isolated ones, is called the percolation transition. The percolation threshold p.
is a critical point, such as occur in second-order phase transitions in thermodynamic
systems, at which many properties of a percolation system change dramatically, as
a consequence of the appearance of the infinite cluster. The percolation threshold is
the key to understand the percolation phenomena of many physical systems. Table
2.1 shows the p. values known either exactly (in one and two dimensions) or from
numerical work (in three or higher dimensions). It is evident from this table that
the value of the percolation threshold p, varies with the type of lattice and with the
dimensionality of lattice. In two dimensions, the p. values extend from 0.35 to 0.70;
in three dimensions, p, spans the range from 0.12 to 0.43 for regular crystal lattices.

The volume fraction, ¢, is defined as

¢ = vp, (2.1)

where v is the filling factor of the lattice. The volume fraction & is, in general, the
fraction of space that is taken up by the occupied sites. The two dimensional case
is shown in Fig. 2.1, where the volume fraction is the ratio of shaded area to that
of the whole lattice area. The critical volume fraction ¢, is defined as the value of ¢
at the percolation threshold, that is, ¢. = vp.. Scher and Zallen (1970) pointed out
that ¢., in contrast to p., is remarkably insensitive to lattice structures with the same
dimensionality. This is seen by comparing the fourth and eighth columns of Table
2.1. To within a few percent, the critical area or volume fraction for site percolation
is 0.45 in two dimensions and 0.16 in three dimensions. The approximate dimensional
invariance of the critical volume fraction ¢. suggests that ¢. is a more fundamental
quantity than p., in site lattice percolation problems. For this reason, p,. is used only
to present lattice percolation models, while ¢. will be used in all future discussions -

on continuum percolation systems, both theoretical and experimental.

In addition to the percolation threshold p. or critical volume fraction ¢., six

other basic quantities or concepts are used to describe the geometrical properties and



Table 2.1 The bond (p’*¢) and site (p&*“

a variety of lattices (after Zallen 1983).

) percolation thresholds on

Dimension- Filling
ality Lattice or _ Coordination Factor
d Structure plomd p z v zp bond vh i = .
| Chain 1 1 2 ! 2 |
2 Triangular 0.3473 0.5000 6 0.9069 2.08 0.45
2 Square 0.5000 0.593 4 0.7854 2.00 0.47
2 Kagomé 0.45 0.6527 4 0.6802 1.80 0.44
2 Honeycomb 0.6527 0.698 3 0.6046 1.96 0.42
2.0+ 0.2 0.45 + 0.03
3 fec 0.119 0.198 12 0.7405 1.43 0.147
3 bce 0.179 0.245 8 0.6802 1.43 0.167
3 sC 0.247 0.311 6 0.5236 1.48 0.163
3 Diamond 0.388 0.428 4 0.3401 1.55 0.146
1.5 ¢+ 0.1 0.16 + 0.02
4 sC 0.160 0.197 8 0.3084 1.3 0.061
4 fec 0.098 24 0.6169 0.060
5 sc 0.118 0.141 10 0.1645 1.2 0.023
5 fcc 0.054 40 0.4653 0.025
6 sc 0.094 0.107 12 0.0807 1.1 0.009

L1
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statistics of clusters in a percolation lattice [Stauffer and Aharony 1994, and refer-
ences therein]. These additional concepts are: the correlation length, cluster size,
order parameter, density-density correlation function, scaling law and universality,
and fractal structures. Before discussing these six concepts, the distribution function

of cluster size should be introduced.

The cluster number n; is defined as the density of finite clusters, consisting of
s occupied and connected sites. It is nothing but the number of such clusters per
unit volume in the thermodynamic limit [Clerc et al. 1990]. Near the percolation

threshold p,, the distribution of cluster numbers is assumed to follow the scaling form

nu(p) o s f(2), (2.2)

where z = |p — p.| 8", ¢ and 7 are both critical indices, and f(z) is a universal scaling
function, where f(0) = 1. Equation (2.2) is fundamental in the scaling theory of
percolation phenomena, as will be seen below. Consider the k-th moment of the site
number s in a cluster, which is given by 3", s*n,. For p near p., the singular part of
this k-th moment can be calculated by replacing the sum with an integration. This
replacement is valid since only large clusters are responsible for singularity. Direct

calculation [Stauffer and Aharony 1994] yields

k <k °°
> s'n, :/ s"ngds = Qo/ ¥ f[lp — pe| s"] ds
. 0 0

9o —1- o0 - _
= lp = pl T [T ), (2.3)

Evaluation of the integral on the right-hand side of the above equation gives

Y skn, o |p - pe|CT1R/m (2.4)

(1) The correlation length ¢
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Mathematical calculations show that the correlation length measures the mean
distance between two sites belonging to the same cluster, which contributes to the
divergences of the k-th moment of the site number. As the percolation threshold is
approached, large clusters join, becoming larger and larger, and the correlation length

diverges according to the power-law

€ x |p - pcl_u 3 (25)
where v is a constant. £ 1s measured in units of the site length a,, implying that the
correlation length is actually a,{. Computer simulations [See Table I of Harris 1983]

yield »=1.35 and 0.88 in two and three dimensions respectively.

(2) The cluster size

The number of sites within the largest cluster near p. is s¢, which diverges as

s¢ o< p—pe M7 (2.6)

The average size s4,.0f the clusters near p., derived from Equation (2.4), is

Squv. = %% X Ip - pcl—‘ya (27)

where v is an exponent.

(3) The order parameter P,

P, is defined as the probability that any occupied site, chosen at random, belongs
to the infinite cluster. At p < p. there is no infinite cluster and P, = 0; at p = 1,
all sites are connected together, therefore P,, = 1. In general P,, can be expressed,

according to its definition, as

Po=1- —l—z:sn,. (2.8)
D

Near the percolation threshold p., P, follows the power-law

P o (p—pc)’. (2.9)
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(4) The density-density correlation function g(1)
This function g(1) gives the probability for two occupied sites separated by distance

[ to belong to the same cluster, and can be written as

g(l) = €T P(1/¢), (2.10)

where F(u) denotes a scaling function with F(u << 1)~ »™#/* and F(u >> 1)~1.

(5) The scaling laws and universality

The exponents in Equations (2.5) to (2.9) are called critical exponents in the
study of percolation phenomena. From (2.4) it is clear that these exponents are not
independent of each other. Comparing (2.4) with (2.5) — (2.9), one obtains the

following scaling laws

2—a=(s—1)/n, B=(s—=2)/n, -y =(s—3)/n, (2.11)

and

2—-a=+v+28,vd=08+1/ny, (2.12)

where d is the Euclidean spatial dimensionality of the lattice. From these scaling laws
it can be shown that only two of these exponents are independent. Universality in
the percolation transition requires that these exponents depend only on the lattice
dimensionality, and not on the local structure of the lattices. The scaling laws and
universality provide one of the most compelling arguments to apply lattice percola-
tion theory to continuum percolation systems, to test whether these concepts hold

for continuum systems

(6) The fractal structure
The geometry of the percolation cluster near ¢, is described by irregular geometric

fractals, or statistically self-similar fractals, within the length scale L such that a, <<
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L << & For L >> &, the percolation cluster appears homogeneous and the detailed
structure of the percolation network is unimportant in determining the network’s

physical properties. Combining equations (2.5) and (2.7), one obtains

Say X fdf X (P - pc)_dluv (213)

where the exponent dy is the fractal dimension of the percolation cluster. The scal-
ing laws relate the fractal dimension dy to other critical exponents and the lattice

dimensionality d (d < 6) as

dy=d—Bv. (2.14)

This fractal dimension d; is found to be 1.9 in two dimensions and about 2.5 in
three dimensions [Stauffer and Aharony 1994]. Since 8/v>0, the finite clusters at the
percolation threshold are fractals such that their fractal dimension dy is smaller than

their lattice dimension d.

2.3 Percolation in Binary Continuum Composites

A binary continuum percolation system is a topologically disordered mixture
of two components with drastically different physical properties, e.g. conductor-
insulator, conductor-superconductor, and sol-gel. In this section, only conductor-
insulator composites will be discussed, as this is the subject of the thesis. Conductor-
insulator composites consist of a conductor, with conductivity o., and an insulator,
with conductivity o; and dielectric constant ¢;, such that ¢;/0. << 1. The con-
ducting volume fraction ¢ is defined, by analogy to the site lattice problem, as the
fraction of the volume taken up by the conducting component. Such systems undergo
a metal-insulator transition at a critical conducting volume fraction ¢., at which the
conducting component first forms a continuously connected infinite cluster through
the sample. In this infinite cluster, the current is carried only by the backbone, which

is obtained from the infinite cluster by removing all the dead or “dangling” ends,
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which do not participate in the conduction.

The underlying concept of topological disorder is important in distinguishing con-
tinuum percolation systems from the lattice problem. In lattice percolation, the
structural starting point is that of a regular geometrical object—a periodic lattice.
Disorder is introduced by superimposing on the sites or bonds of such a lattice, a ran-
domly assigned two-state property (empty/occupied). The bimodal statistical vari-
able, imposed on a regular geometrical structure, gives rise to a stochastic-geometry
situation [Frisch and Hammersly, 1963]. The situation in the continuum system, how-
ever, represents a higher order of stochastic geometry, because the disorder-generating
statistical variable (conductor/insulator) is superimposed on a structure that is itself

topologically disordered.

The universality and scaling laws discussed in the previous section suggest that
one may apply lattice results to continuum percolation systems. Recent developments
in understanding the continuum system have revealed many special features of such
systems, that make this branch of percolation studies attractive and practical in its
own right. One of these aspects, the nonuniversality of critical exponents, or so called

“continuum correction”, will be discussed in Section 2.4.

Scaling theory predicts that many physical properties of percolation systems will
scale with the conducting volume fraction ¢ as a power-law with the form |¢ — &.|%,
where the critical exponent a can be positive or negative depending upon the prop-
erty being studied, and ¢. is the critical conducting volume fraction. The critical

exponents used in this thesis are:

v, correlation length exponent
t, DC conductivity exponent on the conducting side
3, DC conductivity exponent on the insulating side
s, dielectric constant exponent

k and w, 1/f noise exponents
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g, Hall coefficient exponent
tm, magnetoconductivity exponent
h1, thermoelectric exponent on the conducting side

h,, thermoelectric exponent on the insulating side

The following subsections will discuss the critical volume fraction and the various
percolation equations, which will be used to describe the percolation phenomena

associated with the G-BN percolation systems.

2.3.1 Critical Volume Fraction

The introduction of the critical volume fraction marked a milestone in the study
of lattice percolation systems because ¢., as was discussed in the last section, is a
lattice invariant. Recognizing that the random-close-packed structure is another form
of lattice [Zallen 1983], one expects that the continuum parameter (¢ — ¢.) should
play the same role as the lattice parameter (p — p.). It must be emphasized that in
the lattice percolation problem the empty sites and occupied ones are equal in size
and shape. This is hardly the case for all continuum systems. In fact the percolation
thresholds for binary composites can vary from less than 0.01 to greater than 0.5, de-
pending upon the structural parameters such as relative size, shape and distribution
of two component grains [Malliaris and Turner 1971, Kusy 1977, Balberg et al. 1984,
McLachlan 1991, and Dovzhenko and Zhirkov 1995].

The conductor and the insulator are assumed to consist of spherical or near spher-
ical grains, where [, and ; are the radii of the conductor and the insulator grains.
When [, ~ [;, the critical metal volume fraction ¢, obtained is about 0.16 in agree-
ment with Scher and Zallen’s invariant, as was discussed in the previous section. In
the case I, # I;, the ¢, values will deviate from the invariant value of about 0.16. For
I, << [;, the conducting grains coats the surface of and/or fills the interstitial space
between the insulator grains. An example of this is that a conducting liquid fills the

pores in a sedimentary rock. An early model is due to Malliaris and Turner (1971),



24

who assumed that each insulator grain is covered completely, with a monolayer of the
conductor grains at ¢.. Under this assumption they calculated ¢., as a function of

the ratio of [; and I, to be
50p.

IREOS)
where a = 1.11, 1.27, and 1.38 and p. =0.38, 0.50 and 0.67, respectively, for coordi-

e (2.15)

nation numbers, in two dimensions, of 6 (hexagonal), 4 (square), and 3 (triangular).
The ¢. values calculated using Equation (2.15) are often several times smaller than
the observed experimental ones, as Kusy (1977) noted. This is due to the fact that
many of the conducting grains can be trapped in voids between the large insulator
grains where they are unable to contribute to the percolation backbone. Kusy (1977)
considered the situation where the conducting grains do not have to cover completely
the insulating grains in order to form a conducting network. In this case a two di-
mensional percolation network is formed on the surfaces of the insulating grains at
¢, which is about one-half of that needed for Malliaris and Turner’s model. He also
derived ¢, as a function of the ratio /;/l., which can be written, only in the case of

cubic symmetry, as

1
SR
where a=1.27 and X.=0.42 for a cubic lattice. The ¢, values predicted by this model

b (2.16)

are in good agreement with the many experimental results for [;/l. >2.0, as shown in

Fig. 2.2.

It should be noted that the two models discussed above do not account for any
“ interactions”, such as attractions and repulsions, between two grains and do not

apply to nonspherical grains.

A further development in the modeling of the critical volume fraction ¢, was the
introduction of the concept of the excluded volume in continuum percolation systems
[Balberg 1987b and references therein]. The excluded volume is defined as the vol-

ume around an object V., into which the centre of another object is not allowed to
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enter, if overlap of these two permeable objects is to be completely avoided. Using

the excluded volume concept, ¢, has been derived as

¢ =1—exp [— (Bcf// < Ve >)] , (2.17)

where V is the grain volume, < V.e > the proper average of the objects’ excluded
volumes, and B, the Z — oo limit value of p.Z, where Z is the coordination num-
ber of the lattice (see Table 2.1). B. turns out to be invariant for a given object
shape. For example, the numerical values of B, and f//f/e, are B.=2.7 and 4.5, and
V/V..=1/8 and 1/4, for spheres (3d) and disks (2d), respectively. Consequently from
Equation (2.17) ¢.=0.286 and 0.675 for spheres (3d) and discs (2d) with excluded
volume effects, respectively. Note that this is a “soft” overlapping sphere model in

contrast to the hard sphere model which gives ¢. = 0.16.

The excluded volume theory predicts that the percolation threshold also depends
on any macroscopic anisotropy of a system. The anisotropy considered arises from
the orientation distribution (partially or completely parallel to a certain direction or
plane) of nonspherical grains in space. In this case ¢, is generally larger than its
counterpart in the situation with completely random orientation, and depends both
on the aspect ratio of the particles and orientation states [Nan 1992 and references

therein].

2.3.2 Electrical Conductivity and Dielectric Constant

As in lattice percolation problems, the critical behavior of physical properties of
binary continuum percolation systems is always controlled by the single correlation

length £, which diverges as ¢, is approached from both sides, and is given by

6 = a, |¢ - ¢c|_ua (218)
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where a, is the mean grain size, and v is the critical exponent.

The DC conductivity of a binary conductor-insulator composite behaves in a singu-
lar fashion near the critical conducting volume fraction ¢., at which the first electrical
conducting path spanning the whole samples is formed, if o; is zero. The DC conduc-
tivity o(¢,0) of conductor-perfect insulator composites vanishes as ¢. is approached

from the conducting side (¢ > ¢.) as

o(4,0) o< (¢ — 6.)°, (2.19)
where ¢ is the conductivity exponent, which depends only on the dimensionality of
system in lattice and ideal continuum systems. Computer simulations give t=1.1 —
1.3 in two dimensions and ¢ = 1.6 — 2.0 in three dimensions [Stauffer and Aharony
1994]. On the other hand, o(¢,0) diverges as ¢ approaches ¢, from below, if o, is

infinite, as

a(4,0) o< (¢ — ¢)7", (2.20)
where the exponent 3§ describes the divergence behavior of conductivity on the in-
sulating side. The numerical calculations suggest $=1.1 — 1.3 in two dimensions
and 3=0.7 — 1.0 in three dimensions [Nan 1993 and reference therein]. When the
conductivity ratio of real continuum conductor-insulator percolation systems is finite,

the so-called crossover (critical) region is defined as

16— g < (Z)ms. (2.21)

Oc

Here the DC conductivity can be shown to be constant [Straley 1977 and Kirkpatrick
1979), as

7($,0) = o7 0. (2.22)

The low frequency dielectric constant (¢, 0) of percolation systems diverges as

£(4,0) o (¢ — ¢)~°, (2.23)



28

where s is the dielectric exponent, and ¢, > ¢. The scaling ansatz predicts s = 5~

[Nan 1993).

The AC conductivity o(¢,w) and dielectric constant ¢(é,w) for a percolation
system have been studied using the scaling ansatz with a complex AC conductivity
Y(d,w) = o(¢,w) + jwe(¢,w) [Efros and Shklovskii 1976, Bergman and Imry 1977,
Straley 1977, Stephen 1978, Webman 1981, Stroud and Bergman 1982, Wilkinson et
al. 1983, and Clerc et al. 1990]. The form of this scaling equation is

L(¢,w) o | — ¢el g+ (i—w> , (2.24)

where 7 = v/—1, g+ and g_ are two different scaling functions for above and below

¢, respectively, and w, is the critical frequency given by

Oc

We

|6 — ¢l o< a(9,0)". (2.25)

Here ¢ is an exponent, expected to be (¢t + s)/t on the conducting side and to be

27T6.'

-(t + s)/3 on the insulating side of percolation. At ¢ = ¢, and at low frequencies,

(2.24) reduces to

(e, w) (’Z‘i) , (2.26)
where
r=— (2.27)
s+t ’
Defining
s
v=Ta (2.28)

The analytic properties of Equation (2.26) then lead to

o(Pe,w) x W, (2.29)
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and
el e w) x w™Y, (2.30)

where z and y are critical exponents. It is easily to see from (2.27) and (2.28) that

the critical exponents z and y satisfy the following scaling relation

cs+y=1 (2.31)

Another important and elegant result derived from Equation (2.26) is the universal

loss angle. A loss angle § for a materials with a complex AC conductivity L(¢,w) is

defined by

tan 6($,w) = . (2.32)

Clerc et al. (1990 and references therein ) noted that Equation (2.26) yields a

universal loss angle 4. given by

s T 8

=5l =57

at low frequencies near the percolation threshold, when w << w, = o./27e;. Note

(2.33)

that §. depends only on the dimensionality of systems, when s and ¢ have their uni-
versal values. From (2.32) it is seen that § is a function of the conductor volume
fraction ¢ and frequency w for ¢ # ¢.. However, in the critical region where ¢ differs
slightly from ¢., the universal value of §, should still be observed in a frequency range
we << w << w,. Clerc et al. (1990) have performed numerical calculations of the
universal loss angle é. using an effective-medium theory, the transfer-matrix method,
and the decorated deterministic fractal lattice. Their results indicated that tané.=1.0

in two dimensions and tané.=0.54 in three dimensions.

The AC conductivity and dielectric constant of percolation systems have previ-

ously been studied using two different physical models, namely (1) the intercluster po-
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larization model [Bergman and Imry 1977], also known as R—C model [Clerc et al. 1990]
and (2) the anomalous diffusion model ;Gefen et al. 1983]. Although these two theo-
ries are based on different starting assumptions, they both predict the scaling relations
(2.29), (2.30) and (2.31) but differ in the expressions they predict for the exponents

z and y.

In the intercluster polarization model, the conducting component is considered
as “pure” conductor while the insulating component is identified as perfect dielec-
tric. Within the framework of intercluster polarization, Efros and Shkolovskii (1976),
Bergman and Imry (1977), Stroud and Bergman (1982), Webman (1981), and Wilkin-
son et al. (1983), derived the relations (2.27) and (2.28). In fact the percolation equa-
tions for the electrical conductivity, dielectric constant and dielectric loss, discussed

above, all belong to the intercluster polarization picture.

In the anomalous diffusion model, the transport properties of the percolation
structure is formulated as a random-walk or Brownian-motion problem on the perco-
lating cluster. Anomalous diffusion occurs because of the fractal nature of the infinite
percolation network. The mean-square distance traveled randomly on the backbone

by the random walker will scale with the travel time t in the form

< r(t) >o t7x, (2.34)

where x is related to the previously defined critical exponents via y=(t — 8)/v. The
x term in the equation (2.34) characterizes the self-similar geometry of the infinite
cluster. For a nonfractal system, y = 0 and the mean-square displacement scales
linearly with ¢, as expected for a nonfractal, Euclidean system. By performing a
Fourier transform and replacing the time in Equation (2.34) by the frequency (¢
= 1/w), Equation (2.34) becomes

L(w) o« w¥x. (2.35)

By relating this diffusion length L to the conductivity, via the Einstein diffusion rela-
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tion, and averaging over the contributions of the charge carriers in different clusters,
Gefen et al. (1983) calculated the dispersion for electrical conductivity and dielectric

constant, and obtained

t

_ v-p
y = 5 Bil (2.37)

Note that these exponents z and y also obey the scaling relation (2.31), because a
single time scale for both resistance and capacitance is assumed in the calculation.
More recently, (2.36) and (2.37) have been derived using, instead of the generalized
Einstein relation, the Miller-Abrahams equivalent network which has the same elec-
trodynamic behavior as the random-walk system [Schirmacher 1994]. No model exists

which unifies the intercluster polarization and anomalous diffusion mechanisms.

2.3.3 GEM Equation

In Subsection 2.3.2, separate equations, (2.19) and (2.20), have been used to
describe the DC conductivities of a percolation system on each side of critical volume
fraction. McLachlan (1986 and 1996) developed a generalized effective media (GEM)
equation, which can, however, be used to fit the conductivity data obtained from

percolation systems. This equation can be written as

(L= ¢)(oi” = a'f%) | g(alli = a'lt)
ol 4 Lbegtfs T Gty Asbeg1e

0, (2.38)

where the symbols have their usual meaning. This equation is a continuous interpo-
lation between the two percolation equations (2.19) and (2.20), which describe the
divergent behavior of conductivity near the percolation threshold. When o;=0, the

GEM equation reduces to

), (2.39)



32

and when o.=00, it reduces to

¢c_¢
P

Both of these equations have the mathematical form of the percolation equations.

)7s. (2.40)

o= oy

Letting ¢. = 0 in Equation (2.39) and ¢. = 1 in (2.40), one arrives at the Bruggeman
asymmetric equations. Furthermore, in the case of t=35=1, the GEM equation reduces

to the Bruggeman symmetric equation.

The GEM equation has been used to accurately fit the conductivity data for
a number of binary percolation composites [McLachlan et al. 1990 and references
therein]. It has also been shown [Deprez et al. 1988] that the electrical conductivity,
thermal conductivity and permeability can all be fitted to the GEM equation with

the same two morphology parameters ¢. and ¢=s.

2.3.4 Hall Coefficient and Magnetoresistance

The magnetoresistance and Hall coefficient of percolation systems involve the
coupling of electrical and magnetic fields, and have been less thoroughly investi-
gated than the electrical conductivity and dielectric constant. For the magnetoresis-
tance, Bergman (1987) calculated, using the scaling ansatz, the magnetoconductivity
Ao (H) and the relative magnetoresistance [R(H)— R(0)]/ R(0) in low magnetic fields,
near the critical volume fraction. Bergman'’s is the only theory for magnetoresistivity
and as only the transverse magnetoresistances of the G-BN conducting parallelepiped
samples are measured in this thesis, the critical behavior of the transverse magne-

toresistance in conducting regime is quoted first. Bergman (1987) gave

AR _ R(H)— R(0)
R R(0)

o (¢ — gc)", (2.41)

and

— Ao =—[o(H) - a(0)] x (¢ = )™, (2.42)
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where t,, is the critical exponent describing the critical behavior of the second order
Hall contribution to the low field magnetoresistance, and H is the magnetic field.
Bergman (1987) also made the prediction that ¢ = t,,, implying that the relative
magnetoresistance [R(H) — R(0)]/R(0) is constant near the percolation threshold.

Many authors [Skal and Shklovskii 1974, Levinshtein et al. 1975 and Straley 1980]
have predicted that the Hall coefficient Ry of a percolation system diverges, as the
critical volume fraction ¢. is approached from the conducting side of the percolation

transition, as

Ry o (¢ — ¢e)™°. (2.43)

Here g is the “Hall” critical exponent with predicted values of 0.5 — 0.6 in three di-
mensions and g = 0 in two dimensions. However, according to Bergman and Stroud
(1985), the effective Hall coefficient Ry of conductor-insulator composite on the con-

ducting side can be described by scaling theory, as

o;\? -
Ri o Re(6 = 92 + B (2) (96— 9™, (2.44)
where R. and R; are the Hall coefficients of the conductor and insulator respectively
and ¢ is the conductivity exponent defined in Subsection 2.3.2. The theoretical values
of the exponent g in Equation (2.44) are ¢=0 in two dimensions and ¢=0.3~0.8 for

three dimensional systems. The second term dominates the right-hand side of (2.44)

only when ¢ is close enough to ¢, for the condition

(6 — o) < [(%) (Z—)] " (2.45)

to be satisfied. Dai et al. (1987) investigated experimentally the exponents ¢ and g
for the Al-Ge films and found that the measured values of t=1.75 and g =3.8 (~2t)
and 0.38, close to the threshold of Al and the threshold of Ge respectively, are in
good agreement with Equation (2.44).
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2.3.5 1/f (flicker) Noise

The voltage drop across almost any resistor fluctuates about its average value with
or without a constant current flowing through it. In the absence of a driving current,
these voltage fluctuations are known as Johnson or Nyquist noise, which originates
from the thermal motion of the charge carriers. In an equilibrium situation this
thermal motion has an average energy 3/2kgT, where kg is the Boltzman’s constant
and T is the absolute temperature. The power spectrum Sy (f) (f=frequency) of the
voltage fluctuations is related to its resistance R, through a fluctuation-dissipation

theorem, by

Sv(f) = 4ksTR. (2.46)

Since the relaxation time of thermal motion is extremely fast, 7=10"12s, the Johnson

noise is frequency independent ( or white) at low frequencies ( < 10?2 Hz ).

When a DC current is passing through a resistor two “excess” noises, depending
upon the magnitude of the DC current, are often observed. The first of these is shot
noise. Its spectral density Si(f) of the current fluctuations is also “white” or constant

at low frequencies and is given by

Si(f) = 2el, (2.47)

where e is the electronic charge, and I is the DC current flowing through the sample.
The shot noise arises because of the finite size of the electrical charge carriers which
leads to current pulses at the electrodes of the sample. In practice, the shot noise
is large only at low current where the discreteness of the electrical charge carriers
is important. The details of the transport processes of the charge carriers have no
influence on the shot noise, provided there is no interaction between them and their

statistics are close to Boltzman [Hooge et al. 1981].

At sufficiently low frequencies, the “1/f” or “flicker” noise is the dominant excess

noise. Unlike the Johnson noise and the shot noise, which are well understood, the
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source of 1/ f noise has been the subject of innumerable controversies [Dutta and Horn
1981, Hooge, Kleinpeening, end Vandamme 1981 and Weissman 1988 ]. Hooge (1969)
proposed an empirical formula for the 1/f noise in homogeneous samples, which in
terms of the voltage fluctuations can be written in a general form as:
aV?
SV(f) = W?

where, in Hooge’s original paper, « is a dimensionless constant, with a value of

(2.48)

about 2x1073 for III-V compound semiconductors and not greatly dependent on
the temperature, 9=2 for ohmic samples, =1, v is a number close to unity over a
wide frequency range typically from 1072Hz to 10*Hz, and N the total number of
charge carriers; usually proportional to the sample volume. In more recent years,
the observed value of a has been found to vary from 1075 to 10~! in small volume
metallic samples [Testa et al. 1988} and to be as high as 10 to 107 in granular high
T. superconductors [Song et al. 1990]. Although the relation between the noise power
and DC voltage is usually given by the square-law, i.e., =2, for most electrical 1/f
noise systems, a linear dependence of Sy (f) on V, for a limited DC current range, has
very recently been observed in superconductors [Kang et al. 1994]. The exponent
is usually found to be 1.0£0.1 over six or more decades of frequency. However, a great
controversy over the factor N still exists. The inverse dependence on N was postulated
by Hooge (1969) to unify the noise process in metals and semiconductors with o ~
2x1073. The physical idea behind this postulate is that independent fluctuations are
occurring on each of the mobile carriers, that is, the noise process for each carrier is

independent.

For an ohmic resistor, the voltage fluctuation 6V under a constant bias current
arises from resistance fluctuations 6R, and 8V = IéR. In this case, the normalized

spectrum is independent of the type of stimulation, e.g. constant current or voltage,

and [Hooge et al. 1981]

Sv(f) Se(f) _Si(f)  «
vV: ~ R Iz Nofr

(2.49)



36

The problem of 1/ f noise in percolation systems has lead to a number of theoretical
and experimental investigations. The problem is potentially very interesting because
the noise power is a more sensitive probe of inhomogeneities in the conductor than the
resistance. In fact, the total resistance R of an inhomogeneous system is a moment
of order 2 of the local currents ¢, flowing through the conduction paths A, which are

characterized by their resistances ry. The total resistance R can be written as

YA T
==

where [ is the total current through the sample. In contrast, the resistance fluctua-

(2.50)

tions are a moment of order 4 in the current ¢, and

Sa(f) = AR

where S,(f) is the noise power spectrum for resistor r, [Rammal et al. 1985b].

(2.51)

Rammal, Tannous, Breton and Tremblay (1985) have introduced a new scaling
exponent, «, different from and unrelated to any of the previously defined expo-
nents for percolation, to describe the divergence of normalized noise power spectrum
Sv(f)/V?, near the critical volume fraction ¢,, on the conducting side of percolation
through the power law

Sv(f)

vz x(6=4)7" (2.52)

Recalling that the DC resistances diverge with critical exponent ¢ as ¢, is approached
from the conducting side, and combining Equations (2.19) and (2.52) gives a unique
prediction for the normalized 1/ f noise spectrum as a function of the resistance. This

can be written as

Sv(f)

——'V2— X Rw, (253)
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where the exponent w = &/t. Equation (2.53) is more convenient for fitting experi-
mental data because the experimertal determination of the ciitical volume fraction

¢. 1s not always reliable.

The resistance R of a fractal lattice has an anomalous size-dependence [Alexander

and Orbach 1982 and Rammal and Toulouse 1983], given by

R(L) « L™t (2.54)

where L is the size of lattice and f; = %L(d — 2) is an exponent characterizing the
transport properties on the lattice considered. Here dy and d are the fractal and spa-
tial dimensions of the structure respectively. Motivated by Equation (2.54), Rammal
et al. (1985b) showed, using scaling arguments, that the noise power Sy (f)/V? of a

fractal structure should follow the scaling relation

Sv(f)
V2

where b appears as a new exponent, not related to any previously introduced expo-

« L7, (L>>1) (2.55)

nents, and is bounded as

1
—BL <b< =28 - " (2.56)

where v is the correlation length exponent. The exponents 1, and b have been calcu-
lated for a variety of lattices, using various numerical methods, and the results give
B1=0.97 and 1.16, and 4=1.16 and 1.26 in two and in three dimensions respectively
[Rammal et al. 1985a and Tremblay et al. 1986]. Note that L is measured in terms
of the site or grain size. Rammal et al. (1985b) also used Equations (2.54) — (2.56)

to study percolation systems involving a fractal geometry for the infinite cluster.

2.3.6 Thermoelectric Power (Seebeck Coefficient)

The thermoelectric effect provides a useful tool for characterizing the transport

properties of conductors and semiconductors. Herring (1960) was probably the first
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to study this problem for composites, but only where the differences in the physical
quantities between the various components were assumed to be small. Webman et
al. (1977) studied the thermal conductivity and the thermoelectric power of binary
inhomogeneous materials consisting of conductor and nonconductor components with
electrical conductivities o, and o;, thermal conductivities K. and K;, and Peltier
coefficients P. and P; respectively. They derived a self-consistent effective-medium

approximation for the thermoelectric power, which can be written as

_ 6K, <S'D >

Sm = 1-3< K'D'>’ (2.57)
where
o.l
D = )
(KT 2K (0 + 20m) (2:58)
and
, P
S = prt (2.59)

Here the subscript m refers to composite materials having a thermoelectric power
S, an effective electrical conductivity o, and an effective thermal conductivity K.
P',o’' and K' are the local Peltier coefficient, electrical conductivity and thermal
conductivity, respectively; and the average < - > was taken over all space or over all

local configurations around a given point.

Equation (2.57) exhibits two interesting features. First, in the case where 0; < o,

and P; < P,, it reduces to

Sm(@) = Se, (2.60)

where ¢ > ¢.+0.1, that is, well above the percolation threshold, S,,(¢) is independent
of ¢.

Second, in the insulating region, ¢ < ¢, S,.(¢) shows a pronounced rise with

decreasing ¢, given by
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(S
\¢c> — ¢), (2.61)

provided that o; < o, S; > S., and K; ~ K.. In summary, S,,(¢) is proportional to

o~(¢) below ¢, and is constant above it.

More recently Milgrom and Shtrikman (1989) and Bergman and Levy (1991) made
theoretical studies of thermoelectric properties of binary composites, using the field
decoupling transformation discovered by Straley (1981). They obtained an expression
for the effective thermoelectric power of binary composites, given by

S.—S, Hm/=-—1

K g
= S , (2.62)
Se=S5i R/%-1

where the symbols have the meanings already given in this section. Starting from
this equation, the thermoelectric power S, of composites can be expressed in a form
showing an explicit interpolation between the thermoelectric power values of the

metallic component S, and insulating component S;, which is

ﬁm._m__]_
S = S+ (Si — So) et (2.63)
wl e =1

The behavior of 5,, near a percolation threshold has been studied in detail, using
the scaling arguments, by Levy and Bergman (1992). In their scaling scheme, both
K;/K. and o;/0. are assumed to be very small compared to unity. Furthermore, the
dependence of S, upon both the electrical conductivity ratio o;/o. and the thermal
conductivity ratio K;/ K., which can sometimes be described by qualitatively different
expressions of ¢, can make the scaling behavior very complex, in contrast to the
familiar simple power-law for the electrical conductivity. It is surprising that the
coupling of electric and temperature fields does not cause the appearance of any new
exponent, necessary to describe the critical behavior of thermoelectric power, as Levy
and Bergman could use only the exponents ¢ and s to achieve their objectives. For
graphite and hexagonal boron-nitride, one has K; > K. [Lide 1994]. Therefore Levy

and Bergman’s scaling scheme for thermoelectric power of percolation systems is not
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applicable to the G-BN systems. New power-laws for the thermoelectric power near
percolation threshold are proposed in this thesis and will be presented in Chapter

six.

2.4 The Nonuniversality of Critical Exponents

The applications of the scaling laws of lattice percolation to continuum systems,
as discussed in Section 2.3, are probably attributed to the concept of the universality
of the scaling behaviors, i.e. they depend only on the dimension of the percolation
system, and do not on the details of geometric structure or the interactions between
the conducting particles. For the critical exponents s and ¢, the most widely accepted
universal values in three dimensions are 0.87 and 2.0 respectively. Although many
computer simulations and experiments support this belief, some experimental results
on continuum systems have shown that the value of exponent t can be 3 or even
larger [Pike 1978, Carmona et al. 1984, Chen and Chou 1985, and McLachlan et al.
1990], which implies that the critical exponents are not necessarily universal in some

continuum systems.

Kogut and Straley (1979) first realized that peculiar conductance distributions
in an infinite percolation resistor network could yield nonuniversal conductivity ex-
ponents. Consider a network where the conductances of the occupied sites are dis-
tributed according to the distribution function h(G) ~ G as G — 0 for G < G.,
where 0<a<1. The value G, is defined as the minimum conductance in a subset of
conductances, which give rise to percolation when the conductances are placed into
the lattice in descending order. Since close to the percolation threshold, the resis-
tance of the sample is determined by the intercluster links, and the total resistance
of a link is determined largely by a series connection of the resistors G™!, the average

conductance of the system is given by

Grampte X < G157 (4= 6.)f « (¢— o)t Tm. (2.64)
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Therefore the universal exponent ¢ should be replaced by

t,:{ t if  a<0 (2.65)

t+1= if 0<ac<l.
Note that this model does not allow ¢’ to be smaller than the accepted universal
values of t. The first percolation system found, that yielded a theoretical distribu-
tion function of the G™* class, leading to nonuniversal behavior of the conductivity,
was the ‘Swiss-cheese’ (or random-void ) model [Halperin et al. 1985]. In this sys-
tem, uniformly-sized overlapping insulating spheres are placed randomly in a uniform
conducting matrix. Near the percolation threshold ¢., the resistance behavior of the
Swiss-cheese model is dominated by the narrow conducting necks which join the larger
regions of the conducting medium. The local conductance G of these narrow necks
depends on their neck ‘width’ § as G ~ §¥*!, where y = a/(l — «). Fory > 0 or

0<a <1, the critical exponent is in the range

Mazjy+1+(d=2), t] <t < t+y. (2.66)

" For y <0 or a <0, i.e. in the inverted Swiss-cheese model, the roles of the two com-
ponents are interchanged. A similar argument, analogous to the Swiss-cheese model,
can then be made. However, in this case the conductance distribution does not result

in any correction to the conductivity exponents.

Balberg (1987a) suggested another system which gives nonuniversal behaviour. In
this system, the conducting particles are embedded in an insulating matrix, similar to
the inverted Swiss-cheese model, but where the inter-particle conduction mechanism
is tunneling and the particles are arranged onto a percolating network. In this model,
the tunneling conductance between two hard spherical conducting particles of radius

b,, separated by a distance r (>>b,), is given by

G x exp(—r/l), (2.67)

where [ is the tunneling distance (typically 10~100;1). To find the conductance
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distribution, a distribution function for the distance between the surfaces of two

adjacent particles, h(r), was proposed. This is

h(r) o (—r—) e, (2.68)

a,

where a, is the average closest distance between two particles. Using the relation in
elementary probability theory h(G) = h(r) - dr/dG, for large values of r, Equations
(2.67) and (2.68) give rise to the distribution G(&5)1 = G- for small G, yielding a

nonuniversal critical exponent

t'=t+(=)1-—). (2.69)

The nonuniversality of the conductivity exponent ¢ has also been found in per-
colation systems with macroscopic anisotropy [Yoon and Lee 1990; Carmona et al.,
1984]. More recently, Lin (1991) found in the PrBa;Cu3zO;-Ag percolation system,
that the conductivity exponent t increases monotonically from 1.48 to 1.91 with in-
creasing conductivity ratio o./o;, from 3.2x10* to 2.2x10''. The mechanisms for the

breakdown of the universality of ¢ in these last two cases are not well understood.



43

Chapter 3

APPARATUS AND
EXPERIMENTAL METHODS

3.1 Sample Fabrication

All the samples studied in this thesis are mixtures of Graphite powder (G: Lonza,
KS75) as the conducting component and hexagonal Boron-Nitride powder (BN: Ad-
vanced Ceramic Corporation) as the insulating component. Since the actual bulk
resistivity of the graphite and BN powders, and the actual dielectric constant of the
BN powder, used in the present study, are not known, they had to be measured ex-
perimentally, as will be described in this chapter. Compressed pellets of the BN have
a resistivity of 10'6Q) — cm in the axial direction and 4.2x10'Q — ¢m in the trans-
verse direction, and a relative dielectric constant of 2.8 in the axial direction. Similar
compressed Graphite pellets have a resistivity of 0.12Q — ¢cm and 2.9x1073Q — cm
in the axial and transverse directions respectively. This measured axial resistivity is
consistent with that of 0.15 ~ 0.25() — cm along the c-axis observed in a good single
graphite crystal at room temperature, while the measured transverse resistivity is
close to that of 4.2x1073Q — c¢m in the a-b plane [Reynolds 1968]. Therefore the
measured bulk graphite resistivity is thought to be mainly bulk resistivity of graphite

grains and not intergrain contacts.
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Two classes of powder mixtures were made using these materials: the first, com-
pressed discs and parallelepipeds cut from the discs, and the second, a powder mixture
undergoing compression. In this section, the relevant details of the method of sample

preparation and fabrication are discussed.

A predetermined amount of graphite and BN powder was weighed out with the ap-
propriate weight percentage of the two components. This weight percentage is equal
to the relative volume percentage, since these two constituents have the same densi-
ties: 2.25gms/cm? [Lide 1994]. The preweighted amounts of G and BN powder were
then put into an agate container, together with agate balls, and ground and mixed
in a planetary mill. At the end of this process, the powders had become a random
mixture of grains, since the two constituents are mechanical isomorphs, with the same
crystal structure (hexagonal) and almost the same crystal structure parameters, as
discussed in Chapter one. Carefully poured 50%G-50%BN and 55%G-45%BN powder
mixtures, with a total weight of 35gms each, were used in this form for conductivity
and dielectric constant measurements, in the appropriate sample cell. To make the
compressed discs, about 3gms of the appropriate powder mixture was poured into
a die of 26mm diameter and compressed into a disc using a pressure of 200MPa.
The discs were typically about 2.5mm thick. Bar shaped samples (50x5x5mm) were
also made, using a square cylinder with a cross-section of 50x5mm and a pressure of

200MPa, perpendicular to the 50x5mm surface.

For the measurements of the axial conductivity, dielectric constant and 1/f noise,
silver colloid paste was painted on two surfaces of the discs, forming both the elec-
trodes and capacitor plates. During this procedure a circle of thin copper wire, with
a diameter of about 16mm for the current/voltage contacts, was embedded in the
electrodes. For samples with a resistance less than 100f2, a separate wire near the
centre of the disc, for a separate voltage contact, was also embedded in the elec-
trodes. When all the measurements in the axial direction were finished, the silver
paste was stripped off the faces of the discs and the discs were cut and polished into

24(length)x8(width)x2(thickness)mm and 18x3x2mm parallelepipeds. The former,
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using silver paste and embedded copper wire on the two 8x2mm surfaces as electrical
contacts were used for the measurements of the transverse DC conductivity, Hall
coefficient, 1/f noise and thermoelectric power. The smaller parallelepipeds, with
the electrical contacts on the two 18x2mm opposite surfaces, were used only for the

transverse magnetoresistance measurements, which are described in Section 3.4.

Because of the slow relaxation after mechanical compression, it was found that
the resistance of the disc samples, especially those near the percolation threshold,
increased with time, so that an aging period was allowed before performing the various
measurements on these samples. In an effort to determine the correct aging time, the
resistance of the sample with ¢ =0.156 was measured twice daily for a period of 35
days. The results are plotted in Fig. 3.1, in which the solid curve is a best fit to the

data using the following equation

R(t) = Ry + Ry(1 — 7 7), (3.1)

where R; is the initial (¢=0) resistance, ¢ is time, and 7 is the relaxation time.
For this particular sample, a least squares fit gave R; =73.7kQ), R, = 38.4k{) and
7 = 20.5days. For 99% accuracy of the final resistance R(t = o0), a simple calculation
based on Equation (3.1)shows that minimum aging time tmin = 3.57 = T2days is
required. All the measurements reported in this thesis were made on disc samples
that had aged for at least three months. Samples measured a year later were found

to have altered by less than 1%.
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Fig. 3.1 The resistance against time(days) for the disc sample with
¢ = 0.156. The solid curve is a least squares fit of the relation R(t) =
R,+R,(1-e r) to the data. The best fit parameters are given in the text.
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3.2 Sample Characterization

3.2.1 Porosity of the Disc Samples

The apparent densities of disc samples were obtained by measuring their mass
and thickness only, as their diameters were constant (26.0mm). The porosity of the

discs is calculated using the formula

w
ity =1 — —=
porosity 2 A
1%
=1—0.0838— (3.2)

A

where
W= the mass of disc, grams;
p= the density of disc without porosity, 2.25g/cm?;
r= the radius of disc, 1.30cm;

A = the thickness of disc, cm.

Fig. 3.2 shows the results of these measurements in the form of disc porosity
against the volume fraction of graphite. As the mass of the discs can be measured
with uncertainty of +0.1mg in the total mass of about 2.5g, the experimental error
in porosity comes mainly from the thickness measurements which have 2% relative
error. Therefore the error bars for the porosity data in Fig. 3.2 are all less than
the size of the symbols. It is seen from this plot that the average porosity is about
18% for all the compressed disc samples, this is consistent with previous results on
pure graphite measured using a similar method [Reynolds 1968]. Furthermore, near
the percolation threshold ¢.=0.150 (see Chapter 4) there is a small peak of porosity.
This could possibly be attributed to the fractal structure of the infinite percolation
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cluster in the samples if one images that there are more interstitial spaces within the

percolation cluster which the BN grains cannot fill in due to their finite sizes.
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Volume fraction ¢

Fig. 3.2 The porosity against the graphite volume fraction for the
disc samples. There is a small porosity peak associated with the critical
volume fraction ¢.= 0.150 (see Section 4.2).
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3.2.2 X-ray diffraction

X-ray diffraction (XRD) was principally used to examine the grain orientation in
the discs. A Phillips PW 1010 X-ray diffraction spectrometer was used and operated
at 40kv, 20ma, and a scanning rate of 1°/minute. A nickel filter was placed in po-
sition so as to produce nearly monochromatic radiation from a copper source. The
results are shown in Fig. 3.3. As graphite and hexagonal BN have the same crystal
structure and nearly the same parameters and density, they are indistinguishable by
the usual X-ray methods. Therefore, any detectable impurity should show up as un-
expected peaks in the traces of graphite and/or BN. The traces in Fig. 3.3 show that

no significant contamination was introduced during sample preparation.

To monitor the grain orientation or anisotropy in the powders and discs, a powder
mixture was poured into a copper cup of 26mm in diameter and 4mm in depth. The
powder always filled the cup and the X-rays scanned the flat upper surface. Different
densities of powder in the cup were obtained by pressing the top surface using a
piston with the same diameter as that of the copper cup. A filling and pressing
process was repeated until the desired density was obtained. The relative intensity
of peaks changed accordingly with the apparent density of the powder in the cup, as
shown in Fig. 3.4. The X-ray trace of a lightly poured and unpressed powder was
treated as the reference, i.e. grains distributed randomly without any orientation.
The anisotropy of discs with the same compositions was determined by comparison
with the reference. The results and calculations indicate that the Graphite and BN
crystals in the discs have about 80% of their c-axis within 1° of the direction of the
pressure or axis of the disc. This orientation effect is later qualitatively confirmed

from the very anisotropic resistivity measured in the compressed samples.
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3.2.3 Stress-Strain Tests

The stress-strain relationships in the disc making process for graphite, BN and
50%G-50%BN mixture, were investigated. Fig. 3.5 shows the typical results, which
were obtained using a universal testing machine. There was always the same amount,
3gm, of powder inside the die. Typically, a very small stress was observed until a
packing fraction of about 0.45, after which the stress increased rapidly, indicating an
increasing resistance to inter-particle slipping. At packing fraction of about 0.62 the
stress begins to rise very rapidly, indicating plastic deformation. This plastic flow
must lead to fairly large contact areas between neighboring grains, and hopefully to
a more uniform pressure inside the die, which would yield a more uniform density

within the disc samples.

Another stress-strain experiment was made to compare the strength of pressure
bonds among the G-G, G-BN and BN-BN contacts. Compressed bars of 50x5x5mm
dimension, consisting of pure graphite, 50%G-50%BN and pure BN, were used for this
purpose. The bar was supported at the two ends, about 20mm from its centre, and
a load applied in the middle of the bar. The bar was oriented so that the load stress
was in the same direction as the pressure during sample preparation. The results are
illustrated in Figs. 3.6a, b and c. One important feature of all these curves is that a
force between 3.5 and 8.5N was needed to break the bars, showing that the strength
of the G-G, G-BN and BN-BN pressure bonds between grains are all approximately
the same. From these observations, it seems that the mechanical relaxation would be
about the same for all discs for the full range of graphite volume fractions. If this is
so, one would expect that the aging time obtained for the one sample described in the

previous section is similar to those that would have been obtained for all the others.
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Fig. 3.5 A typical relationship of stress-strain in the disc making"
process. |: the packing fraction=0.45; {}: the packing fraction =0.62.
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Fig. 3.6b The bond strength tests for a compressed 50%G-50%BN
bar.
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3.2.4 Grain Size Distribution and Shape

The grain size distributions of composites were investigated using the Mastersizer
( Malvern Instruments) and the “paste sampling” method. This instrument employs
a low angle laser scattering technique, using a He-Ne gas laser of wave length 0.63um,
and has high resolution, differentiating up to 100 size classes in the range of 0.1 —
80um. The ground powder was mixed with water and stirred thoroughly. Then the
powder-water mixture was pumped through (in a transparent plastic pipe) the laser
beam of length 2.2mm, and a diffraction pattern was obtained from all grains. A
volume distribution was generated directly by the instrument. This is equal to the
weight distribution since the density of the two components in this case is constant.
Over 2000 measurement sweeps were averaged to obtain the final results. Figs. 3.7a,
b, ¢, and d show some results of the grain size distributions obtained for G, BN,
18.7wt%G and 20wt%G powders. This data shows that the particle size distributions
of the powders are a log-normal or Gaussian, as expected. The average grain diam-
eters are found to be 18.8+2.5um (G), 12.4%1.8um (BN), 16.0+2.4um (¢ = 0.153),
and 12.6£2.0pm(¢=0.164) respectively. Note that the diameter used above, to spec-
ify a grain diameter, is the volume equivalent spherical diameter. For example, the
volume equivalent spherical diameter for a cylinder of 200um height and 20pm in
diameter is 49.3um. This means that one cannot relate the grain sizes (diameters),
obtained from the grain-size distribution experiment, to their true shapes. As a re-
sult, the grain shapes have to be obtained using other methods. This was done using
both an optical microscope and an electron scanning microscope. In Fig. 3.8 are
optical micrographs of the grain in powders with ¢ =0.158 and 0.41. It is clear that
the graphite and BN grains have an irregular shape, but are definitely not “rod” or
“disc” shaped. A reasonably good approximation for the shapes is spherical or near

spherical.
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180 100 10.3 6.1 848 16.0 Focal length = 100
180 04 149 99.6 8.48 46 7.0t 114 Presentation=stand
149 0.5 123 99.2 7.01 32 579 8.2 Volume distribution
123 0.7 102 98.5 5.79 22 4.79 6.0 Beam length =22
102 12 89 97.3 4.79 1.5 395 4.5 Obscuration =0.1826
83.9 21 693 95.2 395 1.0 327 34 Volume Conc. =0.0339 %
69.3 33 S§73 91.9 327 0.7 2.70 2.7 Residual =0.306%
573 47 473 97.3 2.70 0.5 223 22 Model indp
473 60 39.1 313 223 04 1.84 1.7
39.1 7.0 323 74.3 1.84 03 1.52 14 D(v,0.5) = 18.83 ym
323 7.8 267 66.4 1.52 0.3 1.26 1.1 D(v,0.9) = 53.00 um
26.7 8.7 220 57.7 1.26 02 1.04 0.9 D(v,0.1) = 644 um
22.0 93 182 48.4 1.04 0.2 0.86 0.7 D{(4,3) = 2420 um
18.2 9.6 5.1 38.8 0.86 0.2 0.71 0.5 D(3,2) = 13.86 um
15.1 9.0 124 29.8 0.71 0.2 0.59 0.3 Span = 25
12.4 7. 10.3 221 0.59 0.2 048 0.2 Spec. surf. area
0.5525 sq.m.cc.
o)
3100 —t—+
=
o)
%50
0 —t—t
.1 1

10

Particle size (um)

100

Fig. 3.7a The grain size distribution for ¢ = 0.82 (pure G). The av-
erage grain size is 18.8um.




59

Upper % Lower % Upper % Lower % Result source = Sample
Size in  Size under Size in Size under Sample:BN
180 100 10.3 9.0 848 297 Focal length = 100

180 0.0 149 100 8.48 7.0 7.00 227 Presentation=stand
149 0.0 123 100 7.01 52 579 175 Volume distribution
123 0.0 102 100 5.79 38 479 137 Beam length =2.2
102 0.0 839 100 4.79 28 395 110 Obscuration = 0.2204
839 00 693 100 3.95 2.1 327 8.9 Volume Conc. = 0.0247 %
69.3 0.1 573 99.8 3.27 1.6 2.70 7.3 Residual =0.393%
57.3 04 473 99.4 2.70 12 223 6.1 Model indp
473 1.1 39.1 98.4 223 09 1.84 52
39.1 23 323 96.1 1.84 0.7 152 4.6 D(v,0.5) = 12.40 ym
323 42 267 91.9 1.52 06 1.26 4.0 D(v,0.9) = 25.45 pum
26.7 7.0 22.0 84.9 1.26 06 1.04 3.3 D(v,0.1) = 3.62 uym
22.0 10.0 18.2 74.9 1.04 0.7 0.86 2.7 D(4.3) = 13.46 um
18.2 124 15.1 62.5 0.86 0.6 071 2.0 D(3.2) = 756 uym
15.1 12.6 124 30.0 0.71 0.6 0.59 1.5 Span = 1.8
124 11.3 103 387 0.59 0.7 048 0.8 Spec. surf. area

1.0432 sq.m./cc.

%100 —t—t 20
250 + 110
= 5
0 —t ' 0

. 10 100

Particle size (um)

Fig. 3.7b The grain size distribution for ¢ = 0.00 (pure BN). The

average grain size is 12.4um.
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Upper % Lower % Upper % Lower % Resuit source = Sample
Size in Size under Size in Size under Sample:¢ = 0.153
180 100 10.3 6.6 848 232 Focal length = 100

180 0.1 149 99.9 8.48 52 7.01 18.0 Presentation=stand
149 0.1 123 99.8 7.01 40 579 140 Volume distribution
123 02 102 99.6 5.79 30 479 11.0 Beam length =2.2
102 0.5 839 99.1 4.79 22 395 88 Obscuration =0.1972
83.9 1.0 69.3 98.1 395 1.7 3.27 7.1 Volume Conc. = 0.0266 %
69.3 19 573 96.1 3.27 1.3 2.70 59 Residual =0.319%
57.3 33 473 92.8 270 1.0 223 4.8 Model indp
473 47 391 88.1 223 0.8 184 4.1
39.1 6.2 323 81.9 1.84 06 152 34 D(v,0.5) = 1598 um
323 74 267 74.6 1.52 06 1.26 29 D(v,0.9) = 42.27 um
26.7 86 220 66.0 1.26 05 1.04 23 D(v,0.1) = 437 uym
220 9.4 182 56.6 1.04 05 0.86 1.8 D(4,3) = 19.54 ym
18.2 97 151 46.9 0.86 05 0.71 1.3 D(3,2) = 978 um
15.1 9.1 124 37.8 0.71 0.4 0.59 0.9 Span = 24
124 8.0 103 29.8 0.59 04 048 0.5 Spec. surf. area

0.8178 sq.m./cc.

3100 —t—t
B
%50 }

e

10
Particle size (um)

Fig. 3.7c The grain size distribution for ¢ = 0.153. The average grain
size is 16.0um.
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Upper % Lower % Upper % Lower % Resuit source = Sample
Size in Size under Size in Size under Sampie:o = 0.164
180 100 10.3 8.6 848 30.2 Focal length = 100

180 0.0 149 100 8.48 69 701 234 Presentation=stand
149 0.0 123 100 7.01 33 579 18.1 Volume distribution
123 0.0 102 100 5.79 40 479 14.1 Beam length =2.2
102 0.1 839 99.9 4.79 3.0 395 111 Obscuraion = 0.2562
839 02 693 99.7 395 2.3 327 8.8 Volume Conc. = 0.0301 %
69.3 05 §73 99.2 327 1.7 270 7.1 Residual =0.298%
573 1.1 473 98.2 2.70 14 223 5.7 Model indp
473 2.0 39.1 96.2 223 1.0 184 4.7
39.1 33 323 929 1.84 0.8 152 4.0 D(v,0.5) = 12.57 um
323 49 267 88.0 1.52 0.7 126 33 D(v,0.9) = 28.96 um
26.7 71 220 80.9 1.26 0.6 1.04 2.7 D(v,0.1) = 3.60 um
220 9.3 182 71.6 1.04 0.6 0386 2.1 D(4,3) = 1438 uym
18.2 11.1 15.1 60.5 0.86 0.5 0.71 1.5 D32 = 793 um
15.1 11.3 124 49.2 0.71 0.5 059 1.1 Span = 20
124 10.4 103 38.9 0.59 0.5 048 0.6 Spec. surf. area

0.9732 sq.m..cc.

%100 —t—
%50 |
0 ——t—t

. 1

10

Particle size (um)

100

Fig. 3.7d The grain size distribution for ¢ = 0.164. The average grain
size is 12.6um.
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3.3 Measurements of the Conductivity and Dielec-

tric Constant

3.3.1 Measurements on the Disc and Parallelepiped Samples
Axial Conductivity and Dielectric Constant Measurements

The DC resistances of the disc samples for ¢ < ¢. were all measured using a
Keithley 617 electrometer in V/I mode ( two probe configuration) operated at 100V
Because in this case the sample resistances can be as high as 5x10*Q) and the mea-
surement current can go down to 0.2pA, an electrical shield around both the sample
and current lead is absolutely necessary. The shielded box required for this purpose
was made in the laboratory. The insulation of the sample holder from current lead
to ground was examined by measuring the resistance of an open circuit, i.e. with no
sample between current and voltage leads. This measurement shows that the insu-
lation resistance is higher than 2x10'®Q), which is at least 40 times larger than the
maximum resistance of the insulating discs measured. Therefore, this procedure made
resistance measurements on insulating discs reliable. A 100V DC signal was always
applied for 30minutes to allow the sample to reach equilibrium, before the reading
of the resistance was taken. For ¢ > ¢, the two-probe method was also employed,
using the Keithley 617 electrometer operating in an Ohm-meter (constant current )
mode for resistances larger than 100Q2. When the resistance was below 100§2, separate
voltage and current leads embedded in each of the electrodes had to be used. In these
measurements, the DC current, which was controlled by a combination of the voltage
source and buffer resistors, is in the range of 0.05 — 5mA. The voltage and current
were measured simultaneously using two digital volmeters. Good linearity was ob-
tained for the range of currents used and no heating effects were observed during the

experiments.
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The AC resistance and capacitance of the disc samples were measured in an R—C
parallel circuit mode at room temperature in the frequency range 30H z to 100MH z
and with two equidistant points per decade on a log-scale. An ESI 2150 Video Bridge
was employed in the frequency range 30Hz to 100kHz. The bridge was always set
up to auto-average over twenty (the maximum) consecutive measurements, and was
calibrated prior to use by making open and short circuit corrections, in order to get
rid of the effects of lead resistances and stray capacitances. The bridge was operated
in either the constant voltage or constant current mode depending on the resistance
of the sample measured. For the samples with a DC resistance larger than 10002,
a constant voltage method was used together with the standard oscillator level of
1Vrms, in order to get good signal-to-noise ratio. A constant current, with a rms
value of 1mA, was used to measure the samples of a DC resistance less than 1000€2.
In the high-frequency regime, 300kHz — 100MH z, a Hewlett-Packard (HP) 4592A
network/spectrum analyzer, with a HP45925A impedance test kit, was used. The
analyzer was operated in the impedance mode and routinely calibrated using three
standard terminations: short, open and a 50f) load. The data was averaged over 300-
500 readings to reject random noise. In both the low- and high-frequency regimes,
care was taken to ensure that the levels of signal used did not cause heating. The
conductivity and dielectric constant were derived from the equivalent parallel resis-

tance and capacitance readings given out by the instruments.

Transverse DC Conductivity Measurements

The measurements of DC conductivity of the conducting parallelepiped samples
(¢ > ¢. only) were carried out using a conventional four-lead geometry. The voltage
across the two voltage leads and current flowing through the sample were measured

directly and simultaneously using two digital volmeters.

Because of an unsuitable geometry (i.e. a small cross-section area (8x2mm) rela-
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tive to a larger length (24mm)), measurements of the AC resistance and capacitance
for insulating parallelepiped samples vere not feasible or unreliable, and consequently

are not included in this work.

3.3.2 Measurements on the Powder Samples

It was probably the equal densities of graphite and hexagonal boron-nitride that
made the powder experiments possible since there is no relative precipitation between
the graphite and boron-nitride powders during powder pouring and while they are
being compressed. Any humidity inside the powder can lead to a large spurious
conductivity, as the BN component has a very high resistivity. Therefore all the
powder experiments, including the pouring and the electrical measurements, had to
be performed in an air-conditioned room with a relative humidity of less than 12%
at room temperature. To check for inconsistencies, each powder experiment was

repeated three times.

Measurements in the Axial Direction

The axial DC conductivities of 50%G-50%BN and 55%G-45%BN powders were
measured in a polyethylene cylindrical vessel of 42mm internal diameter with a smooth
brass bottom, which together with a close fitting non-rotating brass plunger formed
the electrodes. The vessel and the plastic framework, which supported the plunger,
were mounted on a plastic base. The plunger could be moved downwards using a
0.5mm pitch precision thread mechanism, which was calibrated before performing
the experiments. This measurement system is very similar to that used to measure
the axial AC conductivity and dielectric constant (see Fig. 3.9). The resistance of
the empty vessel is above 2x10'®§), which is over 50 times larger than the maximum

resistance of any powder measured.

To have a very low and constant initial apparent powder density in the vessel,

special pouring methods had to be used. The plunger, together with the plastic
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framework supporting it, was first removed. The powder was first poured into a
cylindar with a sieve bottom, which was placed over and covering the orifice of the
sample vessel. A solid bar, of the same length as the internal diameter of the cylindri-
cal sieve and resting on the sieve bottom, was slowly rotated around a central pivot
to agitate the powder, causing it to fall slowly through the sieve into the vessel. After
this procedure, the plunger and the plastic framework were put back in the position,
as illustrated in Fig. 3.9, and the whole system was then placed in an electrically
shielded metal box. The voltage and shielded current leads from the electrometer
were connected to the electrodes of the powder cell. To increase the volume fraction
of graphite, the plunger was moved down gradually, and the corresponding volume
fraction was calculated from the weight and density of the graphite in the powder and
the total volume between the bottom plate and the plunger, whose position relative to
the bottom plate is accurately known at all times from the micrometer or calibrated
thread position. Near the percolation threshold the volume fraction increments were
very small, 0.001 (0.1%). The following formula was used in the graphite volume
fraction calculations for a cylindrical vessel in the powder experiments:

b= M - wp- %

h-7r?

wp
=4, = .
955 X (3.3)

Here

M= the mass of powder mixture, 35.00£0.01grams;

wp= 0.50 for the 50%G-50%BN powder and 0.55 for the 55%G-45%BN powder;
p= the density of the graphite or boron-nitride, 2.25g/cm?;

h= the separation between the bottom plate and plunger, cm;

r= the internal radius of the cylindrical vessel, cm.

At the beginning of an experiment the apparent density was about 0.36g/cm®
which corresponds to a packing fraction for the G—BN powder of about 0.16. The
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downward motion of the plunger was limited by the torque that could safely be ap-
plied to the calibrated thread. Th: resulting maximum apparent density was about
0.63¢/cm® and packing fraction of about 0.28. This packing fractions mean that there

were always cavities in these powders during the measurements.

The DC resistance was measured using the Keithley 617 electrometer in the V/I
mode. A voltage of 100V was used for resistances larger than 200GQ and the voltage
was lowered to 10V and then down to 0.5V, as the powder became more conductive
with increasing graphite volume fraction while the plunger was moved down. The
minimum resistance of powder in these experiments was larger than 100€2 due to the
limitation of maximum torque which can be safely applied to the plastic framework
and the thread. After the resistance had been read for a particular volume fraction,
the Keithley electrometer was set to the zero check state, and then the plunger was
slowly advanced to the next volume fraction position. After a pause of Sminutes to let
the grains settle down, the zero check state was removed and the resistance recorded,
after the reading had become stable. This usually took 15mins on insulating side and
less than 1min on conducting side. Resistances between 200G and 20G{?, where

¢ =~ ¢., were too unstable to be measured.

Because the powder experiments gave extraordinary high values of the exponent
t, a second pouring method had to be developed to check if the pouring procedure
played a role. For this second method, a close fitting perspex piston, with a 1cm slot
in the middle, was placed in the cylindrical cells. The slot was then filled and kept
full of powder as the piston was moved upwards, with a rotating action, using a lmm

pitch threaded rod, and the powder was stroked into position with a “twist” motion.

Fig. 3.9 shows the system used to measure the axial AC conductivity and dielec-
tric constant. In this case the cylindrical capacitive vessel consisted of a glass wall of
70mm internal diameter, a close fitting non-rotating plunger and the bottom plate.
The plunger and the bottom plate, which were made from circuit boards backed by

polyethylene plates, formed the two capacitor plates. The plunger was moved down
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Fig. 3.9 Schematic diagram of the system used to measure the axial
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using a 25mm micrometer head. The methods of pouring the powder into the ves-
sel were the same as described above and the similar sieves with the appropriate
diameters were used. An ESI 2150 bridge (30Hz — 100kH z) and a HP4592A net-
work /spectrum analyzer with HP45925A impedance test kit (300kHz — 10MH?z)
were used to measure the AC resistance and capacitance in the parallel circuit mode
at room temperature. The calibration and set up of these two instruments are ex-
actly the same as those for measuring the discs described in the previous subsection.
Whenever the volume fraction was changed, the leads of either the ESI bridge or the
impedance test kit were first disconnected from the sample vessel. Then the plunger
and the bottom plate were electrically shorted out and the plunger was moved to
a new volume fraction position. After a few minutes pause, the short circuit was
removed and the four leads of the ESI bridge were reconnected to the vessel for low
frequency measurements. The leads of the ESI were then replaced by two leads of
HP45925A for the high frequency measurements. In this experiment, the leads were
kept as short as possible, and great care was taken to ensure that the leads of the
instruments were always in the same configuration when performing the measurement

as they had been during the calibration procedure.

Measurements in the Transverse Direction

The apparatus and methods used to measure the transverse resistances and capac-
itances of the powders are very similar to those used for axial direction measurements.
Therefore only the major differences in the design of the sample cells are described

below.

The DC Measurements

To keep the stress distribution within the powder as close to that in the axial
measurements as possible, the “powder cell 7 of the measurement system for the
transverse DC conductivity was designed to be nearly the same as that used for axial

measurements. The principal differences are that the walls of the cylindrical vessel
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now consist of two 90° brass sectors separated by two 90° polyethylene sectors, and
the plunger and bottom of the vessel are both polyethylene. In this case, the geomet-
ric factor, which is used to derive the conductivity from the resistance data, could
not be calculated in a straightforward manner, and was therefore determined exper-
imentally by painting 90° silver electrodes on the sides of 42mm diameter graphite

cylinders of known resistivity and different lengths.

The AC Measurements

In this case the sample cell had to have a parallelepiped shape, with fixed thick-
ness and variable cross-sectional area. Two 170x115mm copper/fibre glass circuit
boards, with 150x115mm copper sheet in the middle, formed the two capacitance
plates. These two circuit boards, backed by polyethylene sheet, were separated by
two 10x10x115mm polyethylene spacers, and screwed to a polyethylene base. The
plunger was a close fitting polyethylene section with a cross-section of 10x150mm,
and was driven downwards by the same 0.3mm pitch precision screw as used in the
axial DC measurements. The capacitance of the empty cell was calibrated against
plunger height, so that the capacitance between the area of the capacitor plates cov-
ered by the plunger could be corrected for. A slot shaped sieve was used to pour the
powders and a soft brush was moved backwards and forwards in the sieve to get the

powder to flow through the mesh and into the cell.

3.4 Measurements of the Magnetoresistance and

Hall Coefficient

The magnetoresistances of the conducting G-BN parallelepipeds near the perco-
lation threshold were measured at room temperature in magnetic fields up to 1.5T.
Fig. 3.10 shows a block diagram of the electric circuits and instruments used for
automated measurements of the magnetoresistance and Hall coeflicient. The data

acquisition program is an analogue to the so-called DIP system, which is used to



71

Prema

DVM

[EEE

PC

std1

magnetic field

sample 1

{magneto conductivity)

IEEE

HP DAC

b2

X

\X

/]
°

std2

~_L sampie 2 (Hall constant)
Hall probe
current
supply

Fig. 3.10 Schematic diagram of the system used to measure the
magnetoresistance and Hall coefficient for the G-BN conducting paral-

lelepipeds.



72

measure the temperature dependence of various resistances in a range 1.8 — 300K,
and was fully described by Albers (1994). The one major difference is that the Hall
probe reading replaced the thermometer reading and the magnetic field replaced the
temperature.

The desired currents through each sample were obtained by choosing appropriate
values of the buffer resistors Ry; and Ry, (see Fig. 3.10). The polarity and magni-
tude of the magnetic field was controlled manually by reversing and varying the DC
current in the windings of the magnet. A relay in the HP DAC (a HP3497A Data
Acquisition/Control Unit ) was used to reverse the direction of the sample current
at every data point. The resistance of the sample was determined from the voltages
across the sample and across the standard resistor. In order to cancel the spurious
voltage due to misalignment and thermomagnetic effects, the average was taken for
four readings: two by reversing the directions of the current and a further two by
changing the polarity of the magnetic field. The HP DAC connected in turn the Hall
probe leads and the many other voltage . leads to the Prema 5000 Digital Voltmeter
(DVM). When the circuit, which was being connected to DVM, is stable, the read-out
digital signal from DVM is transferred to the PC for data reduction.

Several other salient features of this measurement system are described below.

The sample geometry

The length-to-width ratio of a rectangular parallelepiped sample influences the
measured magnetoresistance and Hall coefficient in opposite ways [Putley 1960, Chap-
ter 2]. Here the length is defined along the edge of sample with the same direction of
the current, while the width is along the edge perpendicular to both the directions
of the current and magnetic field. For the Hall coeflicient, if the Hall voltage is mea-
sured on a short wide sample, with large area current electrodes at each end, then
the voltage measured would be less than that expected from the simple theoretical
expression. The reason for this is that the current electrodes at the ends tend to

short out the Hall field. Quantitative calculations have shown that to eliminate this
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shorting effect the length-to-width ratio must be greater than 3 or 4. On the other
hand, the Hall electric field “ends to prevent the curvature of the mean free path in
the presence of a magnetic field, which is responsible for the increase in resistance.
Therefore if the Hall field is shorted out, the measurement of the resistance change
due to magnetic field will be more accurate. Therefore, while a large length-to-width
ratio ( > 3 ) is recommended for Hall effect measurements, a much smaller ratio is

better for measuring the magnetoresistance.

Because of this, two different sample geometries were used to measure the magne-
toresistance and Hall constant in the present study. For the magnetoresistance, the
parallelepiped samples with a length-to-width ratio of 1/6 were chosen in order to get
a larger differential voltage signal due to an external magnetic field. Since the length
of the sample is now too short to allow two voltage leads to be connected on its edge,

a quasi-four probe method has to be employed to measure the magnetoresistance.

For the Hall coefficient, parallelepipeds with length-to-width ratio of 3, which
were also used to measure the transverse conductivity, 1/f noise and thermoelectric
power, were selected. As shown in Fig. 3.10, one Hall contact H; was applied at the
geometrical middle point on one side of sample along the direction of the current,
and on the another side a IMf) (low noise) metal film potential divider Hy H3 Hy was
connected. With the magnet off, the position of the wiper (H3) was adjusted to give
zero potential difference between H; and H;. With this circuit, when the magnet is

switched on, the Hall voltage should appear between H; and Hj.

The Hall probe

A Siemens SBV538 Hall probe, driven by a 30mA DC current, was used to mea-
sure the magnetic field. It was calibrated at room temperature against the NMR
(Nuclear Magnetic Resonance) Gaussmeter in the EPR laboratory of the physics de-
partment. The Hall voltage from the probe was measured during the experiment and

converted to the magnetic field magnitude using the calibration data.
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The magnet

A commercial electric-magnet (Newport Instruments), with conical pole pieces of
145mm initial and 70mm final pole diameters, was used to generate the magnetic
field which ranged from 0T to 1.5T. Tapwater flowed though the cooling tubes in the
coils. Two HP6528A DC power sources were connected in a master-slave mode to
supply the current to the magnet. The direction of the magnetic field was reversed
by changing the direction of the coil current, at nearly zero current, using a reversing

switch.

The sample and Hall probe holder (not shown in Fig. 3.10)

The two samples to be measured were mounted on a flat polyethylene base, while
the Hall probe was mounted on the underside of the base. The polyethylene base was
supported by a wooden frame on the side of the magnet and adjusted to be parallel to
the pole surfaces. Since the samples were held flat on the surface of the polyethylene
base, the magnetic field and the direction of sample current were always vertical to

each other during the measurements.

Because no Hall voltage signal could be detected at room temperature using the
measurement system described above, measurements were also made at liquid ni-
trogen temperature, as the Hall coefficient for pure graphite increases rapidly with
decreasing temperature. In the low temperature experiment, the sample was mounted
on a teflon bar inserted in a stainless steel tube. This tube was then placed in a glass
dewar of 17mm inter diameter, filling with liquid nitrogen, and the dewar was clasped
vertically in magnetic field. At liquid nitrogen temperature, in addition to the DC
method shown in Fig. 3.9 and discussed above, an AC method using a lock-in am-
plifier, operated at a low frequency, was also used to try to detect the Hall voltages.
Unfortunately no Hall voltage was detected at liquid nitrogen temperature, using

either the DC or the AC method. Because of the time limitations for this project,
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further improvements of the Hall measurement system could not be carried out.

3.5 1/f Noise Measurements

The 1/ f noise experiments were carried out on conducting discs and parallelepipeds,
near the percolation threshold. The measurements can be classified into two types
according to their final objective: first, to measure the power-law for the normal-
ized noise power against the sample resistances; second, to measure the sample size
dependence of the normalized noise power for the samples near the critical volume
fraction, where the fractal structure of the infinite cluster could dominate the physical

properties of the sample.

The 1/f noise measurements were all made at room temperature over the fre-
quency range 1Hz — 1000H z. A number of fresh 9V alkaline batteries connected in
series formed the DC voltage source. A wire wound buffer resistor, or buffer resistors
in series, with at least ten times the sample DC resistance, was connected in series
with the sample to be measured. The voltage drop across the sample was amplified
by a Stanford Applied Research SR560 Preamplifier, with the bandpass filter set at
0.3Hz and 3kHz in the low noise mode and running on its internal rechargeable
batteries. The alkaline batteries, sample, buffer resistor(s), and preamplifier were all
placed inside a grounded steel box. The output of the preamplifier was transmitted
to a HP3562A signal/spectrum analyzer, which performs the analogue Fast-Fourier
Transform (FFT) to give a noise power spectrum. A PC computer, connected to
HP3562A through the IEEE bus line, recorded and plotted the spectrum. The DC
current through the sample was varied by changing either the number of batteries in
series or the resistance of the wire wound buffer resistor(s). The background noise
from the batteries and preamplifier was examined by measuring the noise generated
by a wire wound resistor, which replaced the sample in the circuit and had approxi-
mately the same resistance. This measured background noise is about four orders of

magnitude smaller than the smallest 1/f noise level measured for the samples. The
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contribution of the noise from the contacts between the sample and the electrical leads
to the measured 1/f noise was also found to be negligible in these experiments. This
conclusion was made because when one doubled the resistance of the buffer resistor
and the voltage of the DC source (therefore the current through the sample is the
same but the ratio of buffer resistance to sample resistance was doubled), no change

in the slope and the magnitude of the noise power spectrum was observed [Leeman

et al. 1980].

The 1/ f noise spectrum between 1 Hz and 1000H z was taken for each sample and
averaged for between 300 to 1000 sweeps by the signal analyzer. The background or
thermal noise (i.e. zero current noise), which superposed on the 1/f noise spectrum
generated by the current, was recorded first and later subtracted from the 1/ f noise
spectrum. In order to verify the I? or V2—dependence of the 1/f noise spectrum,
six or seven selected DC currents were used for each sample. The DC resistance
of sample was also measured with the same electrical lead configuration, and using
the same six or seven DC currents as that for the 1/f noise measurements. The re-
sults of these resistance measurements showed that the noise measurements were all

taken within the Ohmic regime of the samples, and no heating effect was taking place.

The experiment to investigate the sample size dependence of the normalized 1/ f
noise power was performed in the following way. Disc shaped samples with a graphite
volume fraction ¢ in the range 0.154 — 0.175 were made and selected. These discs
were first cut into the largest rectangular shape possible and the 1/ f noise was mea-
sured, in the transverse direction. Several DC currents were used to check the [?—
dependence of the noise power and the linearity of the resistance. Next, while keeping
the sample thickness constant, the length and width were cut down so as to keep an
approximately constant length-to-width ratio. The noise and resistance were mea-
sured in the same way as before, and then the size of the sample was reduced again.

The series of sizes for two typical samples are given below:
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0.1537 : )
2.78x15.9x16.4mm,
2.78x12.8x13.9mm, 2.20x16.3x16.3mm,
2.78x9.90x11.1mm, 2.20x14.6x14.6mm,

=0.1785:

(1)

(2)

(3)
2.78x7.70x8.60mm, (4) 2.20x12.3x12.3mm,

(5)

(6)

(7)

2.20x18.1x18.1mm,

5) 2.78x3.50x3.90mm. 2.20x10.2x10.2mm,

2.20x8.40x8.40mm,
2.20x6.20x6.20mm.

3.6 Measurements of the Thermoelectric Power

The thermoelectric power measurements were made on conducting parallelepiped
samples with graphite volume fractions from 0.154 to 0.82. The temperatures of the
hot and cold ends of the sample to be measured were controlled so as to be 5+0.2°C
and 4540.2°C respectively. The apparatus, which was placed in an evaporation plant,
is shown in Fig. 3.11. Two 50x60x10mm copper blocks formed the heat sink (cold
block) and heat source (hot block) respectively. A heater coil was wound onto the
hot block, which was thermally and electrically insulated from the copper base plate
by four nylon screws. The heat sink is thermally and electrically connected to the
copper base plate through two copper screws. The base plate was thermally coupled
(welded) to the copper tube, through which the chilled cooling water passed. Two
calibrated PT100 thermometers were embedded in each copper block to measure the
temperatures. A standard four-probe method was employed to measure the resis-
tances of these two thermometers. A constant current of 1mA from two Lakeshore
123 current sources passed through each thermometer. The voltage drops across the
two thermometers were monitored continuously by two digital voltmeters. The volt-
age drop across the PT100 in the hot copper block and the 1mA current signal were
simultaneously fed to the temperature sensor of a homemade PTC (positive temper-
ature coefficient) temperature controller. The output of the temperature controller
was fed to the heater coil on the hot block, which provided the power necessary to

control the temperature of the hot block.

Silver paste was painted on the two 8x2mm ends of parallelepiped sample. The
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Fig. 3.11 Apparatus used to measure the thermoelectric power. The
whole system shown is in a vacuum plant.
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sample was then mounted, with the silver paint still wet, between the two copper
blocks, after two electrical leads (copper wires) had been embedded in silver paint..
These leads, between the sample and each copper block, were used to measure the
electrical potential difference. In order to avoid unwanted heat gradients, all the
electrical leads, including all the leads for the two thermometers, were heat sunk by
winding several turns of each wire around the corresponding copper blocks. A Prema
5000 63 digital voltmeter with resolution of 0.1V was used to measure the voltage
between the cold and hot ends of sample. During the experiment, iced water was
pumped through the cooling tube which cooled the heat sink (cold block) down to
540.2°C, while the hot copper block was warmed up to 454+0.2°C by the temperature
controller and heater. Inside the belljar the pressure was less than 1.0x10~>Torr. The
potential difference between the two ends of the sample being measured was read
from the DVM, when the temperatures of two PT100 thermometers had been stable
for about half an hour. It should be noted that in the temperature range from 5°C
to 45°C there is no thermodynamic phase transition in the G-BN samples, so that a
constant thermoelectric power is a reasonably good approximation for these samples.
This was later confirmed in the experiments since approximately the same thermo-
electric power data was obtained when the temperature of the hot end of sample was
set-up in the range 10° — 45°C, but a larger temperature difference was preferred as

it gave more accurate voltage readings on the DVM.

Before performing the measurements on the samples, the entire system was cali-
brated by soldering a constantan wire between the two copper wires wound onto both
the cold and the hot copper blocks, and making measurements under the same condi-
tions as the sample experienced during the experiment. The thermoelectric power of
copper-constantan thermocouple measured in this system was 38.4uV/K, reasonably

close to the generally accepted value 40.2uV/K.
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3.7 Data Fitting Technique

The least squares fitting program of a commercial software package “Microsci-
entist” was used to fit the relevant percolation equations to the experimental data
obtained for the G-BN samples. A statistical program in the package gave the stan-
dard deviation with 95% confidence for each estimated parameter. For a parameter,
which was obtained from fitting the experimental data from different runs, a weighted
average was taken over all the estimated values in the following way

YT ,sl_g
a=—", (3.4)
where @ is the best final estimation of parameter a, @; is a least squares fitting of the

data obtained from the j-th run, and §; is the corresponding standard deviation. 6%,

the standard deviation given for @, is obtained from

(3.5)

The critical volume fraction ¢. is the most fundamental parameter used to de-
scribe a particular percolation system, as it explicitly appears in all the expressions
involving various critical exponents. The following method was used for fitting the

- data to obtain the best values for ¢. and the critical exponents.

First, ¢. and conductivity exponents ¢t and 5 were obtained by simultaneously fit-
ting the two percolation equations for DC conductivity on each side of the percolation
transition to the DC conductivity data. In this step, ¢., the two pre-factors and the
two exponents ¢ and 3, were treated as free parameters and were determined as the

values for which a minimum residual was obtained.

Secondly, the ¢, value obtained in step one was fixed, the pre-factor and the expo-
nent in the relevant percolation equations, other than those for the DC conductivity,

were allowed to vary. An estimation of the pre-factor and the exponent and their
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standard deviations were obtained through the fitting program.

Thirdly, some small perturbations were given to ¢., and the fitting program was
re-started, using the pre-factor and the exponent obtained in the previous step as
initial values, to check if the new value of ¢. results in a better fit of the pre-factor
and the exponent. The change in the ¢, value by this method was always found to be
insignificant. These procedures provided very reliable values for the fitting parame-

ters.
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Chapter 4

THE ELECTRICAL
CONDUCTIVITY, DIELECTRIC
CONSTANT AND
MAGNETORESISTANCE

4.1 Introduction

As previously stated, the electrical conductivity and dielectric constant of random
metal-insulator mixtures are the most widely investigated physical properties in per-
colation studies. Like other second order phase transitions, metal-insulator transitions
are observed by a steep change of electrical conductivity in a narrow range of metal
volume fractions. As already discussed in Chapter two, scaling theory predicts that,
near the percolation threshold ¢., the DC conductivity follows the power-laws (2.19)
and (2.20) and that the low frequency dielectric constant follows another power-law
(2.23). It also predicts that the AC conductivity and dielectric constant scale with
frequency as described by (2.29), (2.30) and (2.31). Two physical models, namely
intercluster polarization and anomalous diffusion, have been suggested to explain the

AC scaling behaviour. They give rise to different expressions for the exponents  and

y in (2.27) and (2.28), and (2.36) and (2.37) respectively.
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The experimental deta for the DC conductivity and the real part of the low fre-
quency dielectric constant obtained from the disc samples, and the 50%G-50%BN and
55%G-45%BN powders are presented and analyzed in Section 4.2. The experimen-
tal results for the complex AC conductivity measurements are given and discussed
in Section 4.3. The measured relative magnetoresistivity and magnetoconductivity
are presented in Section 4.4. The chapter ends with a summary of the finding and

discussions in Section 4.5.

In this chapter, the vacuum permittivity ¢, is left out in both (¢,0) and &(¢,w),

i.e. they are relative dielectric constant, in contrast to that used in Chapter 2.

4.2 The DC Conductivity and Low Frequency Di-

electric Constant

The axial DC conductivity was measured for two sets of disc samples below and
above the percolation thresholds, while the transverse DC conductivity was measured
only on parallelepipeds cut from the second set of disc samples on the conducting side.
Except where otherwise stated hereafter, the disc and parallelepiped samples referred
to are the second set. For the 50%G-50BN and 55%G-45%BN powders, the mea-
surements of the axial and transverse DC conductivities were made, using different

cells, as described in Subsection 3.3.2. All the low frequency dielectric constants were

measured at 100H z and 1000H =.

In this section, the experimental results on the DC conductivity and the real part
of the low frequency dielectric constant for G-BN disc samples and powders are pre-
sented. The discussion and comparison with other previously published experimental
results are given, usually by a comparison of the critical volume fraction ¢. and the

critical exponents ¢, 3 and s.
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4.2.1 Results

Fig. 4.1 shows the logarithm of the room-temperature axial DC conductivities
o(¢,0) as a function of the volume fractions for the second set of disc samples and
a typical run on 55%G-45%BN powder. Both the conductivities vary by more than
14 orders of magnitude over the range of 0< ¢ < 0.23, with a relatively small scat-
ter of the data near the critical volume fraction. The crossover or critical region,
defined by (ai/ac)ti_? ~ (10‘16/102)&?, is too small to observe. Similar results have
been obtained for the first set of disc samples and other runs on the 55%G-45%BN
and 50%G-50%BN powders. The two percolation equations, (2.19) and (2.20) with a
common ¢., are fitted simultaneously to the axial DC conductivity data for the discs.
This fit gives a small uncertainty in and equally good statistical properties of the es-
timated parameters on both sides of the percolation threshold. The data and best fit
results are shown in Figs. 4.2a and b, where both fits use the same value of ¢.(0.150).
The transverse DC conductivity data, obtained from the parallelepiped samples cut
from the disc samples with ¢ > ¢., together with its best fit line (¢. = 0.150), are also
given in Fig. 4.2a. Fig. 4.2c shows axial dielectric constant data for the discs, where
the solid line is a least squares fit of the power-law relationship of (2.23) to both the
100H z and 1000H z data. In this fit ¢, was fixed at the value of 0.150, obtained from
the best fit of the disc DC conductivity data plotted in Figs. 4.2a and b. The pa-
rameters @, t, 5 and s for the disc samples are summarized in Table 4.1. Transverse
DC conductivity and dielectric measurements on the parallelepiped samples on the
insulating side were not possible due to unsuitable geometric factor. The capacitive
measurements on the samples well above ¢. could not be made because of the high

conductances of the samples and the limitation of the instruments used.

The conductivity data for all the discs from ¢ = 0 to $=0.82 is plotted as a function
of volume fraction on a semi-log scale in Fig. 4.3. The theoretical curve in this case
is a best fit to the GEM equation and the parameters are ¢.=0.150+0.002, log o;=-
15.864-0.04, log 0,=1.89+£0.02, 5=1.05+0.18 and ¢=3.03+0.07. These parameters are

very close to those (Table 4.1) obtained using a simultaneous fit to the two percola-
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Fig. 4.1 The axial DC conductivity o(4,0) versus the volume fractions
on semi-log scale for disc shaped samples and a typical run on 55%G-
45%BN powder.
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Fig. 4.2a The axial and transverse DC conductivities against (¢ — ¢,)
for ¢ > ¢.. The critical volume fraction is found to be ¢,=0.150 +0.001,

and the values of ¢ exponent are t = 2.63+0.07 and 2.68+0.13 in the
axial and transverse directions respectively.
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Fig. 4.2b The axial DC conductivity against (¢.—¢) for ¢ < ¢., where
0. =0.150. The value of 3 is found to be 1.01+0.05.
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Fig. 4.2c The axial dielectric constant against (¢. — ¢) for ¢ < ¢.. The

exponent s is determined by least squares fitting using ¢. = 0.150, and
the fitting result is s =0.53+0.07.
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Table 4.1 The observed critical volume fraction ¢, and exponents 3,

s and ¢.

SAMPLE
Discs
Axial AC
Axial DC

Transverse DC

Axial AC
Axial DC
‘Poured Powder’
50%G
Axial AC
Axial DC
Transverse AC
Transverse DC

55%G
Axial AC
Axial DC

Transverse AC
Transverse DC

‘Twist’ Powder

50%G
Axial AC
Axial DC

o

0.150 £ 0.001
0.150 £+ 0.001
0.150 £ 0.001

0.153 £ 0.001
0.153 £ 0.001

0.114 £ 0.001
0.120 £ 0.001
0.108 £ 0.002
0.116 £ 0.003

0.124 £+ 0.001
0.123 1 0.001
0.109 £ 0.001
0.124 £+ 0.001

0.127 4+ 0.001
0.123 £ 0.001

|

1.01 £0.05

1.06 & 0.04

0.42 £0.01

0.26 £ 0.05

0.47 £0.01

0.46 £ 0.01

0.93£0.13

S

0.53 £ 0.07

0.40 = 0.02

0.60 £ 0.01

0.91 £0.02

0.72 £ 0.01

0.83 £ 0.06

0.53 £0.01

2.63 £0.07
2.68 £0.13

2.90 £ 0.20

4.85 £ 0.46

6.10 £ 0.16

4.80 £0.14

6.06 +0.13

4.64 +0.04
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Fig. 4.3 The axial DC conductivity against ¢ for the disc samples
over the full accessible range of ¢. The solid line is a best fit to the
GEM equation. The fitted parameters are given in the text.
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tion equations, to the data in the volume fraction range from ¢ = 0 to ¢ = 0.24. In
the range < ¢ < 0.24 the GEM equation gives ¢.=0.150£0.002, log 6;=15.86+0.01,
log 0.=1.50£0.13, 3=1.05£0.04 and {=2.740.24 in excellent agreement with the val-

ues given in Table 4.1.

Using ¢. = 0.150, Equation (2.19) is also fitted to the axial disc conductivity
data in the range 0.150<¢<0.82, as shown in Fig. 4.4. In this case, the conductivity
exponent ¢ is found to be 2.74, consistent with the value obtained from the data over
the narrower volume fraction range 0.150 ~ 0.240. Similar observations, that the
percolation equations can, in some cases, fit the DC conductivity data over a wide
range of volume fractions, were also noted by many authors [McLachlan 1986 and

Kolek and Kusy 1991, and references therein].

The parameters ¢., t and 3 for the axial and transverse DC powder conductivity
data, on both sides of the metal-insulator transition, were also obtained using simul-
taneous fits of the data to Equations (2.19) and (2.20). Again due to the limitation
of the instruments, the axial and transverse dielectric constant data at 100H 2 and
1000H z could be obtained for ¢ < ¢, only. Therefore in this case both ¢, and s had
to be treated as fitting parameters. Figs. 4.5a, b, and ¢ show the data and fitted
results for a typical run of powder experiments. The parameters ¢., ¢, 5 and s ob-
tained by fitting the experimental data were averaged over three runs of the powder
experiments, and the results are summarized in Table 4.1. It is seen from the table
that the values of ¢, for the transverse capacitive measurements are somewhat lower
than those for the axial. This is attributed to the very different geometry of the two
capacitive cells used. The dielectric exponent s, found at 100H 2 and 1000H z, are

virtually equal.

4.2.2 Discussion

The critical volume fractions

The observed critical volume fractions for the two sets of discs of 0.150+0.001
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Fig. 4.4 The axial DC conductivity for the conducting disc samples
against (¢ — ¢.) over the full accessible range of ¢, where ¢.= 0.150. The
solid line is a least squares fit to the data, which yields t=2.74.
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Fig. 4.5a The axial and transverse DC conductivities against (¢, — ¢)
for ¢ > ¢. for powders undergoing compression on log-log scale. The

solid lines show least squares fit to the data (o and +). The fitted
parameters ¢., {, $ and s are summarized in Table 4.1.
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Fig. 4.5b The axial and transverse DC conductivities against (¢. —¢)
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and 0.153+0.001 are within the bounds (¢, = 0.16 £ 0.02) for hard or impermeable
spheres of a single size, such that the near=st neighbours just tonch, placed randomly
on a three dimensional lattice [Scher and Zallen 1970], and random close packed
structures [Fitzpatrick et al. 1974]. This observation can be explained by the con-
cept of the excluded volume, introduced into percolation studies of continuum media
by Balberg and his collaborators (1984, 1987b). Normally it is the excluded volume
or the geometry of the grains that determines the critical volume fraction ¢.. The
excluded volume can be much larger than the actual volume for extended shapes,
such as rods and discs, and results in a ¢, lower than 0.16. For spheres the actual
and excluded volumes are the same. Therefore the measured critical volume frac-
tions ¢.=0.150 and 0.153 agree with the approximate spherical shape of the grains
in the G-BN disc samples, shown in the photographs presented in Fig. 3.8. Unlike
in the experiments of Kirkpatrick (1979), the grains of both the G and BN used in
this study are not single sized, which could influence the critical volume fraction. As
previously discussed the size distributions of the G-BN grains are thought to be very
similar. Because only the grain shape determines the excluded volume, the critical
volume fraction @, is not expected to vary much from 0.16 due to the range of grain
sizes [Balberg et al. 1984]. The conclusion is therefore that there is no reason why
the two G-BN disc systems should not have the typical or random value of ¢, = 0.16
[Scher and Zallen 1970, Balberg 1987b]. This also means that one cannot attribute

abnormal values of exponent s, 5 and ¢ obtained for the discs to an extreme value of ¢..

From Table 4.1 for the powders the values of ¢. lie between 0.11 and 0.125, which
are obviously different from 0.16+0.02. This is believed to be due to large cavities(air
pores) in the powders, which could not be got rid of by pressure during the powder
experiments since the starting packing fraction of both powders was typically 0.16 and
the finishing (maximum) packing fraction is about 0.3, as was described in Subsection
3.3.2. In this case the G and BN grains tend to form a thick coating surrounding
insulating cavities. This type of structure was originally considered by Malliaris and
Turner (1971), but improved upon by Kusy (1977). Kusy argues that if the conducting

particles have a much smaller radius than the insulating ones, the conducting powder



97

will tend to coat the insulating particles. Then, if the two or three dimensional
two phase powder coating the voids is beyond the percolation limi’, the resulting
composite will be conducting but with a low value of ¢.. The practical minimum ¢,
for this model is about 0.03. For ¢. ~ 0.1, according to Kusy’s curve shown in Fig.
2.2, the ratio of the radii is about 7. Therefore, if the average size of cavities is of
about 7 times the typical size of graphite grains, this could leads to a ¢. of about
0.10.

The conductivity exponent ¢

From the stress-strain experimental results, given in Subection 3.2.3, the structure
of the G-BN disc system belongs to the inverted Swiss-cheese model, which predicted
universal values of 1.7~2.0 for the conductivity exponent. The observed conductivity
exponents, t = 2.6 ~2.9 for the disc and parallelepiped systems, are very different
from the universal value. Within the inverted Swiss-cheese model, Balberg (1987a)
suggested that barrier tunnelling of the charge carriers between the conducting grains
in the backbones can give rise to a larger ¢t exponent. As there is no oxide or polymer
coating between the conducting G grains or clusters, tunnelling on the backbones of
the G-BN percolation systems can be ignored. In Fig. 4.4, it is seen that one can
fit the conductivity data in the range of 0.15 < ¢ <0.82, with a single conductivity
exponent and nearly equally good statistical probability near and far away from ¢..
Furthermore, Fig. 4.5a shows that the powder conductivity data, in the axial and
transverse directions, can be fitted to the percolation equation on the conducting side
over a range of about seven orders of magnitude in the conductivity, including points
very near the critical volume fraction. This is strong evidence that a single metal

conduction mechanism controls the conduction process on the conducting side.

A further consideration is the influence of the “hollow” cavities. As previously
discussed in this subsection the powders should be visualized as a conductor-insulator
mixture of two components, which coats the air filled cavities. As a powder system
approaches and goes through the percolation threshold, the powder “coating” density

increases and the cavities shrink (some may even vanish). Although the axial and
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transverse DC conductivities give the same ¢, for the powders, the different exponents
show that the axial and transverse directions are not equivalent in a percolation sense.
As shown in Figs. 4.5a and b, the axial conductivities are higher than the transverse
ones on both sides of ¢., which could be due to the intergrain pressure being higher
in the axial (compression and gravity) direction than in the transverse one. A large
range of intergrain conductance could contribute to the enhancement of ¢ [Kogut and
Straley 1979]. This could be the one of the reasons why the transverse direction,
probably with smaller intergrain contact pressures and hence a larger range of inter-

grain conductance, has a larger ¢.

Although the presence of very different microvoid structures could lead to the ob-
served variation of the exponent ¢ in G-BN systems, further experiments or computer
simulations are needed. Unfortunately, these ideas have not yet been incorporated
into any lattice simulations or model experimental systems, and probably occur in
other continuum percolating composites. Further evidence for this cavity model is
the experiments on thick film of glass-RuO, [Pike 1978], which also show very high
t values ( 3 ~5). In this system, the percolating filaments of RuQO2, obtained from a
powder whose radius is much smaller than that of the glass beads, encapsulate a ma-
trix of sintered glass beads. The ¢, for this system is very low (¢, < 0.021) in accord
with the results of Kusy (1977), but this structure and the resultant ¢. can also be
understood in terms of grain consolidation model [McLachlan 1991]. Carmona et al.
(1984) also noted the analogies of their fibre-polymer geometry (with ¢ values up to
3.5) to that of the thick film resistors. These results would suggest that the ratio of
the radius of conducting grains to the radius of insulating one not only determines
the critical volume fraction, according to Kusy (1977), but noticeably influence the
exponent t as well. However, for the G-BN powders, as the size of the cavities is about
7 times that of the graphite grains, this could be the cause of their very large values
of the conductivity exponent t. More theoretical and experimental work is necessary

to determine how the grain size and presence of cavities affect the critical exponents.

Deprez and McLachlan (1988) made powder compression experiments which were
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analogous to the present ones, except that the measurements were made using four
different pure graphite powders and therefore for ¢. < ¢ < 1. They obtained t(¢.) val-
ues, for the axial and the transverse directions respectively, of 1.94(0.295) & 2.8(0.27),
2.7(0.315) & 2.7(0.33), 1.52(0.27) & 2.1(0.25), and 1.5(0.38) & 2.4(0.37). These re-
sults show that both an anisotropic conductivity and different shapes of particles can
give rise to different ¢ and ¢, values, in single powder compression experiments. In
the present case, the abnormally large ¢ value in the powders is attributed to the
number and nature of the cavities and voids as well as a larger range of intergrain

conductances.

Another possible explanation for the large ¢ values that must be considered is the
anisotropy of the conductivity. To date this phenomenon has only been extensively in-
vestigated experimentally and numerically in two dimensional systems[Nan 1993 and
references therein]. It has been found that while the ¢ value in one direction increases
with anisotropy, in other direction it decreases. This could be, but is probably not, a
feature of two dimensional systems only. Therefore as ¢ is larger than the universal
value in both systems and approximately equal in both directions for the compressed

discs, this “mechanism” can probably be ruled out.

The differences in the ¢, and ¢ values measured for the “fully” compressed discs
and powders undergoing compression, show that they belong to different classes of
conductivity experiments. The conclusion of the above arguments is that the porosi-
ties, including large cavities, in continuum samples give rise to changes in the critical

volume fraction @, and possibly in the conductivity exponent ¢.

The exponents 3 and s

The expected value for the exponent s from computer simulations is in a range
of 0.87 ~0.89 [Stauffer and Aharony 1994]. From Table 4.1 it can be seen that a
large range of s and 3 values have been observed in the present experiments. For the
compressed discs, the s values, obtained from the real part of the dielectric constant,

is clearly smaller than 3, obtained from DC conductivity data on the insulating side,
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while for the poured powders undergoing compression the reverse is usually the case.
Unfortunately, for powders poured by rotation, this is again reversed. An sxamina-
tion of the powder results show that the ¢. values observed from different pouring
methods are closer to each other than either the s or 5 values. This shows that the
exponent s and § are probably more sensitive to the microstructures of the discs and
powders than is ¢.. However, this does not appear to be the case for the exponent
t. As previously argued for the exponent ¢, the DC axial 3 value, which is greater
than the universal value of s, cannot be accounted for using the inverted Swiss-cheese

structure of the G-BN discs.

The values of 5 in this thesis appear to be the first obtained by ultra high resistiv-
ity measurements. It should be noted that the 5 values observed from the resistivity
measurements are generally in disagreement with the s value obtained from dielectric
measurements. In case of the two sets of disc samples, the s values from dielectric
measurements is about half that from resistivity measurements. This would imply
that the exponent 5 obtained from resistivity measurements could belong to another
class of critical exponents. However, it could be due to the anisotropic conductivity
of the graphite or some other specific feature of the G-BN systems. Further progress

in this direction could not be made in this thesis.

An examination of previous values obtained for s from experimental dielectric
measurements gives s = 0.73 for silver particles embedded in KCl matrix [{Grannan
et al. 1981}, s = 0.68 for amorphous carbon in teflon {Song et al. 1986], and s = 0.55
and s = 0.62 for filamentary and nodular nickel in polypropylene respectively [Chen
and Johnson 1991]. These values are higher than those obtained from disc dielectric
measurements for both sets of the G-BN disc samples. However, a pattern is emerg-
ing that the values of s for comparable three dimensional continuum systems tend
to be lower than the (“theoretical” or “universal”) values obtained from computer

simulations.
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4.3 The Complex AC Conductivity

All the measurements of frequency-dependences of AC conductivity and dielectric
constant were made in axial direction at room temperature in a frequency range from
30H z to 100M H z for the disc samples and from 30H z to 10MH z for the powders un-
dergoing compression. The relevant experimental details for these experiments have

beer_l described in Section 3.3.

The experimental results for AC conductivity o(¢,w) and dielectric constant
g(d,w), obtained from G-BN disc samples, 50%G-50%BN and 55%G-45%BN pow-
ders, will be presented and discussed in terms of the intercluster polarization model,

as discussed in Subsection 2.3.2.

4.3.1 The Exponents z and y

Figs. 4.6a, b and ¢ show the AC conductivities versus the applied frequency on a
log-log scale, for the selected samples, with graphite volume fractions near the perco-
lation threshold. For ¢ < ¢., the AC conductivities increase linearly with the signal
frequency. Above ¢., the samples show no dispersion in the low frequency range, as
the conductivity is seen to be essentially constant. A DC-AC crossover frequency w,
exists, beyond which the conductivity starts to increase with frequency, and eventu-
ally, in some cases very close to ¢., shows a linear behavior on a log-log plot, i.e. a
power-law behavior. The crossover frequency w, increases continuously as (¢ — ¢.), or
the DC conductivity, increases. It should be noted that, at high frequencies, there is
no difference in the dispersion of the insulating and conducting samples close to the
critical volume fraction, as the slopes have approximately the same value. In contrast,
the lack of dispersion in the low-frequency range distinguishes the conducting samples
from insulating ones, which allows an estimate of the critical volume fraction ¢. to

be made. For example, it can be seen from Fig. 4.6a that there is a flat response for
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frequencies lower than 10kHz for ¢$=0.152 sample, while the frequency response is
linearly increasing over the whole frequen-y range for the ¢=0.150 sample. There is
no sample with a volume fraction ¢ between 0.152 and 0.150. Therefore the value of
the critical volume fraction ¢. for the disc system can be estimated to be in the range
of 0.150~ 0.152, which is in agreement with ¢.=0.150+0.001 obtained by fitting the

two percolation equations simultaneously to the DC conductivity data.

The observed frequency dependence of the conductivity can be explained qualita-
tively in terms of the intercluster polarization, as was done by Song et al. (1986), and
Chen and Johnson (1991). For ¢ > ¢, and in the low frequency range, the current
through a sample is almost entirely carried by the backbone, which consists of inter-
connected metal (graphite, in this case) clusters, because the capacitive “junctions”,
between neighboring finite clusters, form very high-impedance paths at the low fre-
quencies. Consequently, the AC conductivity at these low frequencies differs only
slightly from its DC value. As the frequency increases, the impedance of the inter-
cluster capacitive junctions decreases and as a result the current can also flow along
these low reactive impedance paths, which do not always incorporate into the back-
bone. Therefore the observed AC conductivity near ¢, results from two mechanisms:
the capacitive impedance paths shunted by the backbone. At higher frequencies, the
capacitive paths offer lower impedances as they have become more conducting and
can finally short circuit most of the conducting path along the backbone, which results
in the power-law behavior in w for the insulating samples. Near the critical volume
fraction ¢. (¢ > @.), there exist only a few filamentary percolating paths consisting of
very small clusters and this makes the impedance of the capacitive paths comparable
to that of the resistive ones at low frequencies. Thus w. will become lower than that
of samples well above ¢.. For ¢ < ¢., the impedances of the capacitive junctions
will be predominant over whole frequency range, as there is no DC percolating path

through the sample.

According to the scaling law discussed in Subsection 2.3.2, the scaling function

g+ depends only on w/w,.. Figs. 4.7a, b, and ¢ show the reduced AC conductivity
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Fig. 4.7a The scaled axial AC conductivity o(¢,w)/o(¢,0) against the
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law fit to the scaled data in the high-frequency regime. The slope is
r=0.82%0.02 ¢ =0.168(), 0.158(e), 0.152(6).



G($,0)/0(9,0)

107

10000 — -

1000}
100¢
10}

1Eeoo-ul-l'. «slope 0.94

107 10 10° 10° 10* 10°
W/Mc
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o(¢,w)/o($,0) for the conducting samples versus the reduced frequency w/w.. To
obtain the scaled plot, w, was treated as a fitting parameter for each sample and
selected to give the best fit to the universal curve. Using this approach it was found
that the data belonging to different samples could indeed be made to collapse into a
single or universal curve. In the region w/w, > 1, o(é,w)/o(#,0) obeyed the power-
law o(¢,w)/0(¢,0) x (w/w.)*, which yields 2=0.82£0.02, 0.9440.02, and 0.8740.01
for disc samples, 50%G-50%BN and 55%G-45%BN powders, respectively.

The variations of AC axial dielectric constant as a function of frequency for the
samples on insulating side of ¢, are shown in Figs. 4.8a, b, and c, respectively. The di-
electric constant increases with decreasing (¢.— @). Similar to the response of the AC
conductivity o(¢,w) on the conducting side, the dielectric constant of samples with
¢ somewhat below the critical volume fraction remain constant at low frequencies.
Figs. 4.9a, b and c show the imaginary part of complex AC conductivity (see Sub-
section 2.3.2), w - £(¢,w), against the frequency on log-log scale. The general trend
is that nearly parallel straight line plots over whole frequency range are observed,
as shown in the figures. The exponent y can be obtained by fitting the relation
w - e(p,w) x w'™¥ to the high frequency (> 100kHz) data of the samples near the
percolation threshold. Using these plots, the values of the exponent y were found
to be y=0.14+0.02,0.07 £ 0.01, and 0.1040.01 for disc samples, 50%G-50%BN and
55%G-45%BN powders, respectively.

The observed critical exponents of £ and y can be interpreted by the model of
intercluster polarization, where the conducting component is considered to be a pure
conductor, and the dielectric component is taken to have no loss. As discussed in
Chapter 2, the theoretical predictions based on this model give z = t/(t + s) and
y = s/(t+ s) in the frequency range w. < w < w,, where ¢ and s are the DC conduc-
tivity and dielectric exponent respectively, w, = o./27¢e; and w, = w, |¢ — ¢c|t+’ . The
upper bound frequency w, is calculated using o, = 8.3 x 10200 — m, and ¢; = 2.8¢,,
which were given in Section 3.1, where ¢, = 8.85 x 10712C?/N - m?, and the result is

w, ~ 5.4 x 1012 Hz. The lower bound frequency w. depends explicitly on the volume
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Fig. 4.8a The axial AC dielectric constant £(¢,w) (¢ < ¢.) against fre-
quency for the disc samples. ¢ = 0.150(+), 0.139(A), 0.131(H), 0.123(e),
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fraction ¢. The calculated and observed values of w, (see the next subsection) for
each sample are given in Tab'e 4.2. These results show that the frequency ranges
used to derive the exponents z and y are within the estimated frequency bounds of
the scaling law (w, < w < w,). Using the values of the critical exponents t=2.63 and
$=0.53, given in Table 4.1 for disc samples measured in the axial direction, one gets
z=0.83 and y = 0.17, which are consistent with the observed values based on the AC
conductivity and dielectric constant data for the disc samples. For the 50%G-50%BN
powder, the values of z and y derived from its DC conductivity exponent ¢ = 4.85
and the low frequency dielectric exponent s = 0.60 are to be 0.89+0.01 and 0.1140.01
respectively. These values of the exponents z and y are just outside the experimental
error bars of the directly observed values of £ = 0.94 £+ 0.02 and y = 0.07 £+ 0.01.
For the 55%G-45%BN powder, the values of ¢ = 4.80 and s = 0.72 give z = 0.87
and y = 0.13, which are in excellent agreement with the directly observed values
z = 0.87 and y = 0.11. All measured values of two exponents z and y in the three
G-BN systems satisfy the scaling relation z +y = 1 (Equation (2.31)), within the ex-
perimental uncertainty. Therefore, the finite cluster polarization can probably model
the AC electric conductivity and dielectric constant near the percolation threshold

for all the three G-BN percolation systems.

In addition to the intercluster polarization effects, the anomalous diffusion of the
charge carriers in the percolation clusters could also make a contribution to the elec-
trical conduction of the samples. At higher frequencies, electrons can scan or diffuse

only over a distance L, ~ w=1/(2+¢

) < ¢ on the conducting clusters, if the clusters are
self-similar fractals. Since the conductivity is pfedicted to increase with decreasing
L, [Gefen et al., 1983], the observed conductivity should also increase with increas-
ing w. Within the framework of this model, using the Einstein relation between the
diffusion and conduction, and averaging over the contributions of charge carriers sit-
uated in different clusters, Gefen et al. (1983) showed that z = ¢/v(2 + ) and
y = (2v — B)/v(2 + 0), where the critical exponents ¢, v, § and 6 have been intro-

duced in Section 2.3. Because the exponents v, 8 and 6 cannot be determined for

the samples studied here, one can only use their universal values in three dimensions,
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Table 4.2 Comparison of the observed cross-over frequencies w. (Hz)
on the conducting side of the percolation threshold and the theoretical
predictions of the R-C model, using the observed exponents ¢t and s.

Discs
¢ we(th.)  we(exp.)  og(exp.)

0.152 1.6 x 10* 8.3 x10® 2.50 x 1077
0.158 5.2x10° 2.0x10% 4.56 x 10~3
0.168 1.7x107 5.7 x 10" 1.10 x 1073
50%G

0.115 2.4 x 107 3.0 x 10! 2.49 x 10~°
0.116 1.1 x1072 3.0 x 102 4.10 x 10°8
0.118 4.6 x 107! 29 x 10> 3.43 x 1077
0.124 6.8 x 10" 3.0x10* 7.37x10°¢
0.130 8.8x10% 1.0x10° 4.69 x 10°°
55%G

0.125 8.9 x107* 1.0 x10® 1.02 x 1077
0.127 3.6 x 107! 4.0 x 10® 5.35 x 1077
0.129 3.2 x10° 2.0x10* 3.82x10°¢
0.133 5.2x10' 9.5 x10* 2.71 x 1075
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which gives ¢ = 0.58 and y = 0.42. The observed values of the exponents z and
y in all three G-BN sample systems are then clearly in disagreement with the pre-
diction of anomalous diffusion model, implying that anomalous electron diffusion in
the backbone does not play a role in the electric conduction mechanism of the G-BN
sample systems in the frequency range observed. It is believed [Gefen et al. 1983]
that anomalous diffusion will only become more important at frequencies higher than

those used in the present work.

The critical exponents =z and y have been previously studied experimentally on
various continuum percolation systems. The AC conductivity and dielectric constant
of thin gold films near the percolation threshold were measured by Laibowitz and
Gefen (1984). The thickness of the thin Au films used in their experiments were
in a range 6 ~ 10nm and spanned the metal-insulator transition. The frequency
range covered was from 100H z to 10MHz. The power-laws, (2.29) and (2.30), were
observed. These experimental results gave £=0.954+0.05 and y=0.1340.05. These
values are in agreement with (2.31) within the experimental uncertainty, but are in-
dividually different from any of the universal values, which are in two dimensions,
z = y = 0.5, predicted by the intercluster polarization (R—C) model, and z = 0.33
and y = 0.67 from anomalous diffusion model, or in three dimensions, z = 0.72,
y = 0.28 from the R — C model and z = 0.58,y = 0.42 from the anomalous diffusion
model. Nevertheless this experiment was an important step in the characterization
of the full AC response of a percolation system. However, several points remain to
be investigated, such as the influence of the substrate (SizN4) at higher frequencies

and the two-dimensional structure of the metallic clusters [Clerc et al. 1990].

Song et al. (1986) studied the AC electrical properties of three-dimensional
amorphous carbon-teflon compacted mixtures, in the frequency range from 10Hz to
13MH z. The experimental values of exponents z and y are 0.86 £0.06 and 0.12+0.04
respectively. These values of the exponent z and y are similar to those obtained for
the G-BN disc samples in the present study, but are also different from the universal

values in three dimensions, predicted by either the R—C model or the anomalous
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diffusion model. These authors also noted that their exponents were closer to those
found by Laibowitz and Gefen (1984), therefore the thin gold films studied by the

latter might have some three-dimensional properties.

Chakrabarty et al. (1993) measured the complex AC conductance of carbon-
paraffin wax mixtures, as a function of frequency from 7Hz to 100k H z near the per-
colation threshold. The exponents were found to be z =0.72£0.01 and y = 0.23+0.05,
which are remarkably close to the three dimensional universal values based on the
R — C model as discussed in Chapter 2. In a recent paper, Lee et al. (1993) in-
vestigated the AC conductivity and dielectric constant of carbon black-epoxy bulk
composites over a very wide frequency range from 100H z to 10GH z. Near the per-
colation threshold, the AC conductivity scales as Equation (2.29) with an exponent
x=0.6510.05 over the full frequency range while the dielectric constant scales as Equa-
tion (2.30) with an exponent y=0.26+0.01, in a limited frequency range of 2k Hz ~
1.5MHz. In these two carbon-polymer systems, the carbon grains were thought to
be coated with the polymers during the sample preparation. This microstructure is
very different from that of G-BN systems, although the conducting components are
similar in their conductivities. Therefore, as in the G-BN case, there is thought to be
no intergranular tunneling, the difference of the values of critical exponents = and y

between the carbon-polymers and G-BN systems, is not too surprising.

Chen and Johnson (1991) also studied the complex AC impedance of three dif-
ferent random metal-insulator composites near their percolation thresholds. Their
three systems include filamentary and nodular shaped nickel particles embedded in
the polypropylene matrix, abbreviated as Ni/F-PP and Ni/N-PP respectively, and
silver particles in the matrix of potassium chloride (Ag-KCl). The AC conductance,
capacitance and dielectric loss tangent of these metal-insulator composites were mea-
sured between 5H z and 13M H z. They observed the critical exponents z and y, which
are r = 0.88 £ 0.01, 0.81£0.01 and 0.7740.01, and y = 0.14 £ 0.01, 0.13+0.04, and
0.22+0.01, for Ni/F-PP, Ni/N-PP and Ag-KCI respectively. Using their DC conduc-
tivity and dielectric constant exponents ¢t = 3.1,2.2, and s = 0.55, 0.62 for Ni/F-PP
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and Ni/N-PP respectively, one can calculate the theoretical values for the exponent
z and y, expected from the R-C model, through Equaticns (2.29) and (2.30), which
are z = 0.85, 0.78, and y=0.15, 0.22, respectively. Thus good agreement between
theory and experiment has been obtained for Ni/F-PP and Ni/N-PP, but only if the

experimental (non-universal) s and ¢ values are used.

Hundley and Zettl (1988) investigated the temperature dependence of the expo-
nents z and y for a thin-gold-film percolation system, at temperatures between 4.2
and 300K and at frequencies between 100H z and 1GHz. Their gold films were very
similar to these of Laibowitz and Gefen (1984). Above 100K, their observed exponents
of z = 0.35 £ 0.05 and y = 0.71 £+ 0.05 displayed no apparent temperature effects.
Between 23 and 100K, both the AC conductivity and the AC dielectric constant still
appeared to scale with frequency but became very temperature dependent. With
decreasing temperatures in this range, the exponent z decreased from 0.35 down to
zero while the y increased from 0.71 up to unity. Below 23K, the AC conductivity
showed no frequency-scaling behaviour, like a homogeneous metal, while the dielectric
measurements became unreliable. Above 100K, their observed exponent = of 0.35 is
less than the observed exponent y of 0.71, which is contrary to that for the G-BN
systems as well as the other percolation systems discussed above. This difference has

not yet been resolved.

In conclusion, the values of exponents = and y, obtained by Chen and Johson
(1991), and the present work, seem to be fairly similar. These results can all be rea-
sonably interpreted by the intercluster polarization model, using the experimentally
measured values of exponents ¢t and s. However, it must also be noted that the values
of the conductivity exponents t for these systems are noticeably different from one

another.
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4.3.2 The Crossover Frequency w, and Exponent g

Figs. 4.10a, b, and c show the experimental crossover frequency w, as a function
of sample DC conductivity o(¢,0) on a log-log scale for the samples on the conduct-
ing side. The same results are also presented in Table 4.2 (page 117) for comparison
with the theoretical predictions. It is seen from this table that for the G-BN discs
the observed values of the crossover frequency w, are in fairly good agreement with
the predictions of the R-C model, using the measured exponents ¢ and s. One salient
feature of this table is that for the powders the calculated w., which explicitly depends
on the ¢ value, is several orders of magnitude smaller than the directly observed one,
partially due to the extraordinarily large values of t. However, the trend of w, as
a function of sample DC conductivity agrees with the predictions of scaling theory,
as illustrated in Figs. 4.10a, b and c. Using least-squares fitting to the power-law
w, < a¥($,0), the exponent ¢ is found to be ¢=1.03+0.01, 0.8440.01, and 0.82+0.01
for the disc samples, 50%G-50%BN and 55%G-45%BN powders, respectively. These
measured values of ¢ are consistent with the result, ¢=0.82, obtained from the thin
gold films at temperatures from 100 to 300K by Hundley and Zettl (1988). Benguigui
(1985) obtained ¢ =1.1 from the mixtures of glass and iron balls with a diameter of
1.2 — 1.5mm. More recently, Chakrabarty et al. (1993) measured ¢=1.1 in carbon-

wax mixtures at room temperature.

Scaling theory, based on the intercluster polarization effects, which was discussed
in Section 2.3, gives an expression for the exponent ¢ in terms of the conductivity
exponent ¢ and dielectric exponent s, which is g=(t + s)/t on the conducting side.
This implies that the values of exponent ¢ can never be less than unity. The directly
observed exponents ¢ = 1.03, 0.84 and 0.82 in this study are in disagreement with the
predicted values of 1.20,1.15 and 1.06, using the measured values of the DC conduc-
tivity exponent ¢ and dielectric constant exponent s. A large discrepancy between
the observed exponent ( 0.82 ) and the theoretical value (1.66 in that case) was also
noted in Hundley and Zettl’s paper (1988). Although the value of exponent ¢=1.1,
reported by Benguigui (1985) and Chakrabarty et al. (1993) respectively, are larger
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Fig. 4.10a The crossover frequency w, against the DC conductivity
on a log-log scale for the disc samples. The solid line is a least squares
fit to the data and the exponent g is obtained from the slope. ¢ =

1.03+0.01.
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Fig. 4.10b The crossover frequency w, against the DC conductivity
on a log-log scale for the 50%G-50%BN powder. g =0.8440.01.
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Fig. 4.10c The crossover frequency w, against the DC conductivity
on a log-log scale for the 55%G-45%BN powder. g =0.82+0.01.
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than unity, these values are still about 30% smaller than the predicted exponents of
1.4 in both cases. Chakrabarty et al. ~laimed that an insufficient range of data, which
only span just over one decade in frequency and in the DC conductivity, was responsi-
ble for the discrepancy between the observed value and the theoretical prediction for
g. This limitation does not apply to the present study, or that of Hundley and Zettl,
which spans 7 decades and gives still lower values of ¢. It is clearly observed in Figs.
4.10a, b and c that both the crossover frequency data and the DC conductivity data

cover four or more decades, and obey a power-law with a very small scatter in the data.

From Figs. 4.9a, b and ¢, when w - ¢(¢,w) is scaled (normalized) by the DC con-
ductivity o(#,0) for each value of ¢, one gets the scaled plots shown in Figs. 4.11a,
b and ¢, which correspond to Figs. 4.9a, b and c respectively. Except the data for
the ¢ = 0.150 sample shown in Fig.4.11a, all the curves in each figures almost col-
lapse into a single straight line. Since the disc sample with $=0.150 is just on the
percolation threshold, its different behaviour could probably be ignored. Because no
frequency scaling is necessary to scale the plots of w - e(¢,w), Figs. 4.11a, b and c
show that the crossover frequency is w. ~ 1 for nearly all the G-BN samples on the
insulating side. These results also lead to the conclusion that, using the theoretical
relation w, o 09(4,0) and taking into account the different values of the DC con-
ductivities of the insulating samples, the exponent ¢ is zero below the percolation
threshold for the three G-BN systems. This value of ¢=0 is in disagreement with the
predictions made by the R-C model, which gives ¢ = —(t + s)/3 on the insulating
side. Using the observed values of the exponents ¢, s and 3, the exponents ¢ are found
to be —3, -13 and -12 for the G-BN discs, 50%G-50BN and 55%G-45%BN powder
systems, respectively. Therefore on the insulating side of percolation, the intercluster
polarization model seems not apply to the G-BN systems. No previous experimental
result for w, on the insulating side of the percolation threshold is, to the author’s best

knowledge, available for comparison.

It has been shown in Section 3.3 that the porosity of the disc samples is about 0.18
while the 50%G-50%BN and 55%G-45%BN powders undergoing compression are even
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Fig. 4.11a The normalized imaginary part of complex AC conductiv-
ity, w-e(¢,w)/0(¢,0), against the frequency on a log-log scale for the disc
samples. ¢ = 0.150(+), 0.139(A), 0.131(M), 0.123(s), 0.098(V), 0.057(0),
0.000(0).
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Fig. 4.11b The normalized imaginary part of complex AC conduc-
tivity, w - e(¢,w)/0(¢,0), against the frequency on a log-log scale for
the 50%G-50%BN powder (¢ < ¢.). $=0.113(+), 0.111(A), 0.109(M),
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Fig. 4.11c The normalized imaginary part of complex AC conduc-
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more porous, 0.70 or more, as the maximum packing fractions for the powders are
about 0.3. It is therefore most surprising that the very different microstructures and
porosities of the discs and powders of the two G-BN percolation systems produce the
same, or nearly the same, values of the exponent ¢ on the both sides of percolation.
This shows, at least in the G-BN systems, that the exponent ¢ is not as sensitive to
the microstructure and possibly also to the anisotropy of conducting phase as is t.
It is seen from the above discussions that, up till now, the measured values of ex-
ponent ¢ on the conducting side of the percolation threshold for different continuum
percolation systems, viz. thin gold films, carbon-wax mixtures, and the G-BN discs
and powders, are in all cases lower than the theoretically predicted values. Further-
more, the measured cross-over frequencies in the G-BN powder systems are several
orders of magnitude larger than the theoretical predictions. These facts suggest that
some important factors have not been incorporated in the intercluster polarization
model. Even more alarming is the fact that no model is available to account for ¢ ~0
on the insulating side of the percolation threshold for the G-BN systems. As the
anomalous diffusion of charge carriers gives ¢ value of 1.4 for ¢ > ¢., even larger than
the observed values, it will not be considered further in this thesis. In summary, it is
not clear what is responsible for the discrepancy in the g values, on either side of @,

between theory and experiment.

4.3.3 The Loss Tangent tan ¢

Using the same set of measurements as in the previous section, Figs. 4.12a, b,
and c show the log-log plots of the loss tangent tan § versus the frequency for volume
fractions very close to the percolation threshold ¢.. In order to avoid overlap not all
curves have been shown for each ¢ value in all of the G-BN sample systems. Compar-
ing tan é for the different G-BN sample systems, the following trends are observed.
For ¢ > &, in the low frequency range, tan é decreases linearly with increasing fre-
quency. As the frequency increases, tan § reaches a minimum value, tan é,, at w,,, and
then bends upward with a much smaller slope. This result agrees qualitatively with

numerical simulations on the conducting side of percolation threshold [Clerc et al.
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Fig. 4.12a The loss tangent tand for the samples very close to the
percolation threshold against the frequency on a log-log scale for the
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1990]. As Chen and Johnson (1991) argued in their paper, for a sample above ¢, a
1/w dependence of the loss tangent, tan § =1/wRC = 7. /we; < 1/w, is expected in the
low frequency regime w < w,, where the energy loss in the dielectric is due to the DC
conductance along the backbone. The slopes for the samples just above ¢, are found
to be -0.80 (¢ = 0.152), -0.84 (¢ = 0.115), and -0.68($=0.125) for the discs, 50%G-
50%BN and 55%G-45%BN powders respectively. These values, somewhat different
from -1, may show that the metal-insulator transition of these samples has not yet
been completed. For ¢ < ¢, a flat minimum, with a slight dip, in tan é is observed.
As ¢ approaches ¢, from below, tan é tends to become a constant, or less frequency-
dependent, in agreement with the prediction based on the intercluster polarization
model. This phenomenon is attributed mostly to the fact that, below ¢., there is no
continuous percolating cluster in the samples and the insulating barrier between the
larger conducting clusters dominates the electric (now mainly dielectric) behaviour,

resulting in a smaller, less frequency-dependent, loss tangent [Chen and Johson 1991].

The observed minimum in the loss tangent tan é, as a function of frequency, for
G-BN samples below ¢, is qualitatively inconsistent with the results of computer
simulations in three dimensions reported by the French group [Clerc et al. 1990, and
references therein]. They showed, using the effective-medium approximation (EM A)
and the transfer-matrix algorithm of the B—C model, that there is a global maximum
of loss tangent at the crossover frequency w, (see Subsection 4.3.2) below the percola-
tion threshold. Since the very similar trends in tan § against frequency are observed
in both disc and powder G-BN systems, the difference in the porosities and the bad
electrical contacts between graphite grains in the powder samples are probably not
the cause of the diécrepa.ncy between the present experiment and the numerical calcu-

lations. Further theoretical and experimental work is required to clarify this “puzzle”.

From the minimum of tan § against the frequency just below ¢., the values of tan 4,
are estimated from Figs. 4.12a, b and ¢, and found to be 0.224+0.02,0.13 £ 0.02,and
0.0940.01 for the discs, 50%G-50%BN and 55%G-45%BN powders respectively. Us-

ing 6. = y * (7/2) (see Section 2.3), the critical exponent y can be calculated from
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the minima, tan ., which gives y=0.141+0.01, 0.08+0.02, and 0.06%0.01 respectively.
These results are reasonably close to those obtained from the plots of imaginary part
of the complex AC conductivity versus the frequency, as shown in Figs. 4.9a, b, and c.
Therefore, these two reasonably consistent values of y obtained by different methods
of analysis show that there are some consistencies in the R—C model when applied

to the G-BN continuum systems.

The loss tangent as a function of frequency for percolation systems has been ex-
perimentally studied by many authors. Laugier et al. (1986) performed AC electrical
measurements on random mixtures of plain and silver-coated glass microbeads, for
¢ < ¢., in the frequency range from DC to 50MHz. The mean diameter of the beads
was roughly 30um, with a dispersion in size of around 50%. They found the min-
imum of tan é (w) to be 0.55+0.05, in good agreement with the value of 0.4740.04
expected from the R — C model. They also noted an unexpected increase in the loss
tangent on the low-frequency side of the minimum. This was attributed to the non-
vanishing DC conductivity of the glass beads, and was confirmed by the computer
simulation, using a non-zero DC conductivity for the insulating component [Laugier
1987]. This explanation, however, does not apply to the present case of study as the
DC resistivity of BN powder is about 1x10*0Ohm-cm and the “dry” air pores in the
powders are even more resistive, because the relative humidity in the air pores is less
than 12% at room temperature when the measurements were made. Therefore it is
not clear what physical information is contained in the slight increase of tan é with

decreasing frequency at lower frequencies for ¢ < ¢, in the G-BN percolation systems.

The frequency dependence of AC conductivity and dielectric constant of water/ AOT /oil
microemulsions (AOT being the surface-active agent, or surfactant) has been stud-
ied by Van Dijk (1985) and Van Dijk et al. (1986). In this system the water forms
droplets, 5 ~ 10nm in diameter, coated by the AOT, which are far more conductive
than the continuous oil phase because of the ions dissolved in the water. The AC
conductivity was measured in the frequency range from 10kHz to 13MHz. A plot

of tan § shows a plateau over nearly two decades of frequency for two or more sam-
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ples near ¢., with a value of tan §.=0.67+0.04, which gives y=0.35 from .=y=*(x/2).
This is consistent with their value of £=0.6240.02 and hence y=0.38, obtained us.
ing the method described in Subsection 3.3.1. Chen and Johnson (1991) observed a
frequency-independent loss tangent for Ni/F-PP samples (¢=0.06 and 0.05) close to
the percolation threshold with ¢ < ¢, similar to the G-BN sample systems. They
showed that the measured loss tangent, tané, at a given frequency diverges as the
metal volume fraction approaches the percolation threshold from below. This diver-
gence obeyed an empirical percolation equation tané o (¢, — ¢)~(=2), proposed by
the same authors. However, the power law for the loss tangent that they reported
may be due to an incorrect critical volume fraction ¢.=0.08+0.01, which was obtained
by fitting the DC conductivity data on the conducting side only. This value of @,
is also inconsistent with the AC conductivity data shown in their Fig. 6, where the
samples with ¢=0.070 and 0.081 show a plateau as a function of frequency at low
frequencies, indicating that they are on conducting side of the percolation threshold.
Furthermore, as these are the only authors to observe a tané§ oc (¢. — ¢)~(¢=2%) re-
lationship, one must conclude that this power law may only apply to their (or very

similar) system.

4.4 The Magnetoresistance

Measurements of the Hall coeflicient were attempted at room temperature and at
liquid-nitrogen temperature using the previously described G-BN parallelepiped sam-
ples, with a length-to-width ratio of 3 [Putley 1960]. A lock-in amplifier, operating
at low frequencies (5~ 33Hz), and Prema 5000 digital voltmeter with a resolution
of 0.1um were both used to try to detect the Hall voltage. Unfortunately, no Hall
signal could be detected by the instruments used, using maximum available magnetic
field of 1.5Tesla and the largest current, typically about 2mA, which can be safely
used without heating the samples. Due to the time limitation of this thesis, further

attempts to improve the Hall instrumentation had to be given up.

The transverse magnetoresistance was measured on the samples (¢ > ¢.) with the
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length-to-width ratio of 1/6 at room temperature. The data acquisition was comput-
erized so that the measurement could be repeated ~10 times at each field to improve

the signal to noise ratio. For the experimental details, see Section 3.4.

The magnetic field induced a change of conductivity, i.e. magnetoconductivity.
It is observed that -Ac(H= 1.5T) tends to vanish as the percolation threshold ¢, =
0.150 is approached from above, as shown on a log-log scale in Fig. 4.13. The solid line
is the result of a least squares fit of the equation -Ac o (¢ — ¢.)'™ to the data, which
yields the critical exponent t,, = 3.07 £ 0.06, using the ¢, of 0.150 found from the
DC conductivity measurements. Fig. 4.14 shows that the relative magnetoresistance
AR(1.5T)/R also decreases with decreasing graphite volume fraction ¢, and varies
as (¢ — ¢c)9%, with the critical exponent ¢g.=0.28+0.01. The difference between the
exponent t,, (=3.07+£0.06) and ¢ (=2.6840.13) is 0.3940.19, which is consistent with
the observed value of the exponent g., within the quoted experimental errors.

As discussed in Subsection 2.3.4, the magnetoconductivity or relative magnetore-
sistance of random metal-insulator percolation composites has been investigated the-
oretically by Bergman (1987). In this pioneering work, he used scaling arguments
to predict the behavior of Ao and AR/R near a percolation threshold. As Rohde
and Micklitz (1989) pointed out, this calculation gives a critical exponent ¢,, for
the magnetoconductivity which is same as the ¢ for the conductivity. Consequently
gc = t,, —t =0, implying that AR/R does not vary near the percolation threshold.
These theoretical predictions are in disagreement with the measurements made on
the G-BN samples, shown in Fig. 4.14, where the relative magnetoresistivity exhibits
a dependence upon (¢ — ¢.).

The only other experimental study of magnetoconductivity and relative magne-
toresistivity was made :n situ on granular Sn-Ar films with a thickness of 800 —
1000A at a temperature of 4.2K, by Rohde and Micklitz (1989). The films were fab-
ricated by coevaporating the metal and the rare gas on a sapphire substrate. They
found the critical volume fraction ¢. to be 0.26 and the critical exponents ¢, ¢,, and

g. to be 1.6£0.1, 1.9040.15 and 0.30 respectively. This value of g. is consistent with
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Fig. 4.13 The magnetoconductivity plotted against (¢ —¢.) for ¢ > ¢,

on a log-log scale. Here ¢, = 0.150. A least squares fit yields tm=3.07+0.06(note
t =2.68+0.13).
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Fig. 4.14 The relative magnetoresistance AR/R plotted against (¢ —

¢.) for ¢ > ¢. on a log-log scale. Here ¢. =0.150. A least squares fit to
the data yields the exponent g, of 0.28+0.01.
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the one obtained from the G-BN system. Comparing the experimental observations
from the percolation systems G-BN and Sn-Ar, the values of g, are very similar, but
the values of the exponent ¢,, are very different for the two systems and disagree with
the theoretical prediction that ¢,, = ¢. The G-BN composites and Sn-Ar mixture are
physically very different percolation systems, as indicated by the different conductiv-
ity exponents and the different percolation thresholds. The Sn-Ar mixtures gave the
critical exponent ¢t = 1.6 & 0.1, slightly lower than the generally accepted range of
1.7 — 2.0, while the observed conductivity exponent ¢ = 2.68 + 0.13 for the G-BN
parallelepiped samples is much larger and definitely nonuniversal. Because they have
the same crystal structures and densities, the graphite and hexagonal boron-nitride
phases in the composites are indistinguishable by topological methods, in contrast to
that of the Sn-Ar mixtures [Rohde and Micklitz 1989]. The agreement in the critical
behavior of the magnetoresistivity in such very different systems indicates that the
observed discrepancy between theory and experiments could be fundamental. Further
measurements of the magnetoresistivity are necessary to check if a g. of 0.28 — 0.30

is “universal” for all disordered systems.

4.5 Summary

Critical volume fractions ¢.=0.150 and 0.153 were observed for two sets of G-BN
disc samples, which are close to the “random” value of 0.16+0.02. For the powders,
the measured values of ¢, are from 0.11 to 0.12, smaller than the random value in
threé dimensions. This difference is attributed to the presence of a large number of
cavities, as the packing fraction is about 0.25 at ¢, in the G-BN powders undergoing
compression. Nonuniversal ¢ values were obtained in all three G-BN percolation sys-
tems. For the disc samples, the observed t values are about 2.6 and 2.7 in the axial
and transverse directions respectively. For the powders, the values of exponent ¢ are
found to be 4.8 and 6.1 in the axial and transverse direction respectively, which are
approximately three times the universal value in three dimensions. The observed 3

and s values distributed in a rather broad range 0.4 — 1.1. The observed nonuniver-
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sal exponent ¢, 3 and s cannot be explained by the existing models for non universal
exponents, e.g. the Swiss-cheese model and the inverted Swiss-cheese model with

tunnelling.

For the AC conductivity, all the measured exponents « and y for the G-BN discs
and powders have been interpreted in a satisfactory way, using the intercluster polar-
ization model and the measured values of ¢ and s. Above the percolation threshold,
the scaling law w, & 09(9,0) is observed. Although the measured values of the expo-
nent ¢ are smaller than their theoretical predictions using the observed exponents ¢
and s for the G-BN systems, these somewhat lower than expected values are consistent
with other experimental observations. Below the percolation threshold, the crossover
frequency w, is found to be unity and consequently ¢ ~ 0, which cannot be explained
using existing percolation theories. A nearly constant or frequency-independent loss
tangent tan é, near the critical volume fraction on the insulating side is observed, and
the exponents y derived from the plots of loss tangent versus frequency agrees with
those obtained from w - (¢, w) versus frequency plots on a log-log scale. The global
minimum in tan é as a function of frequency below ¢. cannot be accounted for by the

intercluster polarization model.

The magnetoresistivity exponent (0.28) obtained from the G-BN system at room
temperature and in a magnetic field of 1.5T agrees with the value (0.30) obtained
at 4.2K in a field of 2T for the three-dimensional granular films of Sn-Ar mixtures
[Rohde and Micklitz 1989]. Both these experimental results are in disagreement
with the theoretical prediction made by Bergman (1987). This discrepancy between
experiment and theory shows the necessity of further experimental and theoretical

magnetoconductivity studies.
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Chapter 5

THE 1/f NOISE

5.1 Introduction

The purpose of the study of 1/f noise in the G-BN compressed conducting sam-
ples (discs and parallelepipeds) close to the percolation threshold is twofold. First,
to verify the power-laws Sy /V? o RY and (¢ — ¢.)* in the critical region, which may
assist in the identification of the conduction mechanism on the conducting side of the
percolation threshold. Secondly, to investigate the inhomogeneous structure of the
samples near ¢., since the voltage fluctuations are more sensitive than the resistance
because the voltage fluctuation is a fourth order moment of the local current whereas

the resistance is of second order [Rammal et al. 1985b].

There are several theoretical models dealing with the 1/f noise in percolation
systems. These models include lattice resistor networks, Swiss-cheese and inverted
Swiss-cheese models, and two component effective-medium theories. However, it must
be noted that there is no single 1/ f noise model, which can explain all the experimen-
tal results obtained from all measurements to date of continuum percolation systems.

Also many models are designed to explain the results for a single experimental system.

As previously stated in Section 3.5, the 1/f noise in the conducting G-BN disc

samples near the percolation threshold was measured in both the axial and transverse
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directions in the frequency range 1 Hz ~ 1000H z at room temperature. Six or seven
different DC currents were used to check the I*—dependence. The noise power spectra
measured as a function of the frequency are found to be close to 1/f in all the G-BN
conducting samples measured and at all current levels used. The measured noise
spectrum can be characterized by the Hooge’s empirical formula (2.48), which is

rewritten here for convenience as

o« 1%
=N
where the symbols are already defined in Section 2.3.3.

Sv (5.1)

Using the fractal structure of infinite percolation cluster near ¢., Rammal and
his co-workers (1985b) predicted that near the percolation threshold the normalized
1/f noise power scales as Sy/V? o« L7, where L (>¢) is the linear dimension of
the sample and b=1.18~1.26 in a three dimensional resistor network lattice. Unfor-
tunately, this theoretical prediction still lacks experimental support. This chapter
will give the experimental results of the sample size dependence of the 1/f noise in
the compressed G-BN samples. The measurements of size dependence of normalized
1/f noise power were, to a certain extent, to try to reveal the fractal structure of
the percolation cluster in the G-BN disc samples. The 1/f noise was measured on
several conducting samples near the percolation threshold, where the sample volume
was decreased in such a way that the thickness of sample was kept constant, while the

length and width were decreased with the same length-to-width ratio for each sample.

The rest of this chapter is organized as follows. The experimental results, with
constant sample volume, are presented and discussed in Section 5.2. The sample
size dependence of the normalized 1/f noise is given in Section 5.3. The chapter is

concluded in Section 5.4.
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5.2 Sy/V? as a Function of Sample Resistance

Figs. 5.1a and b show the normalized noise power spectra Sy(f)/V? (with the
background noise subtracted off ) against the frequency for seven samples both in the
axial direction (disc-shaped ) and in the transverse direction ( parallelepipeds of the
same dimensional size) respectively. These figures show that the noise spectrum can
be fitted to the relation Sy(f)/V? « f~". The values of the exponents v are obtained
by using least squares fits, and the values are summarized in the columns 2 and 3
of Table 5.1. The exponent 7 varied in the range 0.95—1.08 with a weighted mean
(see Section 3.7) of 1.014£0.01 in the axial and 1.06£0.01 in the transverse direction
respectively. It is seen from these plots that, within the experimental error, there is
no significant difference in the values of the exponent 4 in the transverse and axial

directions.

The current dependences of noise power magnitude at 10H z for each sample are
illustrated on a log-log scale in Figs. 5.2a and b. The lines drawn through each
sample data points are the results of least squares fits to the data. The columns 4
and 5 of Table 5.1 list all the values of exponent ¥ determined by the slopes of lines
through the data points. Similar results are obtained at other fixed frequencies in
the range 1Hz ~ 1000H z. In general the noise varies with I, for small currents and
independent of frequency, with a power just less than 2. The averaged values of the
exponents ¥ are found to be 1.96+0.01 and 1.93+0.02 in the axial and transverse
directions respectively. From Equation (5.1) an I2-dependence is expected for noise
generated by resistance fluctuations in the composites probed by DC current, and is

usually found for “1/f ™ noise systems

Fig. 5.3 shows the normalized noise power at 10Hz, as a function of the sam-
ple resistance, near the percolation threshold, in the axial and transverse directions.

The least squares fits of a straight line to the relevant data yield two exponents
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Fig. 5.1a The normalized noise power against the frequency in the
axial direction. The volume fractions from top to bottom are ¢ =0.152(V),
0.158(0), 0.156(o), 0.168(s), 0.180(M), 0.197(4), 0.221(+). The values
of the exponents v are given in Table 5.1.
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Fig. 5.1b The normalized noise power against the frequency in the
transverse direction. The volume fractions from top to bottom are
¢ =0.152(0), 0.156(V), 0.158(0), 0.168(e), 0.180(M), 0.221(+), 0.197(A).
The values of the exponents v are given in Table 5.1.
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Table 5.1 The observed values of the exponents v and 9 in the axial
and transverse directions respectively.

Axial
¢

0.152
0.156
0.158
0.168
0.180
0.197
0.221

Transverse
0.152
0.156
0.158
0.168
0.180
0.197
0.221

5

1.024
0.976
1.019
1.018
1.027
1.015
1.039

1.134
1.047
1.045
1.045
1.029
1.065
1.095

uncertainty
in vy
0.002
0.002
0.002
0.002
0.003
0.002
0.005

0.004
0.003
0.003
0.002
0.003
0.002
0.004

J

1.977
1.868
1.940
1.990
2.020
1.952
1.980

1.817
1.826
1.804
2.068
2.093
1.980
1.810

uncertainty
in ¥
0.045
0.035
0.038
0.020
0.031
0.032
0.035

0.055
0.044
0.082
0.056
0.053
0.037
0.066
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Fig. 5.2a The noise power in the axial direction against the DC cur-
rent on a log-log scale. The solid lines are least squares fits to the data.
From right to left ¢ =0.221, 0.197, 0.180, 0.168, 0.158, 0.156, 0.152.
The slopes are given in Table 5.1.
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Fig. 5.2b The noise power in the transverse direction against the
DC current on a log-log scale. The solid lines are least squares fits to
the data. From right to left ¢ =0.221, 0.197, 0.180, 0.168, 0.158, 0.156,

0.152. The slopes are given in Table 5.1.
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Fig. 5.3 The normalized noise power against the sample DC resis-
tance on a log-log scale. The solid lines are least squares fits to the
data. The slopes are 1.47+0.05 and 1.72+0.08 in the axial and trans-

verse directions respectively.
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w =1.47£0.08 in the axial and 1.724+0.08 in the transverse direction. The differ-
ence between these two exponents is probably due to .the anisotropy of the sample
microstructures. The two values of the exponent x are obtained using the relation
w = £/t, and the results are k=3.87£0.31 (¢ = 2.63£0.07) in the axial and 4.614-0.43
(t=2.68+0.13) in the transverse direction.

The discrete lattice model was the first to be developed to explain 1/f noise in
percolation systems. In calculating the noise in a percolation lattice model of re-
sistors, Tremblay et al. (1989) assumed that the spatial correlation length of 1/f
noise is much shorter than the lattice spacing, as has been experimentally observed
in many situations of interest [Tremblay et al. 1989 and references therein], and that
the resistance of each resistor fluctuates around an average value, independent of all
the other resistances. Computer simulations of the noise using this model system
gave that 1.0 < k < 1.56 in three dimensions. This model gives too weak a (¢ — ¢.)
dependence for the noise power to account for the results shown in Fig. 5.3, where
two values of the exponent w correspond to k=3.9 and 4.6 respectively. The reason

for this inconsistency is probably the so-called continuum correction [Rammal 1985]
for the G-BN samples.

The present results for the noise exponents are close to those obtained by Chen
and Chou (1985) on three dimensional carbon powder and wax mixtures. Their
samples were made by mixing the two components at a temperature slightly higher
than the melting point of wax. The resistance and 1/f noise were measured at room
temperature, and it was found that the isotropic DC conductivity could be fitted to
(¢ — éc)t, where t=2.3, and that the magnitude of the 1/ f noise followed the power-
law Sy/V? « (¢ — é.)*. The two critical noise exponents « and w were found to
be 5 and 1.7 respectively. To try to explain Chen and Chou’s data, Rammal (1985)
calculated these exponents using the Swiss-cheese model and obtained ¢t = 2.38 and
k = 5.14 for three dimensional systems, yielding w = k/t = 2.2, which agrees fairly
well with Chen and Chou’s data. The exponents ¢, x, and w obtained from the G-BN

samples are not in good agreement with the calculation made by Rammal. Chen and
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Chou (1985) claimed that inter granular tunneling is responsible for the noise process
in their samples. Indeed the wax may form thin layers between the carbon clusters
in these samples near the critical volume fraction. Thus the tunneling of electrons
between the carbon clusters, separated by a very thin wax layer, could play a major

role in conduction and noise generation.

Garfunkel and Weissman (1985) studied the 1/ f noise power as a function of sam-
ple resistance for Al, In and Cr foils. The metal volume fraction of films was changed
by sand-blasting. Most of the samples were found to have exponents between 3.4
and 6.0 in the rather limited range of resistances measured. These high values of
w were explained by the authors using a Swiss-cheese continuum percolation model,
in which the size §,, of the smallest neck scales as (¢ — d)c)2 to minimize the power
dissipation in the Links-Nodes-Blobs (LNB) model [Garfunkel and Weissman, 1985].
This version of the Swiss-cheese model makes the prediction that the exponent w,
after taking into account the nonuniformities of the samples, should be in the range
3.5 — 6.5, in contrast to 2.0 — 3.8 for the original Swiss-cheese model in which §é,, is

taken to be proportional to (¢ — ¢.) [Halperin et al., 1985].

Rudman et al. (1986) observed a noise exponent w =~ 3 in their three dimensional
granular AgPt-TFE samples near the percolation. In an effort to explain this large
exponent w, they modified in a straightforward way the ideal Swiss-cheese model,
where the insulating spheres in a conducting matrix are replaced by interpenetrating
conducting spheres in an insulating matrix (i.e. inverted Swiss-cheese model). In this
case, with the assumption that the interpenetration cutoff length (the smallest neck
size) 6,, varies as (¢ — @.)°, they obtained t = 1.88, k = 5.64 and correspondingly
w = k/t = 3. Note that all the Swiss-cheese and the inverted Swiss-cheese models

discussed above assume a single conduction mechanism, that also generates the noise.

Pierre and his collaborators (1990) observed a R dependence in copper-particle-
polymer samples on conducting side of ¢.. For high resistances (>1Mf2 and ¢ < ¢.),

their data can be fitted to a R' law, which is characteristic of tunneling through a
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metallic oxide barrier [Mantese and Webb 1985]. Pierre et al. (1990) then proposed
a two component effective-medium thzory to explain their experimental results. This
model showed that the values of the noise exponent above and below ¢, are consistent
with a transition from metallic conduction to tunneling conduction in their samples,
as they pass from above to below the critical volume fraction. Note that only a single
value of the noise exponent in both the axial and transverse directions, which fits the
data over five decades of resistances, was observed in the G-BN samples. This obser-
vation indicates that, if the noise in the G-BN system is due to the inter contact noise
only, a single type of metal-metal contact in the backbone probably dominates the
noise process in the G-BN sample system. This observation is also consistent with
the DC conductivity data where the volume fraction varies from 0.150 to 0.82, as
shown in Fig. 4.4, and the conductivity data can be fitted with the single conductiv-
ity exponent ¢t = 2.7 (in the axial direction), implying a single conduction mechanism

both near to and far from the percolation threshold above ¢..

The measured noise exponent w=1.47 in the axial direction agrees very well with
the two component effective-medium theory proposed by Pierre et al. (1990) in the
metal-metal contact noise regime, in which the Sharvin contact prevails. The value
of w = 1.5 predicted by this model is also only just outside the error bars of the
observed value of w = 1.72 in the G-BN system in the transverse direction. This
small discrepancy in w can probably be explained qualitatively using the following
extension of the metal-to-metal contact model. The metal-to-metal (G-G) contact
bonds in transverse direction are slightly and mechanically weaker than those in axial
direction, along which the pressure was applied during the making of the discs. For
these weaker transverse bonds the contact resistances are higher than those of the
bonds in the axial direction, resulting in a relatively large noise amplitude, since the
noise exponent w for single contact resistor is never less than unity [Takagi et al. 1986
and Vandamme 1987]. Taking into account the noise contribution from these weaker
bonds, the sample (averaged) noise power would increase faster (i.e. a larger value
of the w) in the transverse direction than that in the axial direction. Unfortunatly,

models based on this idea have not yet been explored.
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Another effective-medium model for the 1/f noise in percolation systems, pro-
posed by Mantese et al. (1986), was used to model the normalized 1/f noise as
a function of the conductor volume fraction for Pt-Al,O3; metal-oxide composites.
In these composites, above the percolation threshold, the electrical conduction is
dominated by metallic conduction along the backbone, while below the percolation
threshold, electron tunneling between the metal clusters is the primary conduction
mechanism. However, Mantese et al. (1986) proposed that the noise is dominated by
tunneling resistance fluctuations over the entire range of volume fractions. Therefore,
according to their model, the conduction and noise in the composites above ¢, stem
from completely different mechanisms. As the tunnel junctions are always in parallel
with some metal contacts, the tunneling eliminates the divergence of the noise power
at ¢. and there is no change in noise mechanisms as ¢ goes from above to below ¢,
in the Pt-Al,O3 system. A saturation of the normalized 1/f noise magnitude below
¢, was also observed in these composites [Mantese and Webb 1985 and Mantese et
al. 1986], and explained by Mantese et al. (1986), using the same effective-medium
theory. This model does not give explicit quantitative predictions of the noise expo-
nent £ or w, even though there only is a single noise mechanism (tunnelling) in the
percolation system above and below ¢.. As tunneling does not occur in the G-BN
samples, it cannot be the source of the 1/f noise in the G-BN samples above ¢..

Therefore, Mantese et al.’s model probably does not apply to the present study.

Many authors observed a R?-dependence of the normalized 1/ f noise power in thin
film systems. Koch et al. (1985) reported that, at room temperature, the 1/ f noise
source changed from metallic to hopping in the ion-milled thin gold films near the
percolation threshold. Over a resistance range between 1k and 100k2 on conducting
side, the exponent w that they observed was 2.0. This result fits neither the lattice nor
the Swiss-cheese percolation models, because in this system the microscopic metallic
islands are connected by both necks and hopping paths, which is not the case for
either a lattice system or a Swiss-cheese type continuum. A R?—dependence of the

normalized 1/f noise power has also been observed by Octavio et al. (1987) for
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ion-milled silver films at liquid-nitrogen temperature and by Williams and Burdett
(1969) for evaporated thin gold films. However, the latter interpreted their results as
coming from noisy tunneling conduction. The similarity in the experimental results,
obtained from the thin films, suggests that some important considerations have been
neglected in the various calculations for the exponent w for the noise in these systems.
Since there is no oxide layer or thin polymer coating between the graphite grains in
the G-BN samples, the 1/f noise source from the electron tunneling and thermally

activated hopping can probably be ruled out in the present study.

5.3 Dependence of Sy/V? on Sample Size

The compressed disc samples used in this experiment were made using exactly the
same procedures as all the other compressed disc samples previously used, and then
cut into parallelepipeds of ever decreasing size. The full experimental details have
been described in Section 3.5. The noise powers of these samples, with both different
sizes and compositions, were successfully checked for 1/ f—like and I>—dependence.
Fig. 5.4 is a log-log plot of the normalized noise power at 10 Hz, in the transverse
direction, versus the sample volumes. The straight lines in the figure are the best
linear fits to the data for each sample. The broken lines and the corresponding
data have been shifted up or down to avoid overlap. The slopes and corresponding
volume fraction from top to bottom are -0.49+0.09[¢=0.156], -0.654-0.04[¢=0.164], -
0.50+0.03[¢=0.164], -0.58+0.02[¢=0.168], -0.41+0.07[¢=0.164], -0.52+£0.17[¢=0.172],
and -0.6410.09[¢=0.168]. The weighted average of the slopes, obtained by using (3.4)
and (3.5), is -0.5610.02. Therefore a nearly inverse square root dependence of the

normalized 1/ f noise power on the sample volume is observed such that

Sv(10H z)

2 o (Volume)™%%, (5.2)

Since the mean grain size is about 10um (=a,), the maximum correlation length
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Fig. 5.4 The normalized noise power as a function of the sample vol-
ume on a log-log scale for the G-BN parallelepipeds near the percolation
threshold. The slopes from top to bottom are -0.49+0.09 [¢ =0.156],
-0.65+0.04 [¢p =0.164], -0.50+0.03 [¢ =0.164], -0.58+0.02 [¢ =0.168|, -
0.41+0.07 [¢ =0.164], -0.52+0.17 [¢ =0.172], -0.64£0.09 [¢ =0.168]. The
weighted average of the slopes is -0.56+0.02. The broken lines and cor-
responding data points have been shifted in the vertical direction to

avoid overlap.
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¢ for all the G-BN samples used in the sample size experiments can be estimated as
bmax= 3o/(P — dc)oie ~10pm/(0.156-0.150)*# ~}mm, which is smaller than and at
the same order of magnitude of the thickness of the samples and the minimum length
and width in decreasing sample volumes. In addition it is obvious (see Section 3.5)
that L >>1 (measured in the grain size) in the sample size dependent experiments.
Therefore it can be assumed that the samples were approximately three dimensional
and in the region from the crossover (L ~ ) to macroscopic homogeneous (L > §).
This implies that (5.2) should correspond to a L=!%®-dependence. However, one could
make the argument that the sample volume was decreased in two dimensions. This
means that Volume oc L?, which results in a L=!'?—dependence from (5.2). The ar-
gument, leading to the value of b = 1.12, is very debatable and suspect, but is given,
because the value of b=1.12 obtained in this way is very close to the lower bound
obtained from computer simulations on discrete lattice networks in three dimensions
(see the next paragraph). If this were correct it would contrast with the other critical
exponents from the G-BN systems where, as often stated, the values of these critical
exponents are obviously different from the ones for discrete lattices, probably due to

a continuum correction.

These appear to be the first measurements where the size dependence of the 1/f
noise power near the percolation threshold has been obtained experimentally for a
three dimensional percolation continuum system. Computer simulations on the three
dimensional standard discrete percolation networks give a lower and upper bounds of
the exponent b to be —f3;, = 1.1 and —20; — 1/v = 1.26 respectively [Tremblay et
al. 1986]. Therefore the observed exponent b = 1.68 + 0.06 for the G-BN samples is
much larger than those permissible for discrete lattice networks according to Trem-
blay et al. (1986). This fact suggests that the continuum correction in the G-BN
samples could also play a significant role in the size dependence of noise exponent b.
But there are, to the author’s best knowledge, no previous experimental result and

existing theoretical model for the exponent b in continuum percolation systems.

The existing predicted values of the noise exponent b are strictly speaking only
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applicable to conducting samples for which L < ¢ [Rammal et al. 1985b]. This
implizs that the measured value of the noise exponent b would be higher if sample is
in the region L > £. Hence the value of b=1.68 seems quite reasonable because the
G-BN samples, with volume fractions ¢ from 0.156 to 0.172, which were measured
to study the size dependence of the 1/f noise, all have L > or L >> ¢, depending
on ¢ and the direction. However, these samples could all lie in a transition region
from a fractal character (Sy/V? « L7*) to a homogeneous one where the Hooge’s
law applies (Syv/V? o L™3). Therefore the observed anomalous size dependence of
Sv/V?%, which deviates from the Hooge’s empirical formula, could still be due to the
fractal geometry of the backbone in all the samples (0.156< ¢ < 0.172). The value
1.68 of the exponent b is very close to the exponent Dpg of 1.74 in three dimensions.

Here the Dpg is defined as [Chapter 5, Stauffer and Aharony 1994]

Mp(L) « LP® (5.3)

where Mp is the backbone mass. This could mean that only the mass of graphite on
the backbone gives contributions to the 1/f noise. This implies that, similar to most
cases where the 1/ f noise is a bulk effect and inversely proportional to the sample vol-
ume [Dutta and Horn 1981 and Weissman 1988], the relation Sy /V?* o (V olume) =0
observed in the G-BN samples could still suggest a bulk source of 1/f noise on the
backbone.

It has been shown in the previous section that the metal-to-metal (G-G) contacts
on the backbone were possibly responsible for the 1/f noise in the compacted con-
ducting G-BN samples. Therefore, if this is the case, the 1/f noise and resistance
in the G-BN samples measured come from different mechanisms, both involving the
graphite grains on the backbone. These are intergranular contacts between neigh-
bouring graphite grains on the backbone for the former and bulk resistivity for the

later.

The only other experimental study of size effects on the 1/f noise has been made
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by Girand et al. (1987) for a two dimensional deterministic fractal lattice. They
measured the 1/f noise on a special hierarchical network, built from capacitors, with
immeasurable 1/ f noise, and selected carbon layer resistors, all with the same normal-
ized noise power. With n=0,1,2,3 experimental iterations, they found the exponent
b to be 1, which is half of the value of the exponent =2 expected from the Hooge’s
law for two dimensional Euclidean networks. Moreover, the value of b observed in
this discrete model system is consistent with numerical calculations which gave lower
and upper bounds for the exponent b, in two dimensional lattice percolation models,
of 0.9740.01 and 1.1940.01 respectively [Tremblay et al. 1986]. Exact values for the
exponent b for two dimensional continuum percolation systems cannot be obtained
from the above experimental result, because the system studied is a discrete perco-
lation network and, as mentioned in the last paragraph, percolation exponents for
a continuum system and for a discrete lattice model can be considerably different.
Therefore, one cannot directly relate these two observed values of the exponent b for
the G-BN system and for the hierarchical network to each other due to their different
dimensionality [two and three dimensions] and characteristics [discrete and contin-
uum|. The above hierarchical network study was, nevertheless, an important step in

characterization of size dependence of 1/ f noise in percolation systems.

5.4 Summary

The experimental results for the 1/ f noise in G-BN compressed conducting sam-
ples near the percolation threshold have been presented in this chapter. The noise
power spectra were measured in both the axial and transverse directions and have
typical 1/f behavior. The I?— law of the noise power is evidence of the ohmic be-
havior of the resistance of the samples and that the noise originates from resistance
fluctuations. The normalized noise powers follow a power-law R'*7 in the axial direc-
tion and R!'72 in the transverse direction, where R is the sample DC resistance. These
results can best be explained using a model involving intergranular metal-to-metal

(G-G) contact resistance noise in the Sharvin regime, derived using a self-consistent
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effective-medium approximation. The most important new result from the 1/f noise
experiments on the G-BN samples is probably the (Volume)%%¢—dependence of the
normalized 1/ f noise magnitude, which applies from near to far from the percolation
threshold on the conducting side. The value of the noise exponent b has been found
to be 1.6810.04, which is considerably larger than the predictions made for discrete

lattice models.
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Chapter 6

THE THERMOELECTRIC
POWER

6.1 Introduction

While the conductivity, dielectric constant and 1/ f noise have been studied exten-
sively in percolation systems, the behavior of thermoelectric power near the percola-
tion threshold has not been extensively investigated for binary percolation composites.
As mentioned in Section 2.3, Levy and Bergman (1992) proposed a scaling scheme
for the thermoelectric power in percolation systems. Their expressions for the thermo-
electric power near the percolation threshold are quite complex and depend in part on
the relation between the electrical and thermal conductivity ratios. In order to obtain
their analytic results, both the ratio o;/0. and k;/k. must be very small compared to
unity. The physical meaning of these requirements is that the good electrical conduc-
tor is also a good thermal conductor and vice versa. Since k; > k. for the graphite
and hexagonal boron nitride, Levy and Bergman’s scaling results are not applicable
to the G-BN percolation system. On the experimental side, only one experimental
study on the Al-Ge percolation thin films has been reported and analyzed [Hurvits,
Rosenbaum and McLachlan 1993] following the two theoretical papers [Bergman and
Levy 1991; Levy and Bergman 1992]. As an extension to these previous works, new

power-laws for the thermoelectric powers in binary continuum percolation systems
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are proposed, and measurements of the thermoelectric power were made on the G-
BN parallelepiped samples. The new power-laws for the thermoelectric power near
the percolation threshold are developed in Section 6.2. The experimental results for
the thermoelectric power in the G-BN composites are given and analyzed, using the
newly proposed power-laws, in Section 6.3. The thermoelectric data obtained from
the Al-Ge films [ Hurvits et al. 1993] is also re-analyzed in this section. The results

are summarized in Section 6.4.

6.2 New Power-Laws for the Thermoelectric Power

The Milgrom-Shtrikman-Bergman-Levy (MSBL) formula for thermoelectric power
in binary composites is an analytic result [Milgrom and Shtrikman 1989 and Bergman
and Levy 1991} and has previously been used to develop power-laws for thermoelectric
power in percolation systems [Levy and Bergman 1992]. As stated in Subsection
2.3.6, the power-laws proposed by Levy and Bergman are very complex and are not
applicable to the percolation systems in which the electrical insulator is a better
thermal conductor than the another component. In an attempt to improve the Levy
and Bergman’s scaling scheme, new power-laws for the thermoelectric power near
the percolation threshold are proposed and will be presented in this section. For
convenience, the MSBL formula is re-written here

Km/Ke _ |

S = Se+ (Si — So)Smlze— ogmtt

ai/ac

where the symbols have been defined in Subsection 2.3.6.

(6.1)

To obtain simple and well-defined scaling form for the thermoelectric power in
percolation systems, the terms on the right-hand side of Equation (6.1) have to be

rewritten in the following way

1 1 K,

Kioe _q Ki Ko 4
o; K. oy oc m

Sm = Sc—(si _Sc)
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K,
= ]\/11(SC,SZ',[(C/UC,IX,{/O'{) + 1M2(Sca5i,1(c/0'c,1(i/0'i) . 5 y

m

(6.2)

where M;(S., Si, K./0.,K;/0:) and M,(S,, Si, K./o., K;/0o;), abbreviated as M; and
M, respectively, are defined by

1
M1 = Sc - (S, - SC)E—— (63)
o; Ke -1
1
M2 = (51 - Sc)m (64)

For a given set of composites, both M; and M, are constant since they depend only
on the electrical and thermal properties of the two components but do not on the
composition of samples. Equation (6.2) shows that the thermoelectric power S,
of binary composites should be linear function of the ratio of thermal conductivity
and electrical conductivity, i.e. the Wiedeman-Franz ratio K,,/o,, and vice versa.
Furthermore, of the three composite variables S,,, K,, and o,,, only two of them are
independent. Equation (6.2) also shows that, at a fixed temperature, the variation
of S, in binary continuum percolation composites is entirely determined by their
Wiedeman-Franz ratio, which depends on the compositions of sample. Therefore the
problem of how to describe the thermoelectric power in binary continuum percolation
systems can be reduced to how to describe the behavior of the Wiedeman-Franz ratio
in the percolation systems. Before proceeding further in this direction, it is worthy
to recall some fundamental results for the Wiedeman-Franz ratio in homogeneous
materials [Busch and Schade 1976 and references therein]. For homogeneous metals
and at high temperature (T>0p, §p=Debye temperature), the Wiedeman-Franz ratio

varies as

= LT (6.5)
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where T is the absolute temperature, and L = ’;—2(55-)2 = 2.45 x 1078(V/k)? is the
universal Lorenz number. The physical requirement for T>-0p is that the relaxation
time must be unchanged when an electrical field and temperature gradient are act-
ing, that is, the same scattering processes must be responsible for both the electrical
resistance and the thermal resistance. This condition is satisfied for temperatures
above the Debye temperature, when inelastic scattering is dominant. However, these
considerations do not apply to a semi-metal, such as graphite, where the thermal
conductivity due to the electrons is low compared to that due to the phonons. The
Wiedeman-Franz ratio for an insulator will be defined as K;/o;, which is a very large
number and is completely unrelated to free electron theory. Note that the Wiedeman-
Franz ratio for percolation systems varies drastically with the compositions of samples
as K,, and especially o, vary strongly close to the percolation threshold. But there

is, to the author’s knowledge, no theoretical model dealing with the ratio K,,/o,, for

binary continuum percolation composites.

In order to use the scaling theory to describe the Wiedeman-Franz ratio near
percolation threshold, consider the case where

I(c a;

0. IX’,'

< 1 and o; #0. (6.6)

Near the percolation threshold and at constant temperature, the Wiedeman-Franz
ratio K, /o,, is assumed to have the scaling form [Straley 1976, Efros and Shklovskii
1976, and Bergman and Imry 1977)

K, K,
- = |¢ - ¢c!hl A(
ag. 0,

m

I(c g; - 2
—= 216 = o), (6.7)

where the scaling function A(z) has the following asymptotic forms

A+ Bz+--- for |z| < 1, ¢ > ¢. Regime I
A(z) ~ Bz+--- for 2| < 1, ¢ < ¢ Regime II (6.8)
A”z"l':‘hz for |z > 1 Regime III
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The parameters A, B' and A", that appear in (6.8), can only be determined experi-
mentally. From the asymptotic forms of A(z), and using the relation (6.2), one can

deduce the following power-laws for the thermoelectric power

Sm— My oc Mabi (g g ) for ¢ > ¢, (6.9)
Sm— My o« MaKe(g — g)=h2 for ¢ < ¢. (6.10)
Sm = My oc My(Eiyh/(hitha)(Keyha/(hi+ha) for ¢ ~ ¢, (6.11)

where h; and h, are two, probably new, critical exponents. Note that the power-laws
(6.9) and (6.10) are similar in form to the percolation equation for the magnetocon-
ductivity given in (2.42). This similarity is probably attributed to “two field” coupling
in both these cases: the electrical and external magnetic fields for the magnetocon-
ductivity, and the electrical and temperature fields for the thermoelectric power.
Therefore “field coupling” would appear to lead to a difference (off-set), rather than
a directly measured physical quantity, obeying a power-law. One advantage of the
newly proposed percolation equations (power-laws) for thermoelectric power is that
the electrical conductivity and thermal conductivity data for the composites need not
be known or modelled separately when one uses (6.9) and (6.10) to fit the thermo-
electric data. It is important to note that the condition (6.6), which is necessary
to use the scaling theory, should apply to the present experimental study of the
graphite and hexagonal boron-nitride composites in which K; and K, are at the same
order of magnitude, but 0;/0, <<< 1. Note that (6.11) shows that the data for a
system obeying (6.9), (6.10) and (6.11) will go smoothly through the ¢ = ¢. point, if

K. o;/K;o is not zero.
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6.3 Experimental Results and Discussion

The thermoelectric power for conducting G-BN parallelepiped samples, with graphite
volume fractions from 0.154 to 0.82, was measured in an evaporation plant at a pres-
sure of less than 1x107°Torr. The sample was mounted between two copper blocks,
of which one was warmed up to 45°C by a heater and the other was cooled down
to 5°C by cold water. Because of the very large resistance of samples on the insu-
lating side of the percolation, the thermoelectric power for these samples could not
be measured using the existing instruments. More experimental details are given in

Section 3.6.

The measured thermoelectric power as a function of the graphite volume fraction
is shown in Fig. 6.1, where the solid line is a best fit to the percolation equation
(6.9). From this figure it is observed that the thermoelectric power over a large
range of the graphite volume fractions on the conducting side is nearly constant and
equal to that of ¢ = 0.82 graphite sample. Very near the percolation threshold,
the thermoelectric power shows a sudden upturn. These results are qualitatively in
good agreement with the predictions made by Webman et al. (1977), using the self-
consistent effective-media approximation. The thermoelectric power for the G-BN
samples above the percolation threshold ¢. can be estimated by using the MSBL

formula (6.1). In fact the following approximation holds

o; K, - oi/o.
Note that Min{K;, K.} < K,, < Max{Kj;, K.} for any binary composites and 1<
K;/K. < 10 [Lide 1994] for the G-BN system, so that one has

Kioe | _ KiK. g (6.12)

Kn/K. <10 (6.13)
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Fig. 6.1 The thermoelectric power against the volume fraction ¢ for
the G-BN parallelepipeds. The solid curve is a best.fit to data, using

@ =0.1504+0.001 and the power-law (6.9). The best fit parameters are
given in the text.
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On the conducting side, from Fig. 4.2a,

om0 >1077/(3.5 x 10%) = 2.9 x 10™° (6.14)

Inserting (6.12), (6.13) and (6.14) into (6.1) or (6.2), one concludes that, to first order,

there is no significant change in S,, on the conducting side for the G-BN system.

As mentioned early in this section, the thermoelectric power data could be fit-
ted to the percolation equation (S,, — M;)ox (¢ — ¢.)*. Since only the data on the
conducting side are available, the critical volume fraction ¢, is fixed at 0.15040.001,
which was obtained from the electrical conductivity data (see Section 4.2}, in the
fitting program, while M,, pre-factor and exponent h; are allowed to vary to give
the best result. Note that for the G-BN system, M, is equal to the thermoelectric
power of pure graphite sample, according to its definition given in the previous section
and using the approximation (6.12). The best fit values of the parameter M;, pre-
factor and exponent Ay are (9.514+0.01)uV/K, (0.0035+0.001)xV/ K, and -1.1340.05
respectively. The theoretical curve through the data points can thus be written as
Sm = 9.51 + 0.0035(¢ — 0.150)~113. This relation gives the value of S, for graphite
to be 9.51uV/K in agreement with the measured value on the ¢=0.82 graphite par-
allelepiped of (9.10£0.07)pV/K.

In order to test the MSBL equation (6.1), Hurvits, Rosenbaum and McLachlan
(1993) measured the thermoelectric power and electrical conductivity at room tem-
perature on the Al-Ge films with varying aluminum volume fractions in the range 0.20
~1.0. As the thermal conductivity for the Al-Ge films on glass substrates cannot be
measured experimentally, they used both the GEM equation and another effective
medium equation to calculate the K,, from K.(Al) and K;(Ge). Using this data and
the fitted and experimental data for ¢, 0; and o, (0;/0, >~ 1077), together with a
fixed value of ¢, = 0.56 obtained from superconducting measurements, they found
that the MSBL formula described their experimental thermoelectric power data rea-

sonably well. Shown in Fig. 6.2a is the data of Hurvits et al. (1993) for the Al-Ge
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Fig. 6.2a The thermoelectric power against the volume fraction ¢ for
Al — Ge system. The solid curve is a best fit to data, using a fixed ¢, of
0.56 and the power-law (6.9). The experimental data were taken from
Hurvits et al. (1993). The best fit parameters are given in the text.
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system. Since K;(Ge)/K (Al) >~ 0.12, the Levy and Bergman’s power-laws for ther-
moelectric power are not applicable to the Al-Ge system. Fquation (6.10) can be
fitted to the data, using a fixed ¢, of 0.56. The best fit is Sp,=-5.61+4290(0.56-4)1%°,
which is plotted in Fig. 6.2a. A visual comparison of this fit to that made by Hurvits
et al. (1993) shows that these two best fit theoretical lines are virtually identical.
The advantage of using (6.9) and/or (6.10) is that full details of 0,,(¢) and K,,(¢)

do not have to be known or modelled.

An alternative is to fit the thermoelectric data for the Al-Ge films simultaneously
using equations (6.9) and (6.10), where the critical volume fraction ¢., the param-
eter My, the prefactors and the two exponents h; and h; are all allowed to vary
to give a best fit. The two solid curves through the data in Fig. 6.2b show the
best fit. The common parameters in (6.9) and (6.10) are ¢.=0.42740.001 and M;=-
(2.56£0.14)uV/ K. On the conducting side, the exponent h; and pre-factor are found
to be -1.1940.02 and (0.28+£0.04)xV/ K while on the insulating side, h, and pre-factor
are determined to be -0.74+0.01 and (1702£23)pV/K, respectively. In summary,
their thermoelectric power data can also be fitted to the relations .S,,=2.56+0.28(¢-
0.427)~119 for ¢ > 0.427 and S,,=2.56+1702(0.427-¢)%" for ¢ < 0.427. It is noted
that the apparent critical volume fraction ¢, of 0.427 obtained here is smaller than
that of 0.56 from the electrical conductivity and superconductivity data. This dis-
crepancy is qualitatively consistent with computer simulations made by Webman et
al. (1977) and Levy and Bergman (1992), who found that the thermoelectric power
at ¢, or even slightly smaller than it, is still nearly equal to that of the conducting
component. These results imply that the percolation threshold ¢., obtained directly
from fitting experimental thermoelectric power data, as given above in this paragraph
, could be smaller than those obtained from the measurements for other percolation

physical properties, such as electrical conductivity.

These measurements of thermoelectric power on the systems G-BN and Al-Ge
seem to be the only experimental studies of the critical behavior of thermoelectric

power in percolation systems. The good agreement between theory and experiment
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Fig. 6.2b The thermoelectric power against the volume fraction ¢ for
Al—Ge system [Hurvits et al. 1993]. The solid curves are a least squares
fit of the power-laws (6.9) and (6.10) to data: S,, =-2.564-0.281(¢-
0.427)" 11 for ¢ >0.427 and S,,=-2.56+41702(0.427-¢)%™ for ¢ <0.427.
Note that the critical volume fraction ¢, determined by this method is
0.427.



171

in both these two cases shows the validity of the two percolation equations (6.9)
and (6.10) derived from the MSBL formula (6.1). However, the two percolation
equations (6.9) and (6.10) for the thermoelectric power on both sides of percolation
threshold, proposed in this thesis, need to be tested by more accurate experimental

investigations, preferably with very good data on both sides of &..

6.4 Summary

Based on the MSBL formula, it has been shown that the thermoelectric power of
binary continuum composites is a linear function of the Wiedeman-Franz ratio. A
scaling scheme for the Wiedeman-Franz ratio near the percolation threshold in bi-
nary continuum percolation systems has been proposed. When incorporated into a
modified MSBL formula, this scaling hypothesis results in the two new percolation
equations (power-laws) for the thermoelectric power near and on both sides of the
percolation threshold. The new power-laws for thermoelectric power have a form sim-
ilar to the one for the magnetoconductivity, probably due to “two field” coupling in
these two cases. The thermoelectric power data obtained from the G-BN samples on
the conducting side are in accordance with the self-consistent effective-media approx-
imation due to Webman et al. (1977), and the MSBL formula. The newly proposed
percolation equations for thermoelectric power can fit the experimental thermoelec-
tric data obtained both from the G-BN percolation system and from the Al-Ge one
very well. Levy and Bergman’s percolation equations are not suitable for fitting the

data for these two systems.
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Chapter 7

SUMMARY, CONCLUSION AND
PROPOSALS FOR FUTURE
WORK

The G-BN compressed disc system and powder mixtures undergoing compression
have proved to be very good continuum percolation systems, upon which a number
of typical percolation measurements have been made, and many theoretical percola-
tion models have been tested. The various critical exponents measured for the G-BN

systems cannot be explained using a single percolation model.

The critical volume fraction ¢.=0.150 for the G-BN disc samples can be explained
by the existing models [Kusy 1977 and Balberg et al. 1984]. The slightly smaller value
of ¢, = 0.12 obtained from the four different types of power experiments (in axial
direction: DC and AC; in transverse direction: DC and AC) are attributed to the
presence of cavities of approximately 7 times the size of the graphite grains. The
conductivity exponents are found to be ¢t = 2.63 and 2.68 in the axial and transverse
directions, respectively, for the disc samples, and ¢ ~ 4.8 and 6.1 in the axial and
transverse directions for both the 50%G-50%BN and 55%G-45%BN powders. As one
can fit the conductivity data with a single conductivity exponent of t=2.74 over entire

volume fraction range on the conducting side (0.150 ~ 0.82), a single metallic con-
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duction mechanism must be responsible to the electrical conduction for all the disc
samples with ¢ > @.. The exponent 3 obtained from the conductivity measurements
on the insulating side does not appear to be related to the dielectric constant expo-
nent s. However, the values of exponent 3, which describes the divergence behavior of
conductivity for ¢ < ¢, are not well understood [Chpater 15, Deutscher et al. (Ed.)
1983].

Close to the percolation threshold it has been observed that the AC conductivity
and dielectric constant vary with frequency as o(¢,w) x w* and €(¢,w) x w™Y. The
measured exponents z and y for the disc system and two powders are in excellent
agreement with the predictions of intercluster polarization model in spite of the un-
usual large values of conductivity exponent ¢ obtained from the DC conductivity data.
Unfortunately, the anomalous diffusion model cannot be checked quantitatively due
to the lack of knowledge of exponents v and 8 for the G-BN systems. The exponent
¢, which describes the power-law behavior of the crossover frequency w. against the
DC conductivity, has also been measured. On the conducting side, the measured ¢
values are all less than the predictions of the intercluster polarization model, even
using the observed exponents t and s. Furthermore, the observed values of w, for
the powders undergoing compression are several orders of magnitude larger than the
theoretically predicted ones. On the insulating side, the frequency response of the
imaginary part of the AC complex conductivity, w - €(¢,w) against w, collapsed into
a single straight line when normalized by the DC conductivities for the same sample.
This behavior results in a measured w. ~1 and consequently ¢ ~ 0, for all the insu-
lating samples. This result can not be explained using any of the existing percolation
models and there is no published experimental result available for comparison. The
shallow global minima in the loss tangent tan é as a function of frequency for the in-
sulating samples near the percolation threshold are not in agreement with computer
simulations based on the R-C model [Clerc et al. 1990]. These two anomalies cannot

be resolved in this study.

The magnetoconductivity exponent ¢,, in a field of 1.5T is found to be 3.08. This
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value is clearly larger than the measured conductivity exponent of t=2.68. This re-
sult contradicts the only existing theoretical model [Bergman 19€7], which predicts
the same value for the conductivity exponent ¢t and magnetoconductivity exponent
tm. The observed relative magnetoresistivity exponent g. of 0.28 is in agreement with
that obtained from granular percolation Sn-Ar films [Rohde and Micklitz 1989]. Since
the microstructures of the G-BN and Sn-Ar are topologically very different, the same
magnetoresistivity exponent suggests that the difference between the two experimen-

tal results and the single theoretical prediction is a fundamental one.

The excess noise measured in the G-BN conducting disc and parallelepiped sam-
ples is typically 1/f” with the exponent 5 ranging from 0.98 to 1.08. Near the
percolation threshold the normalized 1/ f noise power diverges as Sy2/V? o« R¥ with
exponents w = 1.47 and 1.72 in the axial and transverse directions respectively. These
two exponents are close to the prediction of a metal-metal contact noise model in the

Sharvin regime and using the self-consistent effective medium approximation.

The relation Sy /V? o (Volume)=%°¢ for the samples near the percolation thresh-
old is the first experimental investigation in binary continuum percolation systems,
and the results could be used to test the theoretical models developed by Rammal et
al. (1985b). The noise exponent b, appeared in the relation Sy /V? o L™, is found
to be 1.68. This value for b is outside the estimated range 1.1 ~ 1.26, obtained from
computer simulations on three dimensional discrete lattices [Rammal et al. 1985a,

Tremblay et al. 1986].

The thermoelectric power in a binary composite has been shown to be a linear
function of the Wiedeman-Franz ratio. A scaling scheme for the Wiedeman-Franz ra-
tio in percolation systems has been proposed in this thesis. This scaling hypothesis,
when used in conjunction with the MSBL formula, results in two new power-laws for
the thermoelectric power, one on each side of the percolation threshold. These two
power-laws can be written as (S, — M;) « (¢ — ¢.)* on the conducting side of the

percolation and as (S,, — M;) o (¢. — )~ on the insulating side. One advantage of
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these two percolation equations is that the electrical conductivity and thermal con-
ductivity data for the composites lo not have to be known separately when one uses

these equations to fit experimental thermoelectric data.

The thermoelectric power data obtained from the G-BN samples with ¢ > ¢,
are in good agreement with predictions based on the self-consistent effective-medium
approximation [Webman et al. 1977] and the MSBL theory. The new power-laws for
thermoelectric power fit the experimental data, obtained from the G-BN percolation

system and from a series of Al-Ge granular films [Hurvits et al. 1993].

The studies of percolation phenomena associated with the G-BN systems point out
that several investigations still need to be done. For example, on experimental side,
a systematic study of grain size dependence of conductivity exponent ¢ is required as
this dependence has been noted by Chen and Jonhson (1991). This suggestion is mo-
tivated and imitated by the investigations carried out by Kusy (1977) and Dovzhenko
and Zhirkov (1995) in which it is found that the critical volume fraction varies with

the ratio of the conducting grain size to the insulating grain size.

As only two experiments on the magnetoconductivity of percolation systems have
been performed up till now, more data, using different percolation systems, is needed
to resolve the fundamental differences between the two observations and the single

theory.

The power-laws for the thermoelectric power in percolation systems, proposed in

this thesis, need to be tested using more and more accurate experimental data.

On the theoretical side, it has been noted in Chapter 5 that, for the Swiss-cheese
model the scaling behavior of the smallest neck width, § (¢ — ¢.)¢, determines the
conductivity exponent ¢t and noise exponent w [Halperin et al. 1985, Garfunkel and
Weissman 1985]. Only two cases, with ¢ = 1 and 2, have been studied. Neither of

these calculations can explain the ¢t and w values that have been observed in the G-BN
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systems. Further investigation on the relation between the values of the exponents ¢

and w and that of the exponent ¢ ‘s needed.
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