Levitation of dielectric nanoparticles via optical magnetism
Abstract: Optically-induced magnetic resonances in non-magnetic media have unlocked magnetic light-matter interactions and led to new technologies in many research fields. Previous proposals for the
levitation of nanoscale particles without structured illumination have worked on the basis of epsilon-near-zero surfaces or anisotropic materials but these carry with them significant fabrication
difficulties. We report the optical levitation of a magnetic dipole over a wide range of realistic materials, including bulk metals, thereby relieving these difficulties. The repulsion is independent of surface
losses and we propose an experiment to detect this force which consists of a core-shell nanoparticle, exhibiting a magnetic resonance, in close proximity to a gold substrate under plane wave
illumination. We anticipate the use of this phenomenon in new nanomechanical devices.
Motivation: Optical levitation is a non-invasive method for the manipulation of micro- and nanoscale objects and is typically achieved with the Nobel prize-winning optical tweezers technology. However,
this technology is not easily up-scaled to the simultaneous levitation of large numbers of objects. This is because optical tweezers require focussed illumination to generate strong optical gradient forces
at a localized point. This localized nature inherently hinders up-scaling and so any techniques that achieve optical levitation without focussed illumination generate great interest to the optomechanical
community. The large scale levitation of nanoparticles lays the foundation for futuristic nanofabrication technologies.

Previous methods for large-scale optical levitation
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Prior nanomechanical studies have shown that polarized particles acting as an electric
dipole may be repelled from engineered materials such as epsilon-near-zero
metamaterials [1] (left) and two-dimensional materials such as a graphene [2] (right).
Such engineering significantly complicates the real-world applicability of these
techniques. The levitation is a result of the polarized particle interacting with its own
backscattering from the surface.
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In this work, we remove the need for these complicated surfaces and instead focus on
readily available materials like bulk metals. This is achieved by exciting a magnetic
dipole resonance in the object, which inherently repels from a plasmonic surface.

Example: levitation over bulk gold
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Simulations [3] show that a core shell
nanoparticle (inner radius 62nm, outer
radius 180nm), illuminated at 85⁰ with a
s-polarized plane wave, repels from a
bulk gold surface at 1.3 μm.
We show that the levitation is driven by
the magnetic dipole resonance 𝒎 ,
which manifests as a circulation of
displacement current 𝑫 within the
particle. The simulations strongly agree
with theory and the backscattering
force
dominates
the
radiation
pressure.

A single plane wave can be used to levitate
many magnetically polarizable particles
simultaneously above a bulk metal surface.
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Once levitating, the particles can in principle
be moved in any direction by applying lateral
optical forces from another plane wave
illumination. The directional launching of
surface plasmon polaritons (below right) is a
known method for achieving this [4].
Future nanofactories could benefit from the
mass movement of particles over a large
area, in the form of an optical conveyor belt.
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Magnetic dipole levitation theory

When considering other attractive forces at
the nanoscale such as the Casimir force, the
optical repulsion can be used to produce a
nanoscale one-dimensional trapping potential.
The figure below demonstrates the 85 meV
potential energy well applying to the above
core-shell particle when radiating with a power
of 230 mW. r is the radius the particle.

The non-localised properties of the plane wave
illumination allows for the simultaneous manipulation of
unlimited number of particles. While the impact of
neighbouring particle near-field interactions may result
in complications, the overall concept is very applicable
to a variety of systems.

When a dipole source approaches a surface, its scattering is reflected by the surface back
towards the source. The reflected fields interact with the dipole source and impose a
force on it. The nature of the force depends on the orientation of the dipole and the
reflection profile of the surface. Furthermore, electric and magnetic dipoles have different
scattering patterns so the backscattering forces are therefore different too.

Prior methods (above) for optical levitation
only consider the electric dipole response.
In this work [3] , we considered the magnetic
dipole near a non-magnetic flat surface (far
left) with a relative permittivity 𝜀 .
We found that a magnetic dipole source is
repelled from the surface when ℜ𝔢 𝜀 < 1.
Crucially, most metals in the optical regime
have a negative permittivity and this condition
is independent of the material losses.
The exact expression for the optical force is:
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This equation is plotted to the left and shows
a large repulsive domain.
This expression can be simplified with the
quasistatic limit:
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