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Below this value, the dichroism remains almost constant but above the critical frequency,
the viscous drag overcomes the magnetic force and reduces the dichroism following a
power law with an exponent approximately -1.

In this work, scattering dichroism and video microscopy experiments have been
combined to study the dynamics of induced dipolar chains in MR suspensions subject to
rotating magnetic fields. Using scattering dichroism we studied the interplay between
magnetic and viscous forces over the critical frequency separating these two regions. A
dimensionless parameter that compares these two forces is the well-known Mason
number (ratio of viscous to magnetic forces). This number has been defined with
different proportionality factors in literature [10-12]. We have adopted the following
definition:

M )
HoM

where 7) is the solvent viscosity, @ is the field rotation frequency, M is the particle
magnetization, and g is the vacuum magnetic permeability. We obtained a linear
dependence of the critical frequency with the square of the magnetization and the inverse
of the viscosity indicating that the Mason number governs the rotational dynamics.
Consequently, we find a critical Mason number below which the dichroism remains
almost constant and above which the viscous drag prevents the particle aggregation
process from taking place.

We have also performed video microscopy experiments to visualize the dynamics of
chains for a range of Mason numbers around the critical value (where both magnetic
interaction and viscous drag are comparable). Direct observations show that chains rotate
synchronously with the field adjusting their size to decrease the viscous drag. We find
that the average size of the structures decreases with Ma following a power law with
exponent close to -0.5 being the hydrodynamic forces the cause of the chains break up.
However the total number of aggregated particles shows two different behaviors
depending on Mason number in agreement with scattering dichroism experiments. QOur
experimental findings have been interpreted also with the help of athermal molecular
dynamics simulations that show good agreement with the experimental results.

2 Materials and procedure

The experiments were performed using three suspensions of super-paramagnetic
particles obtained diluting 10 % in weight suspensions supplied by Estapor (ref. M1-
180/12, M1-070/60a and M1-070/60b). The particles content magnetite crystals Fe;O, of
small diameter (1-20 nm) dispersed in a monomer and polymerized using an emulsion
process. The surface of the latex micro-spheres is composed of carboxylic acid (-COOH)
groups with a surfactant coating layer of sodium dodecyl sulfate (SDS) to stabilize the
dispersions. Due to their small average diameter and density (p, ~ 1.3 g/ml) the
sedimentation time (sedimentation velocity v, ~ 0.02 pm/s) is long enough to neglect
gravitational effects. The properties of the suspensions used in the experiments are
detailed in Table 1.
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Because the techniques we are using need optical transparency, the suspension was
sandwiched between two circular quartz windows with diameter 6.5 mm, separated 100
pm along the vertical optical axis and held in place by a delrin attachment. The sample is
surrounded by two orthogonal pairs of coils that generate rotating magnetic fields in the
plane orthogonal to the optical axis. All experiments were performed at a temperature T =
282+ 1 K.

Table 1. Properties of the magnetic suspension used in the experiments.

Experiment Dichroism Dichroism Microscopy
Suspension name d-M1-180/12 | d-M1-70/60a d-M1-70/60b
Particle mean diameter 1.01 pm 0.90 um 1.24 pm
Particle magnetic content 13.0 % 62.0 % 61.0 %
Particle polymer nature PS PS PS
Particle surface group content 20 pegl/g 145 peg/g 117 peg/g
Particle saturation magnetization 12 emu/g 52.7 emu/g 52 emul/g
Suspension volume fraction 0.016 0.01 0.0001
Suspension glycerol content 82.5 % 40-80 % 0 %

A full description of the scattering dichroism technique can be found in Refs. [8,13]. To
perform video microscopy experiments we illuminated the sample from the top using a
light source with flexible bundle. To amplify the images, we used a zoom system Navitar
12X with which a resolution of 0.34 - 4.2 um for field of view around 170 - 2100 um can
be achieved. The images were recorded with a CCD video camera Sanyo VDC-3825
connected to a S-VHS VCR Panasonic AG 1975. We digitalized single frames on a
computer for their subsequent analysis.

3  Experimental results

3.1  Scattering Dichroism Results

As we showed previously [8], two different behaviors for the dichroism and the phase
lag are found below or above a critical frequency. We have studied the dependence of the
critical frequency on the magnetization by applying magnetic fields with different
amplitudes on suspension d-M1-180/12. The dependence of the critical frequency on the
viscosity of the carrier fluid was analyzed applying a constant field on suspensions with
different glycerol concentrations (d-M1-70/60a). We found that the critical frequency
increases linearly with the square of the magnetization and decreases with the inverse of
the viscosity, so the Mason number governs the dynamics. As expected from this result,
we obtained a good collapse of the dichroism and the phase lag curves (measured at
different magnetic fields and viscosities) with Mason number (see Fig. 1). The change in
behavior of the dichroism and the phase lag occurs at a critical Mason number, Ma, ~1,
above which the viscous forces dominate and inhibit the aggregation process, being this
one the mechanism responsible for the decrease of dichroism.
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dimensionless, a couple of scaling parameters immediately drop out. A spatial scale r=2
a, and a time scale 1,=12% 1 /(ueM?®). This time scale leads to a dimensionless rotating
frequency equal to the Mason number defined in Eq. (1). The same procedure has been
reported in several works [17-19].

The simulations reveal that the magnetic dipolar interaction induces the formation of
chainlike structures that follow the magnetic field rotating with the same frequency in
agreement with the experimental findings. In Fig. 4 we plot the particles position in the
XY plane for different frequencies (Mason numbers) at an arbitrary time. As
demonstrated in this figure, the size of the structures becomes smaller as the rotating
frequency increases. This indicates that hydrodynamic friction forces overcome the
dipolar magnetic forces and therefore the chains break up to decrease their viscous drag.

According to the simulations, the average length of the chains decreases with
frequency, scaling as the inverse square root of the Mason number (power law exponent
equal to -0.45). This value is very close to the value obtained on the video microscopy

experiments.
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Figure 4. Dimensionless particles positions for different Mason numbers at an arbitrary time. Calculations for
suspension d-M1-180/12.
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The calculated dependence of the number of aggregated particles and phase lag on
Mason number is shown in Fig. 1 (solid line). Two different regimes appear in
agreement with the experimental dichroism. This shows that although the average
length is decreasing monotonously with Ma, this diminution in length starts affecting
the dichroism when the viscous forces dominates over the magnetic forces, i.e., for
small average chain lengths (close to two particles).
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