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PACS 82.70.Dd — Colloids

PACS 68.03.Hj — Structure: measurements and simulations
PACS 75.40.Mg — Magnetic properties and materials: Numerical simulation studies

Abstract — We study the effects of quasi-two-dimensional (quasi-2D) confinement on the self-
assembly of super paramagnetic colloids found in magnetorheological (MR) fluids using the
Brownian dynamics simulation technique. A uniform external magnetic field is directed normal
to a thin-slit in which dilute MR fluid is confined. The thickness of the confining slit ranges
from a single colloid diameter to several colloid diameters. The steady-state structure that forms
under such extreme confinement is shown to depend heavily upon the thickness of the slit. As
the slit-thickness is increased from one colloid diameter (2D confinement) the structure of the
dilute MR fluid changes non-monotonically. We introduce a ground-state model to predict the
structure as a function of the slit-thickness and the volume fraction of the fluid. The model is able
to quantitatively predict the structures observed in our simulations.

Copyright © EPLA, 2007

Introduction. — Confinement of two-dimensional (2D)
colloidal systems in the lateral directions can cause impor-
tant changes in the properties of the system [1-3]. Like-
wise, the relaxation of strictly 2D colloidal systems to
quasi-2D confinement can induce drastic changes in struc-
ture [4]. Of particular interest is the structure of self-
assembled magnetorheological (MR) fluids confined in the
thin-slit geometry [5,6]. This system is of interest from
both a fundamental science standpoint as a model for
the effects of confinement on self-assembly [5] as well as
for practical applications such as microfluidic DNA sepa-
rations [6]. Previous studies of the self-assembly of MR
fluids in thin-slits have focused on slit-thicknesses ranging
from 10 to 1000’s of colloid diameters [5,7-9] or purely
2D systems where the slit-thickness is one colloid dia-
meter [10-12]. The range of slit-thicknesses from one to ten
colloid diameters is of great importance as many interest-
ing phenomena occur during the self-assembly of MR, fluids
under such confinement but it has yet to be explored in the
literature. Furthermore, the characteristic length-scales in
microfluidic devices have continued to shrink down to this
range of sizes making it of practical importance as well.

The structure that forms in thin-slits when an MR fluid
is exposed to a uniform external magnetic field, normal
to the slit, depends upon the volume fraction of the fluid
and the strength of the external field. When the volume
fraction is low, the colloids in the MR fluid self-assemble

into columns spanning the height of the slit and separated
by a characteristic distance (or pore size) [5]. At higher
volume fractions, labyrinth (or striped) structures can
form [13]. As of yet, the self-assembly of dilute MR
fluids under extreme confinement ( 10 colloid dia-
meters) has not been studied although it is highly rele-
vant for microfluidic applications [6,14]. Some work has
been done to study the self-assembly of concentrated
MR fluids ( 02 volume fraction) under this extreme
confinement but the structures that form at such high
concentrations differ greatly from the ones presented
here [13]. In this letter, we present the first study of
self-assembled dilute MR fluids under extreme confine-
ment (10 colloid diameters) in thin-slits. Using the
Brownian dynamics simulation technique, we investigated
the structure of the fluid under the application of a
uniform external magnetic field normal to the thin-slit.
We are interested in studying the phase space that is
practical for the microfluidic DNA separation devices
mentioned previously, namely volume fractions 01
and external fields that are sufficiently large to cause
structure formation but small enough that they can be
experimentally realized.

Simulation details. — We used the Brownian
dynamics (BD) simulation technique to model the self-
assembly of the MR fluid in thin-slits [15-17]. In this
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Fig. 1: Average dimensionless spacing normalized by the 2D spacing as a function of dimensionless slit-thickness for (a) five
different volume fractions and (b) ¢ =0.04, both at a dimensionless field strength of A =50. The types of clusters observed in
our simulations are shown for three dimensionless slit-thicknesses (1.5, 1.75, and 2.5) as insets in (a). The horizontal dashed

line in (b) is for s = s . The closed circles in (b) represent integer values of L.
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Fig. 4: (a) (Color online) Cluster size distributions for

=005 in a variety of dimensionless slit-thicknesses. The orange solid

line is the distribution observed in the BD simulations and the dashed black line is the prediction from the ground-state model.

(b) The average spacing between clusters as a function of dimensionless slit-thickness for

=0 05. The solid line is the prediction

from the ground-state model and the symbols are the simulation results. The closed symbols denote the slit-thicknesses presented

in (a).
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Fig. 5: Top-down views of the steady-state structure in our simulations for T =375and =50. The external magnetic field is

directed out of the page.

type i and a cluster of type j separated by a distance
r . The dimensionless distance r is determined by
both the characteristic spacing (s) and the specific lattice
site. The () brackets in eq. (5) denote an angle-averaged
energy meaning we allow the two clusters to rotate
with respect to one another keeping their center-of-mass
separation equal to » and take their average interaction
energy. We summed over a large enough lattice such that
increasing the number of sites did not change the results.
Additionally, we confirmed that the incorporation of the
effects of mutual induction [21] between the colloids did
not significantly affect the results of our model.

Once we found the distribution of cluster concentrations
(¢ , ¢ , ¢ ) that minimized the energy per colloid for
a given L and ¢ we calculated the average cluster size
and therefore the average spacing between clusters. In
fig. 3 we show the normalized average spacing between
clusters as a function of dimensionless slit-thickness for all
five volume fractions from both our simulations (symbols)
and our ground-state model (dashed lines). The curves

are shifted for ease of viewing. The predictions from our
model match well with the simulation results for most slit-
thicknesses. In particular, the model correctly predicted
the magnitude and locations of the oscillations in the
spacing as a function of the slit-thickness.

The cause of the oscillations (geometric effects and
re-arrangement of the cluster types) was confirmed by
both the model and the simulation results. In fig. 4 we
show the predictions for the cluster distributions and
spacing between clusters for a volume fraction of ¢ = 0.05.
In fig. 4b, the oscillations in spacing are quite obvious and
the zero temperature model clearly predicts the spacings
observed in our BD simulations. Additionally, in fig. 4a
the cluster distributions predicted by the model are also
found in the simulations. The oscillations are shown to be
correlated with the changes in the cluster distributions.
For instance as L increases from 2.5 to 3 the average
cluster-size changes from 2 to 3 but at the point L =2.75
the average cluster-size is even larger (including clusters of
size 5). As a result, the spacing between clusters oscillates
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