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Abstract

Optical activity is conventionally understood as a natural difference in the optical responses of
chiral materials with opposite handedness. It stems from the quantised spin angular momentum
+h per photon, with the =+ representing either left- or right-handed circular polarisations. Less
well known, until recently, was the possibility that matter might also respond in a similar,
discriminatory way to the handedness of twisted light, or ‘optical vortices, whose orbital angular
momentum (OAM) is quantised as ¢/ per photon, where / is the topological charge whose sign
determines a wavefront twist to the left or right. Initial studies focusing on whether, in
spectroscopic applications, chiral matter might respond differently to the vortex handedness of 4-¢
and —/ beams, failed to identify any viable mechanism. However, in the last few years, theory and
experiment have both supplied ample evidence that, under certain conditions, such forms of
interaction do exist—and as a result, the field of chirality and optical OAM is beginning to flourish
at a pace. This topical review presents a survey of this new field, working up from a description of
those initial studies to the cutting-edge experiments now taking place. Analysing the fundamental
mechanisms provides for a revision of previous precepts, broadening their scope in the light of
recent advances in understanding, and highlighting a vibrant synergy between the fields of optical
activity and twisted light.

1. Introduction

The dynamical characteristics of photons passing through any optical system, or individual component,
necessarily conform to one of the supported modes of optical propagation. Whether in vacuum, crystal or
fibre, or indeed any other optical element, each photon is simply a quantum excitation of one such mode. In
addition to the universal modal attributes of quantised energy and linear momentum, the quantifiable
properties of individual photons also include optical angular momentum—a property that, until the latter
years of the twentieth century, was primarily conceived as a manifestation of photon spin. Due to the
association of forward propagation with spin angular momentum (SAM), the optical helicity in the
electromagnetic fields was widely understood as the basis for all chiroptical or gyrotropic forms of
interaction with matter, i.e. processes sensitive to the relative handedness of circularly polarised light and
chiral (mirror-asymmetric) matter. However, the discovery that photons might additionally convey integer
amounts of orbital angular momentum (OAM), a development that quickly unlocked new areas of research
in twisted and structured light, optical vortices, and singular optics [1], led to questions over potential
connections between OAM itself, and chiroptical forms of light-matter interaction.

SAM is manifest through circular-polarisation states with a value of o /i per photon along the propagation
axis: these are the only number states that diagonalise the optical spin operator [2]. The associated twist in
the optical fields is denoted by o = %1, in which the sign registers a clockwise (right-handed) or
anticlockwise (left-handed) rotation of both the electric and magnetic field vectors, as the light propagates
towards the observer [3]. Under the symmetry operations of the three-dimensional rotation-reflection group
0O(3), such field structures lack invariance under inversion, reflection or rotation-reflection, fulfilling the
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Figure 1. Optical chirality due to SAM and OAM, in common forms of representation. Top row: electric field vectors for left- and
right-handed circular polarisations; below: wavefronts with negative and positive topological charge. The non-superposability of
the forms in the left and right-hand columns also signify the nonconformity to inversion, reflection or
rotation-reflection—operations that essentially swap the columns.

criteria for a 3D chiral structure. OAM, by contrast, generally originates from a wavefront folding into a
helicoidal surface, with an integer topological charge (also termed ‘winding number’) ¢ € Z designating the
number of such intertwined surfaces, each a wavelength apart—see figure 1. In an analogous fashion to the
spin, the OAM per photon along the axis of propagation given by ¢ has a sign corresponding to the
direction of twist: for £ > 0 the vortex is left-handed; for a right-handed vortex ¢ < 0. Here, the wavefront
structure becomes invariant under Cy longitudinal rotations, i.e. rotations (with an ¢-fold symmetry) about
the propagation axis: nonetheless, the lack of any other O(3) symmetry elements other than rotations again
signifies a 3D chiral structure. Clearly then, rotations of either the electromagnetic field vectors or the
wavefront in a helical fashion suggests a capacity for the exhibition of two distinct, and in principle
distinguishable, types of optical chirality. Nonetheless, caution is required: careful analysis of the quantum
operators reveals that although SAM and OAM are separately measurable, only their sum constitutes a
genuine angular momentum [4—6], whilst only in the paraxial approximation is the simple decomposition of
the total optical angular momentum into SAM of oh and OAM of ¢h per photon legitimate (see section 6).
The differences in effect of optical spin and OAM are well illustrated by the observation that a trapped
particle can be made to rotate around its centre of mass due to SAM, or around the centre of a beam owing to
OAM [7], respectively, akin to the diurnal and annual rotations of the Earth in its planetary orbit. More
intriguing differences arise in connection with the transfer of optical OAM to internal electronic degrees of
freedom in simple systems [8], contrasting with the well-known connection between the unit spin of the
photon and conventional electric dipole selection rules. Despite a multipolar character in the structure of
many forms of complex light [9], the character of electronic transitions are governed by selection rules based
on the symmetry of the material system. For example, it has been established that individual photons clearly
need not convey OAM to produce, or be produced by, quadrupole electronic transitions [10]. The more
intricate relationship that exists between multipole character and electronic selection rules is itself a topic of
wide interest [8, 11-14]. However, such studies are mostly concerned with atomic systems, in which the
electronic states have specific quantum attributes of angular momentum. The situation becomes much more
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complex for twisted light interactions with molecules, where electronic states will often have symmetry
representations spanning more than one specific value of OAM. Such complexity is compounded for
molecules or materials of chiral form, and in consequence the interplay of chirality and optical OAM has
become a subject of rapidly increasing traction.

The well-established mechanisms by which circularly polarised light interacts with chiral matter provide
a variety of means for distinctive discrimination between enantiomers, i.e. forms of material with opposite
handedness [15]. The less familiar role that the vortex handedness of optical OAM beams prove to offer in
chiroptical and optical activity phenomena is the subject of this topical review. The sections that follow
afford a survey of this new field of chirality and the OAM of light, including a historical perspective
beginning with the very first studies and ranging up to the very recent and flourishing experimental and
theoretical developments. In section 2, we first discuss the deeply entwined subjects of chirality and angular
momentum in optics, specifically identifying mechanisms that are distinctly dependent on either SAM,
OAM, or the total AM, and the nature of their relationship with multipolar interactions. Section 3 surveys
the field of twisted light and natural optical activity, whilst section 4 deals with the role of OAM in magnetic
optical activity. Section 5 highlights the important role that plasmonics has shown to exhibit in chiroptical
effects sensitive to optical OAM. In contrast to the studies in sections 3-5 that directly depend on OAM,
section 6 looks specifically at the role that the inseparable spin and orbital AM manifest in non-paraxial and
spin—orbit coupled beams of light, in generating optical activity dependent on the sign of /.

It will become apparent that we are witnessing a confluence of two strands of scientific
development—structured light and the manifestations of chirality in light-matter interactions—that were, at
least until the turn of this century, quite separate. As has become evident, posing the question of any possible
synergy has led to several new discoveries, engendering what is now a vibrant field of research activity.
Section 7 concludes with a discussion highlighting prospects for an exciting future, and some of the emerging
avenues for further development.

2. Chirality, optical angular momentum and multipole interactions

The chirality of light, and its manifestations in light—matter interactions, has fascinated scientists for
centuries. Following early nineteenth century reports on observations of chiral light-matter interactions by
Arago [16] and Biot [17], it was quickly established that, individually, chiral molecules must be responsible
for the distinctive polarisation effects produced by chiral crystals (optical rotation). It was Fresnel [18] who
discerned a realistic mechanism involving a chiral aspect of light itself, associated with spin. Optical rotation,
the chiral effect with which light is most familiarly associated, is itself observed with plane polarised
light—but the underlying notion of a superposition of oppositely handed circular polarisations, propagating
through material with different refractive indices for each handedness, is prevalent in standard textbook
treatments [19]. More generally, it is now well understood that every physical effect attributable to optical
chirality or optical activity and chiral discrimination owes its origin to the fundamental CP7T -symmetry
invariance that holds sway across the whole field of optics [20-22]. Here, C signifies the operation of charge
conjugation, P is spatial parity transformation, and 7 is time reversal.

Considerations of spatial parity, P, provide a direct route to the comprehension of chiroptical
interaction. Since several different kinds of optical activity and chiral discrimination emerge—not all of
them necessitating an engagement with intrinsically chiral matter—it is appropriate to very briefly clarify the
connection between fundamental symmetry and a common ‘mirror image’ understanding of optical activity
in a molecular context. The internal geometry of a molecule is clearly invariant to rotation of the whole, and
the operation of spatial inversion P combined with rotation by 7 radians is equivalent to mirror reflection;
accordingly, the criterion of molecular inversion symmetry is more often considered as superposability upon
a mirror image. The failure of this criterion by chiral species establishes the distinguishability of
mirror-opposite enantiomers, conventionally designated right- and left-handed. The application of this
principle obviates the awkwardness of discerning any specific ‘chiral centre’ within a molecule, supposedly
responsible for lack of invariance under P: more detail is provided in [22].

It is well known that every photon interaction is mediated by multipolar forms of engagement between
the associated optical fields and the dynamic charge distributions of matter—the latter, in the UV-visible
range, being determined by nanoscale electronic structures. The electric dipole approximation, so widely
prevalent in conventional optics, of course represents but the most common leading contribution to a series
of higher order terms. It is also possible to describe such multipole interactions by a ‘minimal coupling’
formalism, giving equivalent results, but the multipolar form much more directly links to observables, and it
most readily elucidates chiroptical forms of interaction [23-26]. In brief, the coupling between light and
matter described by the interaction Hamiltonian is representable in terms of the series;
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Table 1. Space and time parity of electromagnetic quantities.

Operator Time parity T Space parity P
Hamiltonian H +1 +1
Electric field e +1 -1
Electric multipole transition En +1 (=1)"
Magnetic field b -1 +1
Magnetic multipole transition Mn -1 (=t
Angular momentum J, L, S —1 +1
—1 iR —1n. N —1 e iR 2) .
Hi = —¢ ' pd—5,'Q:Vd- —¢,'0VVd —...—mb-m®? :Vb—..., (1)
El E2 E3 Ml M2

where E1 represents the electric dipole transition moment operator p coupling to the transverse electric
displacement field operator d* (electric dipole interaction); E2 and E3 are the electric quadrupole and
electric octupole couplings, respectively, both of which are dependent on the gradients of the electric field;
M1 and M2 are the corresponding magnetic couplings between the magnetic multipole transition moment
operators m") and the magnetic field operator b and its gradient. The electric multipole moments in (1)
come from the electric polarisation field of the material and the magnetic multipole moments from the
magnetisation field; clearly both involve a linear dependence on the respective electromagnetic field operator
indicating that each coupling involves a single photon. Equation (1) is exact, except in its exclusion of a
diamagnetisation term involving the magnetic field interactions of two photons—which, since it is even in
both space and time, cannot differentially engage in chiral interactions: its role in other optical connections is
a newly emerging topic [27].

The electric and magnetic fields become operators in the quantum representation of light, now cast as
Fourier expansions over a complete set of radiation modes. The operator mode expansion for the transverse
electric displacement field for a paraxial Laguerre-Gaussian (LG) beam is [28]:

1/2

. hcke « . - ikz+i
d (=i Y (g o] [e" k) an, " (k8) fop (1) —He, 2)
k., .p tp

where H.c. denotes Hermitian conjugate; 2 (kZ) is the electric polarisation unit vector; arp™ (kz) is the
annihilation operator (its Hermitian conjugate being the creation operator); f; , (r) is a radial distribution
function; p is the radial mode index integer whose value indicates the p + 1 number of concentric rings of
intensity in a LG beam; A%,p is a normalisation constant; V is the quantisation volume; and elketitd) is the
optical phase, the azimuthal dependent part being responsible for optical OAM. In view of the emphasis that
we shall place upon the interactions of vortex beams, it is worth emphasising that the transversality of the
electric displacement field in (2), denoted by the symbol L represents universal orthogonality specifically
with respect to the local disposition of the Poynting vector—which in the case of twisted beams in general
departs locally and systematically from the direction of beam propagation [29]. The need to make this
distinction is a consequence of working in the Coulomb gauge as typical of non-relativistic light-matter
interactions; magnetic fields are transverse regardless of gauge.

The interaction Hamiltonian (1) plays into a quantum amplitude for each optical process, casting the
observable, such as a rate, or signal intensity, in terms of material transition moments and their products
[22]. This is where clear and important differences arise in the symmetry properties exhibited by material
multipoles of each form (not to be confused with multipole radiation). As an energy operator in QED, Hiy
has even parity both in time and space: accordingly, the P and 7T parity signatures of each multipole
transition moment are the same as those of the electromagnetic fields and field gradients with which they
engage. Electric multipole moments of odd order—dipole E1, octupole E3, etc—have components of
opposite sign for chiral materials of exactly opposite handedness (enantiomers), whereas those of even
order—quadrupole E2 etc—have the same sign for each chiral form. The opposite is true for magnetic
transition moments; for example magnetic dipoles, M1, have the same sign for each species of enantiomer.
The parity signatures of key properties are summarised in table 1.

For any optical interaction between chiral matter and circularly polarised light, if the quantum amplitude
were to involve solely one form of transition moment (e.g. E1E1), the corresponding rate—quadratically
dependent on its modulus—would be the same for both enantiomers. However, when more than one
transition multipole features in a quantum amplitude, the lack of spatial inversion symmetry in interference
terms such as EIM1 or E1E2 in the rate equation can give rise to differential effects, according to material
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handedness. There is one readily explicable exception to this principle, of an unusual and especially
interesting kind: the above rules relate to molecular components whose individual optical responses and
transitions involve their material entirety, engaging the chirality or other symmetry of the whole system.
However, in groupings or arrays of suitably disposed, chemically identical units, then even if the discrete
units are achiral, the group may comprise a chiral whole. A circular array of n components may for example
have C,, symmetry. Given electronic coupling between the units, the electronic energy levels in such a
composite will split into an exciton structure with different quantities of electronic angular momenta in each
level. Here, chirality of the system as a whole can be exhibited through purely electric dipolar coupling of
each unit with radiation. Nonetheless, an equivalent formulation of the optical response in terms of the
entire systern would still engage EIM1 and E1E2 interference. Some interesting recent developments are
based on such systems, and we shall return to discuss them in section 7. The higher symmetry of atoms and
achiral molecules on the other hand means that they cannot engage in natural optical activity through the
multipole transition moment interferences as chiral molecules do. However, they may still engage in other
forms of optical activity, such as magnetic optical activity, where additional stimuli are present in the system:
preservation of total parity dictates that at least two entities of odd parity in either 7P or 7~ must always be
present in the total light-matter system in order to yield differential phenomena.

At this juncture it is also important to recognise that the term ‘chiral, most widely and historically
deployed to denote a lack of spatial inversion symmetry, is also now applied in a time-reversal sense of
symmetry under operation 7—to signify direction-dependent propagation [30, 31]. In this connection there
is some risk of miscomprehension in a burgeoning new usage of the terms ‘left-handed’ or ‘chiral’, which has
already become prevalent in a wide range of recent optics literature, to signify a system in which the refractive
index is negative. For the propagation of light through such, perhaps more informatively termed ‘negative
index metamaterials’ [32-34], it appears that the linear momentum and energy flux are disposed in mutually
opposite directions. The significance of the ‘handedness’ in this sense is argued from the vector product form
of the defining the Poynting vector [35].

Fundamental photonics and electrodynamics clearly indicate that all the most familiar forms of optical
chirality and optical activity are determined by the SAM of the light, linked to the helicity of the
electromagnetic field [36]. By contrast, the chirality of optical vortices has been utilised in a plethora of
material applications such as techniques for chiral fabrication [37], and the optical manipulation of matter:
on the whole, these effects are inherently mechanical. In such applications, positive or negative OAM engages
with motional degrees of freedom of the bulk material, in principle no differently from the effect of a
screwdriver or wrench. In order to observe chiroptical and optical activity effects, however, we require
angular momenta to be transferred to or from the internal degrees of freedom of the material. At the
fundamental level, this generally signifies direct photon interactions with local, bound electrons.
Alternatively put, we are looking specifically at how the OAM can affect the rates of optical processes, such as
absorption, in contrast to very well-known mechanical effects in which the OAM does not increase or
decrease the rate of spectroscopic processes, rather it induces and influences mechanical motion of the
particles. An important aspect of this difference is that there are no constraints on the choice of detector;
there is never any need to probe any OAM in the throughput or output.

The total angular momentum of any light field is a constant sum of both spin and orbital parts, and
although the SAM and OAM are well-defined in monochromatic paraxial optics, they are not well-defined in
general [6]. The spin is an intrinsic property of photons due to being bosons; OAM of light has both intrinsic
and extrinsic components [38]. The SAM rotates the electromagnetic field vectors locally in space, and for
freely propagating paraxial light it is directly related to a scalar property known as optical helicity, «, defined
as a volume integral of the inner product between vector potential and magnetic field [39]. In fact, in the
paraxial approximation, it transpires that for any beam—irrespective of topological charge—the result for x
can be explicitly cast in terms of a difference between the number of left- and right-handed circularly
polarised photons [36, 40]:

= EZ [N“) —N(R)] 3)

In the absence of material interactions, this helicity is a conserved property. It is notable that, although it is a
gauge of chirality, this parameter—like energy—is even under P and 7. However, its values map to the set of
integers Z, the sign designating handedness. Still more important is the fact that, unlike energy, linear
momentum or angular momentum, there is no material counterpart, nor any quantum operator, for this
property. Therefore, helicity is not in any quantifiable sense transferred to or from matter through any kind
of optical interaction, whether or not they are sensitive to chirality. To further emphasise this point, it is
notable that in the widely studied conventional case of Raman optical activity, the sign of the circular
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Figure 2. Rotational transformations of the electromagnetic fields: left is a local rotation where the electric field vector (red arrow)
at every position is rotated (SAM); right is a global rotation of the whole complex-amplitude structure of a twisted beam (OAM)
around the propagation axis. The SAM rotates around every point in the beam; the OAM rotates around the beam axis. Both
correspond to left-handed forms of circularly polarised light and twisted light, respectively. Reproduced with permission

from [42].

intensity differential is usually found to change continuously, even over small intervals in the spectrum [41].
Although this differential is directly proportional to the optical helicity as defined by equation (3), the
frequency-dependent fluctuations in sign of the scattering result from molecule-specific variations in the
response functions.

By contrast the optical OAM generates rotations of spatial distributions of light, and is a global property.
The difference in this sense, between the locality of SAM and the global quality of OAM is illustrated in
figure 2. It is interesting to observe, however, that whilst there exists an optical helicity and chirality, and
corresponding helicity and chirality density with respect to SAM, directly analogous aspects of OAM are
seemingly not possible [36].

In general, accommodating the possibility of orbital as well as SAM contributions to chiroptical effects
provides the basis for a fourfold categorisation of mechanisms. Such effects can either be dependent solely on
SAM, or on OAM alone, or on both—the latter prospect providing grounds for a possible involvement of
coupled spin—orbit interaction (SOI) signifying the exhibition of features not attributable to either form of
angular momentum independently. Each category is distinguishable, since SAM and OAM are under entirely
separable experimental control. The potential interplay of chirality associated with optical angular and
orbital momentum, and optically active matter, is illustrated in the form of a Venn diagram in figure 3, in
which the four distinct intersection regions correspond to the fourfold categorisation. Here we denote o as a
label for the helicity associated with SAM: material handedness (i.e. the quality of being non-superimposable
on the form obtained by spatial parity inversion) is specified by non-zero {—implicitly &1 for left/right
handedness according to arbitrary convention, and £ = 0 for an achiral system.

Finally, before reviewing the field it is worth commenting on the varying terminology and acronyms
found throughout the literature at present. In this review we label the OAM part responsible for any chiral
effect as ‘vortex’, in preference to ‘orbital’ or ‘helical) though all three terms are commonly used in the
literature and generally mean the same thing. For single-photon absorption that is chirally sensitive to
circular-polarisations alone we use the well-established phrase ‘circular dichroism), ascribing it the usual
acronym ‘CD’. If that same effect additionally exhibits a dependence on optical OAM, we refer to it as
circular-vortex dichroism ‘CVD), rather than circular-helical or circular-orbital dichroism. An effect
depending solely on OAM, we term vortex dichroism VD), rather than orbital or helical dichroism. Any
effect due to magnetic optical activity is given the identifier ‘magnetic) e.g. MVD is magnetic vortex
dichroism. Also, we use the term ‘dichroism’ to strictly denote a resonant, absorption process, consistent with
its original meaning: many recent authors use the term more loosely, to mean any differential response to
CPL, whether absorption or scattering. We will make clear in the text which process is responsible. Any study
based on measurements of transmission will generally conflate absorption and scattering effects.

3. Twisted light and natural optical activity

3.1. General principles of discriminating optical vorticity

The role of molecular chirality and stereochemistry has been deeply imbedded in the developing historical
conception of optical activity phenomena. From origins early in the 19th century, right through to modern
day applications, natural optical activity and chiroptical effects have been effectively used to probe the chiral
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Optical SAM: Optical OAM:
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Figure 3. Venn diagrammatic representation of the potential interplay of chirality associated with optical angular and orbital
momentum, and optically active matter. Chirally sensitive interactions can occur in the intersection regions. MCD: magnetic
circular dichroism.

electronic structures of molecules—and, since the development of Raman optical activity and vibrational CD
in the 1970’s and 80’s, the internal nuclear configurations of molecules, too [43—45]. Natural optical activity
effects exhibited by chiral molecules (as opposed to magnetic optical activity associated with Faraday effects:
see section 4) usually involve interferences between a dominant electric dipole (E1) form of coupling to the
electromagnetic field, and two others: magnetic dipole (M 1) and electric quadrupole (E2)—see equation (2).
The latter of these interferences—E1E2—have in general been overlooked on account of the fact that, given
random molecular orientations (such as in a liquid), they commonly average to zero, unlike the E1IM1
contributions which persist [23, 44].

It was with a focus on E1IM1 that Andrews and co-workers reported the first analysis on twisted light and
optical activity [46] in 2004, restricting initial considerations to the dipole approximation. Their theory
looked at the simplest of processes, single-photon absorption, considering whether light possessing OAM
might exhibit an analogue of the CD that arises when chiral molecules are subjected to circularly polarised
light. The crux of this initial issue was this: do such molecules absorb photons with +¢ at a different rate than
those with —¢2 The study, looking specifically at paraxially propagating LG structured light, for which a
molecular quantum electrodynamical formalism had previously been developed [28], discovered that within
the dipole approximation, neither chiral nor achiral molecular matter could engage the vortex handedness
(i.e. the sign of £) of a twisted light beam.

This theoretical prediction was substantiated with an experimental study the following year, which
measured the CD of an isotropic solution containing a chiral bisquinone derivative of helicene, using both
non-OAM possessing Hermite—Gaussian (HG) modes and LG modes [47]. It was determined that for HG
and LG light, both circularly polarised, there were no differences in the observed CD. The results proved to
be in full agreement with the theory of Andrews et al—verifying that the OAM does not engage in the CD of
isotropic chiral molecular matter. Interestingly this was not the first experimental attempt at observing
optical activity due to optical OAM. Padgett and Allen had done work in 1993 that went unpublished, in
which they failed to observe optical activity from a solution of sugar molecules subjected to an unpolarised
twisted light beam [48].

Recently, the electrodynamic mechanism was reappraised for single-photon absorption involving OAM
photons, going beyond the dipole approximation to include contributions from electric quadrupole
transitions [49]. The electric quadrupole (E2) interaction is the first and most significant term in the
multipolar expansion that depends on the transverse gradients of the electric field in the interaction
Hamiltonian (within the paraxial regime). E1 and M1 coupling can be approximated as
podt~p- efyp(r) e+ andm-b~m- l;fg’p (r) elk=ti€®) However, the form for E2 coupling is more
complicated due to the gradient operator, and we exhibit its form here as an illustration of the tensorial
structures that arise in such interactions:

Q:Vd!t = QiVidi ~ Q;Vieifo, (1) eliketitd) — Qjjé; | 70, + i€r71q5j + ikéj} fop () eliketitd) (4)
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In the terms on the right of the first equality, expressions are cast in the Einstein convention of implied
summation over repeated (subscript) directional indices i and j. From the form of this equation it is evident
that the electric quadrupole transitions may be driven by both transverse (r, ¢) and longitudinal (z) phase
gradients, and importantly the former consist of helical-phase gradients with a linear dependence on the
topological charge ¢ of the beam. This indicates that the rate of single-photon absorption (and other
light—matter interactions) can in fact be dependent on the OAM content of an input paraxial vortex, both its
magnitude and sign. It is pivotal to recognise that this term, dependent on the topological charge, engages
the azimuthal component of the canonical momentum density [38, 50], and thus engagement of E2
interactions (to the most significant order) allow the locally-extrinsic nature of the OAM to be probed in
non-mechanical light-matter interactions. The radial gradient has no connection with phase, and so in its
engagement with the electric quadrupole it cannot directly engage chirality, and furthermore for any
well-collimated paraxial beam its absolute contribution is negligible.

In the ensuing calculations, the interference terms that arise in the modulus square of the Fermi rate rule
for photon absorption, i.e. I’ o |[E1 + M1 + E2|*, permit a CD analogue for twisted light, termed CVD. This
feature is distinctively dependent on the product o - £ that arises in the E1E2 contributions to photon
absorption. In other words, this contribution to the rate of absorption for a chiral molecule is opposite in

sign for twisted photons of +¢ and —/, and the difference also scales linearly with |¢| ngSj / r. It is also

important to note that the effect only exists for circularly polarised twisted light: with plane polarised light a
spin-independent VD is possible, but only through higher order multipolar contributions, namely pure
quadrupole, E2E2. Clearly the E1E2 interferences are the lowest-order multipolar contributions to optical
processes with which OAM can engage, and therefore represent the most easily experimentally observed.
Higher-order contributions, dependent on the vortex handedness for both chiral and achiral molecules, have
recently been derived for absorption and scattering [51, 52]: their identification represents an additional
experimental challenge.

In an analogous fashion to CD and optical rotation with light possessing no OAM, the E1E2 contribution
to photon absorption vanishes upon a three-dimensional molecular orientational average [53] and, as it is
the sole contributor to CVD, this effect vanishes too in isotropic systems. It is therefore evident why the early
theory and experiments failed to observe any influence of optical OAM on CD and optical rotation in chiral
molecular liquids, as not all of the necessary criteria were fulfilled. The engagement of E2 interactions is
requisite; the molecular system needs to display some degree of orientational order (e.g. not an isotropic
fluid)—and the input twisted light has to be circularly (or at least elliptically) polarised. The distinction in
behaviour between isotropic fluids (liquids and solutions) and orientationally ordered, or partially ordered
systems such as the domains in liquid crystals, often proves pivotal in the criteria for observing chiroptical
effects dependent on sign of the OAM. It hinges on the ergodic theorem, which in this respect establishes
connection between a local ensemble average and the time-average response of individual constituent
molecules.

Shorter-wavelength light allows higher-order multipole contributions, beyond the electric dipole, to
become important due to the spatial variations of the electromagnetic field becoming more influential over
molecular dimensions. With this in mind Ye et al [54] used a minimal coupling analysis to computationally
study, via ab initio calculations, CVD as a probe of molecular chirality (the molecule cysteine in this case),
with x-ray pulses of twisted light. They also studied pure VD. Comparing CD, VD, and their CVD results,
they found that in general CVD gives stronger signals compared to CD, and that the main contribution to the
signals stem from molecules positioned close to the phase singularity. Their analysis includes all multipolar
contributions, yielding results predicting that these effects will actually persist in isotropic chiral molecular
systems through higher-order multipoles. This conclusion is consistent with the QED theory cast in
multipolar form [51]—however, the very small size of these higher-order interactions indicates another
reason why experiments have often failed to observe these effects in isotropic solutions of chiral molecules.

With the quadrupole paradigm discovered, further studies have investigated the role that optical OAM
might play in the scattering of twisted light by chiral molecules [42, 55]. The prominent optical activity
phenomena due to the molecular scattering of circularly polarised light are Rayleigh and Raman optical
activity [44], otherwise known as circular differential scattering (CDS). These processes involve the
differential rate of scattering of left- versus right-handed circularly polarised photons that originates from
interferences between the E1E1 couplings involved in the molecular polarisability o with the mixed E1M1
and E1E2 molecular polarisabilities, G and A, respectively [23, 44]. For incident paraxial light with optical
OAM, it was discovered that a differential scattering effect dependent on the product o - £ exists through the
A contribution to scattering: circular-vortex differential scattering (CVDS). Importantly, in contrast to
CVD, CD, and optical rotation in which only the EIM1 contribution persist in isotropic molecular systems,
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Figure 4. Plot of CVDS differential scattered intensity Al = If; W~ If; ® of light with Y -plane polarisation components

against scattering angle (indicative case of (kr) ™' cos ¢ = 1). Varying the topological charge values (1, 2, 5, 10) highlights the
difference in scattered intensity enhancement for high values of £, and also shows how this changes with scattering angle. The shift
in maximum scattering differences stems from a simple increase in the weighted contribution of the CVDS effect as £ increases.
The chiroptical scattering effect with respect to the vortex handedness is displayed through the plots for £ = 4-10. These effects
are relative for the fixed radial position, normalised against the dominant electric-dipole scattering mechanism (i.e. Rayleigh or
Raman scattering).

for CVDS and CDS both E1M1 and E1E2 («A) contribute to the scattering, for both anisotropic and
isotropic systems.

One way to observe CDS and CVDS in the laboratory is through a measurable difference in the scattered
intensity of input LCP and RCP light Al = I, (1) — I, (r). (For unfortunate reasons in the history of CDS, the
differential is commonly defined in the opposite sense, right minus left: for internal consistency in this
survey, we adopt the former definition.) In this experimentally measurable quantity CVDS has numerous
features that differ from CDS. Firstly, the intensity of scattering produced through CVDS has a different
scattering-angle dependence (see figure 4); the CVDS effect depends on both the sign and magnitude of the
OAM, and thus offers an enhancement of signals for high-OAM input, and the capacity for measurement of
the scattered intensity difference between £ and —¢; CVDS, unlike CDS, cannot be observed for scattered
light that is polarised transverse to the scattering plane; and finally, CVDS, in contrast to CDS, has a further
dependence on molecular position within the transverse beam profile, through the factor £r~! cos ¢ for
orientationally averaged systems, and it is therefore highly sensitive to the both the radial and azimuthal

location.
The o - {-dependence of both CVDS and CVD means that it is possible to define a scattered intensity
vortex difference AI = Ii ((LL)/R) — Ii ((}i)/R) where the input circular polarisation state is fixed, but the topological

charge |¢| is modulated between positive and negative values—such vortex modulation is now
experimentally viable [56]. This method of studying the optical activity of twisted light should more readily
allow its distinctive features to be quantified experimentally, as it separates off the standard optical activity
effects that depend solely on the sign of circular polarisation.

There is one other possible approach to the detection of chiral response due to a vortex-structured beam.
Just as in standard circular-differential optical activity studies, where circular polarisation components of the
scattered light may be studied (scattered circular polarisation optical activity) [57], there is potential scope to
measure the different scattered intensities for various OAM states of the output light. Although in general the
OAM of the scattered light is not conserved, the theory does predict small differences in scattered vortex
modes [52]. Though this will more than likely be very technically demanding, it should offer even further
insights into the structure of the material scatterer. Similarly, it has been highlighted through numerical
simulations that it is possible to distinguish, in a system of locally ordered particles partially eclipsing the
beam focus, between domains with chiral or non-chiral arrangements. This is achieved by controlling the
input OAM, and measuring the power of specific OAM modes of the output scattered fields in the far-field
zone [58]. However, possible sensitivity to the chirality of the individual particles remains an open question.

Not long after CVD and CVDS were discovered, Alfano’s group carried out extensive studies on the
transmission of LG beams through different regions of mouse brain tissue [59]. The transmission rates
exhibit a clear dependence on ¢, characteristics of which are indicative of a CVD- or CVDS-type interaction.
Exploratory experiments studying Raman optical activity in anisotropic chiral solids with vortex beams have
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Figure 5. Plot of circular differential intensity as a function of radial position (arbitrary units). (a) and (b) kwy = 4; (c) and (d)
kwo = 20. Axes labels the same in (b)—(d) as in (a); graph (c) has the same key as (a) and (d) the same as (b). In the above

cos ¢ = 1; the radial position is in units of A/ 27; the units of the circular differential are arbitrary; purple line corresponds to the
differential with only the standard longitudinal phase contribution and green dotted line is the purely CVD/CVDS contribution;
the remaining lines are the total differential equation (5) for the shown £ value.

also exhibited some results that tally with the anticipated properties of CVDS [60, 61]. The most recent
theoretical study in this area highlighted that CVDS can occur in nonlinear scattering by chiral molecules:
hyper-Rayleigh and hyper-Raman optical activity of optical vortices [62]. This study constitutes the first
study on nonlinear optical activity with twisted light.

3.2. Radial position dependence

There are important common features of both CVD and CVDS optical activity effects with regards to the
radial position of the molecules within the laser beam profile that invite further consideration, as they deliver
deeper physical insights into the practicality of observation. As we have discovered, for any light-matter
interaction, the pursuit of a dependence on the handedness of a helical wavefront necessitates the
engagement of an E2 coupling for a paraxial input twisted beam. To leading order, chirally sensitive effects
can be produced from E1 couplings and a single E2 interaction, and this leads to a common motifin a
circular-differential rate:

A g o< NI"(r) k <1 + Ifrcosqb) , (5)
where I" (r) is the input beam intensity (# is linked to the degree of optical nonlinearity: n = 1 for linear
absorption and scattering, while n = 2 for second harmonic scattering or two-photon absorption, for
example) and N is the number of molecules. The first term in the brackets of (5) is the contribution from the
longitudinal phase gradient, common to both structured and unstructured light. The second term in (5) is
unique to beams with a helical phase, where ¢/ kr is known as the skew angle [63] (see equation (4)). Whilst
(5) is very general and highlights the key physics of the optical activity, it contains only the optical
parameters of the system, and any specific result will contain the material responses which further influence
the relative contributions of the two terms in (5) to the total differential.

Let us first consider the strong dependence on r, the radial displacement of the interacting particle from
the beam axis. Firstly it is instructive to consider the range of positions necessary in order for the
helical-phase term to contribute on a similar magnitude to the standard, non-OAM longitudinal phase
gradient term. It is clear that since k = 27t/ A, the condition on equality imposes the criterion r ~ A/ 2. For
light in the visible range, this means chiral molecules positioned close to the vortex singularity contribute to
the vortex-dependent mechanisms relatively much more than those positioned further away; The optimal
positioning will be determined by the interplay of the /7! feature and the |¢|-dependent radial distribution
associated with the specific vortex mode (¢, p), including the beam waist wy. Some indicative plots are
exhibited in figure 5.
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Figure 6. (a)—(c) The measured scattering intensity on left-handed, right-handed, and achiral microstructures illuminated by
optical vortices with different topological charges. Insets: the SEM images of corresponding microstructures by direct laser
writing in the polymer SZ2080. a.u.: arbitrary units. (Scale bars, 5 zm). (d) VDS spectra of the chiral and achiral microstructures.
The gray straight line indicates VDS = 0 for a guide to the eye. Each solid line shows the mean value and the shading indicates
their SD of multiple measurements. Reproduced with permission from [68].

For a given wavelength, as the beam waist wy is reduced, the relative magnitudes of the CVD/CVDS
effects decrease with respect to the purely longitudinal phase gradient terms; however in the specific case of
kwy = 4 for a wide range of values the CVD and CVDS effects clearly influences the overall differential in
basically all radial positions. When the beam waist is increased to kw, = 20, any influence is only found at
specific locations close to the highest intensity regions of the beam. The symmetry of the graphs clearly
indicate that the total intensity difference for an OAM beam when integrated over the whole transverse
profile is the same as if no CVD/CVDS mechanism was present.

Further ways to increase the effects include using smaller wavelength light, which will allow focusing that
generates a smaller beam waist, on the scale of \. Strong focusing, kwy < 4, will accentuate non-paraxial
features, but although new physics can emerge through the modification of longitudinal components, the
optical interactions stemming from the transverse structure, identified above, are not substantially affected
[51]. Alternatively, it has been shown that optical vortices with large beam waists can be generated with a
Gaussian intensity envelope embracing a point singularity at the centre [64], leading to vortex core size to
beam waist ratios of wyc/ wy = 0.02. Another avenue is the use of plasmonic enhancements of metallic
nanoparticles to enhance the coupling between chiral molecules and optical vortex light—we return to this
in section 5. Moreover, systems that include plasmonic nanoantennas are currently being fabricated with the
aim of breaking the diffraction limit for OAM light, and thus the generated nanovortices will be on a scale
that matches molecular dimensions [65-67]. Alternatively, matching the dimensions of the material to that
of optical vortices in the visible range has been shown to yield large rates of vortex differential scattering
(VDS) [68]. Specifically, a single chiral microstructure with a size comparable to the beam waist exhibited a
maximum VDS dissymmetry factor of ~ 120% when the input vortex mode had a topological charge
|¢| ~ 32 (figure 6).
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3.3. Angular position dependence

Turning now to look at the angular dependence in equation (5), the cos ¢ factor proves to be another
extremely important feature of these interactions, again intricately linked to the fact the OAM of twisted
beams is a spatial property, rather than a local one (section 2). It is readily evident that the transverse beam
profile average of the vortex-related differential (integrating cos ¢ over ¢ in the range 0 to 27) is zero,
reflecting an azimuthally oscillatory pattern with maximum values in the range 7/2-37/2. An interesting
feature of the behaviour exemplified in figures 4 and 5 is that the sign of the whole plot changes if the
observer rotates position by a 180 degrees around the beam axis, due to the cos ¢ dependence. This serves as
a reminder that in scattering experiments the azimuthal angle is no longer arbitrary; it is fixed by reference to
the scattering plane. Therefore to strengthen the observed signal, an off-axis aperture may be required to
partially eclipse the full beam, despite introducing some diffraction losses. Detection requires that either the
totality of the beam profile should not be incident on the material sample, or that localised, offset regions of
the illuminated sample output signal need to be probed. In other words, off-axis beam alignment, or a
detection of signals stemming from only portions of the total beam [69] fulfils the condition for these effects
to be observed. Furthermore, the integer number m of E2 couplings included in a light-matter interaction
produces contributions to any optical process that are proportional to (Zril)mcos’”qﬁ wherem=1,2, ...n.
For example, in the all of the optical activity effects discussed above, where we have been concerned with the
leading order, most experimentally viable effects, the inclusion of only a single E2 coupling produces terms
proportional to (Er’l) cos ¢. The next-highest order contributions produce a term dependent on

(ér_l)zcos%, and in this case the result clearly does not vanish over the transverse beam profile. However,
since this effect depends on ¢? it is independent of the sign of the topological charge. By extension we can see
that, if signals are collected uniformly across the input beam profile, the very small degree of engagement
with the input beam vortex is only dependent on the modulus of |¢|, not its sign.

4. Twisted light and magnetic optical activity

Isotropic systems of atoms and achiral molecules, subject to a spatially uniform static magnetic field, have a
capacity to display magnetic optical activity. At a fundamental symmetry level the effects stem from the fields
acting as an external time-odd influence (parity —1 under time reversal 7°). The most famous example in
optics is Faraday rotation; in the realm of spectroscopy it is best known through the differential absorption of
circularly polarised light by both chiral and achiral matter: magnetic CD [70]. An early study in the field of
twisted light and optical activity predicted an OAM-induced x-ray MVD in achiral matter [71]. The
predicted MVD effect stems from purely quadrupolar transitions, which are strongly driven in materials
subjected to twisted x-rays. This MVD enables the separation of quadrupolar and dipolar transitions, as was
proven by numerical simulations for cuprates, manganites, and ruthenates, thus establishing its potential as
an incisive probe of 3d states of transition-metal complexes. More generally, the strong OAM-induced
dichroism highlights a novel non-dipolar spectroscopic technique to study orbital physics and magnetism.

In an experiment published in 2013, Mathevet and co-workers [72] attempted to observe such an MVD
effect in Nd*>* ions in a YAG host. The transition they studied is essentially electric dipole in nature,
although, in atoms of this size, electronic SOIs undermine precise specification. Given the more recent QED
studies discussed earlier [49], it is now clear to see why such an experiment returned negative results.
Interestingly, in their article the authors postulated that electric quadrupole moments, at the lowest order,
should give rise to a MVD—and as we have seen, the theory of van Veenednaal and McNulty is in full
agreement [71]. It is highly noteworthy to observe that even in magnetic optical activity effects with twisted
light, the electric quadrupole and interactions with the gradient of the fields are necessary to observe
chiroptical engagement of the vortex handedness.

A recent experimental study using terahertz optical vortices has highlighted how twisted light can couple
to magnetised dysprosium iron garnet, which exhibits dichroism that is dependent on both the topological
charge of the vortex and the magnetisation produced by Nd magnets. It is especially interesting that this
directional MVD is stronger than that for circularly polarised light [73].

Finally, MVD stemming from a magneto-optical Kerr effect, which is the change in incident light
reflected by a magnetised surface, has been theoretically studied for LG beams reflected off a
non-homogeneous magnetised surface [74]. Three different types of dichroism exist in the reflected intensity
pattern for the setup, which enables the chirality of magnetic structures to be determined without
polarimetric analysis: MVD for a fixed magnetisation, but different sign of ¢; a fixed sign of ¢ but opposite
magnetisation; and the case where both are different. The effects originate from the spatially inhomogeneous
magnetic structure redistributing the input single mode optical vortex into a spread of OAM modes (¢,p) in
the reflected light. Again, the spatial nature of optical OAM is manifest, as integration over the scattered field
leads to a null MVD result independent of the sign of OAM (or magnetisation). Therefore any MVD in this
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Figure 7. (a) System of coordinates and schematics of a complex composed of a gold nanoparticle and chiral molecule. (b), (c)
Orientation averaged VD and extinction coefficients as a function of wavelength for a metal nanoparticle and chiral molecule
under the OAM incident beam with £ = +1 and £ = +2, respectively. Insets represent the calculated results for the single chiral
molecule without nanoparticles. (d) System of coordinates and schematics of a nanoparticle dimer and a chiral molecule. (e), (f)
Calculated VD and extinction coefficients as a function of wavelength for the Au dimer and a chiral molecule in an OAM incident
beam with £ = %1 and ¢ = £2, respectively. Nanoparticle radius 15 nm, pair separation 1 nm. Reproduced from [78]. CC BY 4.0.

set up has to be determined from local single points in the far field. One particularly interesting example in
these studies is the use of materials with an azimuthally-dependent magnetisation, so-called ‘magnetic
vortices’ (not to be confused with optical vortices).

5. Plasmonics

As discussed in section 3, chirality and optical activity are intimately connected to geometrical molecular
symmetry and structure: it is the nature of chemical bonds and the overlapping of atomic orbitals alone that
lead molecules to possess a handedness. In comparison to natural structures, plasmonic metamaterials can
offer significantly enhanced light—matter interactions, in addition to specifically chiroptical and optical
activity effects [75-77].

The first study to look directly at the influence of surface plasmon resonances revealed a strong
interaction induced between chiral molecules and twisted light. Using the T-matrix method, Wu et al [78]
carried out in-depth numerical calculations modelling the absorption of focussed linearly polarised twisted
light in a nanocomposite comprised of chiral molecules and metallic nanoparticles—see figure 7. A strong
VD was discovered for randomly oriented molecules with a fixed position within the beam, due to the
excitation of plasmon resonances in nearby nanoparticles, with enhancements of VD by a factor of 30 for
chiral molecules in the hotspot of a plasmonic dimer (compared to the vicinity of a single nanoparticle). The
sign and magnitude of the VD was seen to be highly dependent on geometrical configurations of the
molecule-nanoparticle system, i.e. on the radial position of the nanocomposite in the cross-section of the
OAM beam, where nanocomposites closer to the beam centre result in larger VD signals.

It is interesting that this study focused solely on dipole coupling by the molecules. Even with the aid of
plasmonic nanoparticles, the VD completely vanishes upon a full transverse beam-profile average, as an
equal amount of positive and negative signals are combined—as observed for molecules in the studies
reported in section 3 and those for atoms in section 6—and in a further analogous manner the VD persists
for nanocomposites of fixed orientations in defined regions of the beam. A more recent numerical study
looking at CVDS in plasmonic cuboid-protuberance chiral structures also attributed the differential effects
to dipole interactions, namely via the mixed electric magnetic dipole polarisability tensor G [79].
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Figure 8. Left: In this schematic (not-to-scale), the right- and left-handed LG beams (red) interact differently (green shade) with
chiral molecules (stick-and-ball models) adsorbed to the nanoparticle aggregates. Right: VD measurements as a function of OAM
value, exhibiting the difference in transmission for right- and left-handed vortex light with clear discrimination between
molecular enantiomers. Reproduced from [80] (CC BY 4.0), where what we term vortex dichroism is called helical dichroism.

In the pursuit of VD, Brullot et al [80] synthesised a layered composite of silver, gold and iron oxide
nanoparticles, forming a plasmonic aggregate with a strong local electric quadrupole field due to near-field
plasmon coupling between adjacent nanoparticles. First, these fields were shown to strongly interact with the
magnitude of the optical OAM of the incident linearly polarised LG light. Then by adsorbing chiral
molecules in the nanoparticle aggregates (see figure 8) the authors exhibited how the OAM can engage with
molecular chirality only through electric quadrupole fields (and not a magnetic dipole field), enabling
enantiomers to be resolved through VD, at wavelengths far from their CD resonances. The study specifically
showed VD for the phenylalanine enantiomeric pair, exhibiting VD differentials of up to 0.6%, whereas
standard CD values are generally in the range of 0.01%—0.1%.

Since chiral molecules exist naturally in enantiomeric pairs they give mirror-symmetric (positive and
negative) optical activity spectra. However, synthetic chiral metamaterials are usually constructed with a
single handedness, and so typically only exhibit either positive or negative signals. Ren and Gu [81] utilised
the OAM of vortex light to produce giant ‘bisignate circular dichroism’ in a nonresonant AM mode-sorting
nano-ring slit enclosed by a plasmonic nano-groove coupler. Their system works on the interplay between
the topological charge of the OAM mode of the input light /i, and the geometrical charge £, of the
plasmonic coupler. The CD signal in their experiment is defined as the transmission of LCP minus RCP for
OAM-carrying beams through the nano-ring slit, and importantly: /CD ’Z]:m, teo = —/CD /L—_Rmpu.,— feo” The
most striking case of this AM-dependent reversibility in differential transmission is when the geometrical
topological charge of the nano-grooves is /g, = 0 and the OAM of the input light is switched from +2 and
—2: the results are shown in figure 9. It is clearly evident that the giant (up to 0.95%) response is completely
reversed upon changing the OAM-handedness of the incident twisted beam. Furthermore, due to the
dependence of the transmission on the geometrical topological charge of the nano-grooves, the study also
proved that AM-reversibility exists by using {ge, = £1 and fippue = 1.

Numerical simulations on a very similar system to the study by Ren and Gu [81] highlighted
AM-dependent transmission of circularly polarised vortex beams through a coaxial nano-ring [82]. These
studies underscore the scope for engaging the handedness of vortex beams via coupling to the
AM-conserving surface plasmon polariton modes.

Computational simulations of the strong coupling of circularly polarised LG beams, to a chiral plasmonic
metasurfaces composed of subwavelength gold nanohelices, found that the total AM of the incident light and
the vortex handedness had a strong influence on the dichroic response [83]. With a 543 nm input
wavelength, the OAM-assisted CD shows a 200-fold enhancement compared to regular CD of a single
nanohelix. The sign of the CD signal for £ = +1 is the opposite for £ = —1, whilst being approximately equal
in absolute magnitude, showing that this is a CVD effect. For an array of helices, the CVD has a complicated
dependence on the spatial separation of the structures, but for example with an input wavelength of 509 nm
and 12 helices separated by 30 nm, the exhibited dichroism is almost an order of magnitude larger than for
the same system with separations of 50 nm. The authors hypothesise that these effects stem from the OAM
being transferred to the electronic degrees of freedom (the oscillations of the surface electrons) through a
substantially enhanced quadrupole interaction with the plasmon resonance of the nanohelix.

Recently Arikawa et al [84] designed a metamaterial that allowed experimental proof that optical vortices
can selectively excite multipolar modes in localised surface plasmons. By efficient OAM transfer, it was
observed that £ = 1 could selectively excite quadrupole modes and ¢ = —2 hexapole, whereas unstructured
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Figure 10. Dichroism experiment for the aluminium helices with a diameter of A/60. (a) Photograph of the experiment. (b), (c)
Experimentally measured reflectance (R) spectra and dissymmetry factor (D) where D = 2(Rr — R1.)/ (Rr + R1.). Reprinted with
permission from [85]. Copyright 2020 American Chemical Society.

Gaussian light £ = 0 could only excite dipole modes. The excited quadrupole modes were shown to
correspond to localised surface plasmons that exhibited 27 of angular momentum, one unit being
transferred from each of the SAM and OAM of the incident beam. This work therefore provides evidence yet
again that for optical OAM transfer to a material’s internal electronic motion, quadrupole excitations (or
higher multipolarity) are requisite 8, 11], and it consolidates the emerging explanations described in the
earlier section dealing with plasmonics.

Finally Zhang and Cui [85] have observed a VD-type differential response for single chiral particles with
diameters 60 times smaller than the wavelength using a microwave plasmonic resonater—see figure 10.
Rather than studying direct OAM light—matter interactions like absorption and scattering, the
highly-sensitive resonance OAM modes confined in the resonater are influenced by the presence of the chiral
particle. Chiral meta-particles which possess the same handedness as the OAM mode lead to less disturbance
and damping in the reflectance spectrum compared to when the OAM mode and material particle had
opposite handedness. The work was specifically concerned with chiral meta-particles and microwave
frequencies of light, however the authors believe their system can act as a blueprint for chiral biomolecules at
optical frequencies.
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Figure 11. (a) Tight focusing of paraxial circularly polarised light generates a conical wavevector distribution and field which has
components with helicity-dependent vortices (intrinsic OAM). (b) Scattering by a small dipole particle produces a redistribution
of the field in all directions, and similar AM conversion to the focusing case. Both of the AM conversions conform to the
equations given in the text (section 6). Such AM conversion also occurs naturally in free space, for non-paraxial beams. Reprinted
by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature Photonics [96] 2015.

6. Non-paraxial beams and SOIs of light

For a paraxially propagating beam the electromagnetic fields are approximated as being always perpendicular
to the direction of propagation, and the intrinsic spin and orbital parts of the angular momentum are well
defined [86—88]. However, for non-paraxial fields the local values of spin and OAM are not so readily
separable [6], and the electromagnetic field distributions contain longitudinal components as a first-order
correction to the zeroth-order transverse paraxial fields [89, 90]. For example, equation (2) in section 2
possesses z polarised components in addition to the transverse electric field displacement as a first
post-paraxial correction. These field components are highly dependent on the beam structure [91] and are
known to be pivotal in rigorously accounting for spectroscopic phenomena with non-paraxial sources

[92, 93]. For an OAM-possessing Bessel or LG beam, for example, it is a degree of non-paraxiality associated
with longitudinal fields that leads to an ¢-dependent spatial distribution of helicity density [94]. This optical
helicity in the focal plane can in turn result in the exhibition of optical activity in chiral structures. The SOIs
in non-paraxial fields also generate a spin-to-orbital angular momentum conversion for circularly polarised
beams, with a non-integer repartitioning of the spin and orbital components whose expectation values are
representable as [95, 96]: (S,) = ohcosf and (L,) = [£ + o (1 — cos )] h, where the outgoing wave-vectors of
the light form a cone at an angle 6 (figure 11).

In the limit § = 0, the result gives the well-known paraxial result that the spin and orbital AM are well
defined and separable, whereas for § = /2 there is a complete angular momentum conversion to OAM. In
either case the total angular momentum J, = (¢ + o) i, reflects the fact that the sum is a conserved quantity,
in the free beam. The key physical manifestation of SOI that concerns us here is that part of OAM becomes
helicity-dependent (i.e. dependent on the SAM), allowing for vortex light generation for incident beams even
with £ =0.

Therefore, in non-paraxial beams of light there are a number of potential avenues to engage the chirality
of twisted light through the topological charge ¢: via electric quadrupole or higher multipolar moments of
the material structure engaging with the gradient of the zeroth-order (paraxial) transverse field, specifically
the helical phase gradient (as discussed in the previous sections); or through SOI and longitudinal fields.

The first experiments using highly-focussed non-paraxial vortex beams in the pursuit of optical activity
were those undertaken by a group from the Netherlands. In their first study [97], Loffler, et al failed to
observe any influence of optical OAM on CD of cholesteric polymers using either highly-focussed
(non-paraxial) or well collimated (paraxial) circularly polarised LG beams. In their experiments they
attempted to quantity any OAM influence on CD through an identification of dpam o CDL;;IL - CDIé;El.
No influence of the sign of £ was observed in either the non-paraxial or paraxial experiment. One reason for
the null result of their paraxial beam experiment can now be understood from the further advances in the
theory highlighted in section 3: since the whole material sample was subjected to the beam, the
corresponding circular-vortex component of the absorption rate averages to zero.

The second study by this group attempted to observe optical rotation of HG modes in a stratified
multilayer chiral medium [98]. The motivation behind the experiment was the clever recognition that, just as
the standard optical rotation of linearly-polarised light in chiral media can be understood by viewing the
input as a superposition of left and right circular polarisations, the non-OAM possessing HG modes are also
expressible as a superposition of opposite handedness LG OAM modes, ¢ and —/. In the experiment the
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Figure 12. (a) Measurements of CD for three different values of optical OAM ¢ = q as a function of the diameter of the
nano-aperture. Error bars are computed as the standard deviation of a set of 20 measurements with the same sample. (b) Intensity
and phase plots of the two beams: left-hand columns o = 1, £ = 1, right-hand columns o = —1,£ = 1. Upper row shows the
paraxial intensity and phase distributions for the two beams. In contrast, the bottom three rows show the intensity and phase
distributions for the same beams, at the focal plane. Although their paraxial intensities and phases are analogous, the structures
are completely different and non-mirror-symmetric at the focal plane—a direct consequence of SOI. Reprinted by permission
from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature Communications [99] 2014.

relative phase delay of OAM light with different handedness is measured after passing an incident HG beam
through a cholesteric liquid crystal, (with a pitch, i.e. a full 27 rotation on the order of the optical
wavelength), and studying the rotation of the nodal line of the HG beam. Again, both in the paraxial and
non-paraxial regime, the helically-arranged liquid crystal polymers failed to mediate HG mode rotation via
optical rotation. It is interesting to speculate as to why no optical rotation of HG modes is observed in this
chiral cholesteric system. Although no specific microscopic theory of optical rotation with twisted light has
yet been developed, it is well known that for chiral matter with orientational order, EIM1 and E1E2
interactions are responsible to optical rotation and as such, akin to CVD and CVDS, one might equally
expect the sign of OAM to be able to engage in the system studied by Loffler et al through the quadrupole
contribution. However, the null result is again potentially explicable by the issues discussed in the previous
paragraph, particularly the effective averaging of ¢.

In an experiment by Zambrana-Puyalto et al [99] a microscope objective lens (N.A. = 1.1) was used to
focus a beam with both SAM and OAM (¢ = £1) leading to a helicity-dependent intensity distribution
through SOI [100]. This beam was then incident upon non-chiral plasmon nanostructures comprising
subwavelength circular apertures of varying diameters. Giant induced ‘circular-dichroism-like’ signals were
observed (see figure 12(a)) that stem from the fact that the input beams ¢ = ¢ and { = —¢ are not mirror
images of each other in this non-paraxial regime (as exhibited in figure 12(b)), and in theory
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'CD’ E’R =-' CD/E? (Here, the inverted commas signify that measurements are based on transmission,
essentially conflating the dichroic effects of absorption and scattering). For £ = 0 there was found to be no
'CD’ E'R of the achiral structures, as would be expected from parity considerations alone. An interesting
feature of the experiments was that the CD (transmission) is positive when ¢ = ¢ whilst negative forl = —o.
This is a rather non-intuitive observation in that the transmission of a vortex mode with |J,| = 2 and an
intensity null in the centre is greater through the nanoholes than a J, = 0 mode with maximum intensity at
its centre; however similar behaviour has been previously observed [101]. The full interpretation of such
experiments is only possible by taking into account the highly distinctive features that arise in any form of
optics involving sub-wavelength apertures [102]. The non-monotonic dependence on the aperture radius
may well stem from the dissimilar focused fields coupling differently to the multipolar moments of the
material, a phenomenon well-known in Mie theory. Potentially of a similar origin involving the
superposition of multiple multipolar modes, it has been observed that the spectral features of Mie scattering
from TiO, spheres is independent of the sign of £ for low OAM values, but dependent on the sign for high
values, such as £ = &6 and £7 [103].

Another experiment utilising the OAM of light to indirectly probe material chirality engages so-called
spin-orbit beams developed by Samlan et al [104]. Using a polarisation Sagnac interferometer, vector vortex
beams (beams with inhomogeneous polarisation) were generated with non-separable SAM and OAM and an
azimuthal phase gradient. Measuring the rotation of beam intensity of an off-centred LG vortex against a
reference enabled them to determine the optical rotation of quartz, as it has a one-to-one correspondence
with the vortex mode rotation: significantly, the rotation direction (clockwise or anticlockwise) is dependent
on the vortex handedness.

In studies that engage spin—orbit coupling with plasmonic interactions, Kerber et al [105] numerically
studied what they defined as four different classes of ‘dichroism’ with a highly-focussed Bessel beam in
varying geometries of monomer, dimer, and trimer stacked pairs of plasmonic nanoantennas—see figure 13,
in which the spin state is labelled s rather than o. Although the term ‘dichroism’ is strictly associated with
resonant absorption processes, the ‘dichroism’ they study is in fact differential scattering with circularly
polarised vortex beams. The four classes of CVDS studied involve: CDS of circularly polarised light with a
fixed value of ¢; differential scattering with fixed circular-polarisation for the input light and absolute value of
|¢| but variable sign; a ‘parallel class’ of differential scattering where ¢ = ; and an ‘anti-parallel class’ where
¢ = —o. The simulations highlight the fact that in the case of the monomer aligned with the beam axis, only
the standard, OAM-independent CDS mechanism exists. For dimers and trimers, however, OAM-dependent
differential scattering is found. For dimers there is a small VDS that is one order of magnitude weaker than
normal CDS: for the trimers, whose results are illustrated in figure 13, the CVDS with a fixed circular
polarisation is now of the same order as CDS, and thus the nanostructure can differentiate the sign of £.
There also exists a differential scattering for the parallel and antiparallel combinations of spin and angular
momentum, the uniqueness of which stem from SOI and helicity-dependent intensity distributions. All of
the effects display an angular dependence on the angular displacement between the nanoantennas within
each pair, such that the nanostructure becomes achiral at a = 0,90°.

Afanasev et al [106] studied the theory of CD produced by twisted photons in strictly non-chiral atomic
matter. With the atomic targets subjected to non-paraxial circularly polarised Bessel beams, it was discovered
that a CD dependent on the OAM (i.e. a form of CVD for achiral matter) only occurs for interactions
involving purely electric quadrupoles or higher multipoles. These calculations indicate that this atomic CVD
increases for increasing values of input ¢, and also in general when 6 becomes larger, though it still remains
large in the paraxial limit and is in fact effectively independent of 6 for values below ~ 0.25 rad.
Furthermore, this study indicated that the CVD is largest for atoms positioned near the centre of the beam,
peaking at the phase singularity. As we would expect, if the atomic position were not resolvable, full
integration over the beam profile will lead to a null result for atomic CVD. Mechanisms that exhibit very
similar properties have also been highlighted in achiral molecular matter, stemming from purely E2
absorption and higher-order scattering effects with paraxial light [51, 52]. Here also there are strong echoes
of the principles of E1E2 chiral molecular CVD, enunciated in section 3.

Rather than using a spin-to-orbit AM conversion, in their elegant study Wozniak et al [107] used the
OAM to local non-zero optical chirality conversion that occurs in a tightly focussed linearly polarised LG
beam, to excite a chiral nanostructure solely through electric and magnetic dipole interactions. The SOI
utilised in their experiments engages longitudinal field components and a non-zero optical helicity along the
optical axis, whose sign is dependent on whether the incident beam is £ = 1 or £ = —1. Thus a chiral
nanostructure placed in the focal field can interact indirectly with the incident OAM. In the plot of their
numerical simulations and experimental results shown in figure 14, there is a clear difference between the
transmittance of ¢ = land ¢ = —1 for a sub-wavelength chiral gold nanohelix. This differential interaction
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arises because the mixed electric-magnetic dipole tensor G (a hallmark of optical activity—see section 3.1)
exhibited by a chiral helix is dependent upon the material handedness, and can only be excited by either

£ =1 or { = —1. The results in figure 14 relate to a right-handed helix, which strongly couples to input
beams with ¢ = —1; repeating the same experiment with a left-handed helix instead showed stronger
coupling to an ¢ = +1 input, as is to be expected on symmetry grounds.

Notably, theory work first highlighted this chiroptical capacity of longitudinal electromagnetic fields in
non-paraxial optical vortices [108]. In their study, Rosales-Guzman et al showed how the longitudinal fields
at the centre of a superposition of +¢ and —/ linearly-polarised Bessel beams leads to an optical chirality that
can interact with a chiral object to produce optical activity signals that are significantly enhanced, compared
to standard chiroptical effects with circularly polarised light.
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7. Conclusion and outlook

The most important conclusion to draw from this review is the unequivocal proof—from both theory and
experiment—that the handedness of an optical vortex can interact in a chiroptical fashion with matter.
Focusing on the most readily measurable processes of absorption and scattering, we have defined two clearly
distinct kinds of mechanisms by means of which materials can exhibit optical activity with respect to the
direction the vortex twists: mechanisms for paraxial electromagnetic fields which strictly require
light—matter interactions that depend on transverse gradients of the field, the lowest-order of which is
electric quadrupole couplings; and mechanisms that rely on the optical and angular momentum properties
of non-paraxial beams of light, which do not necessitate couplings beyond dipole transitions.

Whilst the many ways that matter can discriminate the handedness of an optical vortex differ in subtle
respects, it emerges that there is a common requirement to engage the sign of OAM. At the individual
molecule level we have seen that the key one is the engagement of electric-quadrupole or higher multipolar
couplings with the paraxial field. One can go a step further however, and state more generally that
interactions dependent on the transverse gradient of the electromagnetic field are requisite; electric
quadrupole interactions are the lowest-order of such couplings in paraxial light. The longitudinal fields
involved in non-paraxial vortices also stem from the transverse gradients of the electromagnetic field. It is the
gradient of the helical-phase that gives optical vortices their OAM, and so it should be of no surprise that in
order to engage this property in spectroscopic applications we require the material to interact with this
gradient. At the single-photon level these gradients, directly related to optical phase, vary with a steepness
that strongly depends on topological charge—as well as a forward propagation phase, and any Gouy phase
arising from non-paraxial propagation. At the quantum level, effects that depend on such gradients may be
considered a general indication of the delocalised action of the photon (a direct manifestation of
wave-particle duality). The necessity for this form of interaction clearly stems from the fact that it engages
the helical phase gradient, the only characteristic of a twisted beam of light in which the vortex handedness
has a physical manifestation. It is notable that numerous studies have discovered the highly distinct and
important role that electric quadrupole interactions with twisted light beams can play, outside of chiral
optics [8, 12, 80, 109-111].

Although optical activity with twisted light requires a dependence on the sign of OAM through the
vortex handedness, many of the effects outlined in this review also depend on the magnitude of optical
OAM. This is another significant and useful feature as it provides for the potential to enhance light-matter
interactions, and the usually weak optical activity signals, by adopting an input beam with a large value of £.
So-called ‘perfect optical vortices’ [112—114], which possess a radial intensity profile that is independent of
the value of /, are sure to play a particularly important role here as they allow the input value of ¢ to be
increased in a spectroscopic application without having to take into account any of the associated intensity
profile changes that occur with normal optical vortices.

The principle of coupling to field gradients has an interesting corollary in the case of chiral arrays, as
noted in section 2. Cylindrically symmetric arrays of molecules or chromophores, or molecules of such C,
symmetry with side-arms, can support delocalised electronic states that may engage with electric field
gradients across their full spatial extent. As has been shown by Zang and Lusk [115, 116], electric quadrupole
interactions of the whole, through dipole coupling between the constituent chromophores, can thereby lead
to the formation of twisted excitons. Quanta of angular momentum with |£| < n are thereby conserved in
direct transfer between photonic and excitonic manifestations. Previous work by Coles, Williams et al
[117, 118] provides similar grounds for the direct emission of optical vortices by the same mechanism. These
effects exhibit OAM principles directly analogous (through time-reversal) to the absorption processes
described in this review.

It is extremely promising to observe that even in a rather short period of time, the chirality associated
with optical vortices has received keen attention as a prospective spectroscopic tool to characterise materials
ranging from achiral atomic matter and both chiral and achiral molecules, to plasmonic, nano- and
meta-materials. While optical activity and chiroptical spectroscopy is generally studied and utilised in the
fields of chemistry, chemical physics, and biochemistry [119, 120], structured light and optical angular
momentum topics are deeply embedded in optics and physics. The field of twisted light and optical activity
not only offers substantial scope for cross-fertilisation, but necessitates the engagement of both perspectives.
With numerous key theoretical paradigms discovered underpinning these effects, alongside the cutting-edge
experiments, the field of twisted light and optical activity is sure to be a key player in the field of structured
light and optical angular momentum in the coming years.
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