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ABSTRACT

It has recently been shown possible to directly generate an optical vortex (a beam of light endowed with orbital angular
momentum) by spontaneous emission from a molecular exciton array. This contrasts with most established methods,
which typically rely on the modification of a conventional beam by an appropriate optical element (for example, a
g-plate) to impose the requisite helical twist of a vortex. The new procedure is achieved by nanofabricating a chiral
arrangement of chromophores into a ring of specifically configured symmetry, supporting a doubly degenerate
(conjugated) exciton with the appropriate azimuthal phase progression. It emerges that the symmetry elements present in
the phase structure of the optical field, produced by emission from these degenerate excitons on a array, exhibits
precisely the sought character of an optical vortex. The highest order of exciton symmetry, including the corresponding
splitting of the electronic states, dictates the maximum magnitude of the topological charge. Work is now progressing on
computer simulations aiming to reveal the detailed pattern of polarization behaviour in the emitted light, in which the
vector character of the beam progresses around the phase singularity along the beam propagation axis. Significantly, this
analysis points to the emission of radiation with polarization varying over the beam profile.
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1. INTRODUCTION

The field of optics has been enhanced by the rapid development of research involving laser light endowed with orbital
angular momenta (OAM). These structures are known as optical vortices, and their angular momentum properties are
completely distinct and separable from those associated with photon spin.' The structure of such vortex beams is
primarily measured by a topological charge, | (signifying an OAM of //i per photon), with positive or negative parity
denoting either left- or right- handed gyration respectively. There is an increasing recognition of the wide scope to
exploit the unique properties of optical vortex beams, with wide-ranging applications.>* Within the past year, we have
offered a novel theoretical means to generate an optical vortex beam that contrasts to conventional methods requiring the
modification of a pre-existing beam.>’” Here the model, involving spontaneous light emission, is fully elucidated and our
latest findings on this topic are presented.

2. EMISSION FROM ARRAY STRUCTURES

2.1 OAM values of the generated beam

We begin with a brief summary of the mechanism for the direct generation of an optical vortex. The symmetry
constraints on the emitter array are governed by certain fundamental principles. In physical form, the structure is to be
constructed in the form of a ring-like array in which the centers of each molecular component lie in a single plane, as
visualized in Figure 1. To secure the necessary conditions for emissive decay, a phase progression is applied around the
ring; such forms of electronic excitation will form spontaneously, given arrays of the correct symmetry type. The
detailed phase property is determined by the character of each specific excited state, rather than the array upon which
that state resides. This signifies that, given an array that has a sufficient number of components, it is possible for vortex
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Figure 1. One potential schematic cross-section for a n-dipole nanoarray conforming to point group C,, where each emitter
has a circular disposition around the ring represented by (r, 6, z) and orientation (¢, 3, z).

structures of various topological charge to be generated from a single array. Suitable symmetry structures required for
the arrays can be identified by examining the Schoenflies point group tables.®® Point group symmetries that feature
biaxial degeneracy are required (for the two axes defining the plane of the ring) with a lack of ‘vertical” mirror symmetry
(whose presence would undermine the sought progression of phase around the ring). Satisfying these criteria, suitable
families of point groups prove to be C,, Cy, Si, T, Ty, Where n is the number of chromophores comprising the ring; these
are all symmetry groups in which the majority of allowed symmetry elements are pure rotations. Attention now focuses
on the doubly degenerate irreducible representations that are found within these groups. On excitation of the ring-like
array the electronic excitation is delocalized across the composite molecules to form an exciton, hence, our concern is
with decay transitions from those exciton states.'® Assuming that such decay terminates at a ground state (usually a
totally symmetric representation), then the symmetry character of the initial excited state maps directly on to the
symmetry of the decay transition, and hence the vortex structure of the emitted electromagnetic radiation. Table 1 details
the possible integer values of orbital angular momentum that may be emitted from an array with the defined symmetry
below, characterized by its respective Schoenflies point group. An analysis on the quantum theory behind our model,
including information on the excitonic wavefunction and Hamiltonian, is to be found in another recent Proceedings.’

Cylindrical polar coordinates (r, 6, z) are logically deployed in the analysis for the ring, whereas the individual dipoles
are better described by a spherical polar coordinate basis («, S, z). The dipole network displayed in Fig. 1 is
representative of the symmetry requirements for a C, point group structure. Setting o = z/2, the array adopts a higher
order of symmetry and thus group, C,;, which is also a permitted structure. However, if a#0, g=0or z, we form a
structure that is no longer capable of supporting an appropriate excitonic state, in consequence of the vertical mirror
plane introduced, which undermines the spiral azimuthal phase structure required for a vortex emission.

2.2 Structure of the excitonic energy levels

As a result of their differences in symmetry, the energy levels that relate to the exciton will split. Taking the simplest
case of n = 3 emitters, noting that a two-molecule array will not produce the desired effect, it is determined that the
energy levels correspond to a non-degenerate state (belonging to the totally symmetric representation A), with energy
E,-2U , and two doubly degenerate (E representation) states of energy E, +U — where E, is the energy of the isolated
molecular component and U relates to the coupling between the components. Table 2 shows information corresponding
to an n component array; here, the integer p is assigned to each permitted excitonic symmetry and q is used to label each
doubly degenerate energy level of the exciton. From Table 2, an energy level diagram is now constructed for the n = 9
component case and displayed in Figure 2.*!



Table 1: Summary of the allowed topological charge I, for OAM outputs based on arrays of the allowed symmetry groups.
For the S, groups, q=0ifi¢{S}; q=1ifie{S,}. In addition (not shown), the groups T and T, also support a unit

topological charge. The entries in the last row, which apply to the general case, express the necessary conditions
incorporating a floor function *2.

Number | Symmetry group

of Cn Cin Sy
emitters

3 1 -

4 1 1

5 1,2 -

6 1,2 1

7 1,2,3 -

8 1,2,3 1,2,3

9 1,2,34 -

10 1,2,34 1,2

11 1,2,3,45 -

12 1,2,3,4,5 1,2,3,45
RS

Table 2: The irreducible representations (Irrep) of the C, excited states for n={3:9}

n p| 1 2 3 4 5 6 7 8 9
3 q 1 -1 0
Irrep | E; E, A

qg | 1] 2 ]-1]o0

4 Irrep | E; B E; A
5 q 1 2 2 | -1 0
Irrep | E; E, E, = A
6 q 1 2 3 2| -1 0
Irrep | E; E, B E, = A
7 q 1 2 3 32| -1 0
Irrep | E; E, E; E; E, = A
8 q 1 2 3 4 32| -1 0

Irrep | E; E, E; E4 E; E, =5 A
9 q 1 2 3 4 -4 -3 -2 -1 0
Irrep | E; E, E; E, E, | E; E, = A

With the labeling given by the irreducible representations seen in Table 2, the Eq, A (and also B, if present) states each
have a different symmetry energy, as seen in Figure 2. Each doubly degenerate exciton denoted by a subscript q will
therefore have a unique and discernable emission wavelength. This is consistent with Kasha’s rule (more often applied
in the context of vibrational sub-levels), where the emission usually relates to the energy gap between the lowest-lying
energy level and the ground state. Physically, the exciton pair with the lowest energy will be favored and associated with
the highest |g| value, which will also correspond to the largest topological charge for the emitted vortex.
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Figure 2: The corresponding excitonic irreducible representations and Davydov energy level splitting for an array of n = 9
and thus Cq point group symmetry as detailed in Table 2.

3. POLARIZATION STRUCTURES

In this Section we present preliminary simulations for the phase and amplitude, and also the polarization structure, of
electromagnetic fields produced from arrays of the kind detailed above, taking as an example the case of three emitters.
These plots represent the vector field established by the exciton, typical of the | = 1 topological charge the system is
tailored for. The left-hand panel of Figure 3 exhibits the phase progression, coded through the colors of the visible
spectrum, with a depth of color indicating the field amplitude. In the right-hand panel, arrows indicate the corresponding

direction of a linear polarization vector. The observable 7 rotation in the polarization contours is consistent with earlier
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geometric surface work on umbilic points, and in particular the lemon structure of the singular value in the optical

field.26"
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Figure 3: Two depictions for an array of n = 3 and | = 1: a phase map exhibiting the spiral structure of established by the
relaxation of the exciton with the amplitude of the overlaid (left); a polarization map indicating the umbilic point coinciding
with the singular value in the electric field (right). Plots span x and y distances of to (0.4/2z) times the optical wavelength.
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4. DISCUSSION

This paper assesses and further develops the possibility that structured light may be produced spontaneously at the single
photon level. To generate such twisted light, the analysis describes a ring-like array that needs to be suitably fabricated.
In fact, on extension of this groundwork, a variety of possible implementation techniques might be envisaged. An
obvious alternative is a multi-chromophore architecture, which could satisfy the necessary conditions if distinct
electronic transitions occur in each chromophore;***° such possibilities could offer means to achieve the symmetry
exhibited by Figure 1. By more extensive means,??" it is conceivable that tailored arrays could be manufactured
directly, to provide for extensive electronic couplings between pairs of neighboring nanoscale antennae. There are
options for a variety of planar deposition techniques,?* including those that can produce layered chiral thin films of
dielectric materials,** or others that provide for tailored metallic structures exhibiting delocalized electronic motions.?%°
Electron beam and other forms of lithography could be used to etch suitable substrate surfaces,>® and further
opportunities might be afforded by quantum dot nanoarrays,® given the possibility of forming anisotropic components
with directional emission properties.® Lastly, since magnetic guidance proves amenable to maneuvering magnetizable
nanoparticles, this too might afford a means of fulfilling the demanding symmetry conditions without having to fabricate
materials with the necessary intrinsic geometry.*
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