PHYSICAL REVIEW B VOLUME 56, NUMBER 3 15 JULY 1997-I

Percolation exponents and thresholds obtained from the nearly ideal continuum percolation
system graphite-boron nitride
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Compressed disks made from graphite and, its mechanical but not electrical isomorph, boron nitride as well
as graphite-boron nitride powders, undergoing compression, are nearly ideal continuum percolation systems, as
the ratio of their conductivities is nearly 18 and the scatter of the experimental points near the critical
volume fractione, is very small. The following measurements, with the characteristic exp@hénbrackets,
are made on some or all of the samplegdrial) and at right anglegradial) to the direction of compression,
as a function of the volume fraction of graphiig); dc conductivity(s andt), dielectric constanfs), magne-
toresistivity ¢, ), and noise powerl). The noise power is also measured as function of resistampearid
volume (b’). The ¢.'s obtained for all measurements are consistent and explicable. The results for the
exponents are less well understood but, where possible, these results are compared with theoretical predictions
and previous experiments. The reasons for the nonuniversality clarified [S0163-18287)00327-5

I. INTRODUCTION sured in similar systems. The measurements nfaité the

. ¥ r corresponding exponent in bracKetgere the dc conductiv-
The properties of conductor-insulat@r metal-insulator ity (s for <, andt for ¢>g,), the real part of the ac

composites have been extensively studied by both eXperBieIectric constants, measurable only o< ¢,), the ac

mental and theoretical physicists for many years. At first o ) . L
mixture rules and later effective media theories were used tgonduct_lwty(t for ¢> (?’C_)’_ the ratio Of. the anlsotrop!(}mal
d radial dc conductivities\\), the flicker or 1f noise(w

analyze the data, but since the 1970s the main theoreticgpdK dthe t i istivi)( The di
models have involved percolation theory and the concept of" ), and the transverse magnetoresistivity)( The dis-

scaling. This is due to the realization that the percolaltior1m:“rs'c’n measuremenitw) (exponent, Wh'c.h IS rel_ated o .
threshold in metal-insulator systerfiattice models, model s andt) and thermopower measurements will be discussed in

systems, and continuum composjtds a critical point, furtSer pl:'lljhcatnl)nts. it idely believed that
analogous to the critical points of phase transitions in ther- p until nearly ten years ago it was widely believed tha

modynamic systems. Some of the major review articles irfl the exponents, whether measured in a _Iattlce m(mtﬂ!h-_

this field are by Kirkpatrick, Landauef Bergman and puter simulatioy, a model system or a continuum composite,

Stroud?® and Narf In addition there is an extensive set of W€'® u_nlversal, n th_at they deper_nded on t_he geomgtrlcal

review articles on percolation processes in the book, editeg'mens'on only—3D in these experiments. Smpe then it has

by Deutscher, Zallen, and Adfeand also the revised text- 2€€" realized that there are a number of continuum systems

book on percc'JIation t;y Stauffer and Aharchy in which unequivocal nonuniversal exponents have been ob-
Most experimental work has been focused on the simpléerved or predictetiMany of the exponents presented in this

dc resistivity properties, less on the ac dielectric or conduc[:)ap:er are nonudmverzall anfd will be @scusTed using the cur-
tivity properties, the Hall effect and flicker noise, and very rently accepted models for nonuniversal exponefese

: P theory sectioh
litle on the magnetoresistivity and thermopower. In most . .
g y b In Sec. Il the equations used are presented and discussed

experimental papers only one or two of these properties is ) i .
P pap y prop nd the experimental procedures are described in Sec. Ill.

measured on the same system, which makes it difficult t | din Sec. IV and di din Sec. VV
compare and correlate the different exponents that appear i e results are presented in Sec. [V and discussed in Sec. V.

the various scaling laws, which have the for@wx|d Our conclusions, made from the discussion, are in Sec. VI.
— ¢.|*. Here Q is the physical(electrica) property mea-
sured,x the (in some cases univergatxponent,¢ the vol-
ume fraction of the conducting component, apdthe criti-
cal volume fraction or percolation threshold:. is the A. The percolation equations and exponents

volume fraction where the conducting component first forms

an infinite or spanning cluster in the sample or a continuous When the ratio of the conductivities of the two compo-
dc conduction path across an infiniia practice very large  nents of binary disordered conductor-insulator media is not
sample. In this paper we report on measurements of a largeery small (o;/o.<1), the conductivity of continuum me-
number of exponents, together with tlgg value, in two dia can sometimes be described by an effective media
reliable continuum percolation systems and then try to relatéheory?>=*’ However, when this ratio is very smalb-(/o
them to the theoretically predicted values and those mea<1), conductor-insulator systems, especially néar are

II. THEORY
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best described by percolation theory, which is also a scaling Kogut and Strale¥/ were the first to show that if the low

theory for phase transitiori$"®*°A number book3®°and

conductanced) bonds in a percolating resistor network had

review article$™ cover percolation theory and compare thea distribution h(g), characterized byh(g)~g~* with 0
results from both lattice and continuum systems with theory< o<1, then the conductivity exponentvould be given by
The “binary” system considered in this paper has a conduc-

tivity on(¢) and a complex dielectric constamt, ()
tiemi(P) €mi(P)=om(P)/ weg], which is made up of a
conducting componenir, and e.= e, +i €. (in which e,
is usually ignored or put equal to zero aeg=o./wep)]
with a volume fractiong, an insulating componertr; and
€= €, +ig; (in which g; is usually taken to be zerpand a
critical volume fraction or percolation threshodl. . ¢. can

t=tyyta/(l—a) for O<a<l,

(3a)

while for <0, t=t,,, wheret,, is the accepted universal
value. For a superconductor-normal resistor netweegime
Il when o,—) with the distribution of normal conduc-
tances(now in the o; componentwith high g, being char-
acterized byh(g)~g~#, the exponens would be given by’

only be unequivocally directly measured as the first detect-

able dc conductivity, in an infinitelyvery) large sample
wheno;/o.=0 becauser;=0, or where the dc conductivity
becomes» and againo;/o.=0. In all other casesp. for

continuum systems must be obtained by fitting the data to

theoretical expressids).

The expressions fotor,(0,4)[w=0], en(w,d), and
ok (©,0)=wegem, With |dp—d|=A¢, given to lowest
order348:9

Tn=0 AP, em=eAd S om=0Ad [d> e,
(1a
Tn=0iAG S, E€m= e AdT,
o= (02edello)Ap™ 2 [p<¢l,  (1b)
om=0lo; ", em=eh(oc/ew)t Y,
The=(weger) o Y [d~dcl, (10

where u=t/(s+t). Equations(1c) apply in the region| ¢
— ¢¢|= 6, givert*8 by 4= (o /o) Y or for ac mea-
surements, withr; < wege;, <o, and assuming;;, due to
polar losses, is zero or negligible, by,
=(wege 10o) 9. As oy /0 in this paper is 10'® andw
small, the region covered by EflLc) is experimentally inac-
cessible and will not be further discussed.

If the data covers a large range éfand especially where

¢ goes from 0 to 1, one should fit the data using the follow-

ing normalized percolation equations,

O'm:(rc[(qs_d)c)/(l_d)c)]t [¢> bl (2a)
Um:Ui[(¢c_¢)/¢c]_s {OI’ Emzfi[(¢c_¢)/¢c]_s}
[¢<écl, (2b)

with o, o, t, s, and a commonp, as parameters. These
equations gives, when ¢=1 and o; when ¢=0, so that
they can, in principle, fit data in the range<@ <1123

s=suynt(2-B8)(B—1)

while for 8>2, s=s,,. Note that this model does not allow
eithers or t to be lower than the accepted universal values of
gun andt,,.

The first model to propose a distribution of the“* class,
leading to a nonuniversalin a continuum system, was the
Swiss-cheese modét®1® where the narrow conducting
necks, joining the larger regions of the conducting material,
dominate the resistive behavior. This class of system was
realized by Leet al®in a system of glass spheres randomly
distributed in indium and gavie=3.1. However, the inverted
“Swiss-cheese” model was shown not to lead to any change
in the transport exponents.

Balberg® proposed a model similar to the inverted
“Swiss-cheese” model but where the interparticle conduc-
tion mechanism is tunneling. This leads to the expreé<fbn

4

where a is the average closest approach distance between
two particles, which could belong to different clusters, and

| is the tunneling distance coefficient. This equation predicts
a considerable increase infor high a/l. However, high

al/l values would lead to very resistive media. This model
may apply to some carbon black-polymer composite&ur-

ther experimental evidence for larggalues, when tunneling

is clearly shown to be a dominant conduction mechanism by
superconducting measurements, is given in McLachlan
et al’® and Eytaret al?*

Another model that may allow values of somewhat
greater than 2 is the links-nodes-blobisNB) model of
Stanley? and Coniglié® (see also Ref.)3which supercedes
the oversimplied links-nodes model of de Gerflemd Skal
and Shklovski?® and provides a realistic picture of the back-
bone on a lattice and enables the critical exponents to be
calculated or estimated. In this picture, a node is any site on
the backbone that is connected to the boundaries by at least
three independent paths and the internode spacing, above
¢, is the corrolation lengtlf~ (p—p.) " [(¢—¢) Vina

for 1<B<2, (3b)

t=t .+ (a/l)(1—1/a),

Until recently it was believed that simulations, based oncontinuun. A link consists of lengths of single or cutting
lattices, and real continuum media both belonged to the samteonds (i.e., those which, if cut, will interrupt the current

universal class and thatandt depended on the dimension
of the problem only. The most widely accepted universal
values, in three dimensions, asg~0.87 andt,,~2.0° but
values oft down to 1.7 are often taken to be acceptabidl.

flow) and blobs(which are multiply connected paths on the
backbone, where each path carries a fraction of the backbone
curren}. The average resistance of two sites, separated by a
percolation correlation length, or the resistance of the in-

computer simulations and many continuum systems supeipient infinite cluster isa(p—p.) ~°, which leads to the

ported this belief, but it was also found, in a number of

continuum systems, thatwas 3 or even larger!3-1¢

expressiort= 8+ (d—2)v.2>?8 |f the links are made up of
cutting bonds only, the model proposed in Refs. 24 and 25,
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6=1. According to Refs. 23 and 26, the random resistor(6), virtually identical values for the parameters were ob-
model givesé=1.12 in 3D, which leads ta=1.95 (1.12 tained, which is to be expected as/o.~10"1& In the re-
+0.83). To account for the largér that is found in some sults section, the parameters given are usually those obtained
continuum systemg would have to be larger than 1.12 from Eq. (2). Note that all three-dimensional dateshere
(which implies a large fraction of blobs on the backbpne o/, was usually greater than 18) previously*3fitted to
Fisch and Harr® give the limit v<&<uw/vg, wherevgis  Eq. (6), usingt=s, gave a fit to the data which was as
the correlation length exponent for self-avoiding walks. Us-statistically good or nearly as good as that obtained using
ing their values ofv=0.83 andv,=0.588, this givess an  #s.
upper limit of 1.49, whilev values of 0.83—0.89 have been
put forward. Therefore, in its current form, the links, nodes,
and blobs model is unable to account foralues higher than . ) .
about 2.35 unless, the complexities of the links, nodes, and Low frequency or 1f noise has been observed in a wide
blobs in a system of real grair(ith the possibility of an  variety of bgtg homogeneous and percolation systems for
anisotropic conductivity and/or shape and a range of intermany years”* When a constant “noise free” current is
grain conductancesllows 5 to be higher than 1.49. _passed th_rough a resistor the ob;erved noise increases; this
Breakdowns in universality have also been found in two-increase is known as the f1or flicker noise. The noise
dimensional anisotropic percolation systems. Model experiPOWer spectrum in terms of voltage fluctuations is described
ments and computer simulations in two dimensions, wher®y Hooge's* empirical formula,
both s, andt,,~1.3, give nonuniversal values farandt
which, depending on direction, can be either larger or S,(f )=aVZ(Nf?), (7)
smaller thant,, (Ref. 4 and the references thereiThere ) )
appears to be no similar data in three dimensions. where y is an exponent close to unity(usually
The magnetoresistance of percolating systems has ngt=1-0+0.1), V is the dc voltage drop across the sample,
been extensively studied; there being, to the best of the all iS the total number of charge carriers in the samptau-
thors’ knowledge, essentially one previous theoreticaPlly proportional to the volume and a is a d|mle_nS|onIess
papef” and two experimental studid&?° The Hall effect has number with a value of tr,o‘,‘s':‘ order of 18—10"* in small
been more widely investigated but, as this was not measuiolume metallic Samplé§5 and as high as £6-10" in
able in this system, the reader is referred to the review argranular hight, materials’
ticles by Bergman and Strotiénd Nart® Bergmar’ devel- In this paper after checking th&, is proportional to
oped expressions for the low-field Hall effect andV’ (or I°R? as the resistance is Ohmiand determiningy,
magnetoresistance using a scaling approach. For the trarfe quantityS, /V?=a/(Nf?) is examined as a function of
verse and longitudinal magnetoresistance two new exponenfg— ¢¢) or R, the dcresistanceof the sample. Many experi-
t, andt, had to be introduced. Using these it is predictedmental workers have observed the following power laws in

C. 1F or flicker noise

that, in systems where > o, percolation systems:
—AcxH? and (¢— o)t Ol (59) S, IV2=A($— o) K 83)
and
=BR", (8b)
Aplp=H? and (¢— )t o h! (5b)

. . L as the percolation threshold is approached from the conduct-
Here — Ao is the change in conductivity between zero and &g side. Note that theory predicts thatshould be given by
given field, whileAp/p is the usual p(H) —p(0)1/p(0). w=K/t. As the plot ofS,/V? againstR should eliminate
some of the statistical fluctuations in the, against @
B. The general effective media equation — ¢.) results, the exponent given in this papemis but K
Another method of fitting continuum conductivity data can be found by multiplying by the appropridteMeasure-
(0 /0.#0), as a function ofp, is to use a modification of Ments on percolation systems include those in bott*tw6
the general effective media equation proposed byand threé—**dimensions.
McLachlar®® and McLachlan, Blaskiewicz, and Newnhdm.  Theoretical calculations give w of 0.85 for a three-

This modificatioR? is dimensional random resistor lattféé*and 2.15 for a Swiss-
cheese structur®.For a three-dimensional Swiss-cheese and
(1— ¢) (i alls)  p(ot— ot inverted Swiss-cheese model, Tremblay, Feng, and Bfeton
o5 AT + T AcTK =0, (6)  calculatedw to be 2.1 and 2.4, respectively. Using a model

where the noise is generated in a granular medium by
where A=(1—4¢.)/¢.. This equation reduces to the “metal-to-metal” contacts, in the so-called Sharvin regime,
Bruggeman symmetric equation, whar=s=1, has the Pierreet al*® obtained av of 1.5, for ¢> ¢ .
mathematical form of the Bruggeman asymmetric equation, Using scaling arguments Rammal, Tannois, and
when ¢.=0 or 1 ando;—0 or o.—, and the percolation Tremblay® showed that for fractal structurs,(f )/V? is
equationdEq. (2)] wheno;=0 or o.—» and 0<¢.<1. It  proportional toL ~°, wherelL is the linear size of the cubic
is also a smooth interpolation between the two conductivitysample L <¢, andb is a new exponent, with a value of 1.18
equations given in Eq$2), whena;/o.>0."3*When the dc  for a three-dimensional random resistor network model.
conductivity data in this paper was fitted to both E2).and ~ While the noise power may scale BsP® near ¢, it should
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scale ad 3 for ¢=1, i.e., a homogeneous system in three x 3.8 mm, (3) 25X 25% 3.8 mm, (4) 18x18%x3.8 mm and

dimensions; the change over should be wHere¢.*® (5) 13x 13% 3.8 mm. Note that in all these samples it is the
area that is being reduced, but as the samples are three di-
Ill. EXPERIMENTAL APPARATUS AND PROCEDURES mensional, this should not be important.

. ~ The second system consisted ®BN 50:50 and 55:45

All the samples used in these experiments consist of MiXpowders undergoing compression in various piston-cylinder
tures of graphite powderQ®) and hexagonal boron nitride apparatus in which the pressure was applied by a piston,
(BN) powder together with dry air, as there was always &driven by a precision 0.5-mm pitch thread. Reproducible
certain amount of porosity. Graphite and BN are mechanicghourings were obtained by pouring the powder into the cyl-
isomorphs, with almost the same crystal structiivep), pa-  inder through a sieve, which covered the mouth of the cyl-
rameters, and densit§2.25 gm/cg. Compressed pellets of inder. In one set of measurements the powder was introduced
the BN, with a porosity of 18% have a resistivity of jnto the slot in a special cylindrical piston, at the bottom to
10'° O cm along the direction of compression and 4.2the cylinder. The piston was then raised with a rotating mo-
X 10 Q cm at right angles to this direction. Similar com- tion, using a screw. In this method the powder underwent no
pressed graphite pellets have a resistivity along the directioftee fall and can be thought of as being “stroked” into po-
of compression of 0.12) cm and a transverse resistivity of sjtion.
2.88<107° O cm. For mixed compositions, the appropriate  The dc powder resistivity measurements were made in
weights of G and BN were ground together in a planetary cylindrical vessels with internal diameteft®’s) of 42 mm
mill for an hour. This resulted in a powder in which 80% of and a length of 90 mm. Preweighed and ground powders of
the grains lay between 3 and 24n. 50% G-50% BN and 55%G-45% BN were poured into the

The first system is the compressé€a-BN series of cylinders, so as to achieve very low apparent densities. The
samples, where diskgliameter 26 mm and thickness about resistivity measurements were made as the top close fitting
2.5 mm were produced in a cylindrical pressure die at 200nonrotating moving plunger was slowly and incrementally
Mpa. The porosity of these disks was always very close tgnoved down into the cylinder. The volume fraction of the
0.18. A comparison of the x-ray spectra of the surfaces ofyraphite, between the plunger and bottom plate, was accu-
compressed disks and loosely packed powders, showed thaitely known at all times from the weight and density of the
during compression the grains oriented, such that 80% of thgraphite and the total volume between the plates, calculated
¢ axis lay within one degree of the compression axis. Thisrom the accurately known position of the plunger. Near the
leads to a large anisotropy in the conductivity. For axial meametal insulator transitioiMIT) transition the volume frac-
surements silver paste “capacitor” plates, with tWoor  tion increments were very low, 0.00D.1%. For the axial
V) loops of thin copper wire embedded in them, were paintedneasurements the vessel walls were polyethylene and the
on the end faces. For radial measurements bars, with dimemetal plunger and bottom of the vessel were the electrodes.
sions of about 248x 2.5 mm, were cut from the disks and For radial measurements the cylindrical vessel walls consist
two or four point leads were attached with silver paste. Noteof 90° of brass, 90° of polyethylene, 90° of brass, and again
that, because of this geometry, neither capacitive or vergo° of polyethylene. In this case the plunger and bottom of
high resistivity radial measurements could be made. the vessel are both polyethylene. All the resistivity measure-

The dc conductivity of freshly compacted disk samplesments were made using a Keithley 617 electrometer operat-
near¢. were found to vary fairly rapidly at first and then at ing in the /I mode.
an ever decreasing rate. A typical change was 45% in the At the beginning of an experiment the plunger was about
first ten weeks and then less than 1% in the remainder of Z0 mm above the bottom plate and the apparent density
year. All measurements on disk and parallelepiped samplesbout 0.36 gm/cc which corresponds to a packing fraction of
reported here were made on samples aged for at least temout 0.16. The downward motion was limited by the torque
weeks. The origin of this phenomenon is not known and it ishat could safely be applied to the 0.5-mm thread. At the
planned to investigate it further. lowest point of the motion the plunger was about 40 mm

dc resistivity measurements on the low-resistance sampleghove the bottom plate, the apparent density about 0.63 gm/
(R<0.1 MQ) were made using standard procedures andgc, and the packing fraction about 0.28, which means that
where necessary, separdteind V wires. Resistivity mea- there are always air filled cavities in these powders.
surements, wherB>0.1 M), were made using a Keithley The axial ac dielectri¢conductivity) measurements were
617 operating in th&//1 mode. Capacitance measurementsmade with the same powders as above, in a cylindrical vessel
where made using an ESI video bridge. This is an ac vectowith an ID of 70 mm and a length of 50 mm. The volume

voltmeter and the separatéand| leads were used. fraction calculations and packing fractions are similar to
To measure the dependenceS)f/V? on the volume of those described for dc measurements. The dielectric mea-

the compressed samples, radial sampheth selectedp val-  surements reported here were all made at 100 and 1000 Hz,

ue9 where cut and polished so as to decrease the volumeising an ESI video bridgévector voltmeter.

Typical dimensions argl) 18.6X18.6x2.2 mm, (2) 16.9 As the geometry used for radial resistance measurements

X16.9X2.2 mm, (3) 14.6X14.6x2.2 mm, (4) 12.7x12.7 was not suitable for capacitance measurements, a different
X 2.2 mm,(5) 11X 11X 2.2 mm, (6) 6.8X6.8x2.2 mm, (7) cell geometry had to be used. A slot shaped ‘“cylinder”
6.1X6.1X2.2 mm. In addition two disk samples with a di- 100X 100X 10 mm was constructed, where the X0D00
ameter of 50 mm and a thickness 3.8 mm were pressed arfdces were the electrodes. The powder was compressed, as
S,/V? measured as a function of volume. Typical dimen-above, but using a piston with a face of>1000 mm. The
sions here are(l) 35.1X35.1x3.8 mm, (2) 31.4x31.4 parallelapiped piston-cylinder system was also measured
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with no sample present to obtain the capacity of the piston 0
only. After correcting for this, the dielectric constant of the 0—55%G-45%BN Powder ¢ 9
powder was obtained. The measurements were made using V—Disc-Shaped Samples v ©
the same ESI video bridge.

The samples used for magnetoresistivity measurement
were parallelepipeds approximately>2@.5X2 mm in size,
the 2-mm edge being in the axial direction. The voltage/
current contacts were silver painted onto thex20faces, so
the current directiorfalong the 2.5 mm edgevas in a radial
direction. The magnetic field, supplied by a conventional 15 s
1.5-T iron core magnet, was perpendicular to the 2.5-mm ¥
edge, or in the axial direction, which resulted in the trans- 0 0.05 0.10 0.15 0.20 0.25
verse magnetoresistance being measured in a radial direction VOLUME FRACTION ¢
This is the geometry recommended by Putfep minimize
the interference in magnetoresistivity measurements by th
Hall effect. The magnetoresistance could only be measure@'
for ¢> ¢, and the current and voltage measurements werd
made using two Digital Multimeters. The magnetic field wasyith the minimum of discussion. A more detailed discussion

measured using a calibrated Hall probe. will be given in the next section when all the valuesdaf

An attempt was made to measure the Hall effect in theang the exponents, together with their experimental uncer-
24X 8x 2.5 mm radial samples, previously used for resistiv-tainties, have been presented.

ity measurements. The current flowed along the 24-mm edge |n all analysis made in this section the insulating compo-
(radiaD direction and the field was perpendiCUlar to the 24nent is a BN_dry air Composite‘ The porosity of all com-
X8 mm plane, i.e., in the axial direction. This was not suc-pacted samples, frond=0 to 0.82, is close to 0.18. As the
cessful, even though an ac lock-in amplifier techniqtee BN and graphite grains have the same crystal structure, den-
improve the sensitivity and signal-to-noise rativas also  sity and similar size distributions one may consider this se-
tried. Attempts to measure the Hall effect at 77 K, were theries of composites to be such that one starts with a granular
Hall coefficient of graphite is considerably largéralso  BN-air composite and replaces the BN grains by graphite
failed. grains as¢ increases. If this picture is adopted, then one is

Flicker noise measurements were made on the compacteflerely replacing the insulating sites with conducting ones as
disks in the axial direction and on the parallelpipeds cut fl’om¢ increases, and the Composite nature of the insulator com-
the discs in the transverse direction. No measurements Werﬁ)nent is less troublesome. In F|g 1 p|0ts of the axial con-
made on the powders as the readings were too unstable. Adyctivity, on a logarithmic scale, for a series of disk samples
kaline batteries, wire wound buffer resistofthe total of gnda single run on a 55% G-45% BN powder, as a function
which was always at least ten times the sample resistancepf ¢ are shown. The large change in the resistivity and the
the sample, and a Stanford Applied Research SR560 log|atively small scatter of the data very negg, probably
noise preamplifiefrunning on its internal batterigsvere all  make this the best conductivity data yet observed in a con-
placed in a grounded shielded steel container. The input imgauum system neatb.. The 84 region, where Egs. (&)
pedance of the preamplifier limited the measurements t@pply and given by & 1o ) M= (107 191R) S, is too
samples with resistances of less than 100,Ke., ¢>¢c.  nparrow whether one takes the universal values andt or
The output of the preamplifier went to a HP 3562A Signalthe measured ones given below, and no samples lie in this
Analyzer, which performed fast-fourier transforms to give region. Theo,, data shown in Fig. 1 and similar data for
the noise spectra. The current was varied and calculated, Ugnother series of disk and powder samples are fitted using
ing various buffer resistance-applied voltage combinations Iquations in Eq(2), with o, o, s, t, and a single value of
series with the sample, and the measurements were all madg a5 parameters. The results of these fits to disk data, shown
at 20+1 OC_- in Fig. 1, are also plotted in Figs(& and Zb). Also shown

The noise spectrum between 1 and 1000 Hz was takefy Fig. 2(a) is the radial dc conductivity data, for the paral-
and a.veraged. over 1000 sweeps by the spectrum analyzepéipiped samplesiwith #>¢.) cut from the same disk
The flicker noise spectrum was then measured for a nUMb&f; mples shown in Fig. 1, and the best fit to this data. Figure
of selected currents, so that the expected curfeoltag® 5 (c) shows the data for the capacitive measurements, made at

S,(f )=1? dependencies of spectrum could be verified.100 and 1000 Hz, on the insulating side of the above series
These measurements were repeated for a number of axial agd gisks fitted to thee,, equation in Eq.(2). The best fit

radial disk samples, all with approximately the same volumey gjyes ofs, t, and¢,, used to plot the theoretical curves in
for different ¢s(¢>¢). For some selected compositions gig 2 are given in Table I. Radial conductivity and dielec-
the noise was measured for various samples, ggarwith  {ric measurements on the insulating side of the parallelepiped
ever decreasing volumeas previously describgd samples could not be made due to the high resistances and
low capacitances, caused by the unfavourable geometric fac-
IV. RESULTS tor. No cgpacitive measurements cogld be madg on the con-
ducting side of the MIT, due to the high conductivity of the
In this section the experimental results and the results ofamples and the limitations of the ESI vector voltmeter.
fitting the data to the experimental data will be presented, The values ofp., s, andt, together with the experimen-
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FIG. 1. A plot of the log of the axial dc conductivity, against
e volume fractiong for a series of disk-shaped samples and a
ingle run on the 55% graphite-45% boron nitride powder.
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TABLE I. This table gives the values @b, s, andt obtained

from the measurements described in this paper. Values. aind
. o; are mentioned in the text. Axial and radial indicates the direction
£ of the electric field. Direct current measurements are labeled dc
g while ac measurements are performed at 1000 Hz and sometimes
8 also 100 Hz.
bo
] v—Radial Sample
9 st o—Axial disks b S t
t Axial ac 0.150+0.001 0.530.07 2.58-0.13
-8 oY 20 o o Axial dc 0.150+0.001 1.0%0.05 2.63:0.07
LOG,q(6-0,) Radial dc 0.156:0.001 2.680.13
-14.0 Axial ac 0.153-0.001  0.46-0.02  2.81-0.09
(b) _
Axial dc 0.153+0.001 1.06:0.04 2.90£0.20
T’E\ -14.5 “Sieved” powder
(8]
c 50% G
& -15.0 o Axial ac 0.114-0.001  0.60:0.01
C;a o Axial dc 0.120+0.001 0.42:0.01 4.85-0.46
O .155 Radial ac 0.1080.002 0.91+0.02
Radial dc 0.116:0.003 0.26-0.05 6.16:0.16
55% G
-16.0 i
oy 20 s oY) o5 Axial ac 0.124-0.001  0.72:0.01
LOG,(¢,-0) Axial de 0.123-0.001 047001  4.80-0.14
2075 < Radial ac 0.102 0.001 0.83-0.06
Radial dc 0.124:0.001 0.46-0.01 6.06-0.13
0— 100 Hz
1.5 O— 1000 Hz “Poured using a rotating cylinder”
w 50% G
(_.)e 1.0 Axial ac 0.1270.001 0.530.01
g Axial dc 0.123t0.001 0.930.13 4.64-0.04
o
0.5
data goes over a sufficient range ¢fon either side ofp.,

_8.5 20 15 10 05 simultaneous fits to Eq2) or a single fit to Eq(6) are the
LOG (0 -) best methods. The problem of differepit—t combinations
¢ fitting the data nearly equally well is also commented on by
McLachlart? and Chen and Johns8hThe radial parallel-
FIG. 2. (a) A plot of the log of the axial and radial dc conduc- epiped data was fitted to E¢La) only and the best statistical
tivities (oqJ against log((4—¢) for compacted disk samples, fit parameters are listed. However, the valuesggfand t
where ¢> .. (b) A plot of the log of the axial dc conductivity tapled for the radial measurements were clearly the best sta-
(040) against log(¢.— ¢), whereg<¢.. (c) A plot of the log of istical fits, within the error limits. The fact that the,
the axial real dielectric constartagainst logo($.— ), whered — (4yia)) and ¢, (radia) values agree with each other to within
<éc. $:=0.150 in all three cases. the experimental accuracy, as is to be expettiutreases
our confidence in the), (radia) andt values.
tal uncertainties, obtained for both series of disk samples are Note that the virtually linear and parallel data, fog
summarized in Table |. As previously stated the, o, when ¢> ¢, shown in Fig. 2a) does not agree with either
o;, s, andt parameters for the axial dc data for disks wasof the two models proposed by ShklovsHifor the conduc-
obtained from simultaneous fits to E@). (For brevity the tivity of anisotropic percolation systems.
values ofo,. and o; are not given in the table, but are men-  The data given in Table | are for disks with a maximgm
tioned elsewhere in the textThis method eliminates the of 0.24. Conductivity measurements for 0:82> ¢, were
problem of getting nearly equally good statistical fits for dif- also made, using the previously described two embedded
ferent combinations ofp. andt, as emphasized by Lee wire electrodes or capacitor plates. The data for all the disks
et al;*® who suggested thap, could only be reliably ob- from ¢=0 to ¢=0.82 is shown in Fig. 3. The theoretical
tained by direct §,=0) measurements. However, for real curve shown in Fig. 3 is actually a best fit to Ef) and the
systems ¢;/o.#0), the experimental results depend notparameters are ¢.=0.150+0.002, logg oj=—15.86
only on the system, but also the measuring equipment uset# 0.04, logq 0.=1.89+0.02, s=1.05+0.18, andt=3.03
(note “o=0" is very different using a digital multimeter *0.07. These parameters are very close to those obtained
and an electrometerTherefore, we believe that, where the using the normalized percolation E@), for the same data,
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0—50%G-50%BN Radial
15 8—-55%G~45%BN Radial
10
0 0.2 0.4 0.6 0.8 -14
Volume Fraction ¢ -3.0 -2.5 2.0 15 1.0
LOG10(¢'¢C)
-14.0 —— :
FIG. 3. A plot of the axial dc conductivity, on a log scale, (b) o eBN Al
againste for a series of disk-shaped samples over a wider range o 145
¢ than shown in Fig. 1. The solid line is a best fit to E6).. The T ? T .,
parameters are given in the text. § Ve
& -15.0
but over a smaller range @f. If Eq. (6) is used to fit the data B 58 §_55%G45%EN Radial.
below ¢=0.24 only, the results arep.=0.150+0.002, ° . +—50%G-50"5BN R 1idial
log;o o= — 15.86-0.01, log, o.=1.50+0.13, s=1.05 S -
+0.04, andt=2.7+.24, very close to the values given in - -16.0 AR SR - .
Table I. "
The parameterg., o, oj, S, andt for the axial and -16.28
radial dc powder data, on both sides ¢f, were also ob- e _2.4LOG " _d’))z-o 18
tained by the simultaneous fit to E@) method, so there can 15 7%
be very little uncertainty as to their values. The axial and (© Y—55%G-45%BN Axial
radial capacitive measurements on powders had to be fitte 13 S N al
for ¢<¢. only, but the parameters have relatively small R—50%G-50%BN Radial
error limits. The slightly lower value ofp. for the radial w© 11
capacitive measuremer({tsompared with the other threean s
be attributed to the very different geometry of the “radial” 8 0.9
capacitive cell, used in these measurements. The fact th: - )
¢ differs by so little, for two rather different geometries
(circular and parallelapipedis actually encouraging. The 0.7
data and fitted results for the powder experiments are show
in Figs. 4a), 4(b), and 4c). The parameters obtained by 0_-35 20 15 0
fitting this data are tabulated in Table I. The ac parameter: ’ ' o o
LOG10(¢C'¢)

are those obtained at 1000 Hz. The values measured at 1(
Hz were virtually identical.

To check for inconsistencies, each powder experiment G 4. (a) A plot of the log of the axial and radial dc conduc-
was repeated three times and each experiment gave thr@gties () against ¢— ¢.) for 55% graphite-45% boron nitride
values for the same parameters, a,, a;z and three statis- (¢.=0.123) and 50% graphite-50% boron nitride “sieved” pow-
tical standard deviationg,, &,, d3. The average value of ders ($.=0.120) for > ., (b) A similar plot to that shown in
the parameter was then calculated from the following equaFig. 4(@) but the dependent variable is now lggp.— ¢) and ¢
tion: < ¢.. The ¢, value is the same as in Fig(al. (c) A plot of the log

o of the radial and axial dielectric constants, for the same powders,

a=[(1sh)ay+(1/63)a+ (1/53)as)/[(1/87) +(1/53) against logde— ¢) for ¢<g,. Here ¢, (radial)=0.109, ¢,
(axial)=0.125, and the frequency is 1000 Hz.

+(183)]. ©)
- . . . theirt value is 1.6. The question of whether the exponent of

The dewat;on, given with the average parameter in Table 1,4+ 0.3 for Aplp) against ¢— $.) is universal, must
is the maximum value 06, &,, or &3. o _await more experiments and further theoretical calculations.

The magnetoresistance results are given in Fig. 5 in the Tpe slopes of the- Ao againstB,= uoH were also ex-
form logio{[p(H) —p(0)Vp(0)} against logy(p—ec), at  amined and best-fit slopes through them were found to be
HoH=1.5T. The exponent measured is Q2BOL. If  172+0.03, for 0.205 $=<0.24, and not 2 as is to be ex-
logio(—A0o(1.5 T)) was plotted against lgg(¢—¢c) the  pectedEq. (5a)]. Rhode and MicklitZ give a plot showing
slope would have been about t3(t, =2.7+0.28). The aH? dependence for Ao for the BiKr;_, system, but do
(Ap/p) slope of 0.28 is in agreement with the value of 0.3not actually show the system to be a percolating one. How-
obtained by Rhode and Mickl#2 for the SgAr;_, system, ever, when plotted against? a reasonable straight line can
but their slope for - Ag) against ¢p— ¢.) is only 1.9, as  also be drawn through the present results.
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FIG. 5. A plot of the logy of [p(H)—p(0)]/p(0) against FIG. 7. A plot qf log S, /V? against the log of the volume of

logi(d— ¢e) [=0.150 for radial parallelpiped samples. The the G-BN parallelpipeds, for several values ¢f The slopes from
slope is 0.28:0.01. top to bottom are(dd) —0.49+0.09 [ ¢=0.156], (@) —0.65

+0.04 [$=0.164, (X) —0.50+0.03 [¢=0.164, () —0.58
. . . +0.02 [¢=0.168, (®) —0.41£0.07 [¢=0.164, (O) —0.52
As previously stated, flicker noise measurements Were;o.17[[$=o.172? (g) )—0.64t0.09[¢[:¢0.16£ﬂ.lgrhé a)verage of

only made for the axial conducting discs and the parallelepigye giopes is-0.56. The solid lines are plotted with the true values

peds cut from them in the radial direction. Plots of 0§,  of log,(S, /V2), while the broken lines have been shifted in the
against logy | for several axial and radial samples verify that vertical direction to avoid overlap.

S, is proportional tol? (or V). Plots ofS,/V? against the _ _ _

frequency for the axial and radial samples were also madd20ints and the lines through them are shifted up or down for

The observed slopes range between 0.95 and 1.08 with @arity- From Fig. 7 it can be seen thg{/V* is proportional

mean of 1.040.4 for the axial samples and the mean isto the volume®’, where the weighted average fof is 0.56,

1.06+0.04 for the radial ones. These slopes are typical foand not the volume'° behavior expected for a homoge-

flicker noise®>3* Figure 6 shows a plot of neous sampldNote 0.56 is obtained using a formula similar

logy S, (10 Hz) /2 against log, R (dc) for both axial disks  to Eq.(9)]. The corresponding resistanteery close to pro-

(the diameter is 26 mm and the thickness is 2.5)namd  portional to the resistivityplot against the volume plot has a

radial parallelepipedgall close to 24« 8x2.2 mm, from  slope of 1, within the experimental error. None of the previ-

which values ofw are obtained. When fitted to E(Bb), the ~ ous workers on percolative systems in f#d°and thre&"*2

values for the exponents are 1#40.08 in the axial and dimensions, studied the noise as a function of area or vol-

1.72+0.08 in the radial direction. The above results are allume.

for samples with nearly the same volume. As one can assume

that N in Eq. (7) is a function of ¢ and total volume, the V. DISCUSSION

above measurements were repeated for _several radial |, order to discuss the values ét., s, t, and other ex-

samples, where the volume was systematically reducefonents given in the previous section and to compare these

while, it is hoped thatg and ¢, remained reasonably €ON- with the values predicted by lattice models or continuum

stant. These results are given, as a plotSf10 HZ)N®  models, such as the Swiss-cheese model, as well as those

against the log, of the volume in Fig. 7, where some data gpserved in other experimental continuum systems, it is nec-
essary to produce reasonable models for the microstructures

5.0 ' _ of the highly compressed disks and lightly compressed pow-
v—Axizl ders. This section will therefore start with these models be-
O—Radial 0% fore discussingg., the nonuniversab, andt’s and other

-75 J

exponents.

100 A. Microstructure of the disks and powders

Stress-strain curves on powder samples show that up to a
volume fraction of 0.45 relatively small stresses are com-
pacting the powder and decreasing the size of the cavities.
The stresses rise between 0.45 and 0.62 and a sharp rise in
the stress ath=0.62 indicates that inelastic strains along the

4 6 a-b plane, and possibly even small shards peeling off the
LOG,,R(Ohm) grains, are necessary for compression beyond the random
close-packed value of the packingolume fraction. The

FIG. 6. A plot of logS, /V? against logR for in both the axial ~ final structure, with a typical porosity of 18%, is pressure
(compacted disksand radial(parallelpipedsdirections. The expo- bonded between th€-G, G-BN, and BN-BN grains. The
nents are 1.470.08 in the axial and 1.720.08 in the radial direc- radial electrical resistivity could be primarily determined by
tion. the G-G necks as, the measured resistivities ¢f 0.82

LOG,, S, (10HZ)V

-12.5¢

-15.0
0



1244 JUNJIE WU AND D. S. McLACHLAN 56

samples are approximately X402 Q c¢m along the radial the compositg does not cause a change in the excluded
direction, while previously measured single crystal valfies volume (or ¢.).” Therefore we can expect that. will not
in thea-b plane are about 4210 ° Q cm. [Recall that the  differ much from 0.16, due to the range of particle sizes.
compressed disks show a strong orientational effect, with the In the powders the values ap. are typically 0.11 to
c axis of theG and BN grains tending to align along the 0.125. This can be accounted as follows. The microstructure
compressiortaxial) direction] If the resistivity is indeed par- is one of a loosely packed GBN powder, containing voids,
tially determined by thé&-G necks the problem is no longer surrounding air filled cavities. See illustration in Ref. 51. An
a pure site one, but is also partially a bond one, as the neareafalog type of structure was originally considered by Mal-
G neighbors could be bonded by a range of resistances. Aliaris and Turnef but improved upon by Kus$? Kusy ar-
there must be some inelastic flow at the necke inter- gues that, if the conducting particles have a much smaller
granular contacisthe disk microstructures are analogous toradius than the insulatin@n his case soliglparticles, the fine
a “binary” Swiss-cheese model, with relatively large areaconducting powder will tend to coat the large insulating par-
intergranular contact€G-G, BN-BN, G-BN). ticles. In the present case the fine powder coating, which
Typical size distributions of the starting powders, for bothforms the walls of the insulating air cavities, conta@@s
types of experiment, are such that 80% of the grains lie®N, and small voids between ti@and BN grains, while the
between 3 and 24m. An examination of the shape of these larger air filled cavities correspond to the large insulating
ground powders, in a scanning electron microscope, showegpheres. When the coating compongi BN, air), or in this
the particles to have shapes that can be characterized bycase the walls of the cavities, are above the percolation limit,
moderate but not an extreme aspect ratio. The starting packhe entire three dimensional structure is conducting. As the
ing fraction of theG and BN components was typically 0.16. “large” cavities belong to the insulating fraction this leads
Taping and shaking the cylinder increased the packing fracio lower values of,, as is observed here. KuSycompiled
tion to about 0.20, which is still well below the value of a curve of the ratio of the radius of the insulating grains to
about 0.6 expected for a random close-packed uniform powthe radius of the conducting grains agaigst The practical
der. This shows that the starting microstructure for the powminimum ¢, for this model is about 0.03. For @ of 0.1,
der experiments and in the cylindrical mold, before com-according to Kusy’s curve, the ratio of the radii of the mean
pressing the disks, is one of small air cavities surrounded binsulating particle(or in this case, the mean air filled cavity
the loosely packeds-BN powder, which contains smaller to the mean conducting particle size is about 7. It is therefore
voids. As the starting volumépacking fraction of all the —apparent that a large number of insulating particles or cavi-
powders G+ BN) used in the powder experiments is aboutties with a size of about 7 times the typical size of the con-
0.16 and the finishing fraction is about 0.3, the entire powdeglucting grains can lead t.'s well below 0.10. Cavities of
experiments were done in a region where the grains slighis size(30—100um) would be hard to get rid of by pres-
freely over each other and there is no pressure bonding. Sure.

B. The critical volume fraction ¢, C. The critical exponentss and t

The values of¢., s, andt obtained from the various From the microstructures just discussed, the structure of
experiments are given in Table I. Note that, with one expli-the compressed disk composites is that of a “binanG (
cable exception, the axial and radial’'s are the nearly the + BN) anisotropic inverted Swiss-cheese model, with voids.
same, within the experimental error. This is in accord fvith According to Feng, Halprih, and SErthe (single component
and the experimental observations in Ref. 59. plus voids inverted Swiss-cheese structure does not have the

The observed critical volume fraction, for the two se- wide range of conductance necessary to give rise to a non-
ries of disks of 0.158:0.001 and 0.1580.001 are within  universalt and should be characterized by a univetsalVe
the bound¥°? of ¢.=0.16+0.2, for hard or impermeable believe the same to be true in the present case. Another
spheres of a single size, such that nearest neighbors justechanism for an increasddis an inverted Swiss-cheese
touch, placed randomly on all lattices in three dimensionsnodel with a barrier tunneling between the graihgut as
and also random close-packed structdfeln the present there are no oxide or polymer coatings between the tightly
case the particles are not spherical, and are only approxtompressed and bonded graphite grains, tunneling cannot oc-
mately the same size. In a series of papers on the concept ofir along the current carrying backbones of tGiBN sys-
the excluded volume, Balberg and his collaboratbté tem. Another mechanism, the increase iue to the anisot-
showed that it is normally the excluded volume, given byropy of the conductivity, has to date only been extensively
rotations about the “principal” axis, that determings in  investigatedlexperiments and computer simulatiptis two
random systems. The excluded volume is much larger thadimensions(Ref. 4 and the references thereitlere it is
the actual volume for extended shapes, such as rods aridund that while the in one direction increases with anisot-
disks, and the resulting, is usually lower than the value of ropy, in the other direction it decreases. This could be, but is
0.16, expected for the random packing of sphéfeBor  probably not, a feature of two dimensional systems only. As,
spheres the actual and excluded volumes are the same. In tinethe present case,is approximately equal in both direc-
present case the excluded volume is not too much larger tharons in the compressed disk series @BN samples, this
the actual volume and a value of 0.15 is not unreasonable. Ifmechanism” can probably be ruled out.
another paper, Balberet al> say in their conclusion “An- Another consideration is the influence of the porogity-
other increase in the degree of randomness, by allowing olerovoid9 of the disks and the cavities and voids in the pow-
jects (graing of different sizes but of the same shafieto  der samples. Still another is that, although the variation of
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the conductivity with¢ is consistent with a site percolation tion model®® Carmonaet al!® also remark on the analogies
problem (with a nonuniversat), the idea of a simultaneous between their carbon fiber-polymer geomelnyth t's up to
bond percolation problem must be considered, to account fo?-5 and that of the thick-film resistors. These support our
the variation of intergranular contact resistances. As thesgontention that the cavities and microstructure of percolating

two considerations are probably only relevent in the powdeP©Wders surrounding them, are a possible cause of the high-

: ; : : lues.
experiments, they will only be discussed as a possible expl&-""’l .
nation for the very hight values obtained for the powders Deprez anq McLachlaf made powder compression ex-
eriments, which were analogous to the present ones, except

samples. As previously discussed the powders, which fornﬁ]at the measurements were made using four differests-

or coat the insulating cavities, must be visualized as inity and grain shapepure graphite powders and hence only

conductor-insulator mixture of the two compogents_ aNSor '¢> .. They obtained(¢,) values, for the axial and
voids surrounding air filled cavities. As a powder “coating” .1nsverse directions respectively, of 1:9%.05(0.295

approaches and passes through the percolation threshold, t_q)_004) and 2.8 0.3(0.27-0.02) for natural flaky graphite
powder “coating” density increasesmaller void$ and the powder, 2.7-0.05(0.3150.01) and 2.%.01(0.330.01)
air filled cavities shrinsome may even vanighFor pow- o technical graphite powder, 1.52.03(0.270.01) and
ders, as can be seen from Figéa)4and 4b), the axial con- 2 1+0.2(0.25-0.02) for synthetic graphite powder and 1.5
ductivities are always higher than the radial ones at and or-0,04(0.38-0.04) and 2.40.05(0.37-0.015) for elec-
both sides of¢., which is the opposite of what is observed trographite dust powder. These results show that particles
for the compressed disks. This could be due to the intergraiwith different shapes and anisotropic conductivities can lead
pressure being higher in the axi@ompression and gravity to different and often anisotropicvalues, in powder com-
direction than the radial one. Although the axial and radial dgression and probably other experiments. Note that it is al-
conductivities give the samé., the different exponents wayst (axial) that is lower thant (transversg when the
show that the axial and radial directions are not equivalent iranisotropic ratio of the's is greater than one. This differs
a percolative sense. There could, in both the axial and radidtom the two-dimensional data quoted in Ndmut, as for this
directions, be a contribution to the enhancemeritfodm the  graphite it is the conductivity tensor rather than the geomet-
large range of intergranular conductantethat is likely to  ric shape that is anisotropic, this may not be of any signifi-
occur in a poured and lightly compressed powder. This could¢dance. These and the present results indicate thabttand
be one of the reasons why the radial direction, probably witht values obtained for powder compression experiments de-
smaller intergranular contact pressures and hence a largpend very much on the powders used. This must be due to
range of intergranular conductivities, has a largeAs this  the way that the different powders pack, which includes the
proposed wide range of intergranular contact resistances areimber and nature of the cavities and the range of inter-
not created by scalloped intergranular necks, as proposed granular conductances, which naturally occur in a particular
Refs. 18, 19, the expressions in these papers cannot be useowder(single or multicomponent A reexamination of the
to estimatet. results of Deprez and McLachR&hshows that for the NFG
What has been discussed above is a site-range of borahd TGP powders the transverse conductivities are always
(intergranulay resistivities model. But, if some of the neigh- greater than the axial ones. In the SGP powder there is a
boring graphite graingsites just fail to make contact, being crossover and in the EGD powder the axial conductivity is
held apart by “wedge edges” of neighboring BN grains, thisalways greater than transverse, as is observed foGHBN
would give the system some aspects of a site-bond percol@owders. As the NFG powder has the most flékygrains,
tion problem. However this, while changingy., is not sup- the EGD powder the most “sphericalG grains® and the
posed to give a nonuniversaP’ Also it is not very likely  present powder also has fairly spherical grains, this shows
that many intergraphite grain distances will be in the correcthat the shapes of the grains are probably playing an impor-
range for vacuum tunneling and these will invariably betant role. These pure graphite systems are probably closer to
short circuited by actual contacts between grains. Hence na pure site one, because close neighbors cannot be held apart
t enhancement can be expected from the tunneling mech&y BN “wedges.” Therefore, as nearly the sange is ob-
nism for the powder experiments. Therefore, it would appeaserved for different pouring methods in the current experi-
that the enhancement tf in the powder experiments, could ments, ¢, would appear to depend more on the geometries
be due to a large range of intergranular conductances and/and compositions of the powders, than the way that it is
possibly the cavity containing structure. poured (note the range ofp.'s observed by Deprez and
The presence of cavities have not yet been incorporateMicLachlar®). It should also be noted that Chen and
into any lattice simulations and model experimental systemsohnsoff® obtained a lower).(0.075) and a higher (3.1)
and probably occur in many other continuum compositesfor filamentary nickel than for nodular nickél.=0.265
Further evidence for the cavity or large insulating sphereandt=2.2), both in polypropylene. It would therefore appear
structure giving hight-values, is given by the experiments on that these “geometric effects” are not confirmed to aniso-
thick-film glass-Ru@ resistors:* which also show a very tropic conductors like graphite.
hight values(3-5. The microstructure here is one where  The expected value for the exponentfrom computer
conducting percolating filaments of Ry®r Bi,Ru,0; (0b-  simulations is 0.87—0.89while from Table | it can be seen
tained from a powder whose radius is much smaller than thahat a large range of (0.26—1.06 has been obtained in the
of the glass beagdl®ncapsulate the glass beads. Thés for  present experiments. Unfortunately, there is no clear pattern
these resistors is very low#.<0.021), which is in accord to the results. For the compressed disksshubtained from
with the results of Kusy® but this structure and the resultant the real part of the dielectric constant is clearly smaller than
¢.'s can also be understood in terms of the grain consolidathat obtained from the dc conductivity, while for the powders
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poured through a sieve undergoing compression the reversmly w is given and the values range from 1.18 to 6.2. This is
is the case. In the powders, poured using a rotating cylindeprobably due to the wide variety of methods used to vary the
the s values are more similar to these for compressed diskgesistance of the filn{ion-milling, sand blasting, tempera-
This could be due to the axis of the grains in this powder ture, and during film depositionHowever, these results do
tending to more strongly align along the axial direction, as itshow that w is not a universal constant. The three-
does in the compressed disks. The powder results also shayymensional results of Chen and CAbon carbon-wax mix-
that the powders poured by different methods giés that  tyres are the very similar to the present ones. Their results for
are closer to each other than the corresponginglues. This 4 andt are 0.108 and 2.3, though a refit of their dagives
shows that the exponestis probably more sensitive to the 5 109 and 4.0, but theiw result of 1.7-0.2 is independent
details of the microstructures of the powders or disks, Iong—of the ¢, andt values obtained by fitting. Thisv value
range correlations in the system, thandis. However, this 0o \iery well with the present radial value of 1.72

_does not appear to be the case fortieaponent. Differences +0.08 and is in fair agreement with the axial value of 1.47
in the s exponent between the dc and ac results could bé

because the ratio of the dielectric constants is about thre& 0.08. The equivalence _of_the two systems _depends _Iarg_ely
while that between the conductivity of BN and dry air is not on whether or _not therg is intergranular barrier tunneling in
known and may not be very constant from day to day'carpon—wax. mixtures, e, does the wax we_t the cgrbon
(Pumping the air out of the powder is not feasible as thed"@ins a}nd is there an mter_grapular wax tuqnellng bamer. A
flowing air changes its structujeOne important feature of COmparison of thqv values indicates that, either there is no
percolation theory is that andt should not depend on the barrier tunneling in the carbon-wax system, or that barrier
relative conductivities or dielectric constants of the compo-Lunneling does not contribute to the noise, which is thought
nents, but there is now some evidence to the conffaas  to be unlikely. As the carbon was stirred into a very viscous
previously argued for thé exponent, the predictions for a Wax,* just below the melting point, it is highly likely it did
larger than universas (Refs. 17, 19 do not apply for the not wet the carbon. The results of Rudman, Calabreze, and
compressed disks, where the dc aalalue is greater than Garland? on Ag-Pt powder in PTFE powder givevaof 3.0
one, as they have an anisotropic inverted “Swiss-cheesehear ¢, and aw of 1.0 further away fromp,. .
structure. As has previously been argued we believe the compressed
The authors can find no other values ofobtained by  disks to have an anisotropic inverted Swiss-cheese structure,
ultrahigh resistivity measurements. Conductivity measurebut the values of 1.47 and 1.72 are both lower tharnhaf
ments for¢< ¢, have also been made on grantiat and  2.15 calculated by Rammait al** or the w value of 2.4
randoni'%! Al-Ge films where, in both cases; /o, is only  calculated by Tremblay, Feng, and BrefSrtiowever, the
about 107, present values are close to the intergranular “metal-to-
An examination of previous values obtained ®ofrom  metal” contact model of Pierreet al,*® which gives w
experimental dielectric measurements givwes0.73+0.07 =1.5, in both two and three dimensions. This is also the
(¢.=0.20-0.22) for silver particles in a KCl matffk,s  value observed in a two-dimensional monolayer or near
=0.68+0.05 (¢.=0.29) for amorphous carbon in tefl§h, monolayer of clean copper spheres in a polyfieFhe sys-
and s=0.55+0.10 (¢.=0.075) ands=0.62+0.10 (¢, tem in Ref. 40 is a two-dimensional inverted Swiss-cheese
=0.265) for filamentary and nodular nickel, respectivBly. structure with small contact areas. However, there is no rea-
These values tend, except for our anomalous 0.93 value, ®on that this current contact model should not apply to a
be a little higher than those obtained in the present experithree-dimensional inverted Swiss-cheese system, with rela-
ments. However, a pattern is emerging that the values of tively large contact areas.
for three dimensional continuum systems, obtained by ca- The observed volunie %% contrasts with the volumé
pacitive experiments, tend to be lower than ttaniver- or N~* behavior [Eq. (7)] expected for a homogeneous
sal”) values obtained from computer simulations. sample. This should correspond to a lengtff dependence,
if the composite is homogeneouslo¥ £. The 1.68 is to be
contrasted with the value of 1.18 (lengf® obtained by
Rammal, Tannois and Trembf¥yon a random resistor
Shklovskii's model2 for the anisotropy of the conductiv- model, near the percolation threshold, where the resistor
ity do not apply to these systems and there appears to be miusters are fractals. We do not believe that the compressed
other theories for this phenomenon. As there are only twalisks closely resemble the random resistor model, but do
magnetoresistivity results a comparison of the exponentbelieve the graphite clusters to be fractal sufficiently close to
from experimental results is perhaps premature. Howeverp.. Rammal, Tannois, and Trembf&ystate, but do not
the fact that the same value for —t is obtained for two prove in their paper, that the factor 1.18 should increase in a
systems, with very different values, is intriguing. continuum medium, such as th@-BN systems. Girand
The results for the noise measurements are given in termet al®* obtained length'in a two dimensional hierarchical
of the exponentv, as this is how experimental results are deterministic fractal lattice.
most often presented, because it is then not necessary to For the sample closest ., ¢— ¢.~0.001 and as the
determine¢, andt and there is a reduction on the experi- mean grain size is~10um, é=al(p— ¢c)*®>~3 mm,
mental error compared with §,/V? against¢— ¢, plot.  which is close to the thickness of the samples. However, as
The unfortunate result of this practice is that one cannot althe results are consistent and extend ougto ¢.~0.1 and
ways correlatav with t and ¢ in the literature. In all of the £=0.07 mm, it can be assumed that the samples are all ho-
two-dimensional experiments on percolation syst®nf8 mogeneous and three dimensional in the senseltha.

D. Conductivity anisotropy, magnetoresistivity, and noise



56 PERCOLATION EXPONENTS AND THRESHOLB. .. 1247

VI. CONCLUSIONS the percolation power laws. The microstructure in both of the

As with most experimental papers on percolative s Stemsoresent systems include a nonisotropic conductor and a mi-
P pap P y ¢rovoid (diskg or void and cavity (powders structure

this paper has concentrated on measuring an electrical r Which may give medium- or long-range correlatipris the
sponse of the system to an external simulation, and the

fitting the results to the appropriate percolation equation.Ightly compressed powder samples, a large range of inter-

Where successful this results in a critical volume fraction or®
percolation threshold ) and an exponent, which can be matically lead to a highetr can be seen from the experimen-

different above and below;, being evaluated for each re- " oq i of Deprez, McLachlan, and Sigafasho obtained

sponse measured. It is now widely accepted that there is "R value fort of 1.7 for sintered Ni-air. As the values of

universal value forp., as this depends on the details of the(1 5-28, obtained from compressing pure graphite

H 54,58 H ;
mlcrostructuré_ and not only on _the dlmen5|o_n of the powders® are considerably lower than for similar experi-
system. Experimental results, especially for the widely meat

L . . ments withG (0.50 and 0.55BN powders {=4.6—6.1), the
sured dc conductivity and ac dielectric constants, alread%xistence of percolation channels in the powder “coatings”
guoted in this paper, show that percolation equatidng.

: X . . of the voids or insulating cavities may be a crucial factor.
(2)]fit the experimental results for systems with a wide rangel_he only other very high values are for Ru@resistord*
of values of¢., both above and below the “true random” Y y g

value of 0.16(Refs. 52, 63, 6bbeing obtained. Because the (t=2.85-5.01) and 3RL1207_reS|stors (= 5'46_6'87).’ and .
experimental results fas, obtained in this paper, from vari- may also be due to percolating channels of conducting oxide

. around the large glass grains. This type of structure is being
ous measurements on the same system, are very con5|st%1r her investigated

with each other and adequate explanations for their values . .
. S . Most of the values of obtained here and all those in
have already been given, this will not be further discussed., : . X
) ) . . « . other dielectric experiments are lower than the values, pre-
Instead, this conclusion section will concentrate on the “uni-

versal or otherwise” values obtained for the exponents.

ranular(clustep resistances may enhante
That a microstructure containing cavities does not auto-

sumably universal, obtained from lattice simulations. The
reasons for this are not clear, but the distributions of the real

In the words of Leeet al, ' one can only expect a un- nd displacement currents in a continuum are far more com
versal exponent if the local microstructure is isotropic and® pa . : .
plex than in a lattice model where, in the simplest models,

contains only short-range correlations. It can also be ex: : : .
) . each bond carries either a real or a displacement current.

pected that a topological exponent suchéathe correlation ; S . .
X " T More investigations, both experimental and theoretical, are
length exponent, will be less sensitive to the distinction be-

tween lattice or continuum systerfithan exponents such as Poeuendded if a satisfactory explanation for these results is to be

s andt, especially if the conducting component is an aniso- . S
. For the other parameters our main conclusion is that more
tropic conductor. . .
experiments, where a large range of electrical responses are

a nglgghneirrﬁgﬁévzinggnﬁttﬁat tr?e ngis’?}:gﬁ%ggﬂ?aﬁf:ﬂﬁgri’n measured on the same system, are essential if correlations
9 Eetween the exponenss t, (\), t, andt,, w, andb’ are to

fractal resistor networks can be discussed in terms that rela & found in real continuum svstems
directly to a hierarchical LNB model and multifractals and Y '
that these distributions are characterized by a hierarchy of
exponents. Unfortunately, at this stage, the expongtsd
t cannot be calculated using this approach. The authors would like to thank Dr. A. Albers for his
Therefore, taking all the factors that may affecandt technical assistance and advice and Professor L. Schoening
into account, it should come as no surprise that very complefor the interpretation of the x-ray results, obtained by J. Sa-
systems, such as those studied in this paper, do not exhidgmi. We are also grateful to M. Van Nierop and Professor
“universal” exponents. Rather the surprise should be that. H. Moys for doing the particle sizing, Professor D. Chan-
the electrical responses, as a function of conductor concemiler for the work on the universal testing machine, Professor
tration in very complex systems, such as those measurdd. Hanrahan for the loan of the HP 3562A signal analyzer,
here, can be described by simple scaling expressions, such asd the staff of our Electron Microscope Unit.
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