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Magnetic-field-induced optical transmittance in colloidal suspensions

James E. Martin, Kimberly M. Hill, and Chris P. Tigges
Sandia National Laboratories, Albuquerque, New Mexico 87185

~Received 22 September 1998!

Through simulation and experiment we demonstrate that when a magnetic field is applied to a suspension of
magnetic particles, the optical attenuation length along the direction of the field increases dramatically, due to
the formation of chainlike structures that allow the transmission of light between the strongly absorbing
particles. This phenomenon is interesting for two reasons; first, there might be practical applications for this
effect, such as optical-fiber-based magnetic field sensors, and second, measuring the time evolution of the
optical attenuation length enables us to determine the kinetics of structure formation, which can be compared
to the predictions of simulation and theory. In agreement with both simulation and theory, the optical attenu-
ation length increases as a power of time, but much less light is actually transmitted than expected, especially
at higher particle concentrations. We conclude that particle roughness, which is not included in either theory or
simulation, plays a significant role in structural development, by pinning structures into local minima.
@S1063-651X~99!05405-7#

PACS number~s!: 83.80.Gv, 82.70.Dd, 83.50.Pk
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INTRODUCTION

Motivation. When a uniaxial electric or magnetic field
applied to colloidal suspensions having a sufficient perm
tivity or permeability mismatch, the particles will polariz
and interact, causing them to chain along field lines and fo
complex columnlike and sheetlike structures. The conco
tant change in the suspension rheology, which changes f
a Newtonian liquid to a viscous, shear thinning fluid, is
subject of great interest because of the many possible in
trial applications for field-controllable fluids, such a
clutches, hydraulic valves, and dampers@1,2#. However,
even in the quiescent state these fluids might have us
properties, since the induced structures can cause signifi
anisotropies in the fluid permittivity, conductivity, and op
cal transmittance@3#. In this paper we use experiment an
simulations to examine the effect of the magnetic-fie
induced optical transmittance in a strongly absorbing, n
scattering suspension of black magnetic particles. Study
the field-induced optical transmittance is interesting for t
reasons. First, it is possible that this effect might be usefu
certain applications, such as magnetic field sensors, and
ond, it couples to the kinetics of coarsening in induced di
lar fluids.

Experimental background.When a field is applied to an
active colloidal suspension, anisotropic structures star
evolve, as exemplified by the simulation data in Fig. 1. Lig
scattering studies on a colloidal silica fluid structured by
electric field demonstrate that the emerging structures exh
a well defined characteristic length, in the plane orthogo
to the applied field, that steadily increases as roughly
square root of time@4#. This behavior is somewhat analogo
to the spinodal decomposition of a binary fluid and so t
process is referred to as coarsening. By definition, light s
tering measures the coarsening, or correlation, length but
not obvious that other physical measurements cou
strongly to this length.

In large scale dynamical simulations of field-structur
suspensions, we have been able to compute a variet
PRE 591063-651X/99/59~5!/5676~17!/$15.00
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physical properties from the structures generated@3,5#. Many
of these, such as the anisotropic permittivity and conduc
ity, are strongly affected by chain formation, but do n
couple to the correlation length and thus are insensitive
coarsening. For example, the conductivity of field-structu
suspensions of conducting particles reaches essentially a
teau value shortly after chain formation. The permittivity
field-structured suspensions of dielectric particles beha
similarly. In fact, for some time we were unable to find a
physical property that coupled directly to the correlati
length, until we decided to compute the optical attenuat
length @3#. The attenuation length shows a slow, power-la
increase in time, with an exponent close to that obtained
the correlation length obtained from light scattering measu
ments, at least at low particle concentrations, suggestin
proportionality between these length scales.

Studying the optical attenuation length has two adv
tages over studying the correlation length. First, we have
been successful in obtaining the correlation length in
plane transverse to the field with great accuracy from
simulation data. Second, measurements of the evolution
the structure factor~the Fourier transform of the pair corre
lation function! must be done with light scattering, sinc
both x rays and neutrons lack the required spatial and t
poral resolution~with a Bonse-Hart x-ray scattering geom
etry the spatial resolution is adequate, but the temporal re
lution is not, even on a synchrotron beam line! @6#. Light
scattering measurements require optically transparent
pensions, and although we have been able to make mea
ments on optically transparent suspensions of smooth,
electric spherical silica colloids, using an electric field
induce structure, the technique is not generally applica
@4#. The optical transmittance measurements described
on absorbing magnetic suspensions confirm the result
those light scattering experiments, but demonstrate m
complex effects, such as the role of Brownian motion a
particle roughness.

The connection of the optical attenuation length to t
correlation length measured in scattering is not trivial, b
5676 ©1999 The American Physical Society
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PRE 59 5677MAGNETIC-FIELD-INDUCED OPTICAL . . .
the optical attenuation length would be proportional to t
correlation length if coarsening in these systems does
change the structure factor, apart from a change in sc
This scaling of the structure factor has been demonstrate
isotropic spinodal systems@7#, and in the aforementioned
light scattering measurements from an index-matched col
dal silica fluid structured by an electric field we were able
measure the correlation length both parallel and perpend
lar to the applied field, and found that these lengths are
deed proportional to each other, with the correlation leng
parallel to the field about 10 times that perpendicular to t
field. This scaling of the anisotropic structure factor is com
pelling enough that the evolution of the optical attenuati
length can be compared to the evolution of the correlat
length predicted from theory. To compare the attenuat
length to simulations no assumptions are needed becaus
actually directly compute the optical attenuation length.

An intuitive understanding of the relation of optical a
tenuation to coarsening can be obtained from Fig. 1, wh
shows simulation results for an athermally structured 10
sample at selected coarsening times. From these views
allel to the field axis, one can see that as the particles c
lesce into columns correlations propagate along thez axis,
due to the tendency of chains to follow field lines. As the
correlations increase, the structures transmit more li
through the sample in the direction parallel to the magne

FIG. 1. Simulation results viewed along the direction of th
applied field illustrate the evolution of the transmittance with coa
ening time for an athermally structured 10 vol. % sample.
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field. At 75 ms the system is highly correlated in the dire
tion parallel to thez axis, and the optical transmittance
high.

There have been some related optical studies reporte
the literature. Luiet al. @8# studied the equilibrium optica
transmittance, as a function of applied magnetic fie
through a superparamagnetic ferrofluid emulsion of 0.3mm
kerosene particles containing 9 nm diameter iron oxide p
ticles. These measurements were used to determine va
critical fields thought to demarcate boundaries in a structu
phase diagram. These measurements were not time reso
however, and the droplets were too small to be close to
geometric optical limit, so the coarsening kinetics was n
addressed in this study. Ginderet al. @9# made some interest
ing diffuse optical transmittance studies of a commerc
electrorheological fluid consisting of 0.7 mm diamet
poly~methacrylic acid! particles confined between transpa
ent indium tin oxide electrodes. Time resolved studies de
onstrated a field-squared dependence of the characte
structure formation time, but extraction of the solution co
relation length was not a goal in this work, due to the co
plex relation of the multiple scattering process to structu
which would require the solution of an ill-conditioned in
verse transform problem. A number of optical studies ha
been done on the field-induced turbidity of weakly scatter
particles chained by an electric field@10–12#. In these sys-
tems theincreasein turbidity, and the concomitantdecrease
in light transmittance, is attributed to the formation
strongly scattering chainlike structures. The scattered in
sity of a solution of such structures increases in proportion
the aggregation number at fixed solution concentration.

Theoretical background.In the current understanding o
coarsening in induced dipolar fluids a distinction is ma
between magnetic and electrostatic structuring, due to
difference in the boundary conditions at the confining s
faces normal to the applied field, which in turn are due to
fact that electric monopoles exist, whereas magnetic mo
poles apparently do not. In the electrostatic case, these
faces are typically conducting electrodes that do not perm
tangential electric field, whereas in the magnetic case th
surfaces can be low permeability, diamagnetic materials s
as glass, so that a tangential magnetic field is possible, or
be high permeability ferrous materials, which reduce the t
gential magnetic field. In our experiments, chains of ma
netic particles simply terminate at the glass sample cell, le
ing an effective ‘‘magnetic capping charge’’ that creates
long range, repulsive interaction between chains or colum
Calculations show that tapering the ends of the columns
make ellipsoidal columns minimizes the energy of the
magnetic structures, whose width is dependent on the sam
dimension along the field@13,14#. In the electrostatic case
@14#, the boundary conditions create image charges, wh
effectively eliminate the capping charge, and also reduce
interaction between chains, as we will now discuss.

One current theoretical view of coarsening in syste
structured by an external field postulates a clean temp
separation of two processes: chain formation and colu
formation. In this view particles first chain along field line
to span the cell, then aggregate into columns, which t
aggregate into thicker columns,ad infinitum@4,14#. Comput-
ing the chain-chain interaction in the electrostatic case

-
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5678 PRE 59MARTIN, HILL, AND TIGGES
delicate issue, because image charges in the conducting
trodes virtually eliminate interactions between perfect fie
aligned chains separated by more than a particle diamete
so. However, it has been shown that thermal fluctuation
the chains can create a large electrostatic interaction, de
the image charges, so that temperature can actually d
coarsening. Pursuing this line of reasoning leads to the
diction of a roughly root time growth of the correlatio
length in the plane transverse to the field. The coarsen
kinetics predicted by thisthermally driven coarseningmodel
is supported by light scattering measurements@4#, although
the key prediction, that of the temperature dependence, is
easily amenable to experimental verification, since ma
other factors, such as the conductivity and permittivity co
trast, have complex temperature dependencies themselv

The role of thermal fluctuations is to create disorder t
breaks the symmetry of perfect chains, but there are o
sources of disorder one can envisage, including particle p
dispersity and the possibility thatperfectchains never actu
ally exist, only highly defective chainlike structures. Th
later view is supported by dynamical computer simulatio
we have conducted on large scale systems containing 10
particles@3#. Over the concentration range of 5–60 vol.
we have not been able to find a system that exhibits per
chains that span the electrodes, regardless of the system
perature. Instead, the evolution of highly defective chainl
structures occurs, and these defective structures have
dipolar interactions, regardless of the presence of im
charges. We call thisdefect-driven coarsening. The impor-
tance of defects in driving coarsening is clearly demonstra
in simulations where the temperature is set to zero. In
case thermally driven coarsening should not occur, ye
fact coarsening proceeds at essentially the same rate as
thermal fluctuations are strong. Perversely, these athe
simulations show the same nearly root-time growth kine
predicted by the thermal fluctuation model—an unfortun
circumstance for the experimentalist, since this implies t
the agreement between light scattering measurements an
thermally driven coarsening model is not a compelling va
dation of this theory, nor of the computer simulations for th
matter, but disagreement with measurement could rule
both.

In the following we describe our simulation and expe
mental methods and present the results of these. We inv
gate the complex role temperature can play, and cond
experiments that elucidate the importance of particle fricti
Finally, we discuss possible applications of optical transm
tance in field-structured materials.

EXPERIMENTAL

Simulations.We have already reported athermal simu
tion studies of structure formation in induced dipolar fluid
including the time evolution of the optical attenuation leng
@3#. In this paper these studies are extended to incl
Brownian motion, which can have a large influence. Briefl
in these Langevin dynamics simulations the particles are
sentially hard spheres with induced dipolar interactio
Stokes friction against the solvent, and Brownian moti
The results presented here are obtained from a simula
method developed to predict the evolution of large,N
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510 000 particle systems over short times~in general,<150
dimensionless time units!. This method has time complexit
O(N), but gives results that are indistinguishable from
separate, more directO(N2) simulation developed to predic
the evolution of smaller systems over longer times. In m
of the simulations cyclic boundary conditions are used in
directions, but in some simulations the cyclic boundary co
ditions were dropped along thez axis, which is the direction
of the applied field, and thus should be more representa
of magnetic systems, due to the presence of a capp
charge. The size of the simulations led to structures wh
scale of coarseness was much smaller than the simula
volume, minimizing the effect of the cyclic boundary cond
tions.

To describe our simulation we start with the equation
motion for thei th sphere,

mai5Fh~vi !1(
j Þ i

Fhs~r i j !1(
j Þ i

Fd~r i j ,u i j !1FB , ~1!

whereFh is the hydrodynamic Stokes force,Fhs is the hard
sphere force,Fd is the dipolar force, andFB is the Brownian
force, discussed below.r i j is the distance between the ce
ters of spheresi andj, andu i j is the angle between the line o
centers of spheresi and j and the direction of the applied
field. The inertial term is small compared to the other forc
and is neglected, so that we integrate a system of first o
differential equations.

The Stokes force on a sphere of radiusa is Fh(v)5
26ph0av where h0 is the solvent viscosity andv is the
sphere velocity. The spheres are modeled as nearly
spheres, with a repulsive force dependent on the gap betw
spheres,Fhs(r i j )5A/(r i j 2cd)a, whered is the sphere diam-
eter anda57 andc50.97 are constants. The dipolar inte
action @2# between two spheres whose center of mass se
ration vector is of lengthr and inclined at an angleu to the
applied fieldE0 is

Fd~r i j ,u i j !52CS d

r D 4

@~3 cos2 u21! r̂1sin 2uû#. ~2!

Note that although the radial component of the dipolar fo
is attractive only whenu,54.7 °, the tangential componen
of the force will always lead to chaining in a system wi
finite noise.

For a system of dielectric particles in an electric field

C5
3

16

p2

4pa4«0kc
,

where the particle dipole moment isp54pa3«0kcbE0 , the
dielectric contrast factor isb5(kp2kc)/(kp12kc) in terms
of the dielectric constants of the particle and continuous~liq-
uid! phases, and«058.854310212F/m is the vacuum per-
mittivity. Combining gives the well-known resultC
5(3p/4)«0kca

2b2E0
2.

For a system of magnetic particles in a magnetic fi
@15#,

C5
3

16

m0km,cm
2

4pa4 .
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For paramagnetic~or diamagnetic! particles the magnetic
moment ism54pa3bmH0 , in terms of the magnetic con
trast factor isbm5(km,p2km,c)/(km,p12km,c), wherekm,c
is the relative permeability~to the vacuum! of the continuous
~liquid! phase,km,p is the relative permeability of the par
ticles, andm054p31027 H/m is the vacuum permeability
Combining these gives an expression completely analog
to the dielectric caseC5(3p/4)m0km,ca

2bm
2 H0

2. ~Note in
the magnetic case that although the expression for the
ticle interaction is perfectly analogous to the electric ca
the expression for the magnetic dipole is not, due to the
that the magnetization has the units of the magnetic fieldH,
whereas the polarization has the units of the displacem
field D.!

If this system consists of ferromagnetic particles then
expression for the magnetic moment deserves further con
eration. The particles we use in our experiments are ea
dispersed, indicating that they are unpoled, so that a typ
particle consists of many domains whose magnetization v
tors are essentially randomly aligned. When such partic
are exposed to a saturating magnetic fieldHs the domain
walls move to create a magnetic dipole moment that
roughlyms5(4p/3)a3M s , whereM s is the saturation mag
netization along the easy axis of the magnetic material. A
this poling field is turned off, the moment will decay tomr
5(4p/3)a3M r , whereM r is the remnant magnetization, an
this moment can be much larger than that induced on a p
magnetic particlem54pa3bmH0 . When a poled magnetic
particle is subsequently exposed to a small magnetic fi
the energy will bem0mr•H0 and a standard statistical me
chanical calculation shows that the average moment a
thez axis will be given by the Langevin-Debye function@16#

mz5mrFcothy2
1

yG ,
where

y5
m0mrH0

kBT
.

For small magnetic fields, wherey!1 this gives mz

>m0mr
2H0/3kBT, and for large magnetic fields, wherey

@1, mz5mr .
It is instructive to estimate the paramagnetic and fer

magnetic moments we might expect for our particles. T
minor ~low field! hysteresis loops of ferromagnetic materia
can be closely approximated as a paramagnetic response
a relative permeability on the order ofkm,p'104. Because
the relative permeability of the liquid phase is essentially
this givesbm'1. For a typical magnetic field produced b
our solenoid ofH0>43103 Am21 ~50 Oe!, and a particle
radius of 1 mm, this gives a dipole momentm>
5.0310214Am2. The particles used in the experiments d
scribed in this paper are made of carbonyl Fe, which ha
very small remnance, and Fe3O4, which has a remnant mag
netic induction ofBr>0.2100 T~2100 G! according to the
manufacturer. The remnant magnetization is thusMr
5Br /m0>1.73105 Am21 and the remnant magnetic dipo
moment will be an order of magnitude larger than in t
paramagnetic casemr57.0310213Am2. The interaction en-
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ergy in the applied field will bem0mrH053.5310215J, and
because the thermal energy at room temperature iskBT
54.1310221, the Langevin-Debye variabley@1, and poled
particles would be completely aligned with this applied fie
and would even align with the earth’s magnetic field~0.7
Oe!. Furthermore, the energy required to separate two s
poled ferromagnetic particles in contact ism2m0/16pa3

51.2310214J, which is vastly in excess of the thermal e
ergy, so that such particles would not disperse well~the par-
ticle radius would have to be decreased to about 7 nm for
contact energy to equal the thermal energy!. Because the
particles we use are easily dispersed, we conclude that
are initially unpoled, and because the fields we apply are
beneath the saturation field we can think of the particles
essentially superparamagnetic.

Time scale. In the absence of Brownian motion th
strength of the dipolar interactions alters only the coarsen
time scale, not the structural evolution. The dimensionl
numerical equation of motion is thus of the formDu
5Ds f(r ,u), where the dimensionless lengthDu5Dr /2a.
For the magnetic case the dimensionless timeDs
5Dtm0km,cbm

2 H0
2/16h0 . For a suspending liquid with a vis

cosity of 1 cp, an applied field ofH0511.33103 A/m ~142
Oe!, km,c51 andbm51, Ds>Dt3103, so under these con
ditions one dimensionless time unit is about a millisecon

For the electric field case the dimensionless timeDs
5Dt«0kcb

2E0
2/16h0 . For a viscosity of 1 cp, an applie

field of 1.0 kV/mm, and«cb
252, Ds>Dt3103, so one di-

mensionless time unit is about a millisecond. This time co
version is used in all plots in this paper. Note that this i
plies that the coarsening kinetics is independent of ball s

Brownian motion.The Brownian force requires some di
cussion. There are a number of problems one encounte
implementing Brownian motion into a simulation where o
is integrating a first order differential equation. A short d
cussion of the manner in which we chose to do this is use
This is not the only possible approach, but it is a method t
allows one to incorporate the effect of particle inertia witho
resorting to a second order differential equation.

The equation of motion of a Brownian particle is@17#

mv̇52zv1FB~ t !, ~3!

wherev is the particle velocity,m is the particle mass, and
z56pm0a is the friction coefficient of a particle of radiusa
against a liquid of viscositym0 . FB(t) is a stochastic force
that is generally considered to have a time correlation fu
tion that is a delta function. The time correlation function
the diffusing particle is

^v~0!•v~ t !&5
3kBT

m
e2t/t, ~4!

where the relaxation time ist5m/z. Using the Kubo rela-
tion @17#

D5
1

3 E0

`

^v~0!•v~ t !&dt ~5!

then gives the Stokes-Einstein relation for the translatio
diffusion coefficientD5kBT/z. Thus it is the persistence o
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5680 PRE 59MARTIN, HILL, AND TIGGES
motion of a particle acted upon by a stochastic force tha
responsible for a finite diffusion coefficient. In some sen
the situation is very subtle; the diffusion coefficient is inde
independent of the particle mass, but the relaxation tim
proportional to the mass, and the amplitude of the veloc
autocorrelation function is inversely proportional to t
mass. Thus as the particle mass goes to zero, the force
plitude diverges.

The characteristic relaxation time for a 1mm diameter
silica sphere in water is 5.531027 s, but we would expect an
applied field of 1.0 kV/mm to structure silica spheres in su
a solution on millisecond time scales. In our previous sim
lation work we set the discrete time step to a maximum
2.031025 s, so the natural time scale for Brownian motio
is strongly decoupled from the time scale we wish to inv
tigate. Thus a completely physical simulation of field stru
turing with Brownian motion is not feasible and a practic
method must be found.

We start with the first order differential equationzv
5FB(t), obtained by dropping the inertial term. IfFB(t) is
considered to be a stochastic force with a delta function t
correlation function, then the diffusion coefficient of a pa
ticle will now depend on the discrete time step used to so
the equation. For example, consider the simple o
dimensional case whereFB(t)5 f Bsi , andsi is a simple un-
correlated random variable that is either61 during thei th
time step. Then during the timeDt the particle will move a
distanceDx5( f B /z)Dt. Over a total timet the number of
steps will beN5t/Dt and from the theory of random walk
the mean square displacement will bêx2&5NDx2

5( f B /z)2tDt. Thus the diffusion coefficient D
5 1

2 ( f B /z)2Dt has an unphysical dependence on the disc
time step. A simple way to handle this is to scale the am
tude of the Brownian force byf B}1/ADt. However, this
leads to divergent force amplitudes that can create stab
problems when two ‘‘hard’’ spheres are nearly in contact

To avoid stability problems we have taken a differe
approach. Let us write the Brownian force asFB(t)
5 f BRv , where Rv is a time-correlated random variabl
Using the Kubo relation we then have D
5( f B /z)2*0

`^Rv,x(0)Rv,x(t)&dt, where we have used th
isotropy of space to obtain ^Rv(0)•Rv(t)&
53^Rv,x(0)Rv,x(t)&. If our time correlated variable is nor
malized such that̂Rv,x(0)Rv,x(t)&51, then the relaxation
time is t5*0

`^Rv,x(0)Rv,x(t)&dt, and D5( f B /z)2t. The
amplitude of the Brownian force is nowf B

25KBTz/t, and so
can be controlled by a judicious selection oft.

To construct the correlated random variable we start w
the primitive uncorrelated random variablesi , with ^sisj&
5d i j . Define the functionG i5(12«)G i 211«si and note
that by a straightforward calculation the exponential corre
tion ^G iG i 1k&5@«/(22«)#(12«)k is obtained. If we letRi
5@(22«)/«#1/2G i then ^RiRi 1k&5(12«)k and t51/«. In
practice, the correlation time is chosen to be larger than
maximum discrete time step of 2ms, but smaller than the m
time scale of structural evolution. We chose 10ms. The com-
puted diffusive motion is shown in Fig. 2, where the cro
over from ballistic to diffusive motion can be clearly see
Thus the effect of particle inertial on diffusion is obtaine
without resorting to a second-order differential equation.
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Temperature scale.In the dimensionless equation w
solve, the Brownian motion enters asJRv where the dimen-
sionless constantJ52 f B / f c and f c53pa2m0km,cbm

2 H0
2/2 is

the contact force between two balls aligned along thez axis
in a uniaxial field. We refer to the value ofJ throughout this
paper, but it is more conventional to talk in terms ofl21

5kBT/pm0km,cbm
2 H0

2a3. The relation between these var
ables isl225(9Dt/a2)J2, and noting that the time it take
a particle to diffuse its own radiusa is tD5(a2/6D) we
obtainl225(3t/2tD)J2.

Computation of the transmittance.The optical transmit-
tance through the simulated structures was computed in
geometrical optics limit. The geometric transmission area
calculated by keeping a set of lists of projected ball bou
aries within subregions of the total projection region. T
subregions form a compact set of rectangles with a un
equal to the total projected area and a size calculated to
sure a simple projected boundary within each subregion.
subregions are classified as interior~zero transmission!, par-
tial ~partial transmission!, and exterior~complete transmis-
sion!. The transmission area for interior and exterior sub
gions is trivial. The transmission area of a subregi
classified as partially transmitting is determined by exam
ing the boundary list~ball coordinates contributing to th
transmission boundary! generated for that subregion. Th
relevant area corresponds to interior to the subregion tha
also exterior to the calculated boundary.

Optical transmittance.For the optical transmittance stud
ies we chose to use magnetic particles in a magnetic fi
rather than dielectric particles in an electric field, for tw
reasons. First, a solenoid allows measurement of the l
transmitted parallel to the applied field, without the proble
of light reflection one would have with conducting indiu
tin oxide coated electrodes. Second, black magnetic
ticles, with high optical absorption, are easily obtained.

Sample preparation.Two types of magnetic particle
were used for these experiments. Rough, submicron part
of Fe3O4 ~Wright Industries! and relatively smooth carbony
Fe particles made from reducing iron pentacarbonyl~Lord
Corporation!. These particles were suspended in a mixture
glycerin and 1,4 butanediol using 2 wt % Triton X-100 as
dispersant. The composition of this binary solvent was

FIG. 2. Crossover from the ‘‘pseudoballistic’’ to Brownian re
gimes for a massless particle subjected to a correlated fluctua
force.
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justed to achieve a viscosity of 300 cp, which was lar
enough to prevent sedimentation during the time it took
load the sample into the solenoid and also resulted in co
ening kinetics that were slow enough to measure with
experimental apparatus, but fast enough to complete the
periment before dinner. The particle concentration ran
from 1–5 wt. %, approximately 0.2–1 vol. %.

Transmittance measurements.The experimental apparatu
is illustrated in Fig. 3. The particle suspension is contained
a transparent 1031031 mm cell positioned in the center o
a vertical solenoid and held in place by a black anodiz
aperture that serves both to remove stray light as well a
support the sample cell. The small dimension of the cel
normal to the axis of the solenoid and incident laser beam
that the longest particle chains would be 1 mm, or appro
mately 1500 particle diameters. The axis of the solenoid
vertical to prevent column sedimentation. The curre
through the solenoid provides magnetic inductance fie
rangingB50 – 6.031023 T ~0–60 G!.

The light source is a 20 mW helium-neon laserl
5632.8 nm) directed through a beam expander and colli
tor, an aperture set at 5.5 mm, and a variable attenuator.
beam is expanded to sample a larger area of the par
suspension, and attenuated to insure measurements are
in the linear response regime of the photodiode detector.
beam is then reflected down the central axis of the solen
to pass through the sample cell, and through the second
erture. The intensity of the transmitted beam is monito
with a Newport 818-uv silicon photodetector, connected
an IEEE parallel port to an Apple Quadra 950™ compu
running an application written inLABVIEW ™. The tempera-
ture is kept ambient with the help of a fan.

One issue is whether or not the transmitted light can
interpreted in the geometrical optics limit to a reasona
approximation, without considering the effects of multip
scattering and diffraction. If multiple scattering is an impo
tant effect, we would expect the transmitted light to contai

FIG. 3. Schematic of the experimental setup. The detail at
bottom shows actual images of the Fe3O4 particles before and afte
applying a magnetic field.
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large depolarized component; in the strong multiple scat
ing limit the light would be thoroughly depolarized, so th
50% of the measured intensity would be transmitted throu
a polarizing filter orthogonal to the polarization of the inc
dent beam. Over the range of particle concentrations con
ered in this study, less than 1% of the transmitted light
depolarized at the lowest concentration, and about 3% is
polarized at the highest concentration. Thus the effect
multiple scattering is small. The particles are sharp and c
under an optical microscope, so the effects of diffracti
appear not to be significant either. In any case, our simpli
treatment of the data must be viewed as approximate, bu
disparity of the experimental data with the predictions
simulations is far too large for these effects to account for
difference.

Data analysis.Obtaining the optical transmittance from
experimental data, where we only have the measured tr
mittance through the entire sample, is not as accurate as
simulation data, where the optical attenuation length can
obtained from a semilog plot of the optical transmittan
against the sample thickness. For experimental data we m
resort to curve fitting. The expected functional form of t
transmittance we base on the simulation results, which in
cate that the attenuation lengthLt should be of the form

Lt5L0~11t/t0!b>L0~ t/t0!b for t@t0 , ~6!

whereL0 , t0, andb are constants. According to Beer’s law
I t /I 0}exp(2L/Lt), so the transmittanceT5I t /I 0 takes the
form

T5T` /exp~t/t !b, ~7!

where T`5T(t→`); t5t0(L/L0)(1/b) is the new time
scale. Note that in order to obtain the exponentb from a
semilog plot one must knowT` .

SIMULATION RESULTS

The coarsening of systems of particles with induced m
netic and electric dipoles has been the much discussed in
literature. The principal difference between these case
due to the boundary conditions at the confining surfaces
pendicular to the field. In the electric field case these surfa
are generally conducting electrodes that permit no tangen
component of the field, and thus require image dipoles. H
sey and Toor@14# have pointed out that a field-aligned cha
of perfectly monodisperse spheres that spans the gap
tween confining electrodes will create image dipoles in e
electrode, which in turn will create image-image dipoles
the opposite electrode,ad infinitum, so that these finite rea
chains become equivalent electrically to infinitely lon
chains of dipoles. In effect, the capping charge is moved
infinity, with the consequence that the electric field deca
exponentially rapidly in the plane normal to the chain.
magnetic systems the confining low permeability surfa
can have a tangential component of the magnetic field, im
dipoles are thus irrelevant, and chains of magnetic dipo
are effectively terminated with a capping charge, so the e
of neighboring chains repel each other. An important con
quence of this difference between electric and magnetic
tems is in the structures that minimize the energy; for

e
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5682 PRE 59MARTIN, HILL, AND TIGGES
duced electrical dipoles this is a body-centered tetrago
~bct! lattice, whereas the energy of magnetic dipoles is mi
mized by elliptical bct columns.

Coarsening and disorder.As mentioned in the Introduc-
tion, disorder in the form of thermal fluctuations can crea
an interaction between chains of perfect electric dipoles. T

FIG. 4. Long range interactions between chains can be indu
by disorder due to thermal fluctuations or defects.

FIG. 5. Simulations show the development of highly defecti
chainlike structures at all reduced temperatures. These images
thin sections of a 10% sample viewed perpendicular to the field a
after 75 ms of coarsening.
al
i-

e
e

way in which thermal fluctuations can lead to coarsening w
initially described by Halseyet al. @14#, and later modified in
Martin et al. @4#. Fundamental to the model is the assumpti
that growth occurs in two stages: chain formation and c
umn formation. In the chain formation stage, dipoles agg
gate along field lines to form perfect chains that span
electrodes. These chains then aggregate to form colum
which then aggregate to form ever larger columns. Thisther-
mally driven coarseningmodel is based on viewing column
of dipoles are essentially one-dimensional solids that
therefore subject to strong thermal Landau-Peierls fluct
tions @18# that give rise to long-range, power-law, chai
chain interactions. This thermal coarsening model leads
the power-law coarsening kineticsL;t5/9, where L is the
characteristic column separation, a prediction that is con
tent with light scattering measurements@4#, that give a coars-
ening exponent of 0.560.1. The application of this model to
systems of magnetic particles is not completely correct,
to the fact that these chains terminate magnetically at
bounding surfaces, and so have a residual ‘‘capping char
at the ends. However, if one examines the field aroun
finite chain of dipoles, one finds that the field is extreme
small near the chain, and then decays algebraically so
distance away from the chain. In any case, our simulati
indicate that the difference between magnetic and elec
systems might be overemphasized in theories that perta
idealized structures, as we will now discuss.

ed

are
is

FIG. 6. Simulated structures, viewed parallel to the field,
various particle concentrations after 75 ms of coarsening.
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We have recently conducted large scale athermal
thermal simulations of structure formation in induced dipo
fluids, and have found that coarsening takes place even in
absence of thermal fluctuations@3,5#. We call this defect-
driven coarseningbecause it arises from the many defecti
structures that grow in a dynamical simulation. In the
simulations a decoupling of growth between chain format
and column formation is not found, but instead coarsen
proceeds through the evolution of complex structures.
example, single balls or groups of balls might cling to t
sides of columns, as illustrated in the bottom right hand c
ner of Fig. 4. In this case the columns interact even with
thermal fluctuations. The addition of a single defect to

FIG. 7. Attenuation length and transmittance for athermal sim
lations at selected particle concentrations. The parameters fo
fitting functions, Eqs.~6! and ~7!, are in Table I.

TABLE I. Optical transmittance fitting parameters for simulat
athermal structures.~The values ofb obtained from fittingLt were
used to fit the transmittance curves.!

f b T` t

0.10 0.55 0.81 15.7
0.15 0.53 0.72 19.2
0.20 0.43 0.50 20.0
0.25 0.34 0.32 22.2
0.30 0.28 0.15 24.6
0.40 0.17 0.077 47.6
0.50 ~0.002! (6.2e-5) ~1.54!
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perfect chain in the form of a particle stuck to the side of t
chain, creates a local field that is essentially equal to tha
the individual dipole.

These simulation studies, nor any others of which we
aware@19,20#, have not yet revealed the existence of perf
spanning chains, at least over the concentration range
have investigated. Instead, the chains show defects a
temperatures, as can be seen in Fig. 5, which shows chai
in a 10 vol. % suspension at selected temperatures afte
ms in an applied field. At the lowest temperatures shown,
columns are well aligned with the field, but contain ma
defects. As the temperature increases the number of s
tural defects decreases, and thermal fluctuations becom
important component of the observed disorder in the syst
These simulations have been performed with and with
cyclic boundary conditions along the direction of the appli
field, and the results are very similar. One would exp
simulations with cyclic boundary conditions to be more re
resentative of the electrostatic case and simulations with
to be more representative of the magnetic case.

Compelling evidence that defects drive coarsening
given in Fig. 1, where coarsening is demonstrated in
absence of thermal fluctuations. The thermally driven coa
ening model would predict no coarsening in this case,
coarsening clearly occurs. Thermal simulations indicate t
temperature can have an effect on the manner and degre
the coarsening, but primarily by preventing trapping into
cal energy minima.

Athermal coarsening.Simulations of coarsening in the ab
sence of thermal fluctuations yield the structures shown
Fig. 6, over the concentration range of 10–50 vol. %, after
ms. The fits of the attenuation lengthLt5L0(t/t)b and the
transmittanceT5T` /exp(t0 /t)b are in Fig. 7, and the fitting
parameters are in Table I. At higher concentrations the co
ening exponent decreases, as does the asymptotic tran

-
he

FIG. 8. The evolution of the optical attenuation length witho
cyclic boundary conditions along the field axis. Removing t
boundary conditions forces chains into registration and create
capping charge, yet seems to make little difference, due to the
occurrence of defects. The coarsening exponent at 10 vol. % is
with cyclic boundary conditions and 0.45 without. At 30 vol. % th
respective exponents are 0.28 and 0.23.
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5684 PRE 59MARTIN, HILL, AND TIGGES
tance, although the fits of the 40 and 50 vol. % simulatio
are not meaningful, since the transmittance did not co
close toT` over the duration of the simulation. At thes
concentrations the computed optical transmittance is m
smaller than expected, due to the slow dynamics of th
congested systems.

At 10 vol. % the exponent for the optical attenuatio
length is approximatelyb50.55, coincidentally close to the
prediction of the thermally driven coarsening model, a
close to the root time dependence of the correlation len
determined by light scattering measurements on elect
field-structured fluids. That these two coarsening mec
nisms give essentially the same time dependence is rea
able, as both defect structures and thermal fluctuations giv
long range, 1/r 4 power-law interaction. Unfortunately, it is
thus not possible to determine which model is relevant
experiments merely by measuring the rate of structural f
mation. However, an appropriately designed experiment
allowed us to verify the validity of the coarsening prediction
in both theories, and has led to an appreciation of the imp
tance of particle friction in experimental systems that cons
of rough particles.

These athermal simulations were done with cyclic boun
ary conditions along thez axis, which both eliminates the
capping charge, and the tendency for chains to be in re
tration near the surfaces normal to the field. We ran ad

FIG. 9. Simulations illustrate how thermal fluctuations redu
the transmittance. These 10 vol. % structures are viewed along
field axis after 75 ms of coarsening.
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tional simulations without the cyclic boundary condition
along this axis, using reasonably stiff surfaces to bound
cell, to determine the effect this would have. A comparis
of the time dependence, Fig. 8, demonstrates that the e
of the cyclic boundary is surprisingly small, although th
simulations with bounding surfaces should be more repres
tative of magnetic systems.

Thermal coarsening.Simulation results were obtained fo
10 and 30 vol. % suspensions at dimensionless tempera
ranging fromJ50.1 to 0.325. The magnitude of these the
mal fluctuations and their effect on the optical transmittan
can be seen in the 10 vol. % structures in Fig. 9, which sho
z-axis views for samples structured for 75 ms. The time e
lution of the optical attenuation length and transmittance
selected values ofJ is shown in Fig. 10 for the same volum
fraction. The change in the attenuation length over this te
perature range is significant, roughly a factor of 6 at 150 m
decreasing from;130 ball diameters atJ50.100 to less than
20 atJ50.325. A detailed analysis of these simulation da
show that forJ>0.275, the thermal fluctuations are larg
enough that only a fluctuating chain phase exists, that d
not coarsen into crystalline domains. Thus the optical atte
ation length plateaus at some small value.

Annealing.We have seen that thermal fluctuations c
decrease the optical transmittance, but thermal fluctuat
of the proper magnitude can also be used to increase
optical transmittance, by preventing particles from becom

he

FIG. 10. The evolution of the optical attenuation length a
transmittance as a function of time for 10 vol. % suspensions
selected reduced temperatures.
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stuck in local potential wells. To quantify this effect, tw
types of annealing simulations were run: ramped anneal
which the force ratioJ was linearly decreased from 0.35 to
over a time of 75 ms and fixed anneals, whereJ was held at
a fixed temperature for 150 ms and then quenched toJ50
for an additional 10 ms. The optical attenuation lengths
significantly increased by these procedures relative to th
obtained athermally.

Ramped anneals.The increased order obtained in ramp
anneals is appreciated by comparing the 30 vol. % ather
structure in Fig. 11~a! to the annealed structure in Fig. 11~b!.
The effect this order has on the optical attenuation length
transmittance is shown in Fig. 12 for concentrations fro
10–50 vol. %. The percentage increase in the attenua
length at 75 ms relative to the athermal results ranges f
;38% forf510 vol. % to 100% forf550 vol. %, indicat-
ing a substantial increase in order. Of course, this will hav
marked effect on the transmittance, especially when
sample thickness is greater than the optical attenua
length.

Fixed anneals.The results obtained by fixed temperatu
anneals were even more dramatic, as exemplified by a c
parison of Figs. 11~c! and 11~d! to the athermal structure in
Fig. 11~a!. Figure 11~c! is a fixedJ50.200 anneal after 150
ms and Fig. 11~d! shows this structure after quenching toJ
50 for 10 ms. The computed optical attenuation length a
transmittance is shown in Fig. 13 for samples that were
nealed at the dimensionless temperaturesJ50.100, 0.200,
0.225, 0.250, 0.275, 0.300, and 0.325, atf510 vol. %. The
sudden increase in the optical attenuation length after
quench to zero temperature is especially pronounced foJ
50.200 where a final attenuation length of 184 particle
ameters was obtained. This is a 57% increase over the a
mal case, where an attenuation length of 117 particle di
eters is expected at 150 ms, based on extrapolating the
the 75 ms of simulation data to 150 ms. Under the same fi
annealing conditions, the optical attenuation length increa

FIG. 11. Effect of annealing on the optical transmittance. Vie
of a simulated 30 vol. % suspension parallel to the applied field
~a! an athermal simulation after 150 ms;~b! a 75 ms ramped annea
~c! a sample annealed atJ50.200 for 150 ms; and~d! the structure
in ~c! after a quench toJ50 for 10 additional ms.
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by a factor of 4 over the athermal case forf530 vol. %.
As J increases to about 0.275, the effect of thermal flu

tuations is large enough that significant crystalline ord
ceases to develop. At these high temperatures only an e
librium chainlike phase exists, consequently anneals at t
peratures greater than this are ineffective. Likewise, for v
ues of J beneath roughly 0.100 the effect of therm
fluctuations on structural development is small, so only
narrow range ofJ is effective for annealing. In an actua
experiment, where the field is the conveniently controll
parameter, one would select the applied field to be very cl
to that needed to induce chaining.

Switching.It is interesting to investigate whether the in
duced optical transmittance can be switched rapidly eno
to be practical in any applications. The off switching can
passive, via Brownian motion, or the switching can be
tive, by switching between uniaxial and biaxial fields. T
biaxial field is assumed to be a field of constant magnitu
rotated in a plane perpendicular to the uniaxial field, b
more complex biaxial fields can be considered as well.

Passive switching.When the field is turned off, Brownian
motion can play an important role in reducing the optic
transmittance. The results of a simulation of this passive
switching is shown in Fig. 14. The field is applied at 0 m
and the transmittance progressively increases for the
150 ms, until the field is turned off, at which point diffusio

s
r

FIG. 12. Optical transmittance and attenuation for simula
ramped anneals at selected concentrations.
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5686 PRE 59MARTIN, HILL, AND TIGGES
reduces the optical transmittance. At 160 ms the field
again applied, and because of remnant spatial correlat
the transmittance increases much more rapidly than the
time. These remnant correlations are shown in Fig. 15.

FIG. 13. Optical transmittance and attenuation for simulatio
of a 10 vol. % suspension quenched at fixedJ. At 150 msJ was
reduced to zero, causing a rapid increase in the transmittance
pecially for theJ50.200 case.

FIG. 14. Simulated passive off-switching for a 10 vol. % su
pension. In the first 150 msJ50, thenJ50.325 for 10 ms, then
J50 again.
is
ns
st

Active switching.The switching behavior can be muc
more rapid for large particles when the field is switched b
tween uniaxial and biaxial, rather than merely bei
switched on and off. Figures 16 and 17 show these res
Note that the onset of transmittance is slow compared to
off-switching time scale, which is of the order of 1 ms. Th
practical disadvantage of using this technique is that mult
electrodes or coils would have to be used. Active switch
is simply not required for suspensions of small magne
particles, as diffusion is quite fast enough, as discussed
low. This reversibility indicates that field-structured mate
als may prove practical as optical switching devices, or s
sors for magnetic fields.

EXPERIMENTAL RESULTS

Typical results for the experimental field-induced optic
transmittance are shown Fig. 18 for a sample of 1.0 wt
~;0.2 vol. %! Fe3O4 exposed to a magnetic inductance fie
of B55.231023 T. The field was turned on for just over 3
min, turned off for 7 min, and turned back on. Several int
esting features can be observed in this transmittance gr
First, immediately after turning on the field the transmittan

s

es-

-

FIG. 15. Field-axis views of passive off-switching structure
The figure on the left is after 150 ms of coarsening, and on the ri
after Brownian motion was allowed to destructure the sample for
ms.

FIG. 16. Simulated active-switching for a 10 vol. % suspensi
The onset of transmittance is slow compared to the off-switch
time scale of;1 ms.
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increases abruptly for a period of a few seconds. The ca
of this initial transient is not certain, but it might be due
the long axis of the aspherical particles rotating to align w
the field, an explanation supported by the experiments d
with spherical Fe particles described below. After this init
transient, the transmittance increases slowly until it
proaches a plateau, in a manner similar to that obtained f
the simulations, Fig. 14. Second, the drop in the transm
tance is very rapid, and when the field is turned on again
transmittance increases much more rapidly than initia
presumably due to residual spatial correlations in the sus
sion. These effects are in good qualitative agreement w
the simulations, except that the initial transient is not see
simulations of spherical particles.

A quantitative analysis of the experimental and simulat
data elucidates some problems. As mentioned, athe
simulations at low particle volume fractions~10%! indicate a
coarsening exponent ofb>0.55, and a plateau transmittan
of T`50.81. Fitting the first 30 min of the experimental da
in Fig. 18 givesT`50.35 andb50.70, Fig. 19, and a fit tha
is satisfactory after the initial jump in transmittance. Thus
power-law increase in the optical attenuation length is
tained, with an exponentb that is in reasonable agreeme
with simulation, but the experimental plateau transmittan
T` is unexpectedly small. If the equilibrium state is bct co

FIG. 17. Field-axis views of active switching structures. T
sample was structured for 75 ms in a biaxial field, at which time
field was switched to uniaxial for 10 ms, then the field was switch
to biaxial again for 1 ms.

FIG. 18. Optical transmittance of a system of 0.2 vol. % Fe3O4

particles in a 5.231023 T field.
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umns, which have a packing fraction offc>0.6981, one
would expect the transmittance to approachT`512f/fc ,
neglecting surface effects due to the finite column diame
For the simulated field-structured material at 10 vol. %,T`

should be approximately 0.86, which is close to the value
0.81 obtained in the fit to these data. On the other hand,
the experiment run at 0.2 vol. %,T` should be essentially
1.00. Instead, it is roughly1

3 that value, indicating unex-
pected disorder in the experimental structures.

Concentration dependence.The extent of the disagree
ment between simulation and experiment is revealed i
study of the concentration dependence of the transmitta
Fe3O4 dispersions in the range of 0.2–0.8 vol. % were stru
tured in a fixed magnetic field ofB55.231023 T, to obtain
the results in Fig. 20. The transmittanceT was again fit to the
form T5T` /exp(t/t)b, but in order to investigate the platea
in the transmittance systematically, we fixed the exponenb
to 0.5, which is roughly the expected value at such low c
centrations. Ideally, we would have floated all of the fit p
rameters, but this gives unstable results at the higher con
trations. The fitting parametersT` andt are given in Table
II.

The experimental data show a precipitous drop in
asymptotic transmittance with increasing particle concen
tion. A comparison of the concentration dependence of
experimental and simulation values ofT` is shown in Fig.
21. Although the simulations and experiments both show
substantial decrease with concentration, the experime
value ofT` drops to an exceedingly small value at a volum
fraction of only 1.0 wt. %. This indicates that our experime
tal system contains a source of disorder that is not in
athermal simulations. One obvious source of disorder is th
mal fluctuations, and another is that interparticle friction p
coarsening.

The time scale for the structural coarsening seems to
crease with increasing concentration, but this paramete
relatively noisy. The experimental values for the time sc
are longer than those from the simulations, in part beca
the 300 cp viscosity of the suspending fluid is much larg
than the 1 cp used to determine the timescale in the sim

e
d

FIG. 19. Fit to the initial transmittance rise of the data in F
18.
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FIG. 20. Optical transmittance for selecte
concentrations of Fe3O4 at an applied field of
5.231023 T. In the right hand graph the ordinat
is expanded for the high concentration sampl
The fit parameters are in Table II.
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tion, but also because this timescale is dependent on
square of the system size~for b5 1

2 ), which for the simula-
tions is no larger than 37 particle diameters, and for
experimental system is;1500 particle diameters.

Thermal fluctuations.In simulations we have seen th
thermal fluctuations can significantly decrease the opt
transmittance. In these simulations the important param
is the ratio of the Brownian force to the dipolar forceJ
}kBT/B2. BecauseJ is inversely proportional to the squar
of the magnetic field, it is convenient to explore the effect
Brownian motion experimentally by changing the magne
field.

Experimental transmittance measurements on solution
0.2 and 0.4 vol. % Fe3O4 in magnetic inductance fields from
B53.0– 6.031023 T, representing a fourfold change inJ,
yield results that are qualitatively similar to the simulation
Transmittance results are presented in Fig. 22 for the
vol. % Fe3O4 suspension. The data are much too noisy
extract the exponentb, so we merely attempted to estima
the plateau transmittanceT` by fitting with b fixed at 0.5.
An increase of a factor of 2 in the plateau transmittance
found, indicating that we are in a field regime where therm
fluctuations can play a role.

The dependence of the plateau transmittanceT` on the
applied field is presented for both simulation and experim
in Fig. 23. In both casesT` increases with increasing fiel
~or decreasing temperature!. The effective field reached
through simulations is apparently larger than that reached
experiment, as the value ofT` levels off at high fields, where
it approaches the expected value for bct packing,T`51
2f/fc , for the 10 vol. % sample, and a somewhat sma
value for the 30 vol. % sample. Unfortunately, in expe
ments with our open solenoid we could not reach sufficien
large fields to find the asymptotic field regime, due to exc
sive coil heating. However, over the experimentally acc
sible field regime thermal fluctuations clearly play a role
increasing disorder and thus reducing the optical trans
tance in field structured materials. On the other hand, di
microscopic examination of particle chain formation indica
that particle roughness might also lead to increased diso
in the system, as will be explained below.

Particle roughness and friction.The effect of particle
roughness is not often addressed in the fields of electro
ology and magnetorheology, primarily because the effe
are not easily understood theoretically or experimenta
One would expect particle roughness to increase the diso
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in a field structured system by pinning structures into lo
energy minima, thus reducing the optical transmittance d
tically from the expected value. The effect is analogous
quenching certain two-component polymer-solvent mixtu
into the spinodal part of the two-phase region. Phase sep
tion and coarsening will occur unless the concentration
polymer in the polymer-rich component exceeds the conc
tration where it becomes glassy, at which point spinodal
composition effectively halts, due to the extremely large m
nomeric friction factor. This is actually one method fo
manufacturing microporous filters, and is an example of p
ning due to the large concentration fluctuations that can
cur during phase separation. Similar pinning might also
cur in field structured materials, due to the importance
interparticle friction and roughness in the high concentrat
columnar regimes.

To obtain some appreciation of the effect of partic
roughness, consider a single rough particle in contact wi
smooth wall, and subjected to a tangential forceFt parallel to
the wall, and a radial forceFr perpendicular to the wall, both
of which act on the particle center of mass, Fig. 24.~We
recall that particles interacting via dipolar potentials are s
ject both radial and tangential forces.! This is a simplification
of a rough particle interacting with a second, enchain
rough particle, but is sufficient to illustrate the point. Th
particle has a static coefficient of frictionc with the wall, and
has an asperity that contacts the wall at a point whose ve
to the center of mass forms an angleu to the surface of the
wall. There are two possible modes of motion of the partic
it can slide along the surface, or roll along the surface.
slide along the surface, the tangential force must exceed
force of friction, i.e.,Ft>cFr . To roll along the surface, one
can readily show thatFt>Frc tanu. Thus if c tanu,c, the
particle will roll when Ft>Frc tanu, and if c tanu.c, the

TABLE II. Optical transmittance fitting parameters for expe
mental structures.~The exponentb was held constant at 0.5 in thes
fits.!

f T` t

0.002 0.45 322
0.004 0.13 371
0.006 0.035 340
0.008 0.0087 497
0.1 ~0.00073! ~173!
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FIG. 21. The plateau transmittanceT` of experimental and simulated structures is compared. Note the difference in concentration r
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particle will slide whenFt>cFr . In either case, there is
finite force threshold for motion; as long as the coefficient
friction is finite there is a threshold for sliding; and if th
particle is rough there is a threshold for rolling~for a spheri-
cal particleu590° andc tanu50).

What effect might these barriers to motion have on str
turing? First, we note that in general the radial and tangen
components of the force scale with field in the same fash
indicating that there might not be a field dependence, as l
as the dipolar forces effectively dominate the Browni
force. Second, large interparticle friction and/or surfa
roughness will lead to situations where further structural
velopment is not possible—which is a form of pinning. Th
is possibly the effect we are observing.

Pinning or thermal fluctuations?The effects of pinning
and thermal fluctuations can be distinguished experimenta
First, the effect of pinning should be independent of the fi
as long as the dipolar forces dominate the Brownian for
Thus if pinning has locked the structures into a local ene
minimum with sufficient disorder to reduce the optical tran
mittance, increasing the field should not increase the tra
mittance. Likewise, if field has been increased beyond
point, a small reduction of the field should not decrease
transmittance.

If thermal fluctuations are the dominant source of dis
der, increasing the field will increase the plateau transm
tanceT` and decreasing the field will decreaseT` . By struc-
turing a suspension in a reasonably large applied field,
allowing the suspension to reach its plateau transmitta
we can determine the field at which thermal fluctuations
come an important source of disorder by decreasing the
until the optical transmittance starts to decrease. In the fi
regime where there is no decrease in the transmittance
disorder is evidently due to pinning.

To investigate this effect, a 0.2 vol. % suspension
Fe3O4 particles was placed in a relatively largeB5
7.831023 T structuring field until the transmittance ha
reached a plateau. The field was then stepwise decrease
the optical transmittance monitored. The transmittance
not affected until the field was reduced to 2.631023 T. Be-
neath this field, the transmittance decreased in a step
fashion with the field. These results provide convincing e
dence that pinning is important in the coarsening kinetics
field structured suspensions consisting of rough particles

The issue of pinning can be further investigated by exa
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ining the field-induced optical transmittance of suspensi
of smooth, spherical particles. If such suspensions sh
greater optical transmittance then this argues that pinnin
indeed affecting structure formation. We obtained roug
spherical 1–3mm carbonyl Fe particles from Lord Corpora
tion. Due to the increased size of these particles, compare
the Fe3O4 particles, sedimentation occurred at lower ma
netic fields, so we were restricted to runs at high fields, a
here we found the transmittance to be much greater than
the Fe3O4 particles. Results for a 2.5 vol. % suspension su
jected to a 5.231023 T field are shown in Fig. 25. The field
was on for approximately 53 min, then off for approximate
1 min, and then turned back on. By comparison, roughly
same plateau transmittance, and thus attenuation lengt
obtained for a 0.4 vol. % suspension of Fe3O4 particles, Fig.
26. At a volume fraction of 0.6% Fe3O4 essentially no light
is transmitted. In each case the transmittance is not as g
as expected, but the large variation in the plateau trans
tance demonstrates that pinning due to particle roughne
playing an important role.

Some additional details concerning structure formation

FIG. 22. The evolution of the optical transmittance for a 0
vol. % suspension at selected magnetic fields. The time scal
structure formation is not merely proportional to the square of
field, indicating the importance of thermal fluctuations.
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5690 PRE 59MARTIN, HILL, AND TIGGES
these particle suspensions is shown in Fig. 27. In Fig. 27~a!
is shown the initial increase in transmittance for each s
pension. As mentioned previously, the transmittance of
0.4 vol. % suspension of Fe3O4 particles initially rises rap-
idly, but there is no such transient for the Fe spheres. Pr
ously we suggested that this sudden change in the data
the Fe3O4 particles may be due to the initial rotation of th
irregularly shaped particles to align with the field, but as
initial rise for both is nearly identical, it may be indicatio
that the effects of pinning in the aspherical particles oc
very early in the run, almost immediately suddenly slowi
the rate of growth. Figure 27~b! shows the behavior in trans
mittance immediately after the field was turned off for bo
experiments, further evidence that pinning may play a r
for the aspherical particles. The transmittance for the sph
also drops much more quickly than for the aspherical p
ticles. Pinning might again be the cause for this differen
slowing the relaxation for the Fe3O4 particles, but the issue i
actually complicated, because of the residual magnetiza
of the particles causing appreciable contact interactions.

Annealing.Ramped annealing was examined experim
tally, by steadily increasing the magnetic field at ambie
temperature, using suspensions of the Fe spheres desc

FIG. 23. The dependence of the plateau transmittanceT` on the
applied field. The poor agreement is probably due to the importa
of particle roughness and friction in the experimental system.
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above. Figure 28 shows a comparison of the optical trans
tance of a ramped anneal and a deep quench at a fixed
netic field of 5.231023 T—effectively in the athermal limit.
In the ramped anneal we began with an applied field
;3.0531023 T and increased this by 0.4331023 T every
minute during the first 300 s of the experiment, for a fin
constant field of 5.231023 T. After 2800 sec the deeply
quenched sample transmitted just under 12% of the lig
whereas the ramped anneal transmitted almost 17% of
light. Thus the optical attenuation length of the ramped
nealed sample is 20% greater than the deep quench, in g
agreement with simulation results.

DISCUSSION

We have shown that a number of factors are importan
the coarsening dynamics of field structured materials. Th
factors include the expected effect of the strength of the m
netic field, the liquid viscosity, and the sometimes compet
influence of thermal fluctuations, but also the unexpec
effect of particle friction, and the strong dependence on p
ticle concentration. Both experiments and simulations sh
that thermal fluctuations can both reduce the transmittan
when the stochastic force dominates the dipolar forces,
increase the optical transmittance, by annealing away de
structures, when the thermal force is comparable to the d
lar force. The effect of particle friction is actually quite larg
causing the expected plateau transmittance to be m
smaller than expected from simulation, by pinning structu
into local energy minima. This effect has not be accoun
for in any models of electrorheology or magnetorheolog
but might be important in increasing the stress of shear
induced dipolar fluids. Accounting for particle friction woul
make simulations very difficult, and perhaps it would n
longer be possible to run systems large enough to exam
the optical attenuation length.

The experimental measurements also demonstrate
power law coarsening which is observed in the simulatio
and is predicted by theory, which seems surprising in light
the pinning effects. In the simulations we attribute the coa

ce

FIG. 24. Schematic of a rough particle against a smooth sur
with applied forces parallel and perpendicular to the surface ac
on its center of mass.
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ening to dipolar interactions that occur because of defe
structures. We have not been able to find experimental
simulation conditions that clearly demonstrate the occu
rence of defect free chains that might coarsen due to therm
fluctuations.

Finally, our experiments show that the field-induced op
cal transmittance is reversible, prompting us to consider t
possibility for applications. We recall that Brownian motio
rapidly drops the transmittance when the field is reduced, b
remnant spatial correlations remain, so the transmittance
creases relatively rapidly when the field is turned on aga

FIG. 25. Optical transmittances of 2.5 vol. % Fe particles an
0.2 vol. % Fe3O4 particles subjected to a 5.231023 T inductance
field. A fit to the Fe data gives a coarsening exponent ofb50.45.

FIG. 26. An expanded view of the initial increase in the optic
transmittance of the data in Figs. 25, shows that only the aspher
particles show an initial rapid increase in the transmittance, indic
ing that this effect is due to particle rotation.
ct
or
r-
al

-
e
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The experimental time scales are quite long, but reasonable
response times could be achieved in a normally on device
consisting of nanoscale particles suspended in a low viscos-
ity liquid at high applied fields.~Nanoparticles would no
longer be in the simple geometrical optics limit, so such a
device would have to be calibrated.! For example, to obtain a
reasonable increase in the transmittance after destructuring,
took about 50 s with an applied field of 5.031023 T and in a
viscosity of 300 cp. Decreasing the viscosity to that of a
short chain hydrocarbon,;1 cp, and increasing the applied
field to 0.500 T would give a characteristic time of;1 ms
for structuring, a timescale that should be independent of

d

l
al
t-

FIG. 27. The passive off-switching dynamics of the 2.5 vol. %
Fe particles and 0.2 vol. % Fe3O4 particles is compared. Surpris-
ingly, the off-switching is faster for the larger particles, which
might be due to the smaller magnetic remnance of Fe.

FIG. 28. Graph of the optical transmittance for two experiments,
one, where the magnetic field was held constant at approximately
5.231023 T, and the other where the magnetic field was increased
from approximately 3.031023 to 5.231023 T over the first 5 min
and held at 5.231023 T for the remainder of the experiment.
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5692 PRE 59MARTIN, HILL, AND TIGGES
particle size. The destructuring time, under Brownian m
tion, will scale as the time it takes a particle to diffuse
own radiusR2/Dt;R3, a time scale proportional to the re
ciprocal rotational diffusion constant. Thus if we reduce t
particle size from;1 mm to 10 nm, and reduce the viscosi
to 1 cp, the destructuring time will decrease from;50 s to
;0.1 ms. Note that the characteristic times for structuri
and destructuring are quite different; structuring scales as
field squared@3# and is independent of particle size, an
destructuring scales as the cube of the particle size. Furt
more, if the thickness of the sample is decreased in the
rection of the field, the time scale of transmittance will
greatly reduced, since this timescale goes as roughly
square of the thickness.

The rapid reversibility of the induced transmittance w
small Brownian particles, perhaps nanoclusters of ga
linium, makes the use of this effect for optical-fiber-bas
magnetic field sensors a possibility. Such devices would
extremely sensitive to the field direction and homogene
and would be useful in measuring fields, and thus currents
a safe~wireless! fashion near high tension power lines. W
have observed that over a certain range ofJ}kBT/B2a3 the
plateau transmittance is sensitive toJ. Thus if it is desired to
detect large fields the particle size can be decreased, and
versa. Multiple cells containing different size particles cou
span a large range of fields, or the timescale of structu
could be used to determine the field.

CONCLUSIONS

We have presented a simulation and experimental inv
tigation of the optical transmittance that can be induced i
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suspension of magnetic particles by a magnetic field. T
studies demonstrate that a number of factors are importa
the coarsening dynamics of field structured materials, w
temperature and particle friction playing important a
sometimes complex roles, with temperature sometimes
creasing or decreasing the transmittance. Particle frictio
actually quite important, causing the expected plateau tra
mittance to be much smaller than expected from simulati
of smooth spheres, by pinning structures into local ene
minima. A complete model of electrorheology or magn
torheology will have to consider such effects.

The experimental measurements also demonstrate
power law coarsening which is observed in the simulatio
and predicted by the thermal coarsening theory. In the sim
lations we attribute the coarsening to dipolar interactions t
occur because of defect structures. We have not been ab
find experimental or simulation conditions that clearly de
onstrate the occurrence of defect-free chains that m
coarsen due to thermal fluctuations. Finally, it was found t
the field-induced optical transmittance is reversible a
might find applications as optical switching devices, w
either passive or active switching.
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