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Optical vortex singularities and atomic circulation in evanescent waves
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The total internal reflection of an optical beam with a phase singularity can generate evanescent light that displays a
rotational character. At a metalized surface, in particular, field components extending into the vacuum region possess
vortex properties in addition to surface plasmon features. These surface plasmonic vortices retain the phase singularity
of the input light, also mapping its associated orbital angular momentum. In addition to a two-dimensional patterning on
the surface, the strongly localized intensity distribution decays with distance perpendicular to the film surface. The
detailed characteristics of these surface optical vortex structures depend on the incident beam parameters and the
dielectric mismatch of the media. The static interference of the resulting surface vortices, achieved by using beams
suitably configured to restrict lateral in-plane motion, can be shown to give rise to optical forces that produce interesting
dynamical effects on atoms or small molecules trapped in the vicinity of the surface. As well as trapping within the
surface plasmonic fields, model calculations reveal that the corresponding atomic trajectories will typically exhibit a
variety of rotational and vibrational effects, significantly depending on the extent and sign of detuning from resonance.

Keywords: singular optics, surface plasmons; optical vortices, optical manipulation; atoms at surfaces, atom lithography,
optical tweezers, optical spanner

1. INTRODUCTION

When laser light is strongly coupled to material excitations, it can produce a variety of hybrid ‘dressed photon’ or
polariton modes. A major new area of photonics research has blossomed from exploitation of the very distinctive hybrid
excitations known as surface plasmons, which arise when laser light emerges in vacuum at an interface with an
electronically dense and delocalized medium.!"”! These hybrid optical/material excitations propagate along the planar
surface, but their field amplitudes decay exponentially with distance normal to the surface, and they have an upper limit
of frequency dependent upon the electronic density of the material. Surface plasmons are now very well characterized,
and their dispersion relations are sufficiently reproducible that they can be used for calibration purposes. Although most
surface plasmon studies involve laser beams of conventional beam structure, there has been considerable recent interest
in the effects produced by using beams with a helical wavefront structure — twisted beams or optical vortices. The
propensity of such beams to convey orbital angular momentum permits the generation of surface plasmon optical
vortices (SPOVs), i.e. optical vortices with surface plasmon polariton features. The electromagnetic fields so created can
be unusually strong, and so will couple strongly to matter localized in the vicinity of the surface.

Surface plasmon optical vortices attract attention for a variety of reasons and potential applications. There are interesting
links with circular polarization effects; for example Ohdaira et al.”! have shown that the superposition of two cross-
propagating evanescent waves on a planar dielectric surface can generate circularly polarized propagating waves in free
space, as a result of near-field interactions with a probe of sub-wavelength dimensions. As a counterpart to this effect,
Gorodetski er al*! have established that spin-based plasmonic effects can be created in nanostructures by the use of
circularly polarized light, exploiting a geometric phase associated with a locally variant polarization state. In related
developments Kim et al.”! have recently shown how the fabrication and deployment of a plasmonic vortex lens can be
used to generate plasmon vortices and dynamically switch their topological charge, whilst Hu et al.!! have proposed a
method for focusing surface plasmons on a flat metal film by the use of radially polarized beam which shares the axial
singularity feature associated with optical vortices.
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The aim of the present study is to identify behavior associated with the optical angular momentum of surface plasmon
optical vortices, whose origin is neither photon spin nor surface morphology. Particular attention focuses on the
dynamical characteristics of an atom close to the surface, in response to a SPOV. In this connection it is notable that a
form of surface plasmon can be excited on the surface of a metallic film, of finite thickness, deposited on a planar
dielectric substrate. The evanescent character of this type of surface mode is manifest in the exponential decay of its
electromagnetic fields with distance from the surface, in the vacuum region. Such an excitation persists as a well defined
entity even when the metallic film is very thin, with dielectric properties that can in practice be represented as those of a
two-dimensional metallic sheet. Full details of the underlying theory, which can only be sketched here, have been given
in earlier reports.””*)

2. THE STRUCTURE OF VORTEX EVANESCENT FIELDS

Consider the case of a single vortex beam with a Laguerre-Gaussian (LG) beam profile, impinging from within a
dielectric support at an angle if incidence ¢, on a metallic film of thickness d. The assumption is that, before the LG light
is switched on, one or more atoms are trapped vertically by an optical trap. The depth of the well is assumed to be
greater than kg7, and significantly stronger than the potential created by the evanescent light — the latter decaying
exponentially in the z-direction. This is a typical Kretschmann configuration, widely used for surface plasmon studies,
as illustrated in Fig. 1 (a) below.
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Fig. 1. Schematic representation of an atom in a vacuum, trapped above the point on a surface where there is total internal reflection
of a Laguerre-Gaussian beam; the dielectric interface is embossed with a metallic film, supporting surface plasmon vortices: (@)
single-beam geometry; (b) counterpropagating beam geometry.

The SPOV fields are made subject to boundary and phase-matching conditions and the evanescent field in the vacuum
region is expressible in cylindrical coordinates in the form;
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where carets denote unit vectors, @ is the frequency of the light, n the refractive index of the dielectric, and
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For a Laguerre-Gaussian mode of order / and degree p, the explicit form of the factor A is:
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Here, k_is the in-plane wave-vector and £k, k,k_ are propagation wave-vectors in regions where the dielectric
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functions are respectively &, &, &, with region 1 taken as vacuum and region 2 the dielectric of refractive index n, while
the metallic film has a frequency-dependent dielectric function in the Drude form, ¢, =1 —a); /@, with o, the plasma

frequency.

3. ATOMIC MOTION (SINGLE BEAM CASE)

We now introduce an atom in the vacuum region at position R(t) = (x(¢), y(¢),z(¢)),z > 0. For simplicity its electronic
properties are cast in the simple form of a two-level system, with level separation @, and width Al',. The interaction of
the atom with the surface plasmon vortex is taken in the dipole approximation, with a Hamiltonian H,, =-u.E,, (R).

The interaction of the atom with the electric field of the plasmonic surface vortex leads to two important dynamical
attributes of the motion, namely the Rabi frequency €, (R(#)) and phase ®(R (¢)), each parametrically dependent on

time; these emerge as follows;
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the latter phase is a function only of the in-plane variables. The steady-state optical force acting on the atom in the
vacuum region, when its velocity vector is V' (f) = R(¢), is the sum of a dissipative force and a dipole force, each of
which is dependent on both position and velocity;
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where the mode labels are dropped for convenience, and A, =@ —®,is the detuning of the light from the atomic
transition frequency. The equation of motion of the atom is given by Newton’s Second Law, and its solution requires
specifying the position and velocity of the atom at ¢+ = 0, when the beam is switched on. The solutions are
straightforward.

An atom engulfed in an SPOV will be subject to optical forces tending to produce linear propulsion along the surface, as
well as forces that can trap it within the localized evanescent fields. To obviate longitudinal motion necessarily
associated with the lack of symmetry in the present configuration, it is more expedient to introduce a second LG beam —
one that has the same mode attributes (including intensity) except for one crucial feature; its topological charge is chosen
to have the same magnitude but opposite sign to the other beam. The second beam thus enters the system along the path
of reflection for the original beam, as shown in Fig. 1 (b). In consequence there will be a cancellation of unidirectional
translational atomic motion, whereas the torques associated with the two beams add to give a resultant that is cast about
the normal to the surface, the z-direction. This enables the atomic motion to be confined to a path in the surface plane.
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3. ATOMIC MOTION RESULTING FROM COUNTERPROPAGATING LG BEAMS

In the twin-beam configuration, the dynamics again follows a Newtonian equation of motion, driven by a sum of the
dissipative and dipole forces delivered by each beam. To secure results for the dynamical motion, the RK4 Runge-Kutta
method has been used to numerically solve by iterative convergence the resulting differential equations of atomic
motion. To illustrate the solutions leading to typical trajectories we consider the dynamics of a sodium atom in a surface
plasmon, on a thin silver film deposited on glass. The plasmon is formed using two confocal, counter-propagating
‘doughnut’ Laguerre-Gaussian modes and with parameter values as follows: wavelength 4 = 589 nm; beam-waist wy =
350, 6 =1; & =2298; Ty = 6.13 x 10" Hz; d = 59 nm; U1 = 2.6eq, (e is the electron charge, a, the Bohr radius);
|A0| =102F0. The atom is initially at rest at a position (xo, yo) = (0.5wp, 0.5 wy). The calculations show that positive

detuning engenders an outwardly spiraling orbital motion leading the atom away from the beam axis. However in the
case of negative detuning the trajectory of the sodium atom is very different, as is immediately apparent from the typical
trajectories shown in Fig. 2.
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Fig. 2. Atomic trajectories (vertical axis, y/w, where w, is the beam-waist; horizontal axis x/wy: (a) positive detuning,
t,=—(,=1, p=0;4 =—¢, =7 /4 , input beam irradiance 7 = 2 x 10* W m?; (b) positive detuning, l=—1,=2, p=0;
$=—¢,=n/4,I=2x10° W m? (c) negative detuning, b=—l,=1, p=0;¢=—¢=n/4, I=2x 10* W m™; (d) negative
detuning, ¢, =—(, =2, p=0;¢=—¢=7/4, 1=2x10°Wm™.

All of the trajectories manifest an obvious circulation due to the resultant torque, the only common feature in all of the
presented results. An outwardly spiraling trajectory, such as shown in Fig. 2 (a) and (b), characterizes an incompletely
bound form of potential that arises in the case of positive detuning, whereas when the detuning is negative, a radial
vibrational force operates within a bound potential to which the atom is subject. In the latter case there is now a
confinement region in the form of an elliptical concentric valley, defined by the intensity distribution of the / =1, p =0
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LG mode; radial confinement of the atom leads to a vibrational motion in a radial direction, resulting in an overall zigzag
trajectory. Acceleration of the orbiting motion is also apparent. The spiraling out in the positive-detuning case and the
accelerating zigzag in the negative detuning case both arise from the light-induced torque associated with the orbital
angular momentum of the evanescent light.

5. DISCUSSION

The nature and implications of the results reported here add a new dimension to the possibilities for atomic manipulation
using structured light."”) Based on the optical torque that was first predicted "'l for two-level atoms, some more recent
theory work has shown that microscale ion current loops, atomic rings and cubic clusters can be generated using an LG
beam-induced optical molasses configuration."”! In the broader context of atomic motions produced by Laguerre-
Gaussian light, it is interesting to reflect on the pioneering work of Andersen et al.,!'"*! which established a new protocol
for an almost frictionless circulation of ultracold sodium atoms, also using counter-propagating LG beams to create the
torque. More recently two of us (VEL, MB) have shown that it is possible for a persistent current flow to be produced in
an atomic gas Bose-Einstein condensate, using counterpropagating LG beams to create a toroidal trap.!'*’ The theory,
based on a two-photon process within three atomic levels, leads to a quantized light-induced torque that rotates the
atoms, generating an atomic current flow in the ring. The optical input not only creates a torque influencing rotational
motion; it also leads to axial cooling of the atomic motion. In such a system it proves possible for the torque to be
switched and controlled by varying the frequencies of the incident light, thereby allowing a mechanism for the control of
the current flow.

The main work discussed in the present paper serves to exemplify the physics associated with vortex characteristics in an
evanescent electromagnetic field generated in vacuum, outside the metalized surface of an optically dense dielectric
medium. To illustrate the mechanical effects of the associated torque, we have considered the trajectory of a model
sodium atom in the evanescent field, governed by a surface plasmon optical vortex generated by the simplest LG vortex,
the (1,0) mode. The initial positioning of the atom has been marginally offset from the central common focus of the two
input beams, where there is a phase singularity — although it is known that quantum uncertainty principles allow even an
atom at the center of such a vortex to interact with local fields.!">'® The dynamics of the atom in the SPOV fields thus
produced by two symmetrically disposed and internally reflected, counter-propagating, LG modes has been evaluated,
and shown to allow two very different types of in-plane trajectories, governed by the detuning of the light from the
closest atomic transition frequency.

This is a theory that in principle applies to SPOVs generated by LG light modes with any degree of topological charge —
indeed to any optical mode characterized by an optical vortex. Amongst the possible applications, one can envisage the
generation of carefully designed SPOV arrays being used to create a pre-determined two-dimensional pattern for the
manipulation and the surface deposition of atoms, a technique that has possible relevance to the fields of nanolithography
and other methods that involve the motion of atomic components localized near a surface. The theory is also readily
extendable to systems in which the evanescent mode couples into a fluid, rather than vacuum. For example, it is
conceivable that the rotary motions of larger particles, trapped by optical tweezers near a fluid surface, might support the
optomechanical production of hydrodynamic vortices — a new form of optical spanner action. In the context of rapid
ongoing developments in the fields of microfluidics and ‘lab-on-a-chip’ devices,!'”'® the opportunities that might be
afforded by such advances are indeed enticing.
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