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Magnetic-field-induced nonequilibrium structures in a ferrofluid emulsion
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Using optical microscopy, we studied magnetic-field-induced structures in a confined ferrofluid emulsion
where the magnetic field is applied quickly as a step function. Columnar, bent-wall-like, and labyrinthine
structures in three dimensions are observed, corresponding to disks, “worms,” and branchlike patterns in
cross-sectional area normal to the magnetic-field direction. These two-dimensional structures are characterized
by both the ratio of worms to total aggregates and the average comp{€}ityf the aggregates in a given
image. “Phase” diagrams are obtained to characterize @iskumnay to worm (bent-wal) structural transi-
tions as a function of the thickness of the cell used to confine the sample along the field direction, the particle
volume fraction, and the rate of the magnetic-field application. The distribution of aggregate complexity for a
given image is characterized by the skewness and quality factor to describe the symmetry and width of
complexity distribution. The results show that increasing either cell thickngsarticle volume fractiorb, or
magnetic field ramping rat® increases the average complexity of the formed pattern&Cas 1.80311L
+0.141 logo(R)+0.83, as well as the symmetry and the range of the complexity. This relation can be under-
stood qualitatively. For fast ramping rak or increasingd® (decreasing the interparticle distance and thus
increasing the particle interactiprthe strong magnetic interaction between particles does not allow particles
enough time to explore the lowest-energy sta@®lumnar structurgsbefore being locked into local energy
minima (labyrinthine structurgs TheL dependence of the complexity supports molecular dynamics simulation
results: Chains form first and then aggregate to form complex structures; longer chains have a larger range of
attraction.[S1063-651X99)06301-1]

PACS numbg(s): 82.70.Kj, 75.50.Mm, 75.70.Kw, 61.30.Eb

I. INTRODUCTION Due to the difficulty of theoretical modeling, the study of
. . . field-induced structures of MR fluids has been limited to the
MagnetorheologicalMR) fluids are suspensions of mag- caqe of an equilibrium state where the external magnetic field

netizable particles in a liquid. When a strong magnetic fieldg applied slowly enough that particles have time to find the
is applied to a MR fluid, the magnetic dipole moment is|owest-energy state assisted by the thermal mof&5,6].
induced in each particle. The suspension goes through Bhe equilibrium structure is separate columns with average
structural transition from a gas of randomly dispersed parspacing proportional to the cell thickness along the field di-
ticles to a solid of aggregates of particles. This leads to th&ection to a power of 0.35]. Field-induced structures have
rheological change of MR fluids from a liquid to a solid been studied also under equilibrium conditions in a very
state, which is rapid and reversible. This rheological propertyimilar material, electrorheological fluid, where a dipole mo-
is responsible for many current and potential industry app”_ment in each particle is induced by externally applied electric

cations found in MR fluids ranging from semiactive shockf'e.ld' Due to the imaging dipoles from conducting bound-
) -aries, the equilibrium structure is phase separated into liquid
absorbers for automobiles through dampers for mountai

: . : g _ . and solid in which particles form a body-centered-tetragonal
bikes, washing machines, and buildings and bridges for seigsiyer[7]. The only field-induced nonequilibrium structures

mic damage control to devices for hand exercise in physicady,died so far are in ferrofluid where permanent dipoles are
therapy[1,2]. The controllable rheological change is due tosuspended in a liquid with random orientation at room tem-
the particle structures formed by the application of a magperature[8,9]. When a big drop of ferrofluid~2 cm, oil
netic field. Therefore, it is important to study the field- based in water is confined between two glass plates and an
induced structures to fully understand the mechanism of thexternal magnetic field is applied normal to the glass surface,
rheology in MR fluids. a labyrinthine pattern is observed with complexity depending

From our earlier work, we found that the structures of theon the rate of field applicatiof®]. In this case, the intrinsic
solid phase in a model MR flui¢ferrofluid emulsion can  surface tension between the oil-water interface confines the
take the form of separated chains, columns, “bent walls”ferrofluid drop and the dipolar force pushes the ferrofluid
(“worms” when viewed perpendicular to the magnetic drop apart. A competition between these two energies under-
field), or labyrinthine patterns depending on the external palies the shape evolution. In MR fluids, no aggregation exists
rameters. These tuning parameters include the strength of tléthout an external field. Therefore, there is no intrinsic sur-
applied field, the ramping rate of the field, the sample conface tension and permanent dipole moment. This makes the
finement along the field direction, and particle volume frac-modeling and understanding of the nonequilibrium structures
tions[3,4]. of MR fluid more difficult.
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Even though to our knowledge, no previous work exists
on the study of nonequilibrium structures of induced dipolar V‘
fluids, the patterns formed by MR fluid show a similarity to
many physical and chemical systems such as ferrof[didls
type-I superconducting filmg 1], lipid monolayerg12], and
diblock copolymers[13], to name a few. These domain
shapes and patterns have raised great interest recently as the
phenomenology of modulated phadddl]. They are stabi- . .
lized by competing interactions and characterized by peri- FIG. 1. Typical shape of an aggregatéh andB are the major

di tial iati f 1h " t ord t and minor axes of the aggregate, respectivalys defined as the
odic spatial variations ot the pertinent or er. parameter Cong, . imum end-to-end length of the aggregate Brisidefined as the
trolled by temperature and other external fields. Therefore,

. . o maximum end-to-end length of the aggregate perpendiculér to
the study of field-induced structures of MR fluids is interest- 9 ggregate perp

ing from both a basic physics point of view as modulatedang thus increasing the particle interaclicthe strong mag-
phases and the understanding of the rheology of MR fluidgetic interaction between particles does not allow particles
for applications. __enough time to explore the lowest-energy statelumnar
_In this paper we report the study of the magnetic-field-gtrycture before being locked into local energy minima
induced nonequilibrium structures in a model MR fluid: fer- (japyrinthine structures The L dependence of the complex-
rofluid emulsion. We studied the formation of these patterngy suggests a structural formation process that is supported
by varying the cell thickness in the field direction, the py molecular dynamics simulation: Chains form first limited
particle _volume fractior of thg sqmple, and the application by the cell thickness and then aggregate to form complex
or ramping rate of the magnetic fieRi=dH/dt (the slope as  stryctures. Thée dependence also suggests that longer chains
in a step functionfor a fixed final field strength 5. Even  have a larger range of attraction, which is confirmed by two-
the slowest rateR (2.4 mT/9 is too fast for the system to chain models from both simulation and analytical calcula-

reach an equilibrium state. The nonequilibrium structuresjon. Wwe hope that this work provides the data with which
formed range from separate columns and bent-wall-like tqyny theoretical model can be compared.

maze structures or labyrinthine patterns. By analyzing the

cross-sectional pattern of the three-dlmensd@) struc- Il EXPERIMENTAL PROCEDURES AND METHODS

ture a.t. a plane normal to the mag_n.et|_c—f|eld direction, we FOR DATA ANALYSIS

guantified changes of the nonequilibrium structures as a

function of the three tuning parameters. The ferrofluid emulsion used in this experiment is com-

Two quantities are introduced to characterize the overalposed of droplets of ferrofluid coated with sodium dodecyl
induced structures normal to the field directiéh:the ratio  sulfate surfactant and suspended in wa8dr The ferrofluid
of “worms” to total aggregates, an¢C), the average com- consists of 6% by volume of F®, grains of average size 10
plexity. The worm is defined as the ratio of long and shortnm in kerosene. Those grains are coated with oleic acid to
axes of an aggregate that is larger than or equal to 2. Thavoid flocculation. The emulsion droplets have an average
complexity C is defined as the contour of an aggregate reladiameter 2 of 0.27 um with a polydispersity of about 20%.
tive to that of a disk with the same area. Structural “phase”The samples were sealed with petroleum gel in glass capil-
diagrams are constructed to describe the structural transitionary cells, which have a typical length of 4 cm and a rectan-
from the regime of column-dominated structures to bentgular or square cross sectiixL. Here the thicknes&
wall-dominated structures. We tak€=50% and (C) along the direction of the field and the widil is typically
=1.50 as the dividing line between these two regimes. StruciOL for a rectangular cell.
tural transition relations betwedn ®, andR are obtained Optical microscopy is used to study the induced structures
quantitatively. This is an extension of our earlier wpdkon  [4]. The sample cell sits on top of a stage on a Nikon in-
theL-® relation at a fixedR. The results show that increas- verted optical microscope where a coil is used to produce a
ing the cell thickness, particle volume fraction, or magnetic-dc magnetic field normal to the viewing plane and the sur-
field ramping rate increases the average complexity of théace of the cell. A charge-coupled device camera is attached
formed patterns agC)=1.8P>' +0.141 logo(R)+0.83.  to the microscope to capture images, which are sent to a
Therefore, in tuning the structural complexitp, andL are  computer for storage and analysis. A program called
more sensitive parameters thRnIn addition, the skewness SIGMASCAN s used to calculate each aggregate’s area, perim-
Sand the quality facto® are used to describe the symmetry eter, and major and minor axes.
and width of the complexity distribution of aggregates for a  Figure 1 sketches a typical aggregétealled a wormiin a
given image. We found that botB and Q decrease witl. ~ given image from the top view. The images captured after
and® linearly andR logarithmically. That is, ag, @, orR  the structures reach a steady state are analyzed by determin-
increases, the distribution of complexity broadens and being the complexity in terms of the parametd?sand (C),
comes more symmetric. defined below. To calculat®, we first measure the aspect

Quallitatively, the dependence of the structure complexityratio e of an aggregate defined as the ratio of the major axis
on the tuning parameters can be understood from the timA to the minor axisB of the aggregateSIGMASCAN defines
that it takes for the particles to aggregate together, whiclthe major axis as the longest end-to-end distance of a given
depends on the ratio of the magnetic interaction energy beaggregate and the minor axis as the longest end-to-end dis-
tween particles relative to thermal energy. At fast rampingtance of the aggregate perpendicular to the major[&ig 1
rate R or increasing® (decreasing the interparticle distance and Eq.(1a)]. If e=2.0, the aggregate is defined as a worm.
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If e<2.0, the aggregate is defined as being disklike. We thel @
define P as the ratio of the number of worms to the total
number of aggregatehll; for a given image. We také
=50% as the transition between disks and worms in a 2L &88
image. Since the definition of minor axis is good only for an &4
ellipse, this quantity? works well for characterizing patterns
near the beginning of the transition, where most aggregate §
are disks and ellipses wit~2—4 and very few aggregates &2
are bent or have multiple arms:

_ Lmaj(A) _ Ne=2

“Lon®' TN (13
N¢

“oiA O N

whereL ,;denotes the major axis length,,, the minor axis
length, P the perimeter of the aggregate, addthe area of
the aggregate.

To characterize aggregates with shapes more comple
than disks and ellipses, the complexiyis used.C is de-
fined as the ratio of the perimeter of an aggregate to the §
perimeter of a disk with the same area, as shown in(Eag).

If an aggregate is a perfect digRk=1.0. If the aggregate has
multiple arms,C is greater than 1.0; the larger ti@& the
more complex the aggregate. Once we calculated the values

for each aggregate in a given image of a total numbe,of FIG. 2. Images showing the formation of ferrofluid structures.
we then averag€ over the whole image to obtain the aver- (a) Droplets with no applied magnetic field(b) and(c) Columnar
age complexitC). We take<C>T:1,5 as the dividing line solid structure shown from the top and side views formed. at
between columns and bent walls to find quantitative relations= 50 um, ®=0.03, andR=400.0 mT/s. (d) and (e) Bent-wall-

among the parametets @, andR. like solid structure shown from the top and side views formed at
These definitions oPt=50% and(C);=1.5 are arbi- L=200um, ®=0.10, andR=400.0 mT/s.(f) 3D comparison of
trarily chosen. One may set different valuesPtpand(C)+ the reconstructed columnar solid structure formed with a slow

which would define different structural transitions. For af@mping rate and bent-wall-like solid structure formed with a high

worm with an elliptical shapege=2 corresponds toC  '@MPing rate. Image widths are gon.

=1.01. If a structure withP=50% consists only of disks o . .

and ellipses witle~ 2, then(C) would be 1.005, which is not S which is I_mearly increased by hgnd. In all cases, it takes

a sensitive parameter. We have found th@}=1.5 corre- from a fraction of a second to a minute for the structure to

sponds tP=50% for our images. Therefore, the structure is"€2ch @ steady state, depending upo, andR

more complex than just disks and ellips€€) is a better

quantity thanP to be used for characterizing most of our . RESULTS

structures. For comparison purpose, we Kegs well.
Previously onlyP was used to characterize the induced

patterns, whild. and® were varied at a single field ramping In the absence of any external magnetic field, the droplets

rate R [4]. In this work, we vary all three parametdrs L, of the sample are randomized due to Brownian motion. The

and ® and use bottP and(C) to characterize the induced sample is in a “gaseous” stafd5]. When an external mag-

structures. In all the experiments, the maximum magnetitetic field is applied to the ferrofluid emulsion, randomly

field H . is fixed at 24.0 mT for simplicity. The coupling dispersed Brownian droplets aggregate to form three-

constant\, defined as the dipolar interaction energy of two dimensional solid structures. At a IoR; the solid structure

dipoles aligned head to tail over the thermal energy of thés equally spaced columns with equal width, which shows

system, is calculated to be T8]. One may also var,,., ~ plan symmetry perpendicular to the applied field direction.

which is not done in our present work. The droplet volumeThe top view shows a pattern with separate d[§5]. How-

fraction ® of the sample ranges from 0.04 to 0.14, theever, whenR is high, the shapes of the aggregates become

sample cell thicknesk ranges from 20 to 100@m, and the more complex. The solid structure appears as a ‘“folded

applied magnetic field rat® ranges from 2.40 to 400.0 sheet” or a bent wall. It is wormlike from the top view,

mT/s. The latter rate corresponds to a rise time of 60 ms inwhich becomes a maze or labyrinthine patterR ihcreases

an exponentially increasing field, which is limited by the further[4].

response of the current supply and the magnetic coil. The Figure 2 shows typical microscopic images of columnar

longest time taken to ramp the field from 0 to 24.0 mT is 10and bent-wall patterns from both top and side views. Figure

A. Induced nonequilibrium structures
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2(a) shows the gas structure without an applied field. After
the magnetic field is applied, at loly ®, andR, the steady
state structure is locally ordered columns as shown in Figs.
2(b) and Zc) of the same structure viewed from the top and
side. At highL, ®, andR, the saturated pattern from the top
view is a mixture of disks and worms reflecting columnar
and bent-wall structures in three dimension as shown in Figs.
2(d) and Ze) from the top and side views. Figure 2 illustrates
that the chain formation is the basis for aggregates. Evenin 5 4 Microscopic images of formed patterns from the top
the labyrinthine pattern, the side view shows straight chaingiey, taken atH,,,=24.0mT for different parametersi@ L
joined to form a maze structure. However, not all the chains- 1000.m, ®=0.04, andR=400.0 mT/s, wher®;=12.8% and
have equal length and fill the cell gdp) completely. To  (c);=1.2, and(b) L=1000xm, ®=0.065, andR=400.0 mT/s,
better illustrate the aggregates in three dimensions, Ki§. 2 where P;=54.2% and(C);=1.7. The horizontal width of each
shows the reconstructed structures discussed earlier for boiage is 80um.

low and high sets of, ®, andR parameters.

For a quantitative study, all the patterns are capture_zd 34). Figures 8a) and 3b) show a comparison of microscopic
the end of the cell nearest to the objective lens of the microgmages for differentb from the top view below and above
scope for clear image. From Fig. 2, the 2D pattern at differyne transition line of P;=50% and (C);=1.50 at L
ent cross sections along the magnetic-field direction is the- 1000 ,,m andR=400.0 mT/s. A =0.04[Fig. ¥a)], we
same for columnar structures and can be different for labygee that the image is predominantly disks reflecting 3D co-
rinthine structures where not all chains have equal length anglyynar structures. These disks show short-range order and
are linked equally throughout the entire cell alohgas  paye a narrow size distribution close to the saturated equilib-
shown in Fig. Ze). When we focused on different cross sec-jym structureg5). Whend is increased to 0.065, Fig(i3
tions in the sampleélimited to the first 100um by using an  shows an image that is now predominantly worms. This im-
oil-immersed objective lenswe found very small overall age contains various structures ranging from single particles
differences in terms of the complexity, although each aggre(chains in three dimensionghrough disks, simple ellipses,

gate at a different position along in the image may be anq random worms to aggregates with multiple arms.
different. Nevertheless, readers should keep in mind that the

2D patterns have limitations in studying the 3D structures.
The pattern shown in Fig.(8) is very similar to those
observed in ferrofluidg8] where a big drop of ferrofluid2.1
cm) in water is confined between two glass plates and the To analyze the images in Figs(a3 and 3b), we first
external magnetic field is applied normal to the glass surfacetharacterize each aggregate with values andC defined in
As the field strength increases, a labyrinthine pattern deveEd. (1). The distribution of bothe and C over the whole
ops. Depending on the rate of the field application, the numimage in Figs. &) and 3b) is then plotted as a histogram in
ber of arms evolved from the drop varies. In this case, théig. 4; Figs. 4a) and 4b) correspond to Fig. & and Figs.
intrinsic surface tension between the oil-water interface play$(c) and 4d) correspond to Fig. ®). Each image has typi-
a key role in confining the ferrofluid drop and the dipolar cally 100-1000 aggregates, which gives reasonable statis-
force pushes the ferrofluid drop apart. A competition be-tics. The bin width for these histograms is 0.05. The solid
tween these two energies underlies the shape evolution. Olines in Fig. 4 are fits of the Gaussian distribution. Increasing
ferrofluid emulsion system does not have any intrinsic surthe volume fraction from 0.04 to 0.065 not only chan¢@s
face tension; droplets coated with surfactant do not aggregafeom 1.19 to 1.62 but also changes the distributiorCoés
without an external magnetic field. To make an analogy teseen by comparing Figs.(@ and 4c). Similarly, ® also
the patterns formed by the ferrofluid drop, we need to aschanges the averagdrom 1.19 to 2.41 and the distribution,
sume that an induced surface energy from the magnetic fielshown in Figs. &) and 4d). P is calculated using Eq1a).
competes with the induced repulsive energy between dipoles. It is clear from the above images that to capture every
These two energies, along with the geometric constraint, sétetail requires more parameters th@). Let us first focus
the many local energy minima that determine the shape o8n P and (C) only and leave their distributions to a later
the structures formed. The surface energy has been used $6ction. From the histograms, the paramefeamd(C) char-
calculate equilibrium structures of induced dipolar fluidsacterizing the complexity are calculated. We then vhrgnd
[5,6,16. It originates from the different local magnetic fields continue the same process to obtain a serieB ahd(C).
(due to demagnetizatiomxperienced by particles at the sur- From these dateP vs ® and(C) vs ® are then plotted as
face and the inside of an aggregate. Therefore, it is possibfghown in Figs. £ and §b), where L=800um and R
that the underlying physics of the pattern formation is similar=400.0 mT/s. From the curve fisolid line) and settingP+
to that of the ferrofluid. To understand the structure fully, a=50% and(C)y=1.5 as our criteria for the transition from
nonequilibrium dynamics calculation is needed. column to bent-wall structures, the corresponding structural
Figure 2 illustrates the influence of all three parameterdransition paramete® is then found separately fd? and
upon the complexity of the structure formation. If we vary (C). The same procedures and criteria are used to find the
only one parameter at a time, sal, and keep the other two transition parametet; at R=400.0 mT/s andP=0.10, as
parameters constant, similar disk-worm transitions can bshown in Figs. &) and 8d), andR; atL=200um and®
produced as well. Varying eithér or R has a similar effect =0.12, as shown in Figs.(® and 5f). Structural phase

B. Quantitative analysis of structures and structural phase
transition diagrams
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FIG. 4. Histogram plots of Fig. 3 showing the distribution of the aggregate nuizer a function of complexityC and worm ratio

€.

(a) and(b) correspond to Fig. @) and(c) and(d) correspond to Fig.®).

diagrams are then constructed for any two of the three paFhe fact that Eq(2d) agrees well with the experimental re-

rameters.

It is interesting to notice from Fig. 5 th& and(C) vary
linearly with @ and L but logarithmically withR for the
range ofL, ®, andR measured:

(C)=1.21+0.0014., (23
(C)=0.332+17.2D, (2b)
(C)=1.31+0.141 log o(R). (20)

Here the range df or R varies about one order of magnitude

and @ only 0.02. As our earlier work show#t], if @ is
varied over one order of magnitude,increases withb as a

power law with an exponent in the range 2.2—2.9. We hav

tried the power-law fitting to Figs.(8) and 3b); only small
differences in®; are seen due to the small rangedoivar-
ied. In our earlier work, wheR is varied over four orders of
magnitude,P increases withR still logarithmically. A mo-
lecular dynamics simulatiofiL7] also shows the same loga-
rithmic dependence diC) on R:

(C)=1.01+0.195 log o(R). (2d)
Here the coupling constant is 13®=0.1, 2a=0.2um, L
=8 um, and a cell size of kmX1 umXx8 um is used. The
different coefficients between Eg®c) and(2d) may be due

sults of Eq.(2¢) indicates that the dipole-dipole interaction in
a chain formation is stronger than the chain-chain interaction
in an aggregate formation.

The results of Fig. 5 may be summarized in one equation

wherea anda; are constants that should be a function of the
applied magnetic field, particle susceptibility, and size.
These constants can be determined by obtaining additional
relations betweerd, L, andR and by setting C)=const. It

é's clear from Eq(3) thatL and® are more sensitive param-
eters tharR for their effect on tuning the structure complex-
ity.

By setting{C);=1.5 andP+=0.5, Figs. 6a)—6(c) show
the experimentally obtained phase diagrams of the structural
transition. Here we measured structural transitions for differ-
ent pairs of the three parameters while keeping the third pa-
rameter constant.

The transition lines divide the space into a bent-wall-
dominated regiortabove themand a column-dominated re-
gion (below them. The farther above the transition lines, the
more complex the structure. The farther below the transition
lines, the closer the structure to the equilibrium columnar

to the different coupling constant used in computer simulasolid. These diagrams show that to obtain a particular worm

tion (139 compared to that in experimefit6) and the lim-

pattern, we can increase the cell thickness, the particle vol-

ited cell size in the simulation. In the simulation, the chainume fraction, or the field application rat@also the field
formation is about 10 times faster than the chain aggregatiorstrength, if we like.
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FIG. 5. Relations ofP and (C) obtained as a function ofa) and (b) ® at L=800um and R=400.0 mT/s,(c) and (d) L at R
=400.0 mT/s andbP=0.10, and(e) and(f) andR atL=200um and® =0.12. Solid lines show the fits of the data. Dashed lines show the
transition parameters defined by settifg=50% and(C)+=1.50.

Figure &a) shows the transition relation betweBy and Ry=(9.5X 10%)exp(3.7X 1o3<1>$-11) mT/s for (C)t.
L+ at ®=0.10. The solid and dashed lines are curve fits of (4d)
the functions

_ _ Again, they show similar fits of complicated exponential
Rr=1779 exp—0.0074.1) mT/s for Pr, (43 functions. Figure &) shows the transition relation between

Ry=1675 exp—0.0074.;) mT/s for (C)r. (4b) L+ ande)T atR=400.Q mT/s. The solid and dashed lines are
curve fits of the functions

They show nearly identical exponential relations. Figuit® 6

shows the transition relation betwed®; and ®; at L Lt=0.074p;3*® um for Py, (4e)
=200um. The solid and dashed lines are curve fits of the
functions Ly=0.16b73 um for (C)r. (49

Rr=(5.3x 10°)exp( — 7.3x 10°®3*8 mT/s for Py,
(40 They also show similar fits of the power-law functions.
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FIG. 6. Structural transition “phase” diagram B =50% and(C);=1.50. Solid and dashed lines are fits of the datefpand(C)+,
respectively, which separate a transition from colufnelow the ling to bent-wall(above the ling structures for théa) R-L relation at
®=0.10,(b) R-® relation atL =200 um, and(c) L-® relation atR=400.0 mT/s.(d) Computer simulation for single chains to a two-chain
column(squaresand single, double chains to a three-chain coldoiased circlestransitions, where solid and dashed lines are power-law
fits.

As we expect from Eq(3) for transitions(setting (C) Figure §d) shows computer simulation results with curve
=const andP=cons}, a power-law relation exists between fits obtained on the basis of two-chafjopen squares and
L+ and®; and exponential relations exist betwelen and  solid line) and three-chairiclosed circles and dashed line
Lt and betweerRr and ®+. Even though simple exponen- interactions. The escape distance of two chains or three
tial functions of Ry=(3x10")e 371 for Py andR;=(8  chains, within which the chains aggregate to form a column
X 10")e” 1 for Cy also fit well the data shown in Fig. and above which the chains stay separated, were found for a
6(b) as our other paper shoWs8|, more complicated expo- given chain lengti. by molecular dynamics simulation per-
nential functions as shown in Eggtc) and(4d) are used to  formed at zero temperature for our sample condifinl].
take into account data from both Figs. 5 and 6. Combingrie escape distance is then converted to the particle volume
Egs.(2)—(4), the constants in Ed3) are thus determined:  fraction & to obtain the data in Fig.(6), assuming that all

C)=1.8031Y +0.141 | R)+0.83. chains have the same length and are arranged in a
(©) 0go(R)+0.83 © hexagonal-close-packed lattice. Therefore, the solid curve in-

Equation(5) confirms that a master relation exists betweendicates the structural transition from single chains to a col-
the average complexity and the three tuning parameters. umn consisting of double chains, whereas the dashed curve
As shown from these plots in Fig. 8; and(C); exhibit  indicates the structural transition from a mixture of single
similar behavior as, ®, andR are varied. At the transition and double chains to columns consisting of three chains in a

lines, according to our definitio®+=50%, the structures row. On the solid curve, any two single chains will have a
comprise one-half disks and one-half worms. If the worms50% chance of aggregating or staying separate. If we use the
were ellipses onlye=2 would giveC=1.01 notC=1.5.  parameteP=N®""yN, . to characterize the structure, we
The fact that(C);=1.5 while P=50% suggests that the will have P=50% at the solid line and®®=67% at the
worms are either characterized by 10 or are far from el- dashed line. If we use the complexi{§) to define the tran-
lipses. In the latter case, aggregates at the transition linesition line as used in our earlier definition, we find t&t)

must have a wide distribution of shapes and a fraction of=1.2 at the solid line for the transition @ from 1 to 1.4
them having curved worm shape and multiple arms domiand that C)=1.38 at the dashed line for the transition®@f
nates the value ofC). This is consistent with direct obser- from 1.2 to 1.73. Obviously, if we want to make a more
vation in Fig. 3 and with the histograms shown in Fig. 4. precise comparison with the experimental data, we need to
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considerC)=1.5 for the interaction among multiple chains simple liquid to a solid by reducing temperature. Fast cool-
at room temperature. ing results in a glass structure, whereas slow cooling gener-

Even though the above model is a crude one for the chaially results in a crystal structure.
aggregation process, the simulation does predict very inter- The effect of the particle volume fraction can be under-
esting transition relations from the curve fitting results: stood on the basis of the same consideration. At a higher

_3 the droplets are closer to each other and the dipoles interact
LT:O'O45DT3 * pm for (C)=12, (6a) strongly for the same field. Therefore, the particlss link more
quickly. The faster the linkage, the more complex the struc-
ture and the farther away from the equilibrium state. At low
®, not only is the separation between droplets large so that
the dipolar force is small, but also the fluid viscous and ther-
mal forces will slow down the droplet motion. These forces
give the droplets more time to explore the lower-energy
tates.

The L dependence of the complexity suggests a structural
ormation process: Chains form first limited by the cell thick-
ness and then aggregate to form complex structures. How-
ever, it is not clear why the induced structures become more
complex as the cell thickness increases. To understand this,
we have done a computer simulatiph7,19, which con-
firmed that the structure formation proceeds in two steps:
chain formation and chain aggregation. The formation of
chains that touch the boundary is about ten times faster than
the aggregation of chains far=40 (2a) at bothT=0 and
300 K and at largdR. Since a complex pattern arises from a

—400.0 mT/3 suggests a simple picture of the noneqwhb-qwc aggregation that originates from a strong dipolar at

fium structural i s te chains f s raction, the experimental resultéG)~L) suggest that the
um structural formation process. separaté chains 1orm NSy o 4 0tion petween long chains is stronger than that between
and then these chains aggregate to form columns through

) . i ;T $hort chains. This is confirmed by molecular dynamics simu-
direct interaction. The thermal-fluctuation-induced Iong'lation of the two-chain model where the chains have a rela-

range interaction between chains Is not important in Fhetive shift of one particle radius: The chain-chain attractive
chain aggregation process here as it might be in the equili Fange increases with the chain lengthras-L® for 0<L

rium state{20]. <200 (2a), where «=0.15 for T=0 K and «=0.2 for T
=300K (\=139) [17,19. The power-law relation is also
confirmed by analytical calculations for two chains having
equal length and one particle radius shift, where0.19 at
Even though simulation predicted successfully the relax =10 for 0<L=<3000 () and a=3% at A= for L
tions of Egs.(4f) and(2c), no analytical theory exists so far =1000 (2a) [21,22.
to explain quantitatively the master relation in Eg). Quali- Although the chain attractive range increases with the
tatively, we can understand the dependence of the complexhain length corresponding to our experimental cell range
ity of structures on the three parameters through the time thdtom 2.2 atL =70 (2a) to 5.1 atL=3000 (2a) based on the
it takes for the particles to aggregate. In an equilibrium statéesult of the above analytical calculation Xt 10, the in-
where the field is applied very slowly, the induced structuresrease in the interaction range slows down when chains are
are separate columns. In a nonequilibrium state where themore than 200 particle diameters. The two-chain interaction
field is applied quickly, the structures formed are more comimodel alone may not be sufficient to count for the complex
plex. Let us look at th& dependence for two extreme cases.structures formed in larger cells. We believe that the labyrin-
At low R, the dipoles induced in the droplets are weakthine pattern observed in thicker ce[l>200 (2a)] may
enough so that the droplets can still move about exploringome from complicated interactions between long chains,
the lower-energy states before they are locked by strong diong and short chains, chains with different relative shift
pole forces at highH, corresponding to.~5 based on ex- along the chain direction, and multiple-chain interactions si-
perimental observation. In this case, the particles are packedultaneously. A heterogeneous chain length is possible be-
densely into columnar structures to reduce the total energgause the chain formation is a very quick process with its
consisting of demagnetization energy, repulsive energy bdength depending on the local particle density distribution.
tween the ends of columns, and the surface energyhe large cells allow the particle density to fluctuate more
[5,6,15,16. At largeR and highH, the dipoles induced in the and therefore different chain lengths form. This heteroge-
droplets are very strong right after the field is applied so thateous chain interaction could increase the attractive rapge
the attraction between neighboring droplets and chains pulliirther and therefore result in more complicated structures.
them together without allowing the time to explore the We can also understand the large interaction range for
lowest-energy state. The bent-wall structures correspond twng chains from the following simple physical pictures. The
metastable states in which the structures are locked into orends of chains having like poles repel each other, which
of the local minima. The process is analogous to quenching plays an important role in the equilibrium structure forma-

L+=0.26p7 3 um for (C)=1.38. (6b)

The relations are very close to the experimental rekuilt
=0.16D7 > um obtained fof C);=1.5. From the fact that
only small difference exists in the power-law relation be-
tween the exponents obtained f@€)=1.2 and(C)=1.38,
we expect that the exponent will still be greater than 3 a
(C)=1.5. Experimentally, we have checked transitions forg
P=40% and 60% from the data used to obtain Fi(c).6
Similar power-lawL - &+ relations were found in which the
exponent increases slighti%) asP increases from 40% to
60%. To a first-order approximation, all the transition lines
arising from different definitions olP; are essentially paral-
lel [4]. Therefore, the simple model of the two- or three-
chain interaction can give a good approximation to the tran
sition relation for more complicated structures.

The success of the simple model of simulation in predict
ing the L-®; relation at the fast ramping rateR(

C. Qualitative understanding of the structural transition
phase diagrams
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tion [3,5]. The shorter the chains, the stronger the effect of UM T T

; : ; 1204 .
repulsion from the ends on chain aggregation. As a result,
long chains will attach to each other at their middles and zip 1004 i
through the rest of the chains. They tend to form aggregates {]
with chains of slightly different lengths and relative shifts. In 80+ 8
equilibrium columnar structures, we found either tapered 1 ]
ends or split ends of columns, reflecting the effect of repul- z 601 l
sion between ends]. The same repulsion of ends may also 404 i
affect the formation of nonequilibrium structures.

The simulation of the two-chain interaction shows that 20- 1
temperature increases the range of attraction between the two 1 O
chains, but not that the attraction between two chains de- 0 1‘0' T 1‘5 """" 5
pends on the chain length. The fact that E) agrees quite ) '
well with Eg. (4f) shows that the temperature is not crucial in (@ ¢
the chain aggregation in the case of a fast ramping rate. A 12 T————
direct interaction between chains is the dominant factor for . =
chain aggregation. For a slow ramping rate to reach equilib- 10 1
rium state, the formation of the columnar structure depends 1 —qp\
strongly on the temperature for thermal motion to bring the 81 AN 1
particles to the lowest-energy state. Therefore, a thermal- ] B
induced chain fluctuation could be important in equilibrium Z. 6 i
chain aggregatiof15,20. 4_' ]

D. Structural complexity distribution 2 4

So far, we have used and(C) to understand the structure 1, . . Hﬂ
transition. We have found that the distribution ©fis also 01.60 125 150 175 2.0
very interesting. To analyze the complexity distribution (b) C
shown in Fig. 4, we have introduced two new parameters:
the skewness &nd thequality factor Q FIG. 7. Aggregate number vs complexity distribution showing

S is a dimensionless quantity that measures how muckhe progression toward symmetry ds increases from(a) L
asymmetry, or shift from center, occurs in the distribution of =300um, where(C)=1.37, S=2.31, andQ=766.7, to(b) L

the complexity. The standard definition f8iis given as =500um, where(C)=1.42, S=0.21, andQ=13.83. For both
cases®=0.10 andR=24.0 mT/s and solid lines are fits of Gauss-
5 (ci —<c>) :

ian distributions.
S=—— where o=

Nt

>, (Ci—(C))?

=1 =766.7, and(C)=1.37), whereL=300um, ¢=0.10, and

Ne—1 R=24.0 mT/s. TheN-C distribution peak is shifted toward
(7) smaller values o€ from (C). In other words, we have more

aggregates that are columnar than bent-wall-like and the

bent-wall-like structures can transform to a quite complex

shape. At the same time, the distribution is quite narrow as

the Q value shows. At increases to 50@m while keeping

@ and R constant, Fig. {b) shows thatS decreases by a

factor of 10 while the average complexity increases slightly

HereN; is the total aggregates for a given image and the
standard deviation of the complexity.

The quality factor Qmeasures how narrow the distribu-
tion of complexity is. It is defined as

Q= _Comax_ ®) (5=0.21,Q=13.83, and C)=1.42. The distribution of the
ACrwhm' number of columns and bent walls is nearly symmetric and
broad.

whereC,,« is the maximum value of the Gaussian fit of the  As shown in Fig. 7 and our other data, for low values of

histogram andA Cryyy is the full width at half maximum. L, ®, or R while (C) is normally low,SandQ are both quite

For anRC circuit, Q measures how many cycles this systemhigh. This means that besides a predominant number of co-

would oscillate before it dampens out. The higher@ehe  lumnar aggregates with narrow distribution, small amounts

more cycles the signal oscillates. In our case, the higher thef bent-wall aggregates also exist. As®, or Rincreases to

Q, the narrower the distribution of aggregate complexity. increasg/C), SandQ begin to decrease. This means that for
For a symmetric distribution oN vs C, Sis zero. If S predominantly bent-wall aggregates, the distribution of the

>0, theN-C distribution peak goes to the left ¢€). If S aggregates is more widely spread and symmetric. Therefore,

<0, the peak will go to the right ofC). In our data, we it seems that a correlation betwedd) and S, Q (the sym-

found thatSis always larger than zero. This means that thosenetry and width of the complexitg) exists.

aggregates withC;>(C) weigh more in a given image, Let us now examine the dependenceSdndQ on each

spreading out more toward largéx In all the dataQ>1  parameter separately. Figures)8-8(c) showSas a function

also. There is always a peak found in tReC distribution. of &, R, andL and Figs. 88)—-9c) showQ as a function of
Figure fa) shows the case foiS>0 (S=2.31, Q ®, R andL. As & increases whileR and L are fixed at
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FIG. 8. SkewnesS in the Gaussian distribution to measure the

symmetry of the aggregate distribution as a functiorfapfd at R
=4.80 mT/s and.=200um, (b) R at L=200um and®=0.12,
and(c) L atR=24.0 mT/s andP =0.10. The solid line is the best fit
for (8 S=3.03-17.15b, (b) S=1.28-0.55InR), and (c) S
=1.09-0.000 88&..

R=4.8 mT/s and.=200um, Figs. &) and 9a) show that
SandQ decrease witlb as

S=3.03-17.15D, (93

Q=144.06-1008D. (9b)

50- E —

401 1

204 .

0.10 0.11 012 0.13

1 ‘ 10 .. HHIIOO
(b) R (mT/s)

I T T T T T

504 1

401 :

30+ .
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104 L3 7]

x

200 300 400 500 600
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FIG. 9. Quality factorQ to measure the width of aggregate
distribution as a function ob, R, andL with the same condition as
in Fig. 8. The solid line is the best fit fdr) Q= 144.06-1008D,

(b) Q=46.45-22.4InR), and(c) Q=59.98-0.0971.

and broader. AR increases whilel and ® are fixed at
L=200um and®=0.12, Figs. &) and 9b) show thatS
and Q decrease withR as

S=1.28-0.55 log ¢(R), (90
Q=46.45-22.4log ((R). (9d
Increasing both® and R results in a more symmetric and

broad distribution of aggregates while increasing the average
complexity (C). Finally, asL increases whileR and ® are

In other words, higher concentration of particles gives dfixed atR=24.0 mT/s andb =0.10, Figs. &) and 9c) show
structure more complex and its distribution more symmetrichat S andQ decrease with. as
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S=1.09-0.000 88, (99 as the width and symmetry in the complexity distribution.
Transitions between different structures are possible by ad-
Q=59.98-0.091. (9f)  justing one or more of these parameters. The column to bent-

wall transition is continuous over a large range of these pa-
Itis interesting that the dependenceSHndQ on eitherL or  rameters. If we define®;1=50% and(C);=1.50 as the
® is a linear function, but oR it is logarithmic. This is  columns to bent-wall transition lines, structural phase dia-
similar to the results for the structural transition as shown ingrams can be constructed for pairs of these parameters. A
Fig. 5. The complexity and its distributiofsymmetry and simple relation between the tuning parameters are found as
width) depend more sensitively dnand® than onR Asthe  (C)=1.8p311 | +0.141 logy(R)+0.83. ® andL are more
range of® increases, thes,Q dependence o may also  sensitive parameters thain tuning the structures. The cell
change from linear to a power-law function. The exact relathickness dependence of the complexity of the patterns indi-
tion can be understood only if we have a model. We hopgates that the formation of chains is the first step in forming
that this work W|” prOVide the basis for any theoretical mod- aggregates_ Longer chains have a |arger attractive range be-
els for comparison. tween chains. A direct interaction is important in chain ag-

gregation to form nonequilibrium structures.

IV. CONCLUSIONS This work forms the basis for building theoretic models
for understanding the mechanism of the dipole interaction in
onequilibrium states. The microscopic structure controls the
heological properties of the fluids. As our recent rheological

udy[23] shows, the yield stress is stronger when an equi-

This study shows that by applying an external magneti
field to a ferrofluid emulsion, different structures can be in-
duced from separate chains and columns through bent wal
to labyrinths. The existence of many different patterns indi.'ibrium structure is formed as compared to a nonequilibrium
cates a comphc_ated energy map induced in the system, wit ructure for the same sample and field strength. Character-
many local minima that sensitively depend on the set of pai’zing induced structures in MR fluids can provide useful in-
rameters SUCh.EE Himax, L, and®. Columnar structures are ¢, ation for optimizing the rheological properties.
induced if particles are allowed to explore their lower-energy
states before settling down. Complex bent-wall structures are
created if the particles are locked into aggregates by a strong
dipolar interaction that is too quick for particles to explore  We thank Dr. Mark Gross and Dr. Serge Cutillas for help-
the lower-energy states. ful discussions. This work was partially supported by grants

The complexity of the induced structures are controlledfrom NASA (Grant No. NAG3-1830) the NSF(DMR Grant
by a set of parameteiR, H,., L, and®. Increasing either No. 932120], the Exxon Educational Foundation, and Cali-
one of them increases the complexity of the structure as wetfbrnia State University, Long Beach.
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