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Controlling percolation in field-structured particle composites:
Observations of giant thermoresistance, piezoresistance, and chemiresistance

James E. Martin, Robert A. Anderson, Judy Odinek, Douglas Adolf, and Jennifer Williamson
Sandia National Laboratories, Albuquerque, New Mexico 87185-1421

~Received 5 June 2002; revised manuscript received 20 November 2002; published 24 March 2003!

Composites of conductive particles in an insulating phase are conductive if the particle volume fraction
exceeds the percolation threshold. Composites prepared slightly above the percolation threshold have a con-
ductivity that is sensitive to small volume changes, and thus have potential as temperature, pressure, or
chemical sensors. In practice it is difficult to prepare composites close to the percolation threshold, and the
critical current-carrying path gives a rather low sample conductivity. We find that magnetic-field-structured
composites, consisting of gold-coated magnetic particle chains in a polymeric resin, can be reproducibly
brought to the percolation threshold, regardless of particle concentration. The low-dimensionality conducting
chains form a dense population of critical current paths with extreme sensitivity to composite volume changes.
These field-structured composites thus exhibit giant thermoresistance, piezoresistance, and chemiresistance,
and should be useful as sensor materials.
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I. INTRODUCTION

Composites of conductive particles in an insulating ph
can be made conductive if the particle volume fraction
ceeds the percolation threshold.1 This is the basis for such
useful materials as conducting silver-filled epoxy resi
electromagnetic interference shields, etc. In noncrystal
polymers, the resistivity of such composites is typica
found to increase weakly with temperature,2 the so-called
positive temperature coefficient of resistance~PTC! effect.3

In crystalline polymers the PTC effect can be quite large,
abrupt, six-decade resistance change occurring at the p
mer melting temperature, due to the large associated spe
volume change, which apparently pulls the particles apa4

This has led to the development of these materials for ap
cations as current-limiting thermistors, temperature sens
and self-regulating Joule heating elements. In this paper
properties of magnetic-field-structured composites of c
ducting particles in amorphous polymers are examin
These materials are found to have an exceedingly large
effect.

Composites prepared slightly above the percolat
threshold have a conductivity that is low, but sensitive
small specific volume changes of the composite. Such m
rials have potential as sensitive temperature,4,5 pressure, or
chemical sensors,6 but it is difficult to prepare composite
materials near the percolation threshold reproducibly.
avoid these problems and to achieve great sensitivity,
have begun to study the conductivity offield-structured com-
posites ~FSC’s! whose conducting magnetic particles a
structured into chains by a uniform magnetic field.7 These
materials are conductive even at low particle concentratio
and are essentially at a conductivity critical point regardl
of the particle concentration.

Before proceeding, it is useful to consider the percolat
threshold in disordered particle systems. The percola
threshold for arandomcomposite of monodisperse conduc
ing hard spheres in a continuum is just the random clo
0163-1829/2003/67~9!/094207~11!/$20.00 67 0942
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pack volume fraction of;64 vol %.8 In real materials the
observed volume fraction is generally much lower, in t
range of 5–25 vol %.9 This difference is due to attractiv
particle interactions. If the contact interactions are much l
than kBT then one might expect an equilibrium model
describe the composite.Correlated percolationpredicts a
nonuniversal percolation threshold that can be considera
reduced in the case of attractive interactions.10–12 If the par-
ticle interactions are much larger thankBT, then in aquies-
cent system one might expect rough particles to stick ir
versibly, forming fractal aggregates whose dimension
determined by the growth kinetics. As the fractal aggrega
grow, the volume fraction of solution occupied by the agg
gates increases, until the semidilute condition is reach
where the hydrodynamic volume of the aggregates is roug
the solution volume. Further agglomeration of the nearly i
mobilized aggregates then occurs by percolation, which
both an equilibrium and a kinetic process. In essence,
fractal aggregates merely serve as renormalized partic
The percolation threshold is completely nonuniversal; g
can easily be prepared from solutions containing only 0.1
% particles.13 If the composites are prepared by stirring t
particles into the pre-polymer, the situation is complex. S
ring can initially increase the rate of aggregation, but c
also limit this, due to fragmentation processes. Restructu
of the aggregates to a denser state can also occur. Suffice
say that agglomerates do occur in real composites,14 causing
nonuniversality in the observed threshold, which has
simple explanation. By structuring, we remove these unc
tainties and consistently evolve to a well-defined state.

To understand why field structuring brings a particle s
pension to a conductivity critical point, consider why th
random composite conductivity is so sensitive when p
pared near the percolation threshold. For simplicity we w
assume in the following that the contact interactions betw
particles are negligible. Simulations of three-dimensio
~3D! systemsexactly at the percolation threshold~critical
composites!, show that an infinite cluster exists with a fract
dimension of;2.5.1 When a potential is applied across th
©2003 The American Physical Society07-1
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critical composite, current will flow through a subset of th
infinite cluster called theconducting backbone, which has a
fractal dimension of;1.66, and is thus a set of measure ze
on the infinite cluster itself. In consequence, the conductiv
of a critical composite is a nonintensive property that sca
as an inverse power of the size of the composite.1 This con-
ducting backbone is sparsely connected and its conduct
is infinitely sensitive to bond breaking processes, such as
separation of particles in Ohmic contact due to an increas
the specific volume of the resin, or some type of elastic
formation.

Real conducting composites can at best be prepa
slightly above the percolation threshold. We call thesenear-
critical composites. Here the particles form a open-porou
conducting network whose cavities are filled with electrica
isolated fractal clusters. The network itself contains ma
branches that do not conduct, and its structure can be
tially described by its pair-correlation function. This pa
correlation function has acorrelation length that can be
roughly thought of as the largest cavity size that is reas
ably likely to occur ~really big cavities are exponentiall
rare! or, alternatively, as the size of the largest finite clust
embedded in the network. This correlation length is infin
at the percolation threshold, and decreases as an inv
power of particle volume fraction minus threshold fracti
for particle composites prepared above the percola
threshold. On length scales small compared to this length
network is fractal, and on larger length scales the networ
homogeneous.1

For a composite sample larger than the connectivity c
relation length, the conductivity is an intensive prope
whose sensitivity to breaking conducting particle ‘‘bond
depends on the magnitude of the connectivity correlat
length. Swelling or deforming these composites will bre
some of these particle bonds, in a process that can be
scribed asbond percolationon a site percolation network
Purely affine swelling would in reality break all particle co
tacts simultaneously—a first-order change, but fluctuati
undoubtedly exist that map the composite conductivity pr
lem onto bond percolation.

In a real material many particles are probably in Ohm
contact, and would have rather large contact pressure
thermocured polymers with a large coefficient of therm
expansion.15 As particles separate, it has been suggested
tunneling conduction will occur,16 which decreases exponen
tially with the gap, and has a characteristic length of tens
angstroms. In any case, one can expect a distribution of
tact resistances in a real material, and unless this distribu
is pathological, such as a power law, one can expect
behavior to fall into the bond percolation universality cla
In the particular case of FSC’s prepared in a low viscos
pre-polymer, it seems especially reasonable to assume
the interactions between particles brings them into Oh
contact. Polymerization is accompanied by cure shrinka
which creates positive contact pressure, and cooling
polymer creates greater contact pressure, especially
glassy transition occurs during cooling.

Bond percolation on a percolative network is a quite d
ferent concept than the idea that increasing the volume of
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matrix decreases the volume fraction of particles, moving
composite toward the percolation threshold from above,
thus decreasing the conductivity. The flaw in this latter vie
can be seen from the following argument. A random comp
ite of hard spheres has a liquid state structure factor for
particle centers of mass which has extremely strong pe
when prepared at the percolation threshold of 64 vol
Swelling the continuous phase by a large amount is equ
lent to decreasing the particle size, and one can imagine
ing this until the particle volume fraction is, say 1%. A ra
dom composite at this concentration should have a struc
factor that is essentially uniform beyond the hard-sphere
ameter, but in this affine swelling process the structure fac
does not change, and still has strong peaks. In essence
this swelling description to be correct the particles wou
have to randomize, but they cannot because they are tra
in a solid matrix.

Bond percolation produces large changes in conducti
for fractal particle agglomerates, such as the conduc
backbone that exists in random percolation. But no struct
is more sensitive than a chain of particles, where one bro
particle contact reduces the chain conductivity to zero. T
the conductivity of magnetic-field-structured composit
~FSC’s!, consisting of many chainlike structures, should e
hibit extraordinary sensitivity to deformations and volum
changes. Over the last few years we have been studying
magnetic,17 dielectric,18 and transport properties of FSC
formed when magnetic or dielectric particle suspensions
exposed to structuring magnetic or electric fields, resp
tively, and the fluid phase polymerized, as in Fig. 1. In th
paper we show that conducting field-structured composi
consisting of Au-coated magnetic particles in a polyme
resin, can reproducibly be brought to a percolation thresh

FIG. 1. Uniaxial FSC viewed perpendicular~top left! and par-
allel ~top right! to the field structuring axis. Simulated uniaxial FS
viewed perpendicular~bottom left! and parallel~bottom right! to the
field structuring axis. Particle volume fraction is 10.0%.
7-2
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forming a dense population of critical current paths with e
treme sensitivity to specific volume changes of the res
Uniaxial FSC’s exhibit giant thermoresistance, piezores
tance, and chemiresistance, and appear to have potent
sensors.

II. SENSOR EXPERIMENTS

A. Thermoresistance

Nickel particles with a mean particle size of 3mm were
coated with Au using an electroless plating solution obtain
from Oromerse™. These particles were then dispersed i
epoxy resin to a volume fraction of 7.5%, the suspension
degassed in a vacuum oven at 50 °C for 20 min, placed
1-cm-square cuvette with inner Cu electrodes, and cured
500-G magnetic field at 70 °C for 4 h, followed by a 110-°
cure for 10 days. The thermoresistance of the compos
was measured with a Keithley model 619 digital ac electro
eter, and a resistance change of almost ten decades o
temperature range of 85 °C was observed~Fig. 2!.

Further experiments with epoxy-based compos
showed a dependence of the thermoresistance on the
schedule, with longer cure times generally giving greater
sponse. The epoxy we chose~epon 828! has complex cure
kinetics, and the final material had a glassy transition te
perature of 100 °C, which is close enough to the final c
temperature that the cure rate becomes very slow. The
match between the coefficients of thermal expansion of
epoxy and Ni phases creates compressive stresses on th

FIG. 2. Thermoresistance of an FSC of Au-coated Ni particle
epoxy. These data are taken below the glass transition tempera
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ticles upon cooling, and the increased contact pressure p
ably leads to improved conductance in the particle chain

Epon 828 is glassy throughout most of the temperat
range of these experiments, and the slow volume relaxa
leads to some hysteresis in the thermoresistance data. T
tempt to reduce this hysteresis we used a silicone enca
lant with aTg far below room temperature. Samples at 5 v
% Ni particles were prepared by curing at 35, 55, and 80
Thermoresistance measurements show that these sam
have a permanent memory of the cure temperature, in
form of a resistance divergence, indicating that they w
successfully prepared at the percolation threshold~Fig. 3!. To
obtain great sensor sensitivity, one need only cure the sam
at a temperature somewhat larger than the operating temp
ture, as shown in the results of chemiresistance meas
ments below.

The resistance divergence is insensitive to the part
concentration. Samples ranging from 1–5 vol % Ni we
shown to have a resistance divergence at the cure temp
ture of 55 °C. The only effect of particle concentration is
create greater or fewer essentially parallel conducting pa
in the composite.

B. Piezoresistance

To investigate the piezoresistance of FSC’s we prepa
epoxy/Ni samples and cured these for only 24 h. Upon co

n
re. FIG. 3. Thermoresistance measurements of an FSC of
coated Ni particles in silicone show a conductivity divergence at
close to, the cure temperature, each of which is indicated b
vertical dashed line.
7-3
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ing to room temperature these samples generally show
conductance. We sputtered Au electrodes onto a solid rec
gular FSC and subjected this sample to uniaxial compres
in an Instron™, isolating the electrodes from the instrum
with Mylar™, and electrically shielding the sample and c
axial cable leads with a surrounding grounded oven. M
surements were made with an antique, battery operated,
log Keithley model 602 dc electrometer, which provid
greater accuracy at low conductance than any other ins
ment at our disposal. The empty Instron™ load cell assem
was calibrated for displacement throughout the applied l
range, and this measured displacement was subtracted
the displacement measured with the sample in place, to c
pute the true sample strain. Piezoresistance measurem
were made both well below and above the glassy transi
temperature of this sample, which was;95 °C, with the re-
sults in Fig. 4. Beneath the glassy transition temperature
resistance decreases nearly exponentially with applied s
after an initial load of 5000 psi. Eleven decades of resista
change were observed over an additional stress of 10 000
which is still beneath the yield stress of this material. Abo
the glassy transition temperature a comparable resist
change is observed with a stress of 1000 psi, again below
yield stress. When these data are plotted against the sa
strain, the data nearly superimpose~Fig. 5!, indicating that
this is the important dependent variable.

FIG. 4. Piezoresistance of an FSC of Au-coated Ni particles
epoxy. At 25 °C the epoxy is glassy, but at 105 °C it is rubbery a
requires much less stress to deform.
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C. Chemiresistance

There is much current interest in developing chemi
sensors that are simple and inexpensive. One approach i
so-called chemiresistor, formed by dispersing conduct
particles at a loading slightly above the percolation thre
old, into a polymeric matrix.6 When these random particl
composites are exposed to chemical vapors the polymer
swell, causing an increase in the composite resistance. S
degree of specificity can be achieved by having an array
these chemiresistors, each composed of a different poly
with different chemical affinities. Again, great sensitivity
achieved when the random composites are prepared clo
the percolation threshold, and this is difficult to achieve.
practice, the response of a chemiresistor might be of
order of 1 decade.

FSC chemiresistors were constructed by evaporating g
niobium electrodes onto a glass slide. A 10-vol % suspens
of 4–7 mm Au coated Ni particles in a silicone encapsula
was dispensed onto the slide and cured at 40 °C, with
uniaxial magnetic field in the plane of the slide, oriented
form chains spanning the electrodes. After curing the silico
this device was exposed to saturated toluene vapors, w
caused a nine-decade increase in the resistance after rou
two minutes~Fig. 6!. The sample was;1 mm thick at the
center, which accounts for the long response time. T
chemiresistor slowly recovered when removed from the to
ene vapors. Devices made at other particle loadings
sponded similarly.

n
d

FIG. 5. The piezoresistance data of Fig. 4 nearly form a ma
curve when plotted against strain.
7-4
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D. Nonlinear conduction

The extremely large PTC effect suggests that FSC’s m
exhibit current-limiting thermistor behavior. A 7.5-vol % N
epoxy composite 1 cm thick was subjected to a range
potentials, and the time-dependent current was meas
with a Fluke model 8842A programmable multimeter c
pable of making a current measurement every 40 ms. At
applied voltages the current is proportional to the appl
voltage, so the response is Ohmic, as in the 8-V data in
7. At a moderate potential of 44 V the conduction becom
non-Ohmic, and a rapid current spike is followed by a lo
essentially noiseless, steady-state current. Finally, as the
tential is increased to 100 V, a large current spike is follow
by a small, but extremely noisy steady-state current. T
composite was undamaged by these current-limiting effe
but it is clear that in using these composites as sensors
applied fields must be sufficiently small to insure that curr
limiting does not occur.

The I -V plot, Fig. 8, clearly shows a linear conductio
regime followed by current-limiting behavior commonly o
served in carbon-black composites. This existence of a lin
regime is not obvious in a composite of chains, since
fields in the gaps are enhanced over the macroscopic fiel
a factor that is roughly the particle diameter divided by t
gap. The onset of current-limiting behavior is beyond t
scope of this paper, but some interpretations of this ef
take into consideration the change in contact resistance

FIG. 6. Chemiresistance of an FSC of Au-coated Ni particles
silicone subjected to saturated toluene vapors~100 torr!.
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to local heating at particle contacts. In some models
change in contact resistance is irreversible and first or
precipitated by crossing a current threshold.19–21These mod-
els show the formation of a 2D Joule dissipation instabil
in the composite, in the form of a 2D hot zone normal to t
applied field. Another point of view is that the contact res
tance changes continuously and reversibly with the po
dissipation at the particle contact.22 This model shows tha
current-limiting behavior is always associated with a Jo
dissipation instability. Others have taken a continuum
proach to current-limiting behavior, which is more approp
ate when sources of circuit inductance limit the rate of c
rent rise through the composite.23

n

FIG. 7. When a potential is suddenly applied to a 1-cm-th
FSC of Au-coated Ni particles in epoxy resin, current limiting b
havior can occur. The 8-V response is Ohmic, the 44-V respo
shows an initial current spike followed by current limiting behavio
and at 100 V the limiting current becomes extremely noisy.

FIG. 8. The steady-state currents from the sample used to m
Fig. 7 show an Ohmic regime followed by current-limiting beha
ior. The effect is reversible.
7-5
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The large noise amplitude in the current limiting regime
an interesting aspect of these materials and is not unders
at this time. However, we speculate that a reversible mic
scopic model that accounts for the coupling between h
generated at various particle contacts might drive the sys
into chaos.

III. PERCOLATION MODELS

Before discussing experiments designed to unders
why field-structuring produces composites whose cond
tance is exceptionally sensitive to bond breaking, we wo
like to provide some motivation based on percolation c
cepts. We will not be able to provide a quantitative treatme
in fact, this has never been accomplished even for bond
site percolation on a periodic lattice. Nonetheless, some g
eral trends can be anticipated.

A. Contact resistance

In the introduction some remarks were made about c
rent thoughts on the mechanism of contact resistance,
some elaboration of this is needed for FSC’s. The prim
mechanisms are Ohmic contact, where the electron orb
of vicinal particles overlap in the contact zone; quantu
mechanical tunneling, where the electron orbitals on vici
particles are separate, but close; and for larger gaps,
tinuum conduction.

Structuring particles in a magnetic field creates large c
tact forces that are much more likely to create Ohmic c
tact, especially when CTE mismatch in glassy thermoset
resins create large positive contact pressures. Chain fo
tion is also likely to have a large effect on continuum co
duction, so it is helpful to quantify this. Consider a sing
particle chain spanning two electrodes, with equally spa
gaps between the particles. The field inside the particle
zero, so the potential must drop in the particle gaps alo
Along the axis of the chain the average field in the gaps
thus enhanced by the ratio of the particle diameter to
particle gap. Ten-micron particles spaced by 1 nm hav
field enhancement of 104, so a conductance-measuring p
tential of 1 V across a 1-cm sample leads to an average
field of 10 kV/cm. The capacitance of a chain of such p
ticles has been computed, and from this the conductance
be obtained, since these continuum problems are isomorp
For a FSC of chains the particle contribution to the effect
composite conductivity isseff2sc'3scf ln(111/2d), where
sc is the conductivity of the continuous phase,f is the par-
ticle volume fraction, andd is the ratio of the particle gap to
the particle diameter. Even for extremely small relative ga
continuum conduction leads to an effective conductivity t
is merely a few times the matrix conductivity and cann
account for the effects we have observed. Furthermore,
existence of a linear conduction regime demonstrates tha
gap fields are not large enough in normal measurements
nonlinear conduction to be important. We conclude t
Ohmic contact and tunneling are the important conduct
mechanisms in these materials. These mechanisms ar
sensitive to the details of particle contact that enormous c
tact resistance fluctuations must exist in these materials.
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The following arguments are based on the fact that b
simulated and real uniaxial FSC’s are not an ensemble
simple parallel chains, but are more like networks of c
umns. These columns can consist of one or more chains
are often highly defective. Neighboring columns frequen
tilt to collide, forming current junctions or cross links. It i
interesting to explore some of the consequences of this,
we shall do so in the language of site percolation, to conn
clearly with experiments described below, wherein nonc
ducting particles are randomly mixed with conducting p
ticles.

B. Single chain

The single chain is easily treated. Ifs is the fraction of
nonconducting particles in a chain ofN particles, the prob-
ability that the chain will conduct isP1(N)5(12s)N

'e2sN. The conductivity of a composite of thicknessT will
be

G5cfe2T/j1, ~1!

wherec is a constant that depends on the contact resista
j15d/s is the average distance between nonconducting
ticles, andd is the average particle size. This composite co
ductivity is nonintensive, decreasing exponentially w
sample thickness, which does not agree with experime
measurements we have made.

In real composites chains can aggregate into colum
routing the current around nonconducting particles. Seco
chains actually contact each other, forming cross links a
introducing an internal length scale that makes the cond
tivity an intensive property. Both of these features can
seen in the simulated structure of Fig. 9.

C. Columns

To understand the sensitivity of columns to the prese
of nonconducting particles, we take as an example t
chains ofN particles each that have aggregated to form
column, with each particle sitting on a saddle site of t
neighboring chain~dipolar forces join chains in this fashion!.
The probability that any particular particle in chain 1 is no
conducting iss. The probability that a contacting particle i
the other chain is nonconducting is 2s, giving 2s2 for the
probability of a current-blocking configuration of nonco
ducting particles. The probability that this two-chain colum
conducts isP2(N)5(122s2)N'e22s2N. The characteristic
length of conducting column scales asj2;d/s2;j1 /s, so in
the regime where the network still conducts,j2@j1 . For a
column ofn chains ofN balls each the result will be

Pn~N!5~12Vnsn!N'e2VnsnN, ~2!

whereVn is in general a nontrivial combinatorial factor, an
the characteristic conductivity length isjn;j1 /sn21.

Column structures obtained from simulation are compl
with a single column being a mixture of single chain
double chains, etc. Consider the simple example of a part
lar column that can be thought of as a single chain ofN balls,
to which a shorter chain ofM balls has accreted. The prob
7-6
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ability that the single chain part of the column will conduct
P1(N2M ), the probability that the double chain part w
conduct isP2(M ), so the probability that the entire colum

will conduct is P1(N2M )P2(M )'e2s(N2M )22s2M. For
failure of the double chain part to be comparable to
single chain part requires (N2M )/M52s, so at small frac-
tions of nonconducting particles only the single chain pa
of a column will lead to a loss of conduction. Under the
conditions the double chain part can be ignored and Eq.~1!
will describe the conductance if the bare correlation len
j1 is replaced by the much larger renormalized lengthj18
5j1 /c, wherec is the fraction of the length of a column tha
is composed of a single chain.

FIG. 9. Fragment of a large-scale simulation shows highly
fective columns that bridge, forming cross links between chain
09420
e
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D. Network of chains

Cross linking can be understood at some level by con
ering a model simple cubic network of chains. The interlin
ing chains that span current junctions can be thought o
bonds that conduct with some probabilityp'e2sN, whereN
is the number of particles in an interlinking chain. Slight
above the bond percolation thresholdpc , the results of many
three-dimensional simulations show that the conductiv
scales asG}(p2pc)

t, where the conductivity exponent i
found to have the universal valuet'2.0.1 The bond perco-
lation threshold is not universal, but for a simple cubic latti
is pc;0.25. The conductivity is now expected to be anin-
tensivequantity, and should be given by an expression lik

G}~e2sN2pc!
2.0. ~3!

For long interlinking chains the chain length is related to t
volume fractionf throughN'Ap/2f. For largeN the site
percolation threshold iss* >(ln 4.0)/N, so a small fraction
of nonconducting particles can easily reduce the conducti
to zero. Equation~3! gives a conductance that initially de
cays exponentially, then has an abrupt, superexponentia
cay to zero conductance at finites.

Real networks are composed of interlinking columns, n
interlinking chains, making the real behavior too comp
cated to model analytically. Site-percolation computations
simulated structures are given below, and these show tha
general features of Eqs.~1!–~3! are evident. However, befor
discussing these simulations, we present the experiments
motivated these.

IV. SITE PERCOLATION EXPERIMENTS

We have seen that the conductance of real FSC’s can
pend sensitively on the small overall deformations of t
composite. We have argued in the section above, but
demonstrated in any direct way, that this sensitivity is due
the loss of only a small percentage of Ohmic contacts in
composite. We cannot think of any way in which we c
actually measure the percentage loss of Ohmic contacts
real sample, so we have opted for the next best thing,
introduction of nonconducting magnetic particles into t
composite. If the above analysis is correct, a small perc
age of nonconducting particles should have a significant
pact on the composite conductance. In these site percola
experiments we create a suspension of a mixture of cond
ing and nonconducting magnetic particles. This suspensio
structured in a magnetic field and the conductance is m
sured. We expect that at low total particle volume fractio
the conductance of the structured suspension will be se
tive to the introduction of nonconducting particles.

Ni particles with a nonconducting surface oxide we
mixed with 50-mm Ni particles ~Fisher Scientific! coated
with a conducting layer of Au. The particles were dispers
in immersion oil to a concentration of 5.0 vol %, partic
chains were formed in a 500-G induction field, and the co
ductance was measured with the Keithley model 602 dc e
trometer.
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The highly uniform magnetic field was provided by a
open-air Helmholtz coil pair. This Helmholtz pair has thic
coils designed for low power dissipation. Each coil is 4
turns of 1.8331.83-mm-square Cu wire, the coil mean d
ameter is 11.0 cm, and the coil spacing is set to optimize
field homogeneity along the cylindrical axis. This coil spa
ing was determined by modeling the field in the coil, a
over the;1-cm3 sample volume the field should be unifor
to better than 0.001%, though we are unable to verify t
experimentally. Nonetheless, the field is sufficiently unifo
that with a Hall probe connected to a four-place, Walk
Scientific Gauss-meter 5DAR, we are unable to observe fi
variations in the sample volume. In any case, the demag
tizing field produced by the roughly cubical solid rectangu
sample itself will introduce gradients in the internal mac
scopic field that are more significant.

The macroscopic magnetic field within the sample is
duced by the demagnetizing field produced by the roug
cubical sample itself. However, this effect is not terrib
large for chained particle suspensions. The measured
susceptibility of the chained suspensions at the 5.0-vol %
concentrations we used is;0.74, and at this susceptibilit
we have computed that the demagnetizing factor for the
erage field along the cylindrical axis within a cube isn
;0.3192, giving an average macroscopic field,Hmacro5H0
2nM, within the cube ofHmacro5H0 /(11nx)>0.81H0 .

In accordance with expectations for low-dimensional
structures, we find that only a small percentage of nonc
ducting particles is required to greatly reduce the cond
tance of uniaxial FSC’s~Fig. 10!. This effect is not field
dependent. Experiments with a highly uniform 15 000-G
duction field provided by a commercial electromagnet h

FIG. 10. Site percolation experiments on FSC’s show an
tremely rapid drop in sample conductance with the addition of n
conducting particles. The same particle suspensions show extre
large conductance when structured into dense powders u
magnetic-field gradients.
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no appreciable effect on the suspension conductivity, but
ther experimentation showed that magnetic-field gradie
can have an enormous effect. By judiciously applying sm
permanent magnets to the sample cell, field gradients co
be created that formed the Ni particles into a dense solid w
a conductance 8 orders of magnitude greater than the cha
suspensions~Fig. 10!. The conductance of this dense ma
was reproducible, and much less sensitive to the introduc
of nonconducting Ni particles, showing that the dimensio
ality of the structures is the dominant factor in their condu
tion sensitivity.

V. SITE PERCOLATION SIMULATIONS

Computer simulations of these site percolation expe
ments further demonstrate the importance of the low dim
sionality structures in achieving high sensitivity. These sim
lations were performed in two steps; structure formation a
conductivity calculations. A Brownian dynamics code w
developed to generate 10 000-particle FSC structures.
code treats the magnetic interactions between particles in
self-consistent point dipole approximation. The moment
each dipole is determined by the local field, which is t
applied field plus the field due to the other dipoles. Cyc
boundary conditions are used, and a Lorentz cavity field
applied to account for the fact that the local dipole sum
over a spherical volume centered on each particle. Par
diffusion is included, inertia is neglected~a good approxima-
tion at low Reynolds numbers! and the hydrodynamics ar
approximated by Stokes drag.~Hydrodynamic interactions
are not known to affect structure.! This is an improvement on
our previous code, which used the fixed point dipole a
proximation, and should give more accurate structures, s
as that in Fig. 1. As the volume fraction of particles i
creases, the simulated structures become less anisotr
and should become much less sensitive to the introductio
nonconducting particles, i.e., the site percolation thresh
for conducting particles should decrease. All anisotropy
lost at the random close-pack concentration of 64 vol
where Powell8 has determined that site percolation occu
when 31% of the spheres conduct.

To compute the sensitivity of these simulated FSC str
tures to incorporated nonconducting particles, we rando
select a subset of particles to be nonconductive. Conduc
particles in contact are then assigned a fixed contact re
tance, and the conductance of the equivalent resistor netw
~typically ;60 000 resistors! is computed by solving Kirch-
hoff’s laws with an efficient Gauss-Seidel overcorrecti
method. Plate electrodes are used in this calculation, and
cyclic boundary conditions in the planes orthogonal to
applied field are maintained. For each nonconducting fr
tion the random selection of nonconducting particles is
peated 100 times to reduce the error. The results for par
volume fractions ranging from 5 to 50 vol % are shown
Fig. 11~a!. We have not attempted to correct these data
finite-size scaling effects, but for infinite simulation volum
the percolation thresholds would be somewhat larger.

At the highest particle concentration, the observed per
lation threshold occurs when;30.3% of the particles con
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CONTROLLING PERCOLATION IN FIELD-STRUCTURED . . . PHYSICAL REVIEW B67, 094207 ~2003!
duct, close to the random-packed hard-sphere result. As
FSC particle concentration decreases, the site percola
threshold increases, reflecting the importance of structure
mensionality to sensitivity. This behavior is qualitative
similar to the site percolation experiments, that show t
when a low concentration particle dispersion is chained i
uniform field, the introduction of a small percentage of no
conducting particles reduces the conduction apprecia
whereas when field gradients are used to draw the par
into this dispersion into a concentrated mass, the introduc
of nonconducting particles has little effect. At the lowe
particle concentrations~5 and 10%! theapparentpercolation
threshold is high, but it is also here that the finite size of
simulation volume causes an underestimation of the true
crease in the percolation threshold at low volume fractio

Some interesting aspects of the simulation data can
seen by plotting these data semilogarithmically@Fig. 11~b!#.
At the particle concentration of 5 vol % the conductan
decays nearly exponentially, in accordance with the sim

FIG. 11. ~a! Conductivity of site percolation simulations o
uniaxial FSC’s of a wide range of concentrations show that at
concentrations, where chains are dominant, rendering only a s
percentages of particles nonconducting rapidly decreases the c
ductivity. ~b! Plotting the data logarithmically shows a crossov
from exponential behavior at low particle concentration to fas
than-exponential decay at higher concentrations.
09420
he
on
i-

t
a
-
ly,
le
n

t

e
n-

e

le

chain prediction of Eq.~1!. Examination of the simulated
structure reveals essentially no cross linking between cha
and much less column formation than at higher concen
tions, so an exponential dependence is expected. The nu
of particles is takes to span the simulation volume isN
5(pn/6f)1/3, where n is the number of particles in the
simulation volume andf is the volume fraction. In this
simulationn510 000 andf50.05, soN'41 particles. If all
of the chains were perfect, this value ofN substituted into
Eq. ~1! would give an excellent fit to the simulation data.
fact, a good fit is obtained withN'21, indicating that about
50% of each spanning column is a single chain, and the
is a double chain or more, the latter being insensitive to
introduction of nonconducting particles at the concentratio
that render the single chains nonconductive, as shown by
~2!.

The simulation results at 5 vol % are definitely affect
by the finite size of the simulation volume, since there w
no cross linking between the columns, i.e., percolation d
not occur transverse to the direction of the structuring fie
We expect that amuchlarger simulation at 5.0 vol % would
indeed show cross linking between chains, but there is
practical way to increase significantly the number of p
ticles in the structural evolution simulation at this time, d
to the long range of dipolar interactions. Even a 10 000 p
ticle structure takes;150 h of cpu time to develop on
833-MHz Macintosh. Furthermore, real structures at
same concentration show a greater tendency to cross
probably due to friction between particles causing pinning
structures, an effect that is in fact extremely time consum
to simulate, and would not permit the simulation of structu
formation in systems containing large numbers of particl
The effect of the finite size of the simulation volume is a
preciable. If we were to double the size of the simulation c
(n580 000), and cross linking between columns still did n
occur, then we would expect the value ofN to double, halv-
ing the concentration of nonconducting particles needed
reduce the conductivity by some fixed fraction.

At 10 vol % the simulated structure shows pronounc
column formation, but still very little cross linking, so
faster-than-exponential decay is expected, with additio
terms as in Eq.~2!. A function of the form exp(-as-bs2-cs3)
gives a fit to these data with no apparent systematic de
tions, yielding the physically reasonable parametersa56.0,
b510.0, andc554.0. Again, we expect that these resu
would change in a larger scale simulation, with greater s
sitivity to the introduction of nonconducting particles e
pected.

At higher concentrations, the simulated 10 000-parti
structures percolate in the direction transverse to the st
turing field, indicating that cross linking is significant enoug
to create a network. Now a very sharp cutoff is expected
the conductance with increasings, in general accordance
with Eq. ~3!. However, although Eq.~3! captures the genera
behavior of the conductance data, fits to this equation are
extremely compelling, because this equation really only
plies in the critical regime close to the percolation thresh
pc . Furthermore, Eq.~3! ignores the extensive column for
mation that occurs in these high volume fraction structur
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MARTIN, ANDERSON, ODINEK, ADOLF, AND WILLIAMSON PHYSICAL REVIEW B 67, 094207 ~2003!
Developing a quantitative theory of site percolation on th
anisotropic structures is an extremely complex problem,
the qualitative features predicted by Eqs.~1!–~3! are seen in
the simulation data, and these data demonstrate the im
tance of low-dimensionality structures.

VI. DISCUSSION

The extreme sensitivity of the conductance of field str
tured composites to specific volume changes of the ma
material is fundamentally due to changes in the contact
sistance between particles. Continuum conduction canno
count for the magnitude of changes we have observed,
so Ohmic contacts and tunneling must be the source of th
effects.

In the modeling described above, we have assumed
the contact resistance is either some fixed, finite value, o
infinite. Reality is undoubtedly more complex, with a spe
trum of contact resistances throughout the sample. The
tact resistance is a complex issue, since both Ohmic con
and charge tunneling are possible. The resistance o
Ohmic contact will depend greatly on the contact pressu
deformation of the Au coating, etc. For very small ga
quantum-mechanical tunneling can occur, with its expon
tial gap dependence. In either case, the contact resist
depends strongly on the gap between particles, and bec
the particles are much more rigid than the polymeric mat
small macroscopic deformations can lead to large
changes.

If we suppose that in the sensor experiments descr
above perhaps 20% of the particle contacts are broken,
the importance of chainlike structures to sensitivity can
understood from the site percolation experiments and si
lations, which show that large conductance changes are
deed possible with chain structures, whereas a dense pa
compact will scarcely change at all. For this reason, FS
apparently offer an ideal method of achieving high sen
sensitivity. At this point we do not know the relationsh
between polymer swelling and the loss of conducting c
tacts between particles, so our understanding of these m
rials is incomplete. This problem is probably complex a
nonuniversal, involving such issues as cure shrinkage, ela
and inelastic particle deformations, local stress fluctuatio
and so forth. Perhaps future work will be able to shed so
light on these factors, but much progress can be mad
developing these materials without such a detailed un
standing.

One fruitful avenue for future research is the use of co
plex magnetic fields to control the dimensionality of the co
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ducting particle aggregates. In this paper we have restric
our attention to 1D linear chain structures created by
uniaxial field. It is also possible to create 2D sheetlike p
ticle structures using an ac biaxial field, such as a rotat
field,24 and a rich variety of 3D structures—particle cha
networks and various particle foams—can be formed
triaxial25 magnetic fields. With these techniques the cond
tivity of FSC’s can be controlled over a wide range, a
using such structures we expect to be able to moderate,
desired extent, the sensitivity of these materials, ideally
ing able to tune the dynamic range of the response to
anticipated sensor environment.

VII. CONCLUSIONS

We have shown that it is possible to prepare compos
that are effectively very close to the percolation threshold
using magnetic fields to first structure the particles in
chains. The approach gives reproducible materials with
extremely large dependence of the effective conductivity
strain or elastic deformation, and thus have potential as t
perature, pressure, or chemical sensors. Reversible cur
limiting thermistor behavior has also been demonstrat
Composites made with an elastic silicone polymer hav
divergence in the resistivity at the cure temperature of
polymer, which can be controlled over a wide range.
selecting the cure temperature to correspond to the temp
ture at which these composites are used as sensors, ext
sensitivity can be obtained. It is suggested that the mec
nism by which the observed resistance changes occur is
in which polymer specific volume changes make or bre
Ohmic contacts where they exist, and alter tunneling c
rents. Under these circumstances one can expect large
tuations in contact resistance, which we have modeled
simple bond percolation process. To demonstrate that th
structured particle composites have high sensitivity, we h
conducted site percolation experiments and simulations
structured materials, and have found that enhanced sens
ity to the introduction of nonconducting particles does
deed exist.
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