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Magnetic-field-induced optical transmittance in colloidal suspensions
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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.
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PACS numbg(s): 83.80.Gv, 82.70.Dd, 83.50.Pk

INTRODUCTION physical properties from the structures generd88]. Many
of these, such as the anisotropic permittivity and conductiv-

Motivation. When a uniaxial electric or magnetic field is ity, are strongly affected by chain formation, but do not
applied to colloidal suspensions having a sufficient permitcouple to the correlation length and thus are insensitive to
tivity or permeability mismatch, the particles will polarize coarsening. For example, the conductivity of field-structured
and interact, causing them to chain along field lines and fornsuspensions of conducting particles reaches essentially a pla-
complex columnlike and sheetlike structures. The concomiteau value shortly after chain formation. The permittivity of
tant change in the suspension rheology, which changes froffield-structured suspensions of dielectric particles behaves
a Newtonian liquid to a viscous, shear thinning fluid, is asimilarly. In fact, for some time we were unable to find any
subject of great interest because of the many possible indughysical property that coupled directly to the correlation
trial applications for field-controllable fluids, such as length, until we decided to compute the optical attenuation
clutches, hydraulic valves, and dampdfs2]. However, length[3]. The attenuation length shows a slow, power-law
even in the quiescent state these fluids might have usefihcrease in time, with an exponent close to that obtained for
properties, since the induced structures can cause significatite correlation length obtained from light scattering measure-
anisotropies in the fluid permittivity, conductivity, and opti- ments, at least at low particle concentrations, suggesting a
cal transmittancé¢3]. In this paper we use experiment and proportionality between these length scales.
simulations to examine the effect of the magnetic-field- Studying the optical attenuation length has two advan-
induced optical transmittance in a strongly absorbing, nontages over studying the correlation length. First, we have not
scattering suspension of black magnetic particles. Studyingeen successful in obtaining the correlation length in the
the field-induced optical transmittance is interesting for twoplane transverse to the field with great accuracy from the
reasons. First, it is possible that this effect might be useful irsimulation data. Second, measurements of the evolution of
certain applications, such as magnetic field sensors, and settie structure factotthe Fourier transform of the pair corre-
ond, it couples to the kinetics of coarsening in induced dipodation function must be done with light scattering, since
lar fluids. both x rays and neutrons lack the required spatial and tem-

Experimental backgroundihen a field is applied to an poral resolution(with a Bonse-Hart x-ray scattering geom-
active colloidal suspension, anisotropic structures start tetry the spatial resolution is adequate, but the temporal reso-
evolve, as exemplified by the simulation data in Fig. 1. Lightlution is not, even on a synchrotron beam )ifé]. Light
scattering studies on a colloidal silica fluid structured by anscattering measurements require optically transparent sus-
electric field demonstrate that the emerging structures exhibjpensions, and although we have been able to make measure-
a well defined characteristic length, in the plane orthogonainents on optically transparent suspensions of smooth, di-
to the applied field, that steadily increases as roughly thelectric spherical silica colloids, using an electric field to
square root of tim¢4]. This behavior is somewhat analogous induce structure, the technique is not generally applicable
to the spinodal decomposition of a binary fluid and so thig4]. The optical transmittance measurements described here
process is referred to as coarsening. By definition, light scaten absorbing magnetic suspensions confirm the results of
tering measures the coarsening, or correlation, length but it iose light scattering experiments, but demonstrate more
not obvious that other physical measurements coupleomplex effects, such as the role of Brownian motion and
strongly to this length. particle roughness.

In large scale dynamical simulations of field-structured The connection of the optical attenuation length to the
suspensions, we have been able to compute a variety @brrelation length measured in scattering is not trivial, but
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field. At 75 ms the system is highly correlated in the direc-
tion parallel to thez axis, and the optical transmittance is
high.

There have been some related optical studies reported in
the literature. Luiet al. [8] studied the equilibrium optical
transmittance, as a function of applied magnetic field,
through a superparamagnetic ferrofluid emulsion of &3
kerosene particles containing 9 nm diameter iron oxide par-
NeJ B G ticles. These measurements were used to determine various
Oms 9 ms critical fields thought to demarcate boundaries in a structural
phase diagram. These measurements were not time resolved,
however, and the droplets were too small to be close to the
geometric optical limit, so the coarsening kinetics was not
addressed in this study. Gindetral.[9] made some interest-
ing diffuse optical transmittance studies of a commercial
electrorheological fluid consisting of 0.7 mm diameter
poly(methacrylic acid particles confined between transpar-
ent indium tin oxide electrodes. Time resolved studies dem-
onstrated a field-squared dependence of the characteristic
structure formation time, but extraction of the solution cor-
relation length was not a goal in this work, due to the com-
plex relation of the multiple scattering process to structure,
which would require the solution of an ill-conditioned in-
verse transform problem. A number of optical studies have
been done on the field-induced turbidity of weakly scattering
particles chained by an electric figJd0—12. In these sys-
tems theincreasein turbidity, and the concomitamtecrease
in light transmittance, is attributed to the formation of
strongly scattering chainlike structures. The scattered inten-
sity of a solution of such structures increases in proportion to
the aggregation number at fixed solution concentration.

FIG. 1. Simulation results viewed along the direction of the ~ Theoretical backgroundn the current understanding of
applied field illustrate the evolution of the transmittance with coars-coarsening in induced dipolar fluids a distinction is made
ening time for an athermally structured 10 vol. % sample. between magnetic and electrostatic structuring, due to the

difference in the boundary conditions at the confining sur-
the optical attenuation length would be proportional to thefaces normal to the applied field, which in turn are due to the
correlation length if coarsening in these systems does ndact that electric monopoles exist, whereas magnetic mono-
change the structure factor, apart from a change in scal@oles apparently do not. In the electrostatic case, these sur-
This scaling of the structure factor has been demonstrated ifaces are typically conducting electrodes that do not permit a
isotropic spinodal systemi7], and in the aforementioned tangential electric field, whereas in the magnetic case these
light scattering measurements from an index-matched colloisurfaces can be low permeability, diamagnetic materials such
dal silica fluid structured by an electric field we were able toas glass, so that a tangential magnetic field is possible, or can
measure the correlation length both parallel and perpendicle high permeability ferrous materials, which reduce the tan-
lar to the applied field, and found that these lengths are ingential magnetic field. In our experiments, chains of mag-
deed proportional to each other, with the correlation lengthetic particles simply terminate at the glass sample cell, leav-
parallel to the field about 10 times that perpendicular to théng an effective “magnetic capping charge” that creates a
field. This scaling of the anisotropic structure factor is com-long range, repulsive interaction between chains or columns.
pelling enough that the evolution of the optical attenuationCalculations show that tapering the ends of the columns to
length can be compared to the evolution of the correlatiormake ellipsoidal columns minimizes the energy of these
length predicted from theory. To compare the attenuatiormagnetic structures, whose width is dependent on the sample
length to simulations no assumptions are needed because w#nension along the fielfi13,14. In the electrostatic case
actually directly compute the optical attenuation length. [14], the boundary conditions create image charges, which

An intuitive understanding of the relation of optical at- effectively eliminate the capping charge, and also reduce the
tenuation to coarsening can be obtained from Fig. 1, whiclinteraction between chains, as we will now discuss.
shows simulation results for an athermally structured 10% One current theoretical view of coarsening in systems
sample at selected coarsening times. From these views pastructured by an external field postulates a clean temporal
allel to the field axis, one can see that as the particles coseparation of two processes: chain formation and column
lesce into columns correlations propagate alongzfeis, formation. In this view particles first chain along field lines
due to the tendency of chains to follow field lines. As theseto span the cell, then aggregate into columns, which then
correlations increase, the structures transmit more lighaggregate into thicker columnad infinitum[4,14]. Comput-
through the sample in the direction parallel to the magnetiéng the chain-chain interaction in the electrostatic case is a
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delicate issue, because image charges in the conducting elee10 000 particle systems over short tim@sgeneral <150
trodes virtually eliminate interactions between perfect field-dimensionless time unitsThis method has time complexity
aligned chains separated by more than a particle diameter @(N), but gives results that are indistinguishable from a
so. However, it has been shown that thermal fluctuations iseparate, more dire@(N?) simulation developed to predict
the chains can create a large electrostatic interaction, despitiee evolution of smaller systems over longer times. In most
the image charges, so that temperature can actually drivef the simulations cyclic boundary conditions are used in all
coarsening. Pursuing this line of reasoning leads to the pradirections, but in some simulations the cyclic boundary con-
diction of a roughly root time growth of the correlation ditions were dropped along theaxis, which is the direction
length in the plane transverse to the field. The coarseningf the applied field, and thus should be more representative
kinetics predicted by thithermally driven coarseningiodel  of magnetic systems, due to the presence of a capping
is supported by light scattering measuremddis although  charge. The size of the simulations led to structures whose
the key prediction, that of the temperature dependence, is ngtale of coarseness was much smaller than the simulation
easily amenable to experimental verification, since manwolume, minimizing the effect of the cyclic boundary condi-
other factors, such as the conductivity and permittivity con-tions.
trast, have complex temperature dependencies themselves. To describe our simulation we start with the equation of
The role of thermal fluctuations is to create disorder thatmotion for theith sphere,
breaks the symmetry of perfect chains, but there are other
sources of disorder one can envisage, including particle poly-
dispersity and the possibility tha@ierfectchains never actu- ma‘:Fh(ViH;i Fhs“”“; Fa(rij . ;) +Fs. (1)
ally exist, only highly defective chainlike structures. This
later view is supported by dynamical computer simulationsyhereF,, is the hydrodynamic Stokes forcE, is the hard
we have conducted on large scale systems containing 10 0@&here forceF, is the dipolar force, anég is the Brownian
particles[3]. Over the concentration range of 5-60 vol. % force, discussed below;; is the distance between the cen-
we have not been able to find a system that exhibits perfegers of spheresandj, andg;; is the angle between the line of
chains that span the electrodes, regardless of the system tegenters of spheresandj and the direction of the applied
perature. Instead, the evolution of highly defective chainlikefield. The inertial term is small compared to the other forces,
structures occurs, and these defective structures have larg@d is neglected, so that we integrate a system of first order
dipolar interactions, regardless of the presence of imaggifferential equations.

charges. We call thislefect-driven coarseningrhe impor- The Stokes force on a sphere of radiasis Fn(v)=
tance of defects in driving coarsening is clearly demonstrated- 6 - ,av where 7, is the solvent viscosity and is the

in simulations where the temperature is set to zero. In thigphere velocity. The spheres are modeled as nearly hard
case thermally driven coarsening should not occur, yet ispheres, with a repulsive force dependent on the gap between
fact coarsening proceeds at essentially the same rate as w eresFpdri;)=A/(r;;—cd)®, whered is the sphere diam-
thermal fluctuations are strong. Perversely, these athermater anda=7 andc=0.97 are constants. The dipolar inter-
simulations show the same nearly root-time grOWth kinetic%ction [2] between two Spheres whose center of mass sepa-
predicted by the thermal fluctuation model—an unfortunatgation vector is of lengtr and inclined at an anglé to the
circumstance for the experimentalist, since this implies thappplied fieldE, is

the agreement between light scattering measurements and the

thermally driven coarsening model is not a compelling vali-

dation of this theory, nor of the computer simulations for that Fa(rij, 6j)=— C(F
matter, but disagreement with measurement could rule out

both. Note that although the radial component of the dipolar force
In the following we describe our simulation and experi- s attractive only wherd<54.7 °, the tangential component

mental methods and present the results of these. We investf the force will always lead to chaining in a system with

gate the complex role temperature can play, and conduginite noise.

experiments that elucidate the importance of particle friction. For a system of dielectric particles in an electric field

Finally, we discuss possible applications of optical transmit-

tance in field-structured materials. 3 p?

€= 16 4mra’egr,’

4
[(3cog §—1)f+sin268]. (2)

EXPERIMENTAL where the particle dipole moment jis=4ma3eyk BE,, the

Simulations We have already reported athermal simula-dielectric contrast factor i8= (xp— «c)/(kp+2xc) in terms
tion studies of structure formation in induced dipolar fluids, of the dielectric constants of the particle and continudigs
including the time evolution of the optical attenuation lengthuid) phases, ana,=8.854x 10 **F/m is the vacuum per-
[3]. In this paper these studies are extended to includ@ittivity. Combining gives the well-known resultC
Brownian motion, which can have a large influence. Briefly, = (37/4)e ok a?B2ES.
in these Langevin dynamics simulations the particles are es- For a system of magnetic particles in a magnetic field
sentially hard spheres with induced dipolar interactions[15],

Stokes friction against the solvent, and Brownian motion. 5
The results presented here are obtained from a simulation C:i MoKy, cM
method developed to predict the evolution of lardé, 16 4ma®
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For paramagnetidor diamagnetif particles the magnetic ergy in the applied field will bg.om,Hy=3.5x 10 *°J, and
moment ism=4ma’g,Ho, in terms of the magnetic con- pecause the thermal energy at room temperaturési
trast factor isB, = (K, p— Kpu.c)/ (K, pt 2K, c), Wherek, . =4.1x10"2%, the Langevin-Debye variable> 1, and poled
is the relative permeabilityto the vacuumof the continuous  particles would be completely aligned with this applied field,
(liquid) phase,x,, , is the relative permeability of the par- and would even align with the earth’s magnetic fig¢@7
ticles, anduo=4mXx 10"’ H/m is the vacuum permeability. Oe). Furthermore, the energy required to separate two such
Combining these gives an expression completely analogoysoled ferromagnetic particles in contact ig8?uq/167a’
to the dielectric cas£=(3w/4)uokﬂ‘ca2BiH(2,. (Note in  =1.2x10 14J, which is vastly in excess of the thermal en-
the magnetic case that although the expression for the paergy, so that such particles would not disperse \ithi par-
ticle interaction is perfectly analogous to the electric caseticle radius would have to be decreased to about 7 nm for the
the expression for the magnetic dipole is not, due to the faatontact energy to equal the thermal enérggecause the
that the magnetization has the units of the magnetic fitld particles we use are easily dispersed, we conclude that they
whereas the polarization has the units of the displacemerire initially unpoled, and because the fields we apply are far
field D.) beneath the saturation field we can think of the particles as
If this system consists of ferromagnetic particles then theessentially superparamagnetic.
expression for the magnetic moment deserves further consid- Time scale.In the absence of Brownian motion the
eration. The particles we use in our experiments are easilgtrength of the dipolar interactions alters only the coarsening
dispersed, indicating that they are unpoled, so that a typicalme scale, not the structural evolution. The dimensionless
particle consists of many domains whose magnetization vequmerical equation of motion is thus of the fortu
tors are essentially randomly aligned. When such particles-Asf(r,6), where the dimensionless lengthu=Ar/2a.
are exposed to a saturating magnetic field the domain  For the magnetic case the dimensionless times
walls move to create a magnetic dipole moment that is:At/“OK,u,c,Bng/l&'?O- For a suspending liquid with a vis-
roughly mg= (4/3)a®M,, whereM is the saturation mag- cosity of 1 cp, an applied field ¢,=11.3x 10% A/m (142
netization along the easy axis of the magnetic material. Aftepg), Kk, c=1andB, =1, As=Atx 10°, so under these con-

this poling field is turned off, the moment will decay . ditions one dimensionless time unit is about a millisecond.
=(4m/3)a’M,, whereM, is the remnant magnetization, and  For the electric field case the dimensionless tite

this moment can be much larger than that induced on a para= Atsch,BzEg/lﬁﬂo- For a viscosity of 1 cp, an applied
magnetic particlan=4ma®B,H,. When a poled magnetic field of 1.0 kV/mm, ands 82=2, As=Atx 10, so one di-
particle is subsequently exposed to a small magnetic fieldyensjonless time unit is about a millisecond. This time con-
the energy will beuom,-Hq and a standard statistical me- yersjon is used in all plots in this paper. Note that this im-
chanical calculation shows that the average moment alongjies that the coarsening kinetics is independent of ball size.
the z axis will be given by the Langevin-Debye functifh6] Brownian motionThe Brownian force requires some dis-
cussion. There are a number of problems one encounters in

m,=m.| cothy — E , implementing Brownian motion into a simulation where one
y is integrating a first order differential equation. A short dis-
cussion of the manner in which we chose to do this is useful.
where This is not the only possible approach, but it is a method that
allows one to incorporate the effect of particle inertia without
y= M. resorting to a second order differential equation.
kgT The equation of motion of a Brownian particle[ik7]
For small magnetic fields, wherg<1 this gives m, mv=— v+ Fg(t), 3)
s,uomrzHOIBkBT, and for large magnetic fields, whese
>1,m,=m,. wherev is the particle velocitym is the particle mass, and

It is instructive to estimate the paramagnetic and ferro{==6mwa is the friction coefficient of a particle of radius
magnetic moments we might expect for our particles. Theagainst a liquid of viscosityty. Fg(t) is a stochastic force
minor (low field) hysteresis loops of ferromagnetic materialsthat is generally considered to have a time correlation func-
can be closely approximated as a paramagnetic response wiilin that is a delta function. The time correlation function of
a relative permeability on the order &f, ,~10. Because the diffusing particle is
the relative permeability of the liquid phase is essentially 1,
this givesB,~1. For a typical magnetic field produced by V(0) V(D)) = 3keT o tir @
our solenoid ofH,=4x10* Am~! (50 O, and a particle m ’
radius of 1 wum, this gives a dipole momenm=
5.0< 10" **Am?. The particles used in the experiments de-where the relaxation time is=m/{. Using the Kubo rela-
scribed in this paper are made of carbonyl Fe, which has &on [17]
very small remnance, and §®,, which has a remnant mag-
netic induction ofB,=0.2100T(2100 G according to the
manufacturer. The remnant magnetization is thig
=B, /ue=1.7<10° Am~! and the remnant magnetic dipole
moment will be an order of magnitude larger than in thethen gives the Stokes-Einstein relation for the translational
paramagnetic cas®e, =7.0x 10 *Am?2, The interaction en- diffusion coefficientD=kgT/{. Thus it is the persistence of

D—ljm 0)-v(t))dt 5
) RUCRTS ©
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motion of a particle acted upon by a stochastic force that is T T
responsible for a finite diffusion coefficient. In some sense 107
the situation is very subtle; the diffusion coefficient is indeed .
independent of the particle mass, but the relaxation time is 10} ©=10
proportional to the mass, and the amplitude of the velocity i
autocorrelation function is inversely proportional to the
mass. Thus as the particle mass goes to zero, the force am-
plitude diverges.

The characteristic relaxation time for adm diameter
silica sphere in water is 5:510 ' s, but we would expect an
applied field of 1.0 kV/mm to structure silica spheres in such
a solution on millisecond time scales. In our previous simu- ]
lation work we set the discrete time step to a maximum of L NI ot
2.0x10 %s, so the natural time scale for Brownian motion 10° 10 132 10° 10t
is strongly decoupled from the time scale we wish to inves- i
tigate. Thus a completely physical simulation of field struc- FIG. 2. Crossover from the “pseudoballistic” to Brownian re-
turing with Brownian motion is not feasible and a practical gimes for a massless particle subjected to a correlated fluctuating
method must be found. force.

We start with the first order differential equatiafv
=Fg(t), obtained by dropping the inertial term. Fg(t) is
considered to be a stochastic force with a delta function tim

correlation function, then the diffusion coefficient of a par- the contact force between two balls aligned alongzlaais

ticle wil now depend on the discrete _time step us_ed to SOlv?n a uniaxial field. We refer to the value dfthroughout this
the equation. For example, consider the simple one-:

: : : . paper, but it is more conventional to talk in terms)of!
dimensional case wheleg(t) =fgs;, ands; is a simple un- 21423 ; .
. 1 ; . =kgT/muok, B3Hoa". The relation between these vari-
correlated random variable that is eithed during theith ables isA*Z—lLtgtl)L /a?)32, and noting that the time it takes
time step. Then during the timkt the particle will move a a particle t(; diffu7s-;e its éjwn radiuagis — (a2/6D) we
distanceAx=(fg/{)At. Over a total timet the number of P ™~

Py —2_ 2
steps will beN=t/At and from the theory of random walks CPINA *=(37/275)J%. . . .
the mean square displacement will b&a2)=NAX2 Computation of the transmittanc&he optical transmit-

—(fa/O)%At. Thus the diffusion coefficient D tance through the simulated structures was computed in the

_1 5 . : eometrical optics limit. The geometric transmission area is
Jrﬁéf:tg)) 2tsihrr?;IZr\]/vgr;/ptgys:r?(ljI((jeetrr)\iesn;jsetr:)fcc;?etrtﬁed:rﬁEﬁitgalculated by keeping a set of lists of projected ball bound-

i : . " aries within subregions of the total projection region. The
tude of the Brownian force bygoc1/\/At. However, this g prol 9

leads to di tf litudes that e st b.I.,[subregions form a compact set of rectangles with a union
€ads 1o divergen ource a’fnpl udes that can create sta ")équal to the total projected area and a size calculated to in-
problems when two “hard” spheres are nearly in contact.

. o . sure a simple projected boundary within each subregion. The

To avoid stability problems we haye taken a dlfferentsubregions are classified as interi@ero transmission par-
approach. Let us _wnte_ the Brownian force a_SB(.t) tial (partial transmission and exterior(complete transmis-
=fgR,, whereR, is a time-correlated random variable. gj,,) “The transmission area for interior and exterior subre-
Using Zthf Kubo —relation ~we then haveD  giong s trivial. The transmission area of a subregion
=(fa/0)" o(Ry x(0)R, «(1))dt, where we have used the |5ssified as partially transmitting is determined by examin-
isotropy  of  space to  obtain (R,(0):-R,(t)) ing the boundary listball coordinates contributing to the
=3(R, «(0)R, «(t)). If our time correlated variable is nor- transmission boundarygenerated for that subregion. The
malized such tha{R, x(0)R, «(t))=1, then the relaxation rejevant area corresponds to interior to the subregion that is
time is 7= (R, x(0)R, x(t))dt, and D=(fg/{)?r. The  also exterior to the calculated boundary.
amplitude of the Brownian force is nofg=KyT¢/ 7, and so Optical transmittanceFor the optical transmittance stud-
can be controlled by a judicious selection of ies we chose to use magnetic particles in a magnetic field,

To construct the correlated random variable we start withrather than dielectric particles in an electric field, for two
the primitive uncorrelated random variakdg, with (s;s;) reasons. First, a solenoid allows measurement of the light
= §jj . Define the functionl’;=(1—¢)I';_;+es; and note transmitted parallel to the applied field, without the problems
that by a straightforward calculation the exponential correlaof light reflection one would have with conducting indium
tion (I'\T';, ) =[&/(2—¢)](1—¢&)¥ is obtained. If we leR; tin oxide coated electrodes. Second, black magnetic par-
=[(2—¢)/e]¥T; then(RRi,)=(1—¢)* and r=1/e. In ticles, with high optical absorption, are easily obtained.
practice, the correlation time is chosen to be larger than the Sample preparationTwo types of magnetic particles
maximum discrete time step of s, but smaller than the ms were used for these experiments. Rough, submicron particles
time scale of structural evolution. We chosed$) The com-  of Fe;0, (Wright Industrieg and relatively smooth carbonyl
puted diffusive motion is shown in Fig. 2, where the cross-Fe particles made from reducing iron pentacarbaiylrd
over from ballistic to diffusive motion can be clearly seen. Corporation. These particles were suspended in a mixture of
Thus the effect of particle inertial on diffusion is obtained glycerin and 1,4 butanediol using 2 wt% Triton X-100 as a
without resorting to a second-order differential equation.  dispersant. The composition of this binary solvent was ad-

diffusive regime

<Ax2> (arb. units)

“ballistic" regime

Temperature scaleln the dimensionless equation we
solve, the Brownian motion enters 3R, where the dimen-
Sionless constart=2 f/f. andf.=3ma2uox, B2HI2 is
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beam expander and collimator attenuator large depolarized component; in the strong multiple scatter-
~a / /m””" ing limit the light would be thoroughly depolarized, so that
:l:—— 50% of the measured intensity would be transmitted through
e / a polarizing filter orthogonal to the polarization of the inci-

dent beam. Over the range of particle concentrations consid-
: ered in this study, less than 1% of the transmitted light is
"V\ _ depolarized at the lowest concentration, and about 3% is de-

detall polarized at the highest concentration. Thus the effect of
multiple scattering is small. The particles are sharp and clear
under an optical microscope, so the effects of diffraction
appear not to be significant either. In any case, our simplified
treatment of the data must be viewed as approximate, but the
disparity of the experimental data with the predictions of
simulations is far too large for these effects to account for the
difference.

Data analysis.Obtaining the optical transmittance from
experimental data, where we only have the measured trans-
mittance through the entire sample, is not as accurate as from
simulation data, where the optical attenuation length can be
0.7mm Fe,0, partices particles chained obtained from a semilog plot of the optical transmittance
against the sample thickness. For experimental data we must
Fesort to curve fitting. The expected functional form of the
transmittance we base on the simulation results, which indi-
cate that the attenuation length should be of the form

justed to achieve a viscosity of 300 cp, which was large
enough to prevent sedimentation during the time it took to

load the sample into the solenoid and also resulted in CO&r%\?hereLO 7o, and are constants. According to Beer's law
enmg.kmetlcs that were slow enough to measure with ouftlloocexp(—L/Lt), so the transmittanc@=1,/I, takes the
experimental apparatus, but fast enough to complete the ex5,,

periment before dinner. The particle concentration ranged
from 1-5 wt. %, approximately 0.2—1 vol. %. T=T../exp 7/t)”, (7)
Transmittance measurementdie experimental apparatus
is illustrated in Fig. 3. The particle suspension is contained ifvhere T.,=T(t—x); 7=7o(L/Lo)* is the new time
a transparent 1010x 1 mm cell positioned in the center of scale. Note that in order to obtain the expongnfrom a
a vertical solenoid and held in place by a black anodizedemilog plot one must know., .
aperture that serves both to remove stray light as well as to
support the sample cell. The small dimension of the cell is
normal to the axis of the solenoid and incident laser beam, so
that the longest particle chains would be 1 mm, or approxi- The coarsening of systems of particles with induced mag-
mately 1500 particle diameters. The axis of the solenoid isetic and electric dipoles has been the much discussed in the
vertical to prevent column sedimentation. The currentliterature. The principal difference between these cases is
through the solenoid provides magnetic inductance fieldgslue to the boundary conditions at the confining surfaces per-
rangingB=0-6.0<10"3T (0-60 G. pendicular to the field. In the electric field case these surfaces
The light source is a 20 mW helium-neon lasex ( are generally conducting electrodes that permit no tangential
=632.8 nm) directed through a beam expander and collimacomponent of the field, and thus require image dipoles. Hal-
tor, an aperture set at 5.5 mm, and a variable attenuator. Treey and Toof14] have pointed out that a field-aligned chain
beam is expanded to sample a larger area of the particlef perfectly monodisperse spheres that spans the gap be-
suspension, and attenuated to insure measurements are mageen confining electrodes will create image dipoles in each
in the linear response regime of the photodiode detector. Thelectrode, which in turn will create image-image dipoles in
beam is then reflected down the central axis of the solenoithe opposite electroded infinitum so that these finite real
to pass through the sample cell, and through the second aphains become equivalent electrically to infinitely long
erture. The intensity of the transmitted beam is monitorecchains of dipoles. In effect, the capping charge is moved to
with a Newport 818-uv silicon photodetector, connected viainfinity, with the consequence that the electric field decays
an IEEE parallel port to an Apple Quadra 950™ computerexponentially rapidly in the plane normal to the chain. In
running an application written inABVIEW ™. The tempera- magnetic systems the confining low permeability surfaces
ture is kept ambient with the help of a fan. can have a tangential component of the magnetic field, image
One issue is whether or not the transmitted light can belipoles are thus irrelevant, and chains of magnetic dipoles
interpreted in the geometrical optics limit to a reasonableare effectively terminated with a capping charge, so the ends
approximation, without considering the effects of multiple of neighboring chains repel each other. An important conse-
scattering and diffraction. If multiple scattering is an impor- quence of this difference between electric and magnetic sys-
tant effect, we would expect the transmitted light to contain aems is in the structures that minimize the energy; for in-

FIG. 3. Schematic of the experimental setup. The detail at th
bottom shows actual images of the;Bg particles before and after
applying a magnetic field.

Li=Lo(1+t/79)P=Lo(t/m9)? for t>rg, (6)

SIMULATION RESULTS
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perfect chains
do not coarsen!

two routes to
disorder

Thermally Driven Coarsening Defect Driven Coarsening
L~t5%® L~th

FIG. 4. Long range interactions between chains can be induce

by disorder due to thermal fluctuations or defects.

duced electrical dipoles this is a body-centered tetragone
(bct) lattice, whereas the energy of magnetic dipoles is mini-

mized by elliptical bct columns.
Coarsening and disorderAs mentioned in the Introduc-

tion, disorder in the form of thermal fluctuations can create *
an interaction between chains of perfect electric dipoles. Thi

J=0.200

FIG. 6. Simulated structures, viewed parallel to the field, at
various particle concentrations after 75 ms of coarsening.

way in which thermal fluctuations can lead to coarsening was
initially described by Halsewt al.[14], and later modified in
Martin et al.[4]. Fundamental to the model is the assumption
that growth occurs in two stages: chain formation and col-
umn formation. In the chain formation stage, dipoles aggre-
gate along field lines to form perfect chains that span the
electrodes. These chains then aggregate to form columns,
which then aggregate to form ever larger columns. Tinés-
mally driven coarseningnodel is based on viewing columns
of dipoles are essentially one-dimensional solids that are
therefore subject to strong thermal Landau-Peierls fluctua-
tions [18] that give rise to long-range, power-law, chain-
chain interactions. This thermal coarsening model leads to
the power-law coarsening kinetids~t>°, whereL is the
characteristic column separation, a prediction that is consis-
tent with light scattering measuremefs, that give a coars-
ening exponent of 050.1. The application of this model to
systems of magnetic particles is not completely correct, due
to the fact that these chains terminate magnetically at the
bounding surfaces, and so have a residual “capping charge”
at the ends. However, if one examines the field around a
finite chain of dipoles, one finds that the field is extremely
small near the chain, and then decays algebraically some

FIG. 5. Simulations show the development of highly defectivedistance away from the chain. In any case, our simulations
chainlike structures at all reduced temperatures. These images afdicate that the difference between magnetic and electric
thin sections of a 10% sample viewed perpendicular to the field axi§ystems might be overemphasized in theories that pertain to

after 75 ms of coarsening.

idealized structures, as we will now discuss.
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0.4r P ] FIG. 8. The evolution of the optical attenuation length without
& (,r"' _ cyclic boundary conditions along the field axis. Removing the
- 037 F e T boundary conditions forces chains into registration and creates a
e L capping charge, yet seems to make little difference, due to the high
] occurrence of defects. The coarsening exponent at 10 vol. % is 0.55
y e with cyclic boundary conditions and 0.45 without. At 30 vol. % the
ko aeaeaie ] respective exponents are 0.28 and 0.23.
i perfect chain in the form of a particle stuck to the side of the
40 60 80 chain, creates a local field that is essentially equal to that of
t (ms) the individual dipole.

] ] ) These simulation studies, nor any others of which we are

FIG. 7. Attenuation length and transmittance for athermal smu-aware[lg 20, have not yet revealed the existence of perfect
lations at selected particle concentrations. The parameters for th?panning’ch:alins at least over the concentration range we
fitting functions, Eqs(6) and (7), are in Table |. have investigated. Instead, the chains show defects at all
temperatures, as can be seen in Fig. 5, which shows chaining

th We Ihf%"e Ir?_centlyf CfndfCte? Iargt_e sgal_edathe(;rg_al ?n a 10 vol. % suspension at selected temperatures after 75

s ey 20 ppied i Al th owest emperaurs shown e
' ; ) lumns are well aligned with the field, but contain man

absence of thermal fluctuation8,5]. We call this defect- g y

driven coarseningecause it arises from the many defectivedefeCts' As the temperature increases the nu mber of struc-

hat arow in a dvnamical simulation. In thesej[ural defects decreases, and thermal fl_uctuatlo_ns become an
structures that g y : “~“Important component of the observed disorder in the system.
Mrhese simulations have been performed with and without

and column formation is not_found, but instead coarsenlnq:yclic boundary conditions along the direction of the applied
proceeds through the evolution of complex structures. Fofield, and the results are very similar. One would expect

e_ﬁamplfe, sllngle balls_”or tgr?ugs_, otfhbaglsttmlgh_t ﬁ!{lr;g tg thesimulations with cyclic boundary conditions to be more rep-
sldes of columns, as Tiustrated In the bottom rght hand Corqqoyiative of the electrostatic case and simulations without
ner of Fig. 4. In this case the columns interact even wnhou{

. " . o0 be more representative of the magnetic case.
thermal fluctuations. The addition of a single defect to a Compelling evidence that defects drive coarsening is
given in Fig. 1, where coarsening is demonstrated in the

TABLE |. Optical transmittance fitting parameters for simulated . .
Pl ' g p im absence of thermal fluctuations. The thermally driven coars-

athermal structuregThe values of3 obtained from fittingL, were

used to fit the transmittance curjes. ening m_odel would predict no coars_ening _in th?s case, but
coarsening clearly occurs. Thermal simulations indicate that
é B T, . temperature can have an effect on the manner and degree of
the coarsening, but primarily by preventing trapping into lo-
0.10 0.55 0.81 15.7 cal energy minima.
0.15 0.53 0.72 19.2 Athermal coarseningSimulations of coarsening in the ab-
0.20 0.43 0.50 20.0 sence of thermal fluctuations yield the structures shown in
0.25 0.34 0.32 22.2 Fig. 6, over the concentration range of 10—50 vol. %, after 75
0.30 0.28 0.15 24.6 ms. The fits of the attenuation length=Ly(t/7)? and the
0.40 0.17 0.077 47.6 transmittancel =T, /exp(r,/t)? are in Fig. 7, and the fitting
0.50 (0.002 (6.2e-5) (1.54 parameters are in Table I. At higher concentrations the coars-

ening exponent decreases, as does the asymptotic transmit-
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J=0325 FIG. 10. The evolution of the optical attenuation length and

FIG. 9. Simulati illustrate how th | fluctuati d transmittance as a function of time for 10 vol. % suspensions at
- 9. Simulations illustrate how thermal fluctuations reduce . toq reduced temperatures.

the transmittance. These 10 vol. % structures are viewed along the
field axis after 75 ms of coarsening.

tional simulations without the cyclic boundary conditions
tance, although the fits of the 40 and 50 vol. % simulationsalong this axis, using reasonably stiff surfaces to bound the
are not meaningful, since the transmittance did not comeell, to determine the effect this would have. A comparison
close toT.. over the duration of the simulation. At these of the time dependence, Fig. 8, demonstrates that the effect
concentrations the computed optical transmittance is muchf the cyclic boundary is surprisingly small, although the
smaller than expected, due to the slow dynamics of thessimulations with bounding surfaces should be more represen-
congested systems. tative of magnetic systems.

At 10 vol.% the exponent for the optical attenuation Thermal coarseningSimulation results were obtained for
length is approximatelyd=0.55, coincidentally close to the 10 and 30 vol. % suspensions at dimensionless temperatures
prediction of the thermally driven coarsening model, andranging fromJ=0.1 to 0.325. The magnitude of these ther-
close to the root time dependence of the correlation lengtimal fluctuations and their effect on the optical transmittance
determined by light scattering measurements on electricean be seen in the 10 vol. % structures in Fig. 9, which shows
field-structured fluids. That these two coarsening mechaz-axis views for samples structured for 75 ms. The time evo-
nisms give essentially the same time dependence is reasduiion of the optical attenuation length and transmittance for
able, as both defect structures and thermal fluctuations give selected values af is shown in Fig. 10 for the same volume
long range, I* power-law interaction. Unfortunately, it is fraction. The change in the attenuation length over this tem-
thus not possible to determine which model is relevant tgperature range is significant, roughly a factor of 6 at 150 ms,
experiments merely by measuring the rate of structural fordecreasing from-130 ball diameters at=0.100 to less than
mation. However, an appropriately designed experiment ha20 atJ=0.325. A detailed analysis of these simulation data
allowed us to verify the validity of the coarsening predictionsshow that forJ=0.275, the thermal fluctuations are large
in both theories, and has led to an appreciation of the imporenough that only a fluctuating chain phase exists, that does
tance of particle friction in experimental systems that consishot coarsen into crystalline domains. Thus the optical attenu-
of rough particles. ation length plateaus at some small value.

These athermal simulations were done with cyclic bound- Annealing. We have seen that thermal fluctuations can
ary conditions along the axis, which both eliminates the decrease the optical transmittance, but thermal fluctuations
capping charge, and the tendency for chains to be in regisf the proper magnitude can also be used to increase the
tration near the surfaces normal to the field. We ran addioptical transmittance, by preventing particles from becoming
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FIG. 11. Effect of annealing on the optical transmittance. Views 06~ §

of a simulated 30 vol. % suspension parallel to the applied field for
(a) an athermal simulation after 150 n{s) a 75 ms ramped anneal;

(c) a sample annealed &t 0.200 for 150 ms; and) the structure 04l
in (c) after a quench td=0 for 10 additional ms.

-

stuck in local potential wells. To quantify this effect, two 02l 1
types of annealing simulations were run: ramped anneals, in

which the force ratia) was linearly decreased from 0.35t0 0

over a time of 75 ms and fixed anneals, whéneas held at ool & ]

a fixed temperature for 150 ms and then quenchedi=@ L , N . .
for an additional 10 ms. The optical attenuation lengths are 0 20 40 60 80
significantly increased by these procedures relative to those t(ms)
obtained athermally.

Ramped anneal§ he increased order obtained in ramped FIG. 12. Optical transmittance and attenuation for simulated
anneals is appreciated by comparing the 30 vol. % atherma&mped anneals at selected concentrations.
structure in Fig. 1(a) to the annealed structure in Fig. (bl
The effect this order has on the optical attenuation length antly a factor of 4 over the athermal case =30 vol. %.
transmittance is shown in Fig. 12 for concentrations from As Jincreases to about 0.275, the effect of thermal fluc-
10-50 vol.%. The percentage increase in the attenuatiotuations is large enough that significant crystalline order
length at 75 ms relative to the athermal results ranges froraeases to develop. At these high temperatures only an equi-
~38% for ¢=10vol. % to 100% forp=50vol. %, indicat- librium chainlike phase exists, consequently anneals at tem-
ing a substantial increase in order. Of course, this will have @eratures greater than this are ineffective. Likewise, for val-
marked effect on the transmittance, especially when the&ies of J beneath roughly 0.100 the effect of thermal
sample thickness is greater than the optical attenuatiofiuctuations on structural development is small, so only a
length. narrow range ofl is effective for annealing. In an actual

Fixed annealsThe results obtained by fixed temperature experiment, where the field is the conveniently controlled
anneals were even more dramatic, as exemplified by a conparameter, one would select the applied field to be very close
parison of Figs. 1(c) and 11d) to the athermal structure in to that needed to induce chaining.
Fig. 11(a). Figure 11c) is a fixedJ=0.200 anneal after 150 Switching.lt is interesting to investigate whether the in-
ms and Fig. 14d) shows this structure after quenchingXo duced optical transmittance can be switched rapidly enough
=0 for 10 ms. The computed optical attenuation length ando be practical in any applications. The off switching can be
transmittance is shown in Fig. 13 for samples that were anpassive, via Brownian motion, or the switching can be ac-
nealed at the dimensionless temperatufes).100, 0.200, tive, by switching between uniaxial and biaxial fields. The
0.225, 0.250, 0.275, 0.300, and 0.325¢at 10vol. %. The biaxial field is assumed to be a field of constant magnitude
sudden increase in the optical attenuation length after theotated in a plane perpendicular to the uniaxial field, but
quench to zero temperature is especially pronounced for more complex biaxial fields can be considered as well.
=0.200 where a final attenuation length of 184 particle di- Passive switching/Vhen the field is turned off, Brownian
ameters was obtained. This is a 57% increase over the athgnotion can play an important role in reducing the optical
mal case, where an attenuation length of 117 particle diamtransmittance. The results of a simulation of this passive off
eters is expected at 150 ms, based on extrapolating the fit gwitching is shown in Fig. 14. The field is applied at 0 ms,
the 75 ms of simulation data to 150 ms. Under the same fixednd the transmittance progressively increases for the next
annealing conditions, the optical attenuation length increasek50 ms, until the field is turned off, at which point diffusion
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150 -

FIG. 15. Field-axis views of passive off-switching structures.
The figure on the left is after 150 ms of coarsening, and on the right,
] after Brownian motion was allowed to destructure the sample for 10
ms.

. . . : Active switching.The switching behavior can be much

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

0.6 -

04

0.2~

! !

1 1
0 50 100 150

t(ms)
EXPERIMENTAL RESULTS

FIG. 13. Optical transmittance and attenuation for simulations  Typical results for the experimental field-induced optical
of a 10 vol. % suspension quenched at fixed\t 150 msJ was  transmittance are shown Fig. 18 for a sample of 1.0 wt. %
reduced to zero, causing a rapid increase in the transmittance, eg=(.2 vol. % Fe,0, exposed to a magnetic inductance field
pecially for theJ=0.200 case. of B=5.2x1073T. The field was turned on for just over 30

min, turned off for 7 min, and turned back on. Several inter-
reduces the optical transmittance. At 160 ms the field isesting features can be observed in this transmittance graph.
again applied, and because of remnant spatial correlatioriSirst, immediately after turning on the field the transmittance
the transmittance increases much more rapidly than the first
time. These remnant correlations are shown in Fig. 15.
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FIG. 14. Simulated passive off-switching for a 10 vol. % sus-  FIG. 16. Simulated active-switching for a 10 vol. % suspension.
pension. In the first 150 m§=0, thenJ=0.325 for 10 ms, then The onset of transmittance is slow compared to the off-switching
J=0 again. time scale of~1 ms.
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FIG. 17. Field-axis views of active switching structures. The & B=0.70
sample was structured for 75 ms in a biaxial field, at which time the 01 L CZ |
field was switched to uniaxial for 10 ms, then the field was switched ) !
to biaxial again for 1 ms. H
increases abruptly for a period of a few seconds. The cause _"',’
of this initial transient is not certain, but it might be due to ool * .
the I(_)ng axis of the a;pherlcal particles rotating tp align with o 500 7000 1500 2000
the field, an explanation supported by the experiments done t(s)

with spherical Fe particles described below. After this initial

transient, the transmittance increases slowly until it ap- FIG. 19. Fit to the initial transmittance rise of the data in Fig.

proaches a plateau, in a manner similar to that obtained frorh8.

the simulations, Fig. 14. Second, the drop in the transmit- ) ) )

tance is very rapid, and when the field is turned on again th&mns, which have a packing fraction ¢f.=0.6981, one

transmittance increases much more rapidly than initiallywould expect the transmittance to approdch=1— ¢/ ¢,

presumably due to residual spatial correlations in the suspefeglecting surface effects due to the finite column diameter.

sion. These effects are in good qua"tative agreement Witf']_'or the simulated field-structured material at 10 VO|.-p/£,

the simulations, except that the initial transient is not seen ighould be approximately 0.86, which is close to the value of

simulations of spherical particles. 0.81 obtained in the fit to these data. On the other hand, for
A quantitative analysis of the experimental and simulationthe experiment run at 0.2 vol. %.. should be essentially

data elucidates some problems. As mentioned, athermd+00. Instead, it is roughly that value, indicating unex-

simulations at low particle volume fractiof0%) indicate a  Pected disorder in the experimental structures.

coarsening exponent gf=0.55, and a plateau transmittance ~ Concentration dependencé&he extent of the disagree-

of T.=0.81. Fitting the first 30 min of the experimental data ment between simulation and experiment is revealed in a

in Fig. 18 givesT..=0.35 and8=0.70, Fig. 19, and a fit that study of the concentration dependence of the transmittance.

is satisfactory after the initial jump in transmittance. Thus aF&0; dispersions in the range of 0.2—-0.8 vol. % were struc-

power-law increase in the optical attenuation length is obfured in a fixed magnetic field @&=5.2x10"°T, to obtain

tained, with an exponerﬁ that is in reasonable agreement the results in Flg 20. The transmittantevas again fit to the

with simulation, but the experimental plateau transmittancdorm T=T../exp(t)”, but in order to investigate the plateau

T.. is unexpectedly small. If the equilibrium state is bct col- in the transmittance systematically, we fixed the exporgent
to 0.5, which is roughly the expected value at such low con-

centrations. Ideally, we would have floated all of the fit pa-

0.25 - W"w rameters, but this gives unstable results at the higher concen-
Yk trations. The fitting parameteis, and = are given in Table
field off: e Il.
0.20 | g . The experimental data show a precipitous drop in the

asymptotic transmittance with increasing particle concentra-
o tion. A comparison of the concentration dependence of the
015 - ] experimental and simulation values ®f is shown in Fig.
= 21. Although the simulations and experiments both show a
. i substantial decrease with concentration, the experimental
o0y . value ofT,, drops to an exceedingly small value at a volume
- fleld on fraction of only 1.0 wt. %. This indicates that our experimen-
0.05 - / / tal system contains a source of disorder that is not in the
field on athermal simulations. One obvious source of disorder is ther-
‘;“/ mal fluctuations, and another is that interparticle friction pins
000 i coarsening.
o 500 1000 1500 2000 2500 The time scale for the structural coarsening seems to in-
t(s) crease with increasing concentration, but this parameter is
relatively noisy. The experimental values for the time scale
are longer than those from the simulations, in part because
FIG. 18. Optical transmittance of a system of 0.2 vol. %@e the 300 cp viscosity of the suspending fluid is much larger
particles in a 5.X107 3 T field. than the 1 cp used to determine the timescale in the simula-
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I FIG. 20. Optical transmittance for selected

- 015 - ) concentrations of R©®, at an applied field of
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0.10 - 7 is expanded for the high concentration samples.
005k & s The fit parameters are in Table II.
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tion, but also because this timescale is dependent on the a field structured system by pinning structures into local
square of the system sizéor 8= 3), which for the simula- energy minima, thus reducing the optical transmittance dras-
tions is no larger than 37 particle diameters, and for theically from the expected value. The effect is analogous to
experimental system is 1500 particle diameters. guenching certain two-component polymer-solvent mixtures
Thermal fluctuationsin simulations we have seen that into the spinodal part of the two-phase region. Phase separa-
thermal fluctuations can significantly decrease the opticalion and coarsening will occur unless the concentration of
transmittance. In these simulations the important parametgrolymer in the polymer-rich component exceeds the concen-
is the ratio of the Brownian force to the dipolar forde tration where it becomes glassy, at which point spinodal de-
«kgT/B?. Becausel is inversely proportional to the square composition effectively halts, due to the extremely large mo-
of the magnetic field, it is convenient to explore the effect ofnomeric friction factor. This is actually one method for
Brownian motion experimentally by changing the magneticmanufacturing microporous filters, and is an example of pin-
field. ning due to the large concentration fluctuations that can oc-
Experimental transmittance measurements on solutions @fur during phase separation. Similar pinning might also oc-
0.2 and 0.4 vol. % F®, in magnetic inductance fields from cur in field structured materials, due to the importance of
B=3.0-6.0<10 3T, representing a fourfold change i interparticle friction and roughness in the high concentration
yield results that are qualitatively similar to the simulations.columnar regimes.
Transmittance results are presented in Fig. 22 for the 0.2 To obtain some appreciation of the effect of particle
vol. % FeQ, suspension. The data are much too noisy toroughness, consider a single rough particle in contact with a
extract the exponens, so we merely attempted to estimate smooth wall, and subjected to a tangential fdfg@arallel to
the plateau transmittanck, by fitting with 8 fixed at 0.5. the wall, and a radial forcg, perpendicular to the wall, both
An increase of a factor of 2 in the plateau transmittance i®f which act on the particle center of mass, Fig. Pdle
found, indicating that we are in a field regime where thermarecall that particles interacting via dipolar potentials are sub-
fluctuations can play a role. ject both radial and tangential forcg$his is a simplification
The dependence of the plateau transmittafigeon the of a rough particle interacting with a second, enchained
applied field is presented for both simulation and experimentough particle, but is sufficient to illustrate the point. The
in Fig. 23. In both case¥., increases with increasing field particle has a static coefficient of frictiarwith the wall, and
(or decreasing temperatyreThe effective field reached has an asperity that contacts the wall at a point whose vector
through simulations is apparently larger than that reached bip the center of mass forms an angl¢o the surface of the
experiment, as the value @f, levels off at high fields, where wall. There are two possible modes of motion of the particle;
it approaches the expected value for bct packifig=1 it can slide along the surface, or roll along the surface. To
— ¢l ¢, for the 10 vol. % sample, and a somewhat smallerslide along the surface, the tangential force must exceed the
value for the 30 vol. % sample. Unfortunately, in experi- force of friction, i.e.,F;=cF,. To roll along the surface, one
ments with our open solenoid we could not reach sufficientlycan readily show thakF=F.ctané. Thus if c tang<c, the
large fields to find the asymptotic field regime, due to excesparticle will roll when Fi=F.ctané, and if ctang>c, the
sive C.O” heat!ng. However, over _the experimentally acces- apLE I, Optical transmittance fitting parameters for experi-
sible field regime thermal fluctuations clearly play a role in .
; . : . . .. mental structuregThe exponenp was held constant at 0.5 in these
increasing disorder and thus reducing the optical transmit; )
tance in field structured materials. On the other hand, direct

microscopic examination of particle chain formation indicate T. -

that particle roughness might also lead to increased disorder

in the system, as will be explained below. 0.002 0.45 322
Particle roughness and frictionThe effect of particle 0.004 0.13 371

roughness is not often addressed in the fields of electrorh@.006 0.035 340

ology and magnetorheology, primarily because the effects.008 0.0087 497

are not easily understood theoretically or experimentallyo.1 (0.00073 (173

One would expect particle roughness to increase the disordet
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FIG. 21. The plateau transmittante of experimental and simulated structures is compared. Note the difference in concentration ranges.

particle will slide whenF,=cF, . In either case, there is a ining the field-induced optical transmittance of suspensions
finite force threshold for motion; as long as the coefficient ofof smooth, spherical particles. If such suspensions show
friction is finite there is a threshold for sliding; and if the greater optical transmittance then this argues that pinning is
particle is rough there is a threshold for rollifigr a spheri- indeed affecting structure formation. We obtained roughly
cal particle#=90° andc tan6=0). spherical 1-3um carbonyl Fe particles from Lord Corpora-
What effect might these barriers to motion have on struction. Due to the increased size of these particles, compared to
turing? First, we note that in general the radial and tangentidhe F&O, particles, sedimentation occurred at lower mag-
components of the force scale with field in the same fashionyetic fields, so we were restricted to runs at high fields, and
indicating that there might not be a field dependence, as lonfere we found the transmittance to be much greater than for
as the dipolar forces effectively dominate the Brownianthe FgO, particles. Results for a 2.5 vol. % suspension sub-
force. Second, large interparticle friction and/or surfaceiected to a 5.X 10T field are shown in Fig. 25. The field
roughness will lead to situations where further structural dewas on for approximately 53 min, then off for approximately
velopment is not possible—which is a form of pinning. This 1 min, and then turned back on. By comparison, roughly the
is possibly the effect we are observing. same plateau transmittance, and thus attenuation length, is
Pinning or thermal fluctuationsThe effects of pinning obtained for a 0.4 vol. % suspension of;6g particles, Fig.
and thermal fluctuations can be distinguished experimentally26. At a volume fraction of 0.6% K8, essentially no light
First, the effect of pinning should be independent of the fields transmitted. In each case the transmittance is not as great
as long as the dipolar forces dominate the Brownian forceas expected, but the large variation in the plateau transmit-
Thus if pinning has locked the structures into a local energyiance demonstrates that pinning due to particle roughness is
minimum with sufficient disorder to reduce the optical trans-playing an important role.
mittance, increasing the field should not increase the trans- Some additional details concerning structure formation in
mittance. Likewise, if field has been increased beyond this
point, a small reduction of the field should not decrease the — . . .

transmittance.

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

To investigate this effect, a 0.2 vol. % suspension of
Fe,0, particles was placed in a relatively largB=
7.8x10 3T structuring field until the transmittance had
reached a plateau. The field was then stepwise decreased al
the optical transmittance monitored. The transmittance was
not affected until the field was reduced to 2.60 3 T. Be-

neath this field, the transmittance decreased in a stepwise

fashion with the field. These results provide convincing evi-

0.3

0.2

0.1

0.0

Xx e o m a

5.63x103 T
477x103 T
2.03x10°3 T
341x10°3 T
2.89x103 T

Nasinees

0.45/ exp (247105 |
0.37 / exp (346/1)95
0.30/ exp (341/)05
0.31/ exp (47603
0.24 / exp (458/)0-5

!
[ 1000

1
2000
t(s)

1
3000

1
4000

FIG. 22. The evolution of the optical transmittance for a 0.2

dence that pinning is important in the coarsening kinetics ofiol. % suspension at selected magnetic fields. The time scale of
field structured suspensions consisting of rough particles. structure formation is not merely proportional to the square of the
The issue of pinning can be further investigated by examfdield, indicating the importance of thermal fluctuations.
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with applied forces parallel and perpendicular to the surface acting
on its center of mass.
0.8 i
above. Figure 28 shows a comparison of the optical transmit-
06 ] tance of a ramped anneal and a deep quench at a fixed mag-
g netic field of 5.2< 10~ 3 T—effectively in the athermal limit.
F In the ramped anneal we began with an applied field of
04t - ~3.05x10 3T and increased this by 0.4310 °T every
minute during the first 300 s of the experiment, for a final
0al f . 1 constant field of 5.10 3T. After 2800 sec the deeply
) 3802 quenched sample transmitted just under 12% of the light,
whereas the ramped anneal transmitted almost 17% of the
0.0 ' ‘ \ . . T light. Thus the optical attenuation length of the ramped an-
18 20 22 24 26 28 30 32 nealed sample is 20% greater than the deep quench, in good
J2 agreement with simulation results.

FIG. 23. The dependence of the plateau transmittdincen the
applied field. The poor agreement is probably due to the importance DISCUSSION

of particle roughness and friction in the experimental system. We have shown that a number of factors are important in

the coarsening dynamics of field structured materials. These

these particle suspensions is shown in Fig. 27. In Figa)27 factors include the expected effect of the strength of the mag-
is shown the initial increase in transmittance for each susnetic field, the liquid viscosity, and the sometimes competing
pension. As mentioned previously, the transmittance of thénfluence of thermal fluctuations, but also the unexpected
0.4 vol. % suspension of E®, particles initially rises rap- effect of particle friction, and the strong dependence on par-
idly, but there is no such transient for the Fe spheres. Previicle concentration. Both experiments and simulations show
ously we suggested that this sudden change in the data ftinat thermal fluctuations can both reduce the transmittance,
the FgO, particles may be due to the initial rotation of the when the stochastic force dominates the dipolar forces, and
irregularly shaped particles to align with the field, but as theincrease the optical transmittance, by annealing away defect
initial rise for both is nearly identical, it may be indication structures, when the thermal force is comparable to the dipo-
that the effects of pinning in the aspherical particles occuftar force. The effect of particle friction is actually quite large,
very early in the run, almost immediately suddenly slowingcausing the expected plateau transmittance to be much
the rate of growth. Figure ZI8) shows the behavior in trans- smaller than expected from simulation, by pinning structures
mittance immediately after the field was turned off for bothinto local energy minima. This effect has not be accounted
experiments, further evidence that pinning may play a roldor in any models of electrorheology or magnetorheology,
for the aspherical particles. The transmittance for the spherdsut might be important in increasing the stress of sheared-
also drops much more quickly than for the aspherical parinduced dipolar fluids. Accounting for particle friction would
ticles. Pinning might again be the cause for this differencemake simulations very difficult, and perhaps it would no
slowing the relaxation for the E®, particles, but the issue is longer be possible to run systems large enough to examine
actually complicated, because of the residual magnetizatiothe optical attenuation length.
of the particles causing appreciable contact interactions. The experimental measurements also demonstrate the

Annealing.Ramped annealing was examined experimenjpower law coarsening which is observed in the simulations
tally, by steadily increasing the magnetic field at ambientand is predicted by theory, which seems surprising in light of
temperature, using suspensions of the Fe spheres describid pinning effects. In the simulations we attribute the coars-
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) _ _ FIG. 27. The passive off-switching dynamics of the 2.5 vol. %
FIG. 25. Opth&' t_ransmltta:nces of 2.5 vol. (1/% Fe partlcles andFe partides and 0.2 vol. % 5@4 partides is Compared_ Surpris_
0.2 vol. % FgO, particles subjected to a 520" T inductance  ingly, the off-switching is faster for the larger particles, which

field. A fit to the Fe data giVeS a Coarsening eXponer)B9f0.45. m|ght be due to the smaller magnetic remnance of Fe.

ening to dipolar interactions that occur because of defecThe experimental time scales are quite long, but reasonable
structures. We have not been able to find experimental aresponse times could be achieved in a normally on device
simulation conditions that clearly demonstrate the occurconsisting of nanoscale particles suspended in a low viscos-
rence of defect free chains that might coarsen due to thermitly liquid at high applied fields(Nanoparticles would no
fluctuations. longer be in the simple geometrical optics limit, so such a
Finally, our experiments show that the field-induced opti-device would have to be calibrat¢&.or example, to obtain a
cal transmittance is reversible, prompting us to consider theeasonable increase in the transmittance after destructuring,
possibility for applications. We recall that Brownian motion took about 50 s with an applied field of A0 3T and in a
rapidly drops the transmittance when the field is reduced, butiscosity of 300 cp. Decreasing the viscosity to that of a
remnant spatial correlations remain, so the transmittance irshort chain hydrocarbon;1 cp, and increasing the applied
creases relatively rapidly when the field is turned on againfield to 0.500 T would give a characteristic time ofL ms

for structuring, a timescale that should be independent of
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FIG. 28. Graph of the optical transmittance for two experiments,
FIG. 26. An expanded view of the initial increase in the optical one, where the magnetic field was held constant at approximately
transmittance of the data in Figs. 25, shows that only the aspheric&.2x 10 2 T, and the other where the magnetic field was increased
particles show an initial rapid increase in the transmittance, indicatfrom approximately 3.8 10 2 to 5.2<10 3T over the first 5 min
ing that this effect is due to particle rotation. and held at 5.2 1073 T for the remainder of the experiment.
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particle size. The destructuring time, under Brownian mo-suspension of magnetic particles by a magnetic field. The
tion, will scale as the time it takes a particle to diffuse its studies demonstrate that a number of factors are important in
own radiusR?/D,~R3, a time scale proportional to the re- the coarsening dynamics of field structured materials, with
ciprocal rotational diffusion constant. Thus if we reduce thetemperature and particle friction playing important and
particle size fron~1 um to 10 nm, and reduce the viscosity sometimes complex roles, with temperature sometimes in-
to 1 cp, the destructuring time will decrease frord0 s to  creasing or decreasing the transmittance. Particle friction is
~0.1 us. Note that the characteristic times for structuringactually quite important, causing the expected plateau trans-
and destructuring are quite different; structuring scales as theittance to be much smaller than expected from simulations
field squared[3] and is independent of particle size, and of smooth spheres, by pinning structures into local energy
destructuring scales as the cube of the particle size. Furtheminima. A complete model of electrorheology or magne-
more, if the thickness of the sample is decreased in the ditorheology will have to consider such effects.
rection of the field, the time scale of transmittance will be The experimental measurements also demonstrate the
greatly reduced, since this timescale goes as roughly thpower law coarsening which is observed in the simulations
square of the thickness. and predicted by the thermal coarsening theory. In the simu-
The rapid reversibility of the induced transmittance with lations we attribute the coarsening to dipolar interactions that
small Brownian particles, perhaps nanoclusters of gadoeccur because of defect structures. We have not been able to
linium, makes the use of this effect for optical-fiber-basedfind experimental or simulation conditions that clearly dem-
magnetic field sensors a possibility. Such devices would benstrate the occurrence of defect-free chains that might
extremely sensitive to the field direction and homogeneitycoarsen due to thermal fluctuations. Finally, it was found that
and would be useful in measuring fields, and thus currents, ithe field-induced optical transmittance is reversible and
a safe(wireless fashion near high tension power lines. We might find applications as optical switching devices, with
have observed that over a certain rangddekzT/B%a® the  either passive or active switching.
plateau transmittance is sensitiveJorhus if it is desired to
detect large fields the particle size can be decreased, and vice
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