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Controlling percolation in field-structured particle composites:
Observations of giant thermoresistance, piezoresistance, and chemiresistance
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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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[. INTRODUCTION pack volume fraction of~64 vol %2 In real materials the
observed volume fraction is generally much lower, in the
Composites of conductive particles in an insulating phaseange of 5-25 vol 98. This difference is due to attractive
can be made conductive if the particle volume fraction exJarticle interactions. If the contact interactions are much less
ceeds the percolation threshdl@his is the basis for such thankgT then one might expect an equilibrium model to
useful materials as conducting silver-filled epoxy resinsdescribe the compositeCorrelated percolationpredicts a
electromagnetic interference shields, etc. In noncrystallinéonuniversal percolation threshold that can be considerably
polymers, the resistivity of such composites is typically'educed in the case of attractive interactiohs: If the par-
found to increase weakly with temperat@réhe so-called  (Cl€ interactions are much larger thagT, then in aquies-
positive temperature coefficient of resistan®IC) effect> ~ CENtSystem one might expect rough particles to stick irre-

In crystalline polymers the PTC effect can be quite large, aﬁ/ersibly, forming fractal aggregates whose dimension is

abrupt, six-decade resistance change occurring at the pOIg;etermined by the growth kinetics. As the fractal aggregates

mer melting temperature, due to the large associated speci fow, the volume fraction of solution occupied by the aggre-

volume change, which apparently pulls the particles dbart gates increases, until the semidilute condition is reached,
ge, PP yp P ‘where the hydrodynamic volume of the aggregates is roughly

Th'.s has led to the Qey_elopment .Of these materials for appll'Ehe solution volume. Further agglomeration of the nearly im-
cations as curre_nt-l|m|t|ng the_rm|stors, temperature Sensorsy,pijized aggregates then occurs by percolation, which is
and self-regulating Joule heating elements. In this paper thgoih an equilibrium and a kinetic process. In essence, the
properties of magnetic-field-structured composites of confractal aggregates merely serve as renormalized particles.
ducting particles in amorphous polymers are examinedyhe percolation threshold is completely nonuniversal; gels
These materials are found to have an exceedingly large PTgan easily be prepared from solutions containing only 0.1 vol
effect. % particles® If the composites are prepared by stirring the
Composites prepared slightly above the percolatiomarticles into the pre-polymer, the situation is complex. Stir-
threshold have a conductivity that is low, but sensitive toring can initially increase the rate of aggregation, but can
small specific volume changes of the composite. Such matealso limit this, due to fragmentation processes. Restructuring
rials have potential as sensitive temperaftitg@ressure, or  of the aggregates to a denser state can also occur. Suffice it to
chemical sensofsbut it is difficult to prepare composite say that agglomerates do occur in real composftesusing
materials near the percolation threshold reproducibly. Taonuniversality in the observed threshold, which has no
avoid these problems and to achieve great sensitivity, weimple explanation. By structuring, we remove these uncer-
have begun to study the conductivityfifld-structured com- tainties and consistently evolve to a well-defined state.
posites (FSC'9 whose conducting magnetic particles are  To understand why field structuring brings a particle sus-
structured into chains by a uniform magnetic fiélihese pension to a conductivity critical point, consider why the
materials are conductive even at low particle concentrationgandom composite conductivity is so sensitive when pre-
and are essentially at a conductivity critical point regardlespared near the percolation threshold. For simplicity we will
of the particle concentration. assume in the following that the contact interactions between
Before proceeding, it is useful to consider the percolatiorparticles are negligible. Simulations of three-dimensional
threshold in disordered particle systems. The percolatiofi3D) systemsexactly at the percolation thresholttritical
threshold for aandomcomposite of monodisperse conduct- composites show that an infinite cluster exists with a fractal
ing hard spheres in a continuum is just the random closedimension of~2.5! When a potential is applied across this

0163-1829/2003/68)/09420711)/$20.00 67 094207-1 ©2003 The American Physical Society



MARTIN, ANDERSON, ODINEK, ADOLF, AND WILLIAMSON PHYSICAL REVIEW B 67, 094207 (2003

critical composite, current will flow through a subset of this
infinite cluster called theonducting backbonevhich has a
fractal dimension of-1.66, and is thus a set of measure zero
on the infinite cluster itself. In consequence, the conductivity
of a critical composite is a nonintensive property that scales
as an inverse power of the size of the composifais con-
ducting backbone is sparsely connected and its conductivity
is infinitely sensitive to bond breaking processes, such as thi

. . . . . . ¢ g FH X i i l" 2 5 e S '&:( :;
separation of particles in Ohml_c contact due to an increase il s HORISR CET RN B “:@L&» *&% 5‘;’.‘;
the specific volume of the resin, or some type of elastic de-| LEIHPHIRZTEAL I ETHETIN] PR BC Re e HER ]
formation. 582 3 z : N

Real conducting composites can at best be prepare(
slightly above the percolation threshold. We call thasar-
critical composites Here the particles form a open-porous
conducting network whose cavities are filled with electrically
isolated fractal clusters. The network itself contains many
branches that do not conduct, and its structure can be pa
tially described by its pair-correlation function. This pair-
correlation function has aorrelation lengththat can be
roughly thought of as the largest cavity size that is reason
ably likely to occur (really big cavities are exponentially
rare or, alternatively, as the size of the largest finite clusters FIG. 1. Uniaxial FSC viewed perpendiculétop left) and par-
embedded in the network. This correlation length is infinitea_”el (top right) to the field structuring axis. Simulated _uniaxial FSC
at the percolation threshold, and decreases as an inver¥§Wed perpendiculaibottom lefy and parallebottom right to the
power of particle volume fraction minus threshold fraction fi€ld structuring axis. Particle volume fraction is 10.0%.
for particle composites prepared above the percolation
threshold. On length scales small compared to this length thmatrix decreases the volume fraction of particles, moving the
network is fractal, and on larger length scales the network isomposite toward the percolation threshold from above, and
homogeneous. thus decreasing the conductivity. The flaw in this latter view

For a composite sample larger than the connectivity corean be seen from the following argument. A random compos-
relation length, the conductivity is an intensive propertyite of hard spheres has a liquid state structure factor for the
whose sensitivity to breaking conducting particle “bonds” particle centers of mass which has extremely strong peaks
depends on the magnitude of the connectivity correlatiorwhen prepared at the percolation threshold of 64 vol %.
length. Swelling or deforming these composites will breakSwelling the continuous phase by a large amount is equiva-
some of these particle bonds, in a process that can be d&ent to decreasing the particle size, and one can imagine do-
scribed asbond percolationon a site percolation network. ing this until the particle volume fraction is, say 1%. A ran-
Purely affine swelling would in reality break all particle con- dom composite at this concentration should have a structure
tacts simultaneously—a first-order change, but fluctuationgactor that is essentially uniform beyond the hard-sphere di-
undoubtedly exist that map the composite conductivity probameter, but in this affine swelling process the structure factor
lem onto bond percolation. does not change, and still has strong peaks. In essence, for

In a real material many particles are probably in Ohmicthis swelling description to be correct the particles would
contact, and would have rather large contact pressures imave to randomize, but they cannot because they are trapped
thermocured polymers with a large coefficient of thermalin a solid matrix.
expansiort® As particles separate, it has been suggested that Bond percolation produces large changes in conductivity
tunneling conduction will occut® which decreases exponen- for fractal particle agglomerates, such as the conducting
tially with the gap, and has a characteristic length of tens obackbone that exists in random percolation. But no structure
angstroms. In any case, one can expect a distribution of coris more sensitive than a chain of particles, where one broken
tact resistances in a real material, and unless this distributioparticle contact reduces the chain conductivity to zero. Thus
is pathological, such as a power law, one can expect redhe conductivity of magnetic-field-structured composites
behavior to fall into the bond percolation universality class.(FSC’9, consisting of many chainlike structures, should ex-
In the particular case of FSC’s prepared in a low viscosityhibit extraordinary sensitivity to deformations and volume
pre-polymer, it seems especially reasonable to assume thahanges. Over the last few years we have been studying the
the interactions between particles brings them into Ohmienagnetict’ dielectric!® and transport properties of FSC's
contact. Polymerization is accompanied by cure shrinkageprmed when magnetic or dielectric particle suspensions are
which creates positive contact pressure, and cooling thexposed to structuring magnetic or electric fields, respec-
polymer creates greater contact pressure, especially if @wvely, and the fluid phase polymerized, as in Fig. 1. In this
glassy transition occurs during cooling. paper we show that conducting field-structured composites,

Bond percolation on a percolative network is a quite dif-consisting of Au-coated magnetic particles in a polymeric
ferent concept than the idea that increasing the volume of theesin, can reproducibly be brought to a percolation threshold,
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FIG. 2. Thermoresistance of an FSC of Au-coated Ni particles in

epoxy. These data are taken below the glass transition temperature. FIG. 3. Thermoresistance measurements of an FSC of Au-
coated Ni particles in silicone show a conductivity divergence at, or

. . . . close to, the cure temperature, each of which is indicated by a

forming a dense population of critical current paths with ex-" " .
o e vertical dashed line.
treme sensitivity to specific volume changes of the resin.
Uniaxial FSC’s exhibit giant thermoresistance, piezoresis-. ] )
tance, and chemiresistance, and appear to have potential #g€S upon cooling, and the increased contact pressure prob-
Sensors. ably leads to improved conductance in the particle chains.
Epon 828 is glassy throughout most of the temperature
range of these experiments, and the slow volume relaxation
leads to some hysteresis in the thermoresistance data. To at-
A Th ist tempt to reduce this hysteresis we used a silicone encapsu-
- thermoresistance lant with aT, far below room temperature. Samples at 5 vol

Nickel particles with a mean particle size ofgdn were % Ni particles were prepared by curing at 35, 55, and 80 °C.
coated with Au using an electroless plating solution obtained’hermoresistance measurements show that these samples
from Oromerse™. These particles were then dispersed in dmave a permanent memory of the cure temperature, in the
epoxy resin to a volume fraction of 7.5%, the suspension waform of a resistance divergence, indicating that they were
degassed in a vacuum oven at 50 °C for 20 min, placed in auccessfully prepared at the percolation threskigig. 3). To
1-cm-square cuvette with inner Cu electrodes, and cured in abtain great sensor sensitivity, one need only cure the sample
500-G magnetic field at 70 °C for 4 h, followed by a 110-°C at a temperature somewhat larger than the operating tempera-
cure for 10 days. The thermoresistance of the compositesire, as shown in the results of chemiresistance measure-
was measured with a Keithley model 619 digital ac electrom-ments below.
eter, and a resistance change of almost ten decades over aThe resistance divergence is insensitive to the particle
temperature range of 85 °C was observEd). 2). concentration. Samples ranging from 1-5 vol % Ni were

Further experiments with epoxy-based compositeshown to have a resistance divergence at the cure tempera-
showed a dependence of the thermoresistance on the cunge of 55 °C. The only effect of particle concentration is to
schedule, with longer cure times generally giving greater reereate greater or fewer essentially parallel conducting paths
sponse. The epoxy we chogepon 828 has complex cure in the composite.
kinetics, and the final material had a glassy transition tem-

perature of 100 °C, which is close enough to the final cure : :
B. Piezoresistance

temperature that the cure rate becomes very slow. The mis-
match between the coefficients of thermal expansion of the To investigate the piezoresistance of FSC’s we prepared

epoxy and Ni phases creates compressive stresses on the pgpoxy/Ni samples and cured these for only 24 h. Upon cool-

II. SENSOR EXPERIMENTS
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FIG. 4. Piezoresistance of an FSC of Au-coated Ni particles in FIG. 5. The piezoresistance data of Fig. 4 nearly form a master

epoxy. At 25 °C the epoxy is glassy, but at 105 °C it is rubbery andcurve when plotted against strain.
requires much less stress to deform.

C. Chemiresistance

_ ) There is much current interest in developing chemical
ing to room temperature these samples generally show littlgensors that are simple and inexpensive. One approach is the

conductance. We s_puttered.Au electrodes qntp a solid rectagy_called chemiresistor, formed by dispersing conducting
gular FSC and subjected this sample to uniaxial compressioparticles at a loading slightly above the percolation thresh-
in an Instron™ isolating the electrodes from the instrumen Id, into a polymeric matrif.When these random particle
with Mylar™, and electrically shielding the sample and co-composites are exposed to chemical vapors the polymer can
axial cable leads with a surrounding grounded oven. Meagye||, causing an increase in the composite resistance. Some
surements were made with an antique, battery operated, angegree of specificity can be achieved by having an array of
log Keithley model 602 dc electrometer, which provided these chemiresistors, each composed of a different polymer,
greater accuracy at low conductance than any other instrygiih gifferent chemical affinities. Again, great sensitivity is
ment at our disposal. The empty Instron™ load cell assemblychieyed when the random composites are prepared close to
was calibrated for displacement throughout the applied loaghe percolation threshold, and this is difficult to achieve. In

range, and this measured displacement was subtracted froHﬂactice, the response of a chemiresistor might be of the
the displacement measured with the sample in place, to congyger of 1 decade.

pute the true sample strain. Piezoresistance measurementsESC chemiresistors were constructed by evaporating gold/
were made both well below and above the glassy transitiomjiobium electrodes onto a glass slide. A 10-vol % suspension
temperature of this sample, which wa®5 °C, with the re-  of 4—7 um Au coated Ni particles in a silicone encapsulant
sults in Fig. 4. Beneath the glassy transition temperature th@as dispensed onto the slide and cured at 40 °C, with the
resistance decreases nearly exponentially with applied stressiaxial magnetic field in the plane of the slide, oriented to
after an initial load of 5000 psi. Eleven decades of resistancéorm chains spanning the electrodes. After curing the silicone
change were observed over an additional stress of 10 000 pshis device was exposed to saturated toluene vapors, which
which is still beneath the yield stress of this material. Abovecaused a nine-decade increase in the resistance after roughly
the glassy transition temperature a comparable resistan¢®o minutes(Fig. 6). The sample was-1 mm thick at the
change is observed with a stress of 1000 psi, again below theenter, which accounts for the long response time. The
yield stress. When these data are plotted against the sampthemiresistor slowly recovered when removed from the tolu-

strain, the data nearly superimpodgég. 5, indicating that ene vapors. Devices made at other particle loadings re-
this is the important dependent variable. sponded similarly.
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FIG. 7. When a potential is suddenly applied to a 1-cm-thick
105 3 3 FSC of Au-coated Ni particles in epoxy resin, current limiting be-
F havior can occur. The 8-V response is Ohmic, the 44-V response
al shows an initial current spike followed by current limiting behavior,
10 E and at 100 V the limiting current becomes extremely noisy.
103 ¢ E to local heating at particle contacts. In some models the
E el | g 1.4

3

4

change in contact resistance is irreversible and first order,

precipitated by crossing a current threshticd?! These mod-
els show the formation of a 2D Joule dissipation instability
FIG. 6. Chemiresistance of an FSC of Au-coated Ni particles inin the composite, in the form of a 2D hot zone normal to the

silicone subjected to saturated toluene vagafo torp. applled field. Another point of view is that the contact resis-

tance changes continuously and reversibly with the power

dissipation at the particle contaétThis model shows that
h?urrent-limiting behavior is always associated with a Joule

dissipation instability. Others have taken a continuum ap-
0Proach to current-limiting behavior, which is more appropri-
e%e when sources of circuit inductance limit the rate of cur-
tent rise through the composité.

t (min)

D. Nonlinear conduction

The extremely large PTC effect suggests that FSC’s mig
exhibit current-limiting thermistor behavior. A 7.5-vol % Ni/
epoxy composite 1 cm thick was subjected to a range
potentials, and the time-dependent current was measur
with a Fluke model 8842A programmable multimeter ca-
pable of making a current measurement every 40 ms. At low
applied voltages the current is proportional to the applied [
voltage, so the response is Ohmic, as in the 8-V data in Fig. .
7. At a moderate potential of 44 V the conduction becomes I * \
non-Ohmic, and a rapid current spike is followed by a low, / N
essentially noiseless, steady-state current. Finally, as the po- 102} P . 1
tential is increased to 100V, a large current spike is followed - ]
by a small, but extremely noisy steady-state current. The
composite was undamaged by these current-limiting effects,
but it is clear that in using these composites as sensors the 1 ‘
applied fields must be sufficiently small to insure that current i ¥
limiting does not occur. ’

The I-V plot, Fig. 8, clearly shows a linear conduction 108 F
regime followed by current-limiting behavior commonly ob- Lo ]
served in carbon-black composites. This existence of a linear -
regime is not obvious in a composite of chains, since the
fields in the gaps are enhanced over the macroscopic field by
a factor that is roughly the particle diameter divided by the
gap. The onset of current-limiting behavior is beyond the FIG. 8. The steady-state currents from the sample used to make
scope of this paper, but some interpretations of this effeckig. 7 show an Ohmic regime followed by current-limiting behav-
take into consideration the change in contact resistance duer. The effect is reversible.

| (amps)
*

| ) M R | ' o0 el
100 101 102
V (volts)
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The large noise amplitude in the current limiting regime is  The following arguments are based on the fact that both
an interesting aspect of these materials and is not understoasimulated and real uniaxial FSC’s are not an ensemble of
at this time. However, we speculate that a reversible microsimple parallel chains, but are more like networks of col-
scopic model that accounts for the coupling between heaimns. These columns can consist of one or more chains and
generated at various particle contacts might drive the systemre often highly defective. Neighboring columns frequently
into chaos. tilt to collide, forming current junctions or cross links. It is

interesting to explore some of the consequences of this, and
IIl. PERCOLATION MODELS we shall do so in the language of site percolation, to connect
clearly with experiments described below, wherein noncon-

Before discussing experiments designed to understangycting particles are randomly mixed with conducting par-
why field-structuring produces composites whose conducgles.

tance is exceptionally sensitive to bond breaking, we would
like to provide some motivation based on percolation con-
cepts. We will not be able to provide a quantitative treatment;
in fact, this has never been accomplished even for bond and The single chain is easily treated. dfis the fraction of
site percolation on a periodic lattice. Nonetheless, some gertonconducting particles in a chain bf particles, the prob-

B. Single chain

eral trends can be anticipated. ability that the chain will conduct isP;(N)=(1—s)N
~e SN, The conductivity of a composite of thickneSawill
be

A. Contact resistance

In the introduction some remarks were made about cur- G=cge 4, D

rent thoughts on the mechanism of contact resistance, and

some elaboration of this is needed for FSC’s. The primar)}'vhereC ISa constant tha_t depends on the contact res_lstance,
mechanisms are Ohmic contact, where the electron orbital 1=d/s is the average distance between nonconducting par-

of vicinal particles overlap in the contact zone: quantum_‘ucles, andd is the average particle size. This composite con-

mechanical tunneling, where the electron orbitals on vicinafjuc'['vIty is_nonintensive, decreasing exponentially with

particles are separate, but close; and for larger gaps Coﬁgmple thickness, which does not agree with experimental
tinuum conduction ' ’ ' measurements we have made.

Structuring particles in a magnetic field creates large con- ”? real composites chains can aggregate into columns,
tact forces that are much more likely to create Ohmic conouting the current around nonconducting particles. Second,

tact, especially when CTE mismatch in glassy thermosettin f;alr;s a_lctually'c:)ntacltleacph othelr, Iﬁrrtnlng kcrosti links jmd
resins create large positive contact pressures. Chain forma- rogucing an internal length scale that makes the conduc-

tion is also likely to have a large effect on continuum con- Ivity an intensive property. Both of these features can be

duction, so it is helpful to quantify this. Consider a single seen in the simulated structure of Fig. 9.
particle chain spanning two electrodes, with equally spaced
gaps between the particles. The field inside the particles is
zero, so the potential must drop in the particle gaps alone. To understand the sensitivity of columns to the presence
Along the axis of the chain the average field in the gaps isf nonconducting particles, we take as an example two
thus enhanced by the ratio of the particle diameter to thehains ofN particles each that have aggregated to form a
particle gap. Ten-micron particles spaced by 1 nm have @olumn, with each particle sitting on a saddle site of the
field enhancement of 0 so a conductance-measuring po- neighboring chairidipolar forces join chains in this fashipn
tential of 1 V across a 1-cm sample leads to an average gaphe probability that any particular particle in chain 1 is non-
field of 10 kV/cm. The capacitance of a chain of such parconducting iss. The probability that a contacting particle in
ticles has been computed, and from this the conductance cale other chain is nonconducting is,2giving 2s? for the

be obtained, since these continuum problems are isomorphigrobability of a current-blocking configuration of noncon-
For a FSC of chains the particle contribution to the effectiveducting particles. The probability that this two-chain column
composite conductivity i&e—oc~30:¢IN(1+1/25), where  .nqucts iSPZ(N):(l_ZSZ)NNe—ZSZN_ The characteristic
o is the conductivity of the continuous phasgjs the par- length of conducting column scales &s-d/s?~ &, /s, so in
ticle volume fraction, and'is the ratio of the particle gap to 4 regime where the network still conducgss &,. For a

the particle diameter. Even for extremely small relative gapsqs1umn ofn chains ofN balls each the result will be
continuum conduction leads to an effective conductivity that

is merely a few times the matrix conductivity and cannot Pn(N):(l_QnSn)N%e—ﬂns”N’ )
account for the effects we have observed. Furthermore, the

existence of a linear conduction regime demonstrates that thehere(},, is in general a nontrivial combinatorial factor, and
gap fields are not large enough in normal measurements faéhe characteristic conductivity length gg~ &, /s"~*.

nonlinear conduction to be important. We conclude that Column structures obtained from simulation are complex,
Ohmic contact and tunneling are the important conductiorwith a single column being a mixture of single chains,
mechanisms in these materials. These mechanisms are gouble chains, etc. Consider the simple example of a particu-
sensitive to the details of particle contact that enormous corlar column that can be thought of as a single chail dflls,

tact resistance fluctuations must exist in these materials. to which a shorter chain d¥l balls has accreted. The prob-

C. Columns
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D. Network of chains

Cross linking can be understood at some level by consid-
ering a model simple cubic network of chains. The interlink-
ing chains that span current junctions can be thought of as
bonds that conduct with some probabiljiy=e SN, whereN
is the number of particles in an interlinking chain. Slightly
above the bond percolation thresh@ld, the results of many
three-dimensional simulations show that the conductivity
scales asG=(p—p.)', where the conductivity exponent is
found to have the universal value-2.0! The bond perco-
lation threshold is not universal, but for a simple cubic lattice
is p.~0.25. The conductivity is now expected to be ian
tensivequantity, and should be given by an expression like

SOOO00H

€
O

OOOOD

Gor(e*N—p,)*°. ()

For long interlinking chains the chain length is related to the
volume fraction¢ throughN=~ \/7/2¢. For largeN the site
percolation threshold is* =(In 4.0)/N, so a small fraction
of nonconducting particles can easily reduce the conductivity
to zero. Equation3) gives a conductance that initially de-
cays exponentially, then has an abrupt, superexponential de-
cay to zero conductance at finise

Real networks are composed of interlinking columns, not
interlinking chains, making the real behavior too compli-
cated to model analytically. Site-percolation computations on
simulated structures are given below, and these show that the
general features of Eg&l)—(3) are evident. However, before
discussing these simulations, we present the experiments that
motivated these.

00000

<)

IV. SITE PERCOLATION EXPERIMENTS

We have seen that the conductance of real FSC’s can de-
pend sensitively on the small overall deformations of the
composite. We have argued in the section above, but not
demonstrated in any direct way, that this sensitivity is due to
the loss of only a small percentage of Ohmic contacts in the
composite. We cannot think of any way in which we can
actually measure the percentage loss of Ohmic contacts in a

FIG. 9. Fragment of a Iarge-scale simulation shows hlghly de-rea| Samp|e’ so we have opted for the next best th|ng, the
fective columns that bridge, forming cross links between chains. jntroduction of nonconducting magnetic particles into the

composite. If the above analysis is correct, a small percent-

age of nonconducting particles should have a significant im-
ability that the single chain part of the column will conduct is pact on the composite conductance. In these site percolation
P,(N—M), the probability that the double chain part will €xperiments we create a suspension of a mixture of conduct-
conduct isP,(M), so the probability that the entire column ing and nonconducting magnetic particles. This suspension is
will conduct is Pl(N—M)PZ(M)we*S(N*M)*ZSZM. For structured in a magnetic field and the.conductance is mea-
failure of the double chain part to be comparable to the{sured. We expect that at low total particle yolum_e fractlons_

. . . he conductance of the structured suspension will be sensi-

s_lngle chain part req_uwes\l(—_ M)/M =2s, so_at small f_rac- tive to the introduction of nonconducting particles.
tions of nonconductlng particles only the s_lngle chain parts Ni particles with a nonconducting surface oxide were
of a pplumn will lead to a loss of condu_ctlon. Under thesemixed with 50um Ni particles (Fisher Scientifit coated
conditions the double chain part can be ignored and(Bq. \ith a conducting layer of Au. The particles were dispersed
will describe the conductance if the bare correlation lengthy, immersion oil to a concentration of 5.0 vol %, particle
&, is replaced by the much larger renormalized length  chains were formed in a 500-G induction field, and the con-
=§¢,/c, wherec is the fraction of the length of a column that ductance was measured with the Keithley model 602 dc elec-
is composed of a single chain. trometer.
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x10¢ x10-1 no appreciable effect on the suspension conductivity, but fur-
(o ther experimentation showed that magnetic-field gradients
| * 1 can have an enormous effect. By judiciously applying small

ﬁ 110 permanent magnets to the sample cell, field gradients could
A be created that formed the Ni particles into a dense solid with
A ] a conductance 8 orders of magnitude greater than the chained
\ suspensiongFig. 10. The conductance of this dense mass
was reproducible, and much less sensitive to the introduction
of nonconducting Ni particles, showing that the dimension-

ality of the structures is the dominant factor in their conduc-
tion sensitivity.

+ 4-7 my - uniform field
\ @ 4-7 my - gradient field

0.5 -

Conductance (siemens)
—
1
<)
D
(suswia)s) asuBlONPUO)

V. SITE PERCOLATION SIMULATIONS
\ N —> ]

“ 102 Computer simulations of these site percolation experi-
\\,, ~e ments further demonstrate the importance of the low dimen-
% S~ T sionality structures in achieving high sensitivity. These simu-
0.0 - e PO ---_® -4 0.0 lations were performed in two steps; structure formation and
0 T T T 3T T4 xio! conductivity calculations. A Brownian dynamics code was
nonconducting Ni (%) developed to generate 10 000-particle FSC structures. This

code treats the magnetic interactions between patrticles in the
FIG. 10. Site percolation experiments on FSC's show an exself-consistent point dipole approximation. The moment of

tremely rapid drop in sample conductance with the addition of noneach dipole is determined by the local field, which is the
conducting particles. The same particle suspensions show extremesipplied field plus the field due to the other dipoles. Cyclic
large conductance when structured into dense powders usingoundary conditions are used, and a Lorentz cavity field is
magnetic-field gradients.

applied to account for the fact that the local dipole sum is

over a spherical volume centered on each particle. Particle
The highly uniform magnetic field was provided by an diffusion is included, inertia is neglectéd good approxima-

open-air Helmholtz coil pair. This Helmholtz pair has thick tion at low Reynolds numbersand the hydrodynamics are
coils designed for low power dissipation. Each coil is 410approximated by Stokes dra@Hydrodynamic interactions
turns of 1.8% 1.83-mm-square Cu wire, the coil mean di- are not known to affect structuyelhis is an improvement on
ameter is 11.0 cm, and the coil spacing is set to optimize theur previous code, which used the fixed point dipole ap-
field homogeneity along the cylindrical axis. This coil spac-proximation, and should give more accurate structures, such
ing was determined by modeling the field in the coil, andas that in Fig. 1. As the volume fraction of particles in-
over the~1-cn? sample volume the field should be uniform creases, the simulated structures become less anisotropic,
to better than 0.001%, though we are unable to verify thisand should become much less sensitive to the introduction of
experimentally. Nonetheless, the field is sufficiently uniformnonconducting particles, i.e., the site percolation threshold
that with a Hall probe connected to a four-place, Walkerfor conducting particles should decrease. All anisotropy is
Scientific Gauss-meter 5DAR, we are unable to observe fieltbst at the random close-pack concentration of 64 vol %,

variations in the sample volume. In any case, the demagnavhere Powefl has determined that site percolation occurs
tizing field produced by the roughly cubical solid rectangularwhen 31% of the spheres conduct.

sample itself will introduce gradients in the internal macro-
scopic field that are more significant.

To compute the sensitivity of these simulated FSC struc-

tures to incorporated nonconducting particles, we randomly
The macroscopic magnetic field within the sample is re-select a subset of particles to be nonconductive. Conductive

duced by the demagnetizing field produced by the roughlyarticles in contact are then assigned a fixed contact resis-
cubical sample itself. However, this effect is not terribly tance, and the conductance of the equivalent resistor network
large for chained particle suspensions. The measured mkgypically ~60 000 resistosis computed by solving Kirch-
susceptibility of the chained suspensions at the 5.0-vol % Nhoff's laws with an efficient Gauss-Seidel overcorrection
concentrations we used s0.74, and at this susceptibility method. Plate electrodes are used in this calculation, and the

we have computed that the demagnetizing factor for the aveyclic boundary conditions in the planes orthogonal to the
erage field along the cylindrical axis within a cuberis

applied field are maintained. For each nonconducting frac-
~0.3192, giving an average macroscopic fidit},.,=Ho  tion the random selection of nonconducting particles is re-
—nM, within the cube ofH ., Ho/(1+ny)=0.81H,.

peated 100 times to reduce the error. The results for particle
In accordance with expectations for low-dimensionality volume fractions ranging from 5 to 50 vol % are shown in

structures, we find that only a small percentage of nonconFig. 11(a). We have not attempted to correct these data for

ducting particles is required to greatly reduce the conducfinite-size scaling effects, but for infinite simulation volumes
tance of uniaxial FSC'YFig. 10. This effect is not field the percolation thresholds would be somewhat larger.
dependent. Experiments with a highly uniform 15 000-G in-

At the highest particle concentration, the observed perco-
duction field provided by a commercial electromagnet hadation threshold occurs wher30.3% of the particles con-
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T T chain prediction of Eq(1). Examination of the simulated
structure reveals essentially no cross linking between chains,
and much less column formation than at higher concentra-
o tions, so an exponential dependence is expected. The number
) gg of particles is takes to span the simulation volumeNis
. 200 . =(wn/6¢)*3, wheren is the number of particles in the
o0 simulation volume andg is the volume fraction. In this
simulationn=10 000 andp=0.05, soN~41 particles. If all
RN | of the chains were perfect, this value Nfsubstituted into
SNENNN Eq. (1) would give an excellent fit to the simulation data. In
02 4 \\‘\ > 7 fact, a good fit is obtained witNl~ 21, indicating that about
- \\\‘ \\\ 1 50% of each spanning column is a single chain, and the rest
0.0 e el I is a double chain or more, the latter being insensitive to the
0 10 20 30 40 50 60 70 introduction of nonconducting particles at the concentrations
(a) s (%) Eg)at render the single chains nonconductive, as shown by Eq.
E The simulation results at 5 vol % are definitely affected
n NS S ] by the finite size of the simulation volume, since there was
107 NN SO 3 no cross linking between the columns, i.e., percolation does
g ) \\ ~ \ 1 not occur transverse to the direction of the structuring field.
: U N E We expect that anuchlarger simulation at 5.0 vol % would
10_3; " \x\l \ \\ ] indeed show cross linking between chains, but there is no
: S N practical way to increase significantly the number of par-
‘J‘;\ ‘“u\ \/\ : \ ] ticles in the structural evolution simulation at this time, due
) i W lll\ to the long range of dipolar interactions. Even a 10000 par-

G(s)/G(0)
=~
-
‘ L]
ERAE

o
S
T
-
//
e
I

F ¢ (vol.%
L[ 5.0

G(s)/G(0)

4 ticle structure takes-150 h of cpu time to develop on a
h\" W 833-MHz Macintosh. Furthermore, real structures at the
v & 3 same concentration show a greater tendency to cross link,
| probably due to friction between particles causing pinning of
o 10 20 30 20 50 60 70 structures, an effect that is in faqt extre.mely t_ime consuming
(b) s (%) to simulate, and would not permit the simulation of structure
formation in systems containing large numbers of particles.
FIG. 11. (8 Conductivity of site percolation simulations on The effect of the finite size of the simulation volume is ap-
uniaxial FSC's of a wide range of concentrations show that at lowpreciable. If we were to double the size of the simulation cell
concentrations, where chains are dominant, rendering only a smalh=80 000), and cross linking between columns still did not
percentages of particles nonconducting rapidly decreases the congccur, then we would expect the valueMfto double, halv-
ductivity. (b) Plotting the data logarithmically shows a crossover jng the concentration of nonconducting particles needed to
from exponential behavior at low particle concentration to fasterreduce the conductivity by some fixed fraction.
than-exponential decay at higher concentrations. At 10 vol % the simulated structure shows pronounced
column formation, but still very little cross linking, so a
duct, close to the random-packed hard-sphere result. As tHaster-than-exponential decay is expected, with additional
FSC particle concentration decreases, the site percolatiderms as in Eq(2). A function of the form exp@sbs-cs)
threshold increases, reflecting the importance of structure dgives a fit to these data with no apparent systematic devia-
mensionality to sensitivity. This behavior is qualitatively tions, yielding the physically reasonable paramegets.0,
similar to the site percolation experiments, that show thab=10.0, andc=54.0. Again, we expect that these results
when a low concentration particle dispersion is chained in avould change in a larger scale simulation, with greater sen-
uniform field, the introduction of a small percentage of non-sitivity to the introduction of nonconducting particles ex-
conducting particles reduces the conduction appreciablyected.
whereas when field gradients are used to draw the particle At higher concentrations, the simulated 10 000-particle
into this dispersion into a concentrated mass, the introductiostructures percolate in the direction transverse to the struc-
of nonconducting particles has little effect. At the lowestturing field, indicating that cross linking is significant enough
particle concentration® and 10% the apparentpercolation  to create a network. Now a very sharp cutoff is expected in
threshold is high, but it is also here that the finite size of thethe conductance with increasing in general accordance
simulation volume causes an underestimation of the true inwith Eq. (3). However, although Eq3) captures the general
crease in the percolation threshold at low volume fraction. behavior of the conductance data, fits to this equation are not
Some interesting aspects of the simulation data can bextremely compelling, because this equation really only ap-
seen by plotting these data semilogarithmicafyg. 11(b)]. plies in the critical regime close to the percolation threshold
At the particle concentration of 5 vol % the conductancep.. Furthermore, Eq(3) ignores the extensive column for-
decays nearly exponentially, in accordance with the simplenation that occurs in these high volume fraction structures.

094207-9



MARTIN, ANDERSON, ODINEK, ADOLF, AND WILLIAMSON PHYSICAL REVIEW B 67, 094207 (2003

Developing a quantitative theory of site percolation on thesealucting particle aggregates. In this paper we have restricted
anisotropic structures is an extremely complex problem, bubur attention to 1D linear chain structures created by a
the qualitative features predicted by E¢D—(3) are seen in  uniaxial field. It is also possible to create 2D sheetlike par-
the simulation data, and these data demonstrate the impdiele structures using an ac biaxial field, such as a rotating
tance of low-dimensionality structures. field?* and a rich variety of 3D structures—particle chain
networks and various particle foams—can be formed in
VI. DISCUSSION triaxial”® magnetic fields. With these techniques the conduc-
o _ tivity of FSC’s can be controlled over a wide range, and

The extrem_e sen5|t|V|ty_(_)f the conductance of field struc_—using such structures we expect to be able to moderate, to a
tured composites to specific volume changes of the matrigesired extent, the sensitivity of these materials, ideally be-

material is fundamentally due to changes in the contact reg aple to tune the dynamic range of the response to the
sistance between particles. Continuum conduction cannot agnticipated sensor environment.

count for the magnitude of changes we have observed, and
so Ohmic contacts and tunneling must be the source of these
effects.

In the modeling described above, we have assumed that We have shown that it is possible to prepare composites
the contact resistance is either some fixed, finite value, or ihat are effectively very close to the percolation threshold by
infinite. Reality is undoubtedly more complex, with a spec-using magnetic fields to first structure the particles into
trum of contact resistances throughout the sample. The corhains. The approach gives reproducible materials with an
tact resistance is a complex issue, since both Ohmic contacgktremely large dependence of the effective conductivity on
and charge tunneling are possible. The resistance of agtrain or elastic deformation, and thus have potential as tem-
Ohmic contact will depend greatly on the contact pressureperature, pressure, or chemical sensors. Reversible current-
deformation of the Au coating, etc. For very small gapslimiting thermistor behavior has also been demonstrated.
quantum-mechanical tunneling can occur, with its exponen€omposites made with an elastic silicone polymer have a
tial gap dependence. In either case, the contact resistang@ergence in the resistivity at the cure temperature of the
depends strongly on the gap between particles, and becaugelymer, which can be controlled over a wide range. By
the particles are much more rigid than the polymeric matrix selecting the cure temperature to correspond to the tempera-
small macroscopic deformations can lead to large gapure at which these composites are used as sensors, extreme
changes. sensitivity can be obtained. It is suggested that the mecha-

If we suppose that in the sensor experiments describeflism by which the observed resistance changes occur is one
above perhaps 20% of the particle contacts are broken, than which polymer specific volume changes make or break
the importance of chainlike structures to sensitivity can bedDhmic contacts where they exist, and alter tunneling cur-
understood from the site percolation experiments and simurents. Under these circumstances one can expect large fluc-
lations, which show that large conductance changes are inuations in contact resistance, which we have modeled as a
deed possible with chain structures, whereas a dense partiddénple bond percolation process. To demonstrate that these
compact will scarcely change at all. For this reason, FSC'structured particle composites have high sensitivity, we have
apparently offer an ideal method of achieving high sensotonducted site percolation experiments and simulations on
sensitivity. At this point we do not know the relationship structured materials, and have found that enhanced sensitiv-

between polymer swelling and the loss of conducting conity to the introduction of nonconducting particles does in-
tacts between particles, so our understanding of these matgeed exist.

rials is incomplete. This problem is probably complex and
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