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Fluctuation dynamics of a single magnetic chain
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“Tunable” fluids such as magnetorheologicd¥lR) and electrorheologicalER) fluids are comprised of
paramagnetic or dielectric particles suspended in a low-viscosity liquid. Upon the application of a magnetic or
electric field, these fluids display a dramatic, reversible, and rapid increase of the viscosity. This change in
viscosity can, in fact, be tuned by varying the applied field, hence the name “tunable fluids.” This effect is due
to longitudinal aggregation of the particles into chains in the direction of the applied field and the subsequent
lateral aggregation into larger semisolid domains. A recent theoretical model by Halsey anHToa@x-
plains chain aggregation in dipolar fluids by a fluctuation-mediated long-range interaction between chains and
predicts that this interaction will be equally efficient at all applied fields. This paper describes video-
microscopy observations of long, isolated magnetic chains that test HT theory. The measurements show that,
in contrast to the HT theory, chain aggregation occurs more efficiently at higher magnetic field stigggth (
and that this efficiency scales &k/2. Our experiments also yield the steady-state and time-dependent fluc-
tuation spectraC(x,x")=([h(x) —h(x")]?)¥? and C(x,x’,t,t")=([h(x,t) —h(x’,t")]?)*?2 for the instanta-
neous deviatiom(x,t) from an axis parallel to the field direction to a poinbn the chain. Results show that
the steady-state fluctuation growth is similar to a biased random walk with respect to the inter$pacihg
along the chainC(x,x’")~|x—x’|%, with a roughness exponeat=0.53+0.02. This result is partially con-
firmed by Monte Carlo simulations. Time-dependent results also show that chain relaxation is slowed down
with respect to classical Brownian diffusion due to the magnetic chain connecgyx’,t,t")~|t—t'|?,
with a growth exponent8=0.3510.05<%. All data can be collapsed onto a single curve according to
C(x,x",t,t")=~|x=x"|*y(|t—t'|/|x—x"|?), with a dynamic exponert= a/B3=1.42.
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I. INTRODUCTION structures aligned with the field. In addition, working with
field strengths on the order of 3 kvV/mm, he determined that
Over the past decade, a great deal of attention has bed¢he shear stressr(E) — 7(0)] wasdependent on the square
focused on the development of a new class of fluids, termedf the applied voltage. Winslow postulated many applica-
“tunable” fluids [1,2]. ElectrorheologicalER) and magne- tions of ER fluids and described their use in clutches, brakes,
torheological(MR) fluids belong to this class. These fluids and valveq3].
offer the promise of fast-response devices, which would ef- After a brief period of intense interest, work in the field
ficiently interface mechanical components with electronicdwindled for almost 30 years. The next extensive work was
controls. Advantages of such devices include fast switchingarried out by Klass and Martindlé,7], who reported their
speed, miniaturization, and continuously variable controlresults from ER fluids comprised of silica and calcium titan-
The inherent value of these materials lies in their ability toate. In two landmark papef8,7], these authors described the
quickly and reversibly change from a liquidlike state to ar(E)—y interdependence and how shear stréssis ef-
semisolid state when subjected to an electric or magnetifected by several variables such as electric field strerig}h (
field, with a response time on the order of a few millisecondsrequency ), fluid composition(¢), temperature T), and
[3]. This rapid “tunable” phase transition induces a rapid shear rate(y). Klass and MartineK7] also presented bulk

and drastic increase of the fluid viscosftj. conductancdo) measurements of the fluid as a whole and
ER fluids are comprised of fine dielectric particles im-the consequent power demand of these typical ER systems
mersed in a medium of different dielectric constéird., sili- under use.

cone oil, water[3]. Due to particle chaining in the direction Our work focuses on the magnetic analogs of ER fluids,
of the applied electric field, the fluid undergoes a change irwhich are termed magnetorheological fluid&R fluids).
viscosity[3,4]. The development of ER fluids dates back to Similar to ER fluids in many respects, MR fluids exhibit
the 1940s, with the original work by Winslo{®]. The sys- several key differences, among which are the absence of
tem used was comprised of an ER fluid based on dispersedharge, higher strength, better stability over broader tempera-
moist silica gel. Winslow observed that, upon application ofture range, and less stringent manufacturing requirements
an electric field, particles suspended in oil formed fibroug1]. In addition, MR fluids are experimentally easier to work
with as several potential difficulties are avoided such as elec-
trode polarization and direct contact with the fluid. MR flu-
* Author to whom correspondence should be addressed. ids, therefore, constitute model “tunable” fluids with prop-
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erties similar to ER fluids but with reduced potential

experimental artifacts. Moreover, MR fluids are not affected { A
by chemical impurities normally encountered during manu- 1 t
facturing and the raw materials are nontoxic and environ-
mentally safe. Despite these advantages, there is currently no
large scale fabrication of mechanical devices using MR flu- :76
ids as the tribological properties have yet to be well charac- -
terized[8].

Despite all the interest in ER fluids, surprisingly few stud-
ies have been performed on MR fluids. This is difficult to
reconcile with the advantages that MR fluids present. MR ! {
fluids, as mentioned, are the true magnetic analogs of ER
fluids. They are not ferrofluids or magnetic liquids, which are B
typically made of nanoparticles and used for applications
such as hermetic sealing; instead, MR fluids are generally
comprised of magnetizable submicrometer particles sus-
pended in a liquid medium such as water or [di]. These
paramagnetic particle@o permanent dipojehave recently
found a wide range of applications such as separating agents
for biopolymers and cellf9] and for the micromanipulation
of individual biological macromoleculd4.0]. MR fluids dis-
play the viscosity of a concentrated colloidal suspension in
the absence of a magnetic field; under a magnetic field, they
exhibit shear-thinning characteristics and are usually defined
in terms of a Bingham plastic modg#]. Halsey and Toor , ) .
[11,17 proposed a comprehensive theory to model the lat- FIG. 1 Vldeo-mlcroscopy snapshots_ of the thermal qu_ctuatlon_s
eral chain aggregation process for MR and ER fluids. of a chain comprised of magnetic particles. The magnetic field is

The present work develops a link between the micro_applied anisotropically in the chain directiof@) Chain is “stiff”
scopic structure of these fluids and their bulk properties. Pregnd?Ir a strong magnetic field. D'p°|e._d'p°|e forces dominétie. .
vious works suggest that lateral chain aggregation into COIg:ham exhibits larger thermal fluctuations under a weak magnetic
. A . . L . field.
umns via attractive dipolar interaction is the principal cause

of the enhanced viscosity effe¢f3—3(. Our goal is to help tion between the thermal forces and the dipole-dipole forces

uncover the mechanism by which two chains far apart ca . : ; ;
interact. It is assumed that the combined effects of direc%i/r;geb)c/:?%r?cter|zed by a single dimensionless parameter,

dipole-dipole interaction and thermal-fluctuation-mediated
long-range magnetic interactions govern chain interactions
and, therefore, the kinetics of chain aggregation. This work
reports comprehensive video-microscopy experiments and OkgT
preliminary numerical studies of single chain dynamics.
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Here, N describes the ratio between the competing dipole-
dipole energy and thermal disordering energy and is obtained

IIl. THEORETICAL BACKGROUND by equating the dipole-dipole interaction energy of two par-
A. Introduction ticles in contact(1) to kgT.
Upon the application of an external magnetic field strong U(r=2a,0=m)/kgT=—\. (3)

enough to overcome the random thermal for@<Brownian

forcey, the interaction between induced dipoles in each ofThe denominator in Eq(2) describes the thermal disorder-
the particles causes them to aggregate into chains. Chainirigg, wherekg is the Boltzmann constant aridis the abso-
of paramagnetic particles via anisotropic dipole-dipole interdute temperature. The numerator in E@) describes the
actions is well understood: the dipole-dipole interaction po-dipole-dipole interaction energy, wheyg, is the magnetic

tential between two particld23], permeability of the vacuuny is the magnetic susceptibility
) 2 of the paramagnetic particles], is the applied magnetic
u(r,0)= (w /4”“0)(i_3 cos ) (1) field, anda is the particle radius. For a system consisting of

r two particles, the critical value of for which the particles
aggregate is exactly.=1. In a system comprised of many
promotes linear aggregation of neighboring Brownian par{articles, as in a chain, one expe&is<1.

ticles in the field direction as long as the anglbetween the Figure 1 shows two typical series of images of different
line joining their centers and the direction of the field is realizations of a fluctuating magnetic chain when subjected
smaller than arccé$i/3). Here, u=4ma3uy xHy/3 is the to different magnetic field strengths. Whar=3, the mag-
induced magnetic dipole moment of a particle. Under typicainetic particles are connected into a long chain which exhibits
experimental conditions, this linear particle aggregationthermal fluctuations larger than in the case76, for which
takes place extremely rapidljess than 1) This competi- the magnetic chain behaves like a rigid rod.
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In contrast to linear-chain formation, the subsequent slow fluctuating
lateral column formatioigchain-to-chain aggregatipis only chain skeleton
poorly understoodi11,12. Chain aggregation dominates the
structural dynamics of MR and ER fluids at long times and, \‘

therefore, governs the long time rheologll. Chain aggre-
gation into columnar domains also gives rise to the large
yield stress and shear-thinning viscosity displayed by both A
MR and ER fluidd4]. When chain aggregation occurs, elon-
gated domaingor columns$ aligned in the field direction are
formed. These columnar domains are made of a concentrated 4
solidlike material, which hinders the fluid flow, hence in-
creasing the effective fluid viscosify]. The length of the
chains formed is governed by the magnetic field strength and
concentration of particles.

Halsey and TooiHT) [11,12 have recently offered an x
explanation for the long-range interaction between magnetic
chains and their subsequent lateral aggregation. These au-
thors describe aggregation by an effective long-range cou- he
pling between long wavelength thermal fluctuations of
neighboring dipolar chains. If thermal fluctuations are ne-
glected, the transverse magnetic field from the chain decays FIG. 2. Schematic of a single-chain image analysis. Image of a
approximate'y as exp(r/a), wherea is the partic|e radius chain is binarized and skeletonized. The pixel coordinates of the
andr is the distance between the dipolar chain and the obskele_tonized chain are recorded and used to calc_ulate the _correlation
servation point. Thus, “stiff” chains do not interact strongly functionsC(x,x") andC(x,x’,t,t"). Note thath(x) is the horizon-
if they are separated by a distance greater than their interpai! coordinate in this schematic.

ticle spacinga. However, a one-dimensional object such as ! L ) N .
a dipolar chain imbedded in a three-dimensional space afo the field direction at an arbitrary origin. Figure 2 illustrates

ways displays large thermal fluctuations. In this more realis?oW N(x) is defined as the distance from an arbitrary axis

tic case, the root mean square of the fluctuating magneti@fiented parallel to the field direction to a poitof the
field normal to the chain decreases as a power[thiy chain. The(---) symbol in Egs(S) and(6) defines ensemble
averages of independent realizations of a fluctuating chain.

o

, JKT a2 Equation(5) determines the static height-height correlation
V(H)~ ———, (4)  along the chain. This correlation function describes the

' steady-state, equilibrium spatial “roughness” of the one-

which should yield a long-range, fluctuation-induced dipolardimensional solid chain. Equatioi6) determines the time-
interaction between chains. The resulting fluctuating fielddependent height-height correlation along the chain and de-
can generate either an attractive or a repulsive interactiocribes the relaxation dynamics of the chai{x,x") and
between chains. It is remarkable that this fluctuation-C(X.X",t,t") describe how fast two points along a chain be-
mediated magnetic field and the associated interaction a@ome decorrelated. o _ _
independent of the applied fielt},. The HT model[11] The dipolar Hamiltonian describing the chain structure in
explains this result by an exact compensation effect betweef magnetic field is time independent; therefore all the asso-
a quadratic decrease of the magnitude of the fluctuations arfdated ensemble averages are invariant under time transla-
a corresponding quadratic increase of the dipole-dipole interfion. Similarly, due to the symmetry of the system, the chain
action potential with the field strength. Therefore, thisStructure is invariant under spatial translation. A conse-
fluctuation-induced long-range interaction should exactlyduence of this dual space and time invariance is that the
compensate the shorter-range dipolar interactiorfor any  Static and dynamic correlation functiofs) and (6) do not
field strength. No experimefi8,6] had yet directly supported depend orx, x’, t, andt” individually, but on the differences
or rejected the HT model of fluctuation-mediated chain in-X—X'| and|t—t'[. Hence,
teraction.
C(x,x")=C(|x=x"])

B. TIME AND SPACE CORRELATION FUNCTIONS and

In order to test the HT moddll1] and characterize the
thermal fluctuations of a single dipolar chain, one introduces C(x,x",1,t")=C(|x=x'[,|t=t]). (7

two types of ensemble-averaged correlation functions: )
To study the mechanism of lateral coalescence and test

C(x,x")={[h(x)—h(x")]?), (5  the HT mode[11], the static and dynamic fluctuation spectra
of a dipolar chain composed of monodisperse particles are
C(x,x',t,t")=([h(x,t) —h(x',t"]?). (6)  measured as a function of the control parameters of the sys-

tem such as field strength and suspension concentration.
Here, h(x,t) is the local, instantaneous deflection of the Video-microscopy measurements of the chain-fluctuation
probed magnetic chain with respect to an axis placed paralledpectra provide both a direct test of HT thedfyi] and a
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new insight into the problem of chain aggregation, especiallyplaced on a microscope staggeiss Axiovert inverted mi-

regarding the fluctuation dynamics of dipolar chains. croscope and images are captured via a solid-state charge-
If we assume that the growth and steady-state fluctuatiogoupled device video came(@OHU, Inc) with fixed inten-
spectra follow scaling power laws, we can write sity gain. Image analysis software based on NIH-Image
Cixt)~tf for t<t teady st ®) (public-domain software developed at the National Institutes
(x.t) or x (unsteady staje of Health has been custom designed to process the large
s s qguantity of images produced and calculate the fluctuation
Cx=x* for t>t, (steady state © spectrum profiles, as outlined in E(S) and (6).
t ~X2. (10) The exponenta, which characterizes the steady-state

roughness, is calculated from E&) using 300 images from
Here, t, is the crossover time scale which delimitates theindependent steady-state conformations of a single, one-
initial growth regime of the fluctuations at short times particle-thick magnetic chain. The images are acquired with
(t<t,), from the steady-state regime at long times{,). «,  a sufficiently large time elapsed between frames to assure
B, andz are the roughness exponent, the growth exponenthat the chain position recorded in one frame is independent
and the dynamic exponent, respectivalycharacterizes the of that in the previous frame. Since it takes 4.6 s for a par-
steady-state roughness of the one-dimensional magnetiicle to diffuse its own diameter, an elapsed time about twice
chain, B characterizes the initial stage of the relaxation of thethe self-diffusion timgabout 8 $ was selected. Her® and
magnetic chain before the chain reaches a new steady state,= 1 cP are the self-diffusion constant of one particle sus-
and z characterizes how fast the chain reaches this newended in water and the viscosity of the suspending fluid at
steady state. According to the HT modéfl], «=3, which  room temperature. Using the parameters provided previously
can be obtained from the assumption of Gaussian indepeffer a, x, andH, in Eq. (2), one finds thatn has an upper
dent fluctuations. In writing Eqs(8)—(10), the space and limit of 78. The suspending fluid used is either water or
time invariance of the chain structure and equilibrium dy-binary solutions of glycerol and water, depending on the de-
namics have been used. sired suspension viscosity. The growth, roughness, and dy-
Two key assumptions underlie HT theof¥1] and the namic exponents are calculated from measurements of the
associated predictive E@): (1) The static fluctuation spec- spectraC(x,x’) andC(x,x’,t,t") using Egs.(5) and (6).
trum of an individual dipolar chain is that of a directed ran- Image processing follows a three-step protodEl. 2).
dom walk;(2) hydrodynamic interactions caused by the localThe 256 pixel, gray-scale image of a chain is first binarized
motion of the chained particles do not influence the long-pixels are reduced to either black or whit&his image is
range interactions between chains. Using video-microscopthen skeletonizedconverted to a one-pixel-thick chain via a
measurements of a single fluctuating magnetic chain andelf-consistent “pruning” procedujeFinally, the pixel co-
Monte Carlo simulations, we shall test these two assumperdinates(x,h(x,t)) of points along the chain are obtained.
tions. This image processing procedure greatly enhances the spatial
resolution of the positions of the spheres that compose a
ll. MATERIALS chain. The correlation function€(x,x") and C(x,x’,t,t")
are calculated using the length and time invariance properties
Aqueous suspensions of monodisperse paramagnetic patt the problem. Since the quality of the statistics depends
ticles purchased from Seradyn Inc. are used in this work. Théargely on the number of data samples collected, this quality
particles are spheres of polystyrene with 40% content off the statistics decreases rapidly with increasing values of
magnetite(F&,0,) encapsulated by copolymerization. These/X—X'[. The long length-scale structure of a fluctuating
paramagnetic particles have a diameter at2.902um, as ~ chain is resolved using large collections of images of inde-
measured by quasielastic light scattering, and a magnetiendent chain configurations. _ _
susceptibility y=0.66+0.09. The density of the original ~ To measure the fluctuation spectrum of an isolated dipolar
aqueous suspensi@B% wiw solids in purified watgris 1.4 ~ chain, video-microscopy experiments using suspensions of

g/cn? and the particles are stabilized with surfactant. low volume fractionsp<<0.08% are conducted. Upon appli-
cation of a magnetic field on such a dilute suspension, well-
IV. MEASUREMENTS OF THE PLANAR SPECTRA Sﬁpf’ira_ted’ one-particle-thick ghalntshar(_a ?enerat.ed abnc: lateral
OF A SINGLE MAGNETIC CHAIN chain interaction is minimized as the interspacing between

chains is relatively larg€30—60 particle radji

We now describe the protocols used in the single-chain Chains of between 30 and 120 particles are formed at high
dynamics experiments. Using video microscopy, two aspectsagnetic field {>\.), which is subsequently decreased to
of chain fluctuation are examined: steady-state equilibriunallow for the probed chain to fluctuate. Images of a single
conformations and dynamic equilibrium conformations,chain are recorded, analyzed, and the correlation functions
yielding C(x,x"), C(x,x’,t,t"), andt, . Both studies employ are calculated. The formation of chains follows a typical pat-
a similar experimental setup, but different image acquisitiortern: in the absence of a magnetic field, the suspended par-
schemes. A sample of the magnetic suspension of sphericti€les move about randomly due to thermal forces; upon the
magnetizable particles is introduced into a capillary tubeapplication of a strong magnetic field, dipole-dipole forces
with a rectangular cross section which is then sealed andominate and particles begin to aggregate forming growing
placed on a microslide. The microslide is placed betweerthains; this growth continues until the chains approach a
two coaxial Helmholtz coils which can generate a homoge<onstant length, which is dependent on the particle concen-
neous magnetic fieltH, of up to 54 G. This assembly is tration and magnetic field strength. The chains undulate due
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FIG. 4. Dynamic correlation function of a single magnetic chain

\
I X—X | /Cl for three increasing magnetic field strengths. Each curve represents
the correlation function for a differeix—x’|/a. The inset displays
FIG. 3. Steady-state correlation function of a single magneticthe log-log curve of Eq(6), from which the exponeng can be
chain for three increasing magnetic field strengths. The inset showsetermined. An average of the four data sets yigle®.35+0.05<
the log-log curve of Eq(5), from which the exponent can be 1. Only 20% of the data points are shown here.
determined. An average of the three experiments yield®.53
+0.02. Only 20% of the data points are shown here. Cx,x' t,t")~t—t’ |3
to random thermal fluctuations with a magnitude decreasing with £=0.35-0.05 ([t—t'[<ty).
with increasing magnetic field strength. (12)
In order to obtain meaningful statistics, many images of

independent realizations of a fluctuating chain need to be, the purely diffusional case, this value would approach that
captured. The steady-state experiments utilize 300 framess grownian diffusion, org=1. Figure 4 also reveals two
while the dynamic experiments use 500 frames. In order tQjstinct phases of growth for the dynamic correlation func-
obtain meaningful statistics, more images are necessary {n These two phases can be partially explained by analogy
monitor the roughness dynamics. Our video-microscopy sysyjith a polymer Rouse chain. The Rouse model of relaxation
tem is limited to the video rate of image captu@® H2. It of 5 connected polymer chaif81] predicts that the root

is possible to improve the time resolution in the dynamicy,ean squarérms) displacement of a Rouse chain link grows
experiments by using a more viscous suspending fluid comys 114 gyer time intervals smaller than the maximum relax-
prised of a glycerol-water mixture. This has the effect of 4o timet, , and only fort>t, does it become proportional
slowing down the chain fluctuations, which results in betteryy 112 55 in the ordinary diffusion of a Brownian particle.
image sampling. The results shown in Fig. 4 seem to support this idea, to the
extent that the growth exponent is smaller thaat times
smaller thart,.

The crossover time, increases withx—x'|/a because
The dynamic, growth, and roughness exponents are calarger length scalefx—x’|/a relax more slowly and, hence,
culated as a function of field strength using E¢s.and(6).  take longer to reach a steady-state fluctuation size. To com-
From Fig. 3, we find putet, , we arbitrarily define a saturation time as the moment

at whichC(x,x’,t,t") reaches 90% of its steady-state value,

V. EXPERIMENTAL RESULTS AND DISCUSSION

C(x,x")=~|x—=x'|* with «=0.53-0.02 ([t—t'|>t,),

(11 120 <
100 |
which suggests that the fluctuations grow in a fashion similar "
to that of a biased random wal&(x,x") ~|x—x’|"2 Figure o 80y -
3 shows the fluctuation growth profile as a function of inter- ~ 60f . -
spacing distance between particles. Each curve represents an  + -
experiment performed at a different magnetic field strength. 40 _."
Notice that, as the magnetic field strength increddgmle- 20} -
dipole forces increasgthe size of the fluctuations decreases. "
The limiting case, that of an infinitely strong field, would %o 10 20 30 40 50 60 70
show no fluctuations or a chain of particles which behaves
like a rigid rod. The exponent was found to be independent lx—x'1/a

of the magnetic field strength.

The studies of the dynamic-equilibrium case yield a value FIG. 5. Crossover timdor saturation timp as a function of
for B which describes the initial growth of chain fluctuations |x—x’|/a. The linear fit of this curve yieldg,~|x—x'|* with
as a function of time. Figure 4 yields z=1.41+0.18.
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FIG. 6. Scaled correlation function for a single magnetic chain.
All data in Figs. 3 and 4 collapse onto a single curve, yielding
z=al B. Only 5% of the data points are shown here.
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C(x,x"). Figure 5 displays the crossover tirf@r saturation
time) t, at which the one-dimensional magnetic line crosses
over from the behavior described by E@.2) to that de-
scribed by Eq(11) as a function ofx—x’|/a. A linear fit of

e
-

N<[Hx) - RO > Id 205

the log-log plot oft, vs |x—x’|/a yields 0.2
te=|x—x'|?  with z=1.41+0.14. (13) %5 10 20 30 a0 s0 o0 70
We can summarize resultd1)—(13) by rescaling the dy- lx—x'l/a
namic correlation functiorC(x,x’,t,t") with its saturated
valueC(x,x") and the time differencg—t’| by t, . Figure 6 FIG. 7. Collapse of the steady-state correlation functions into a
collapses the data into a single curve. This result suggestingle curve by multiplyingC(x,x’) by A°22 (a) Steady-state cor-
that we can write relation function showing growth of correlation similar to a biased
random walk.(b) A good universal curve is obtained after rescaling
C(x,x',t,t") [t—t'| the correlation functions with®2% Only 20% of the data points are
[x—x']? ~ ( t, ) (14 shown here.
where ¢ is a scaling function of the dimensionless time that the growth, roughness, and dynamic exponents are inde-
[t—t’|/t,. We can rewrite this last equation as pendent of the quiescent viscosity of the suspending fluid.
In order to find the scaling dependence@fx,x’) with
(|t—t’|) respect ton, we assume the relation
COxX, X/, t,t") =~ [x=x"|*y| ——|. (15
ty
Cixx! )= f(|x—=x']) )
Of course(u)~uP for u<1 andy(u)~const foru>1. In 0O6x7)~ \® ([t=t'[>t, (7

view of this important result, we can recalculate what the
value of the dynamic exponentshould be. At the crossover wheref is another scaling function of the arguméxt-x’|.

point, Both sides of Eq(17) can be multiplied byr® and we can
collapse the correlation profiles to a “master” curve. The
C(x,x',1,t")=C(|x—x'|,[t—t" ) =C(|x—x'| ,t) ~t~. value £ which results in a good collapse of the correlation

profiles (Fig. 7) is found to bee=0.25 or
At the same crossover pointC(|x—x'|[,t,)~|x—x"|%.

Therefore,|x—x'|*~t £, which according to Eq(10), im- C(x,x")=~\"% with £=0.25+0.02. (18
plies the following scaling law for the nonindependent expo-
nentsa, B, andz: Figures Ta) and 7b) display the correlation curves before

and after scaling of the correlation function %> As dis-
_a cussed next, this result has important implications.
z= E:1'51’ (16) According to the HT mode€]11], long-range chain inter-
action is controlled by two factor$l) dipole-dipole interac-
in remarkable agreement with our experimental vall®. tions and(2) the long-range fluctuation-mediated transverse
Of course, the values of the dynamic exponengd B that  magnetic field. On the one hand, the amplitude of the ther-
describe the fluctuation dynamics of a single magnetic chaimal fluctuations is decreased as the applied magnetic field is
should not necessarily compare with the kinetic exponentscreased. By symmetry, the HT modell] predicts that
that describe the domain growth in concentrated MR or ERC(x,x')~1/\. On the other hand, the amplitude of the
suspensions subject to the sudden inception of an el¢8fric dipole-dipole interaction potential increases &ér,6)~\.
or a magnetic fieldi23]. Note that we experimentally verified Therefore, according to the HT moddll], this long-range
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interaction between chains is independent of the applied field 14

with the magnitude of interaction~C(x,x")U(r,6) ”@

~XN/\=1. In contrast with the model, the experimental re- PN 4000033088898020

sults imply that the dependence of these two interactions = 1ol ELSSCELE Touee

with A does not exactly compensate and that the controlling = 52889 ThZ02

factor is the applied magnetic field. Our experimental results f 8 D§8° -

suggest that the efficiency of the long-range chain interac- = 6 59 °© A=05

tions scales as/\?2>=\%"> = o A=07
To verify this assertion, we generated long magnetic v 4 &

chains following the usual protocol described earlier, and we g 2 s . - ‘ \ :

either reduced or increased the field strength by changing the 0 10 20 30 40 50 60 70

applied electric current. In most cag@sore than 90% of all Ix—x'1/a

experimenty we found that increasing the field strength and,

therefore increasing the dipole-dipole interaction potential, FiG. 8. Steady-state correlation function for a single chain ob-
was indeed more efficient in bringing initially isolated chainstained by Monte Carlo simulations. This simulation used 64 par-
together than decreasing the field strength, and therefore ificles and 400 configurations. Each curve represents a simulation
creasing the size of thermal fluctuations. One possible explaerformed at a different magnetic field strength. Only 20% of the
nation for the discrepancy between the predictions of the HHata points are shown here.

model and our experimental observations might simply be

due to the fact that this model assumed infinitely long dipolaithe MC step and, during each move, the particles are re-
chains. This model applies for ER fluids for which the chainsstricted to move within a sphere of size.6

span the gap between the conducting electrodes, which gen- If the energy differencAE=E'(i) — E(i) is negative, the
erate images dipoles. The resulting dipolar chains are effednove is accepted and the particles keep their new coordi-
tively infinite. In the case of MR fluids, the chains are notnates. If, insteadAE is positive, a random numbe¢ (0<X
infinite and the resulting finite chains act as interacting di-<1) is generated and compared to exg{E/kgT). If
poles at large length scales. Further theoretical work needs #Xp(—AE/kgT)>X, the move is accepted. However, if
be done to understand the origin of the unexpected exponent>exp(— AE/kgT), the move is rejected and the particles
C(x,x")~\"*¢ with £=0.25+0.02. By symmetry, we would are returned to their original position. This procedure is re-
expectC(x,x")~\ 1. This might imply that there must be peated for all thé\ particles of a chain at each step and, after
another energy scale entering the local interactions. Belowa sufficiently large number of moves, the resulting confor-
we verify that this energy scale is not set by hydrodynamignation represents a good picture of the system in equilib-
interactions. rium. Periodic boundary conditions are used here.

Our simulation scheme differs from previous works
[32,33 in that the initial state corresponds to a setNf
particles connected to each other in a rigid-rod-like configu-
A. Introduction ration and are subsequently subjected to a magnetic field of
desired strength, which allows the chain to relax and fluctu-

As discussed previously, chain formation in dipolar ﬂu'dsate. Previous workE32,33 focused on the kinetics of chain

and the subsequent chain aggregation are caused by the M3 mation for which the appropriate initial state is a random

netic mterparncle Interactions, which are resp_onS|bIe for theconfiguration of the set dfl particles. We simulate the ther-
unusual viscoelastic properties and the stability of the mag-

netic fluid. One way of probing these interparticle interac-mal fluctuations of a single chain of variable length=32
tions is tHrough the use of molecular simulations. In thispartlcles toN =108 particles, where all particles of the chain

rr?re moved in each MC step; the motion of one particle at a
. : . . . ime is not sufficient to generate independent configurations
of chain fluctuation and allow for direct comparison with the - "+ ¢ calculate the ensemble averages. The dimen-

V'd?ﬁ'er%crcgzcrfgztgEizlijﬁg;etﬂtesé lication of Monte Carlosionless parameter (which is the ratio between the induced
PP dipole-dipole interactions and the thermal engergnd the

(MC) simulations to magnetic fluids has already been pre- . . : .
sented in detail by Chantredit al. [32] and Menear, Brad- number of particles in the chain are the only parameters in

bury, and Chantrel33]. As in their simulations, our system the MC simulation. The fluctuation spectra of the chains
Y o . ! YSIeM \ere simulated using different magnetic field strengths and
consists of a colloidal suspension of magnetizable particles

which display only very small van der Waals forces, Thecham lengths. The configurations generated by the MC simu-

dipole-dipole energy of the particles is given by Ed), lations were studied by calculating the same correlation

; e . functions that were used to treat the experimental fEtgs.
where ¢ is the angle between the direction of the magnet|c(5) and (6)]. The results are presented in Figs. 8—11.

field and the line of centers of the two particles and we
ignore higher order dipolar moments.

The Monte Carlo method used here is based on that pro-
posed by Metropolis in 195@llen and Tildesley[34]). We In Fig. 8, we present the correlation function for a chain
calculate the energi(i) of the system oN particles with  of 64 particles, subjected to three different field strengths,
coordinate vectok(i). The particles are then moved at ran- given byA=0.2, 0.5, and 0.7. As can be seen from the plot,
dom to new coordinates’(i) and the new energig’ (i) is  the behavior observed is qualitatively the same as observed
also calculated. Here, the indéxrepresents the number of from the experiments. From the log-log curve<agik,x’) vs

VI. MONTE CARLO SIMULATIONS

B. Results
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FIG. 9. Log-log curve of Eq(5) for the simulation of 64 par- FIG. 11. Log-log curve of Eq(5) for the simulation of 108
ticles. The roughness exponent is found todse0.31+0.03. Only ~ Particles. The roughness exponent is found toabe0.39+0.02.
20% of the data points are shown here. Only 20% of the data points are shown here.

Ix—x'|/a (see Fig. 9, we obtain the roughness exponenttions ignore hydrodynamic interactions, hydrodynamic inter-
a=0.39+0.03. Figure 10 presents the same analysis for &ctions do not set a new energy scale, which could explain
chain of 108 particles and subjected to magnetic fieldpe unexpected exponest

strengths given by=0.5, 0.7, and 1. The behavior again is  \ye also probe the aggregation of chains by simulating the
qualitatively the same as se_en_beforf and this time the exp@ganayior of two chains that are initially far apart. The same
nent obtained fro_m Fig. 11 i8=0.44£0.02. Effec_ts of the procedure described previously is used in this case but, even
length of the chain can be noticed from the previous resultsafter a sufficiently large number of steps, the two chains are

when the size of the chain in the simulation is increased, the..
still away from each other and we are not able to reproduce

roughness™ exponent increases, approaching the Valu(?he experimental observations. The fact that the dipole-

found in the experiments. dinole int " | . t for the chai
We observe a saturation effect of the correlation function”PO'€ INt€ractions alone cannot account for the chain aggre-

for large length scales. The onset of this saturation can bgation leads us to believe that long-range hydrodynamic ef-
viewed as the distance after which there is no effect of theéects are important and should be taken into account when
fluctuations of the particles on each other. In all cases presimulating the chain aggregation. Molecular dynamics stud-
sented here, the number of configurations used to calculaies of the fluctuation dynamics of magnetic chains are under-
the ensemble averages was 400 and the total number of M@ay and these simulations will include hydrodynamic ef-
steps during the simulations were of the orde?, #thich is  fects.

required to ensure that the configurations used for the aver-

aging are independent from each other. Steady-state height- VII. CONCLUSIONS
height correlation function€(x,x’) were calculated as a ) )
function of A and rescalednot shown herpas C(x,x')/\°. “Tunable” fluids have generated acute interest due to the

The collapse of the curves onto a single scaling curve i®0ssibility of their use in fast-response mechanical devices.
obtained fore=0.27+0.02, in agreement with our video- This paper presented video-microscopy observations and

microscopy measurements. Since these Monte Carlo simuldC simulations, which characterized the steady-state and re-
laxation spectra of a single magnetic chain. This study shows

that steady-state, single-chain fluctuations behave in a fash-

14 . . : . . ion similar to that of a biased random walk with respect to
= 4o 1 interspacing distance along the chai@(x,x’)~|x—x"|“
A with «=0.53+0.02. The numerical results agree qualita-
= 10 ] tively and semiquantitatively with the experimental results
I : . for the single-chain steady-state fluctuations. The studies of
f 6 ] the dynamic fluctuation show that single-chain time-
R, ] dependent fluctuations grow slower than diffusion due to the
= fact that the particles are part of a connected object and this
v 2 ] connectivity reduces the freedom of movement. The initial
g 0 ‘ ‘ ‘ . . growth of the chain roughenin@r relaxation at early timgs
0 20 40 60 80 100 120 is characterized by a growth exponem such that

lx=x'1/a C(x,x’,t,t")=|t—t'|# with 8=0.35+0.05. All data can be
collapsed onto a single curve according @x,x’,t,t")
FIG. 10. Steady-state correlation function for a single chain™|X—X'[“¥([t—t'[/|x=x"|*) with a=0.53, z=1.41, and
from the Monte Carlo simulations. This simulation used 108 par-8= a/z=0.35.
ticles and 400 configurations. Each curve represents a simulation Our experimental results also indicate that long-range
performed at a different magnetic field strength. Only 20% of thefluctuation-mediated interaction and the shorter-range
data points are shown here. dipole-dipole interaction are not in true compensation: the
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