Observation Of Domain Formation In Dipolar Nanocomposites
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Motivation  

In a typical magnetic materials, such as bulk iron, domain formation occurs as a result of exchange coupling between atomic spins and long-range dipolar interactions.  In collections of superparamagnetic particles the possibility exists that domains of aligned particle dipoles might exist due to dipolar interactions alone.  The result should be a material with greatly enhanced magnetic susceptibility, far beyond that expected for a composite of spherical particles.  Furthermore, to achieve a composite with such strong collective interactions it is advantageous to strengthen the interactions along one or two axes, at the expense of the interactions along the other axes.  This should result in large susceptibility anisotropies of these materials.

Scientific Accomplishment

We have demonstrated domain formation in systems of superparamagnetic nanoparticles resulting in nanocomposites with exceptionally high magnetic susceptibilities. The demonstration of the formation of interparticle magnetic domains relies first on the synthesis of high susceptibility magnetic nanoparticles with low blocking temperatures.  We have synthesized superparamagnetic nanoparticles with a saturation magnetization of 180 emu/g at 250 K (201 emu/g at 5 K), which compares well with bulk iron at 221 emu/g, and is much better than typical Fe nanoparticles, at most 80 emu/g.  The particle susceptibility is quadratic in this quantity, so this improvement is significant.  Second, we must have some method of manipulating these particles into magnetically optimal structures, the challenge being to overcome the strong magnetic interactions that cause these particles to form a sediment that resists standard dispersion techniques, such as ultrasonification and vortex mixing.  We have greatly improved our methods of mixing these magnetic particles with triaxial magnetic fields, and now we can vigorously mix these sediments to form suspensions that can be structured into particle chains or particle sheets.  For the chained composite we have attained a susceptibility of 180 (mks) parallel to the chains; for sheet samples we have attained an in-plane susceptibility of 140 (mks).  The sheets have a susceptibility anisotropy of 20:1.  These numbers can be compared to the susceptbility of 3 (mks) expected for dilute unstructured spherical particles (Maxwell-Garnet theory).  Simulations show that effects of this magnitude are associated with the formation of dipolar magnetic domains, whose weak interactions give rise to large susceptibilities.

Significance 

To our knowledge this is the first demonstration of domain formation in systems of superparamagnetic nanoparticles.  Achieving such high susceptibilities has exciting implications of these materials in magnetostrictive devices as well as sensors based on magnetic permeability.
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