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Abstract
When suspended in solution, clay platelets coated with nanometer-scale magnetite particles behave
as magnetorheologic fluids that are important to a variety of industrial applications. Such dual-phase
assemblages are also similar to natural aggregates that record the direction and intensity of the Earth’s
magnetic field in lake and marine depositional environments. This study characterizes the mineralogical
structure and magnetic behavior of montmorillonite platelets coated with aggregates of nanometerscale magnetite crystals. The distribution of magnetite crystal sizes in three different clay-magnetite
assemblages was directly measured using conventional transmission electron microscopy and agrees
within error with estimates derived from magnetic hysteresis measurements. Magnetic hysteresis and
low field susceptibility measurements combined with electron holography experiments indicate that
all three samples behave superparamagnetically at room temperature, and show increasing levels of
single domain behavior as the samples are cooled to liquid nitrogen temperatures. At such low temperatures, magnetostatic interactions are observed to partially stabilize otherwise superparamagnetic
grains in flux closure structures.
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Introduction
The behavior of magnetic particles in fluid environments is
key to a multitude of industrial applications and plays an important role in the natural sciences. As small magnetic particles in
lake and ocean waters settle out of the suspended sediment load,
they adhere to the surfaces of clay platelets, and the resulting
aggregates align themselves with respect to the Earth’s magnetic
field. Although this magnetic alignment can be influenced by
various post-depositional processes, sediments act as permanent
recorders of the Earth’s magnetic field as they solidify into rock.
In industrial applications, nanometer- and micrometer-scale
magnetic particles are suspended in carrier fluids to create ferrofluids and magnetorheological fluids, which are frequently
used as lubricants, dampening agents, heat conductors, optical
refractometers, and medical delivery tools. It is possible to
regulate the viscosity of these magnetic fluids by exposure to
variable magnetic fields. The applied field causes suspended
magnetic particles to align along lines of magnetic flux, thereby
restricting movement of the carrier fluid. The use of suspended
clay-magnetite aggregates, broadly analogous to those found in
natural environments, amplifies this magnetorheologic effect
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and is a recent advancement in the field of “smart fluids.” The
magnetic properties of these synthesized aggregates are determined by parameters such as the size, shape, and conformation
of mineral grains within individual aggregate particles.
In the present study, we characterize a series of synthetic
clay-magnetite assemblages comprehensively, with the aim of
providing measurements that may shed light on the physical
behavior of magnetorheological fluids as well as on the behavior
of clay-magnetite aggregates in natural environments. Conventional transmission electron microscopy allows us to estimate
the distribution of magnetite grain sizes and orientations in the
aggregates. To obtain measurements of the three-dimensional
shapes, positions, and orientations of nanometer-scale magnetite
and clay particles we use a series of ultrahigh-tilt high-angle annular dark-field (HAADF) images to create three-dimensional
electron tomographic reconstructions of individual aggregate
particles. Off-axis electron holography, a TEM-based quantitative magnetic imaging technique, was used to study the
magnetic microstructures of the clay-magnetite aggregates
with nanometer-scale resolution. To put these nanometer-scale
observations into the context of bulk sample behavior, we present measurements of temperature-dependent magnetic hysteresis
and susceptibility.
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