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The angular momentum of twisted light in anisotropic media:
chiroptical interactions in chiral and achiral materials

Kayn A. Forbes and David L. Andrews*
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ABSTRACT

The issue of whether the optical orbital angular momentum of light can play any significant role in chiroptical interactions
has seen a resurgence of interest in the past few years. Revising preliminary expectations, it has been shown both
theoretically and experimentally that the topological charge can indeed play a decisive role in some chiroptical interactions,
with the rates of these optical phenomena proving sensitive to the sign of the vortex charge ¢. Using quantum electro-
dynamics, it is now revealed how the inclusion of molecular electric-quadrupole transition moments in both chiral and
achiral anisotropic media produces such an effect. Specifically, for single-photon absorption it transpires that both the
orbital and spin angular momentum must be engaged through a circularly polarized vortex beam. The chiroptical effect is
identified as a manifestation spin-orbit interaction in light.

Keywords: Chirality, twisted light, optical vortex, nanoparticle, photon interactions, optical activity, orbital angular
momentum, spin-orbit coupling, chiroptical effect

1. INTRODUCTION

It is now well established that suitable tailored laser light can possess both an orbital and a spin angular momentum (OAM

and SAM, respectively).! The SAM of light, with helicity eigenvalues restricted to +/ per photon manifest in circularly
polarized states,? is well-known and utilized in numerous areas of optics.3? In contrast to the SAM of light, the OAM
associated with the different forms of structured light has no such bounds on dimensionality, each photon being able to

possess values of (A, where ¢ is any integer.* The quantity ¢ represents the topological (or vortex) charge that
characterizes the wavefront structure: the higher the value, the more ‘twists’ the beam exhibits within a wavelength. The
burgeoning field of optical orbital angular momentum has shown an unrelenting growth since its inception, both
fundamentally progressing in an upward sense, and equally broadening across a plethora of sub-disciplines throughout
optics and beyond.>® Researchers have vacillated for over a decade on the question of whether the orbital angular
momentum of light can play any decisive role in chiroptical interactions, and the results from a spate of recent theoretical
and experimental studies indicate a need to revise some of the conclusions drawn from rudimentary work in the field.

Chiroptical interactions involve the interplay of molecular and radiation components within a total light-matter system to
produce optical rates and forces that are sensitive to changes in handedness.”** For the material part of the total radiation-
matter system, the molecules are said to be chiral if they have no improper axis of rotation, i.e. they can exist in the form
of either one of two mirror images that are non-superimposable, and so are designated either right- or left-handed. The
chirality of light can be manifest in two ways: the sense of direction that the electromagnetic field vectors are rotating in a
circularly polarized beam, being either clockwise (right-handed) or anti-clockwise (left-handed); or the sense of direction
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that the helical wavefront is twisting in a beam possessing orbital angular momentum: beams possessing ¢ >0 are left-
handed, whilst ¢ <0 are right-handed.

Earlier theoretical studies on chiroptical light-matter interactions with structured light were restricted to the dipole
approximation, neglecting quadrupole transitions and other higher-order couplings between material and radiation.!>%3
Likewise, the limited experimental efforts'*%> were restrictive on certain aspects which now appear to be essential if one
wishes to observe a sensitivity to the vortex twist (for example through the interactions of circularly polarized vortex heams
with anisotropic media). It is important to realize, however, that these initial experimental studies verified subtleties of
principle determined in both the earlier and latest theoretical formulations. Contemporary efforts have centered on studying
single-photon absorption in achiral media, where it has been shown that by using a circularly polarized vortex beam, the
total angular momentum of light does indeed play a chiroptical role.!®7 In contrast, however, another recent experimental
study observed that by exploiting plasmonic enhancement #1°, one can expect a chiroptical effect in chiral media solely
due to the orbital angular momentum of the beam.?® The latter phenomenon, which uses linearly polarized light, has been
termed ‘helical dichroism’. A further recent study, using a quantum electrodynamics (QED) methodology, has determined
that by inclusion of electric quadrupole transitions, the rate of single-photon absorption in oriented chiral media is sensitive
to the circular polarization state, the handedness of the topological charge, and that of the molecules themselves — a process
that has been termed circular vortex dichroism (CVD) 2122, due to its similarity to circular dichroism (CD).

In this paper it will be highlighted how the same QED analysis that secured the CVD result in refs 2222 also elicits a
discriminatory single-photon absorption solely attributable to an interplay of handedness between the circular polarization
and the vortex twist i.e. a CVD or CD-like effect in achiral molecules. It will be shown how this effect originates from an
electric quadrupole-electric quadrupole (E2E2) mechanism, in contrast to the electric dipole-electric quadrupole (E1E2)
interference mechanism of the previously reported CVD effect.

2. THEORY

To study the interaction of a twisted beam of light interacting with discrete optical centers we can employ the Power-
Zienau -Woolley (PZW) interaction Hamiltonian 2324 cast in its multipolar form as

Hit = [ =& u(2)-d" (R.)-&,'Q; (&) Vd (R.)—.-m(8)-b(R)-...] , (69)

g

where the term involving ,u(g) is the E1 electric dipole coupling for a molecule & ; the second term involving the electric

quadrupole moment Q; (&) is the E2 coupling, and the final term is the magnetic dipole m(&) (M1) interaction. Retaining

the E1 term alone is tantamount to invoking the well-known electric-dipole approximation, prevalent throughout molecular
optics. It should be noted that to this level of multipole moment expansion there is an additional diamagnetic interaction
term. However, the term is quadratic in the magnetic field and, thus, only contributes to optical processes where the
number of photons involved is two or more; as such, its inclusion is unnecessary in the theory of single-photon absorption.?®

To take account of the properties of structured light, the well-known vacuum mode expansions for the transverse electric
displacement field d* and the magnetic field b need to be recast from their more familiar plane-wave form. We confine
our analysis to the paraxial approximation, whereby it is legitimate to assume that the laser light propagation consists of
wave vectors that have negligible inclination to the optical axis. As such, one of the most widely utilized solutions to the
paraxial wave equation are the Laguerre-Gaussian modes — accordingly, these are the most common modes for generating
and describing laser beams with an orbital angular momentum. The electric displacement and magnetic field expansions
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for LG beams in the paraxial approximation emerge as the following functions of the cylindrical coordinates:?® the off-axis
radial distance r, axial position z, and azimuthal angle ¢ ;

- th v 7 ikz+i/ — (7 (7 r3 —(ikz+i/
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where f, (r) is the radial distribution function for a paraxial beam of waist w,
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Here, a,,” (k) and a, "™ (k) are the annihilation and creation operators for a photon of mode (k,7, ¢, p).

3. TWISTED BEAMS INTERACTING WITH MATTER

In order to highlight the mechanism in which the handedness of a vortex beam plays a role in chiroptical interactions with
both chiral and achiral media, we shall concentrate on basic optical process of single-photon absorption. Consider a ground
state molecule absorbing a photon from a single mode of an LG beam, where the initial and final states of the molecule-

radiation system are |i) :’EO>]n(k,77,f, p)> and | f)= ’ E, >]n(k,n,€, p)) respectively. Single-photon absorption is of

first-order in the interaction Hamiltonian, and using standard perturbation methods the matrix element can be written as

My =(f|H,|i)
==& (&)((n=D[d" (r)[n)=m* (€){(n-1)|bi (r)[n) = &Q;° () (=D V,d (r)[n), )

where the mode-dependence for the radiation state has been dropped for clarity. As has been previously shown,?:?2 it is
the inclusion of the electric quadrupole E2 coupling to the radiation field which produces couplings showing a sensitivity

to the sign of ¢ . This necessity of quadrupole couplings is due to the fact that, to this level of multipole expansion, the E2
moments possesses the unique characteristic being dependent on the gradient of the electric field.

Carrying out all of the E1, M1, and E2 field operations in (5) gives the total quantum amplitude as:?’
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The detailed calculations of the gradient operation present in the final term on the right-hand side of (5) can be found
elsewhere.?? As exhibited in equation (6), there is a clear dependence on the magnitude and the sign of ¢ in the phase
factor common to all three terms in the square bracket; in addition there is also a linear dependence on ¢ in the third term

in square brackets: the quadrupole E2 term.
To calculate the rate of single-photon absorption we are required to substitute the quantum amplitude (6) into the Fermi

rule: T =(27/h) p; ’M , ’ , Where p, is the density of final states. Clearly, this calculation requires the modulus square of

“o1. 0,
as in previous studies®?, only the E1 and M1 terms of (6) are included, it can be seen that for the rate of single-photon
absorption there would be no dependence on the handedness of the vortex beam through the sign of ¢. However, due to

the inclusion of E2 moments, terms with a dependence on the sign of ¢ will survive the squaring of the quantum amplitude.
In fact, taking the modulus square of (6), produces a plethora of coupling terms: namely, E1E1, M1M1, EIM1, E1E2,
M1E2, and E2E2 are all interference contributions to the rate when evaluated from the following:

the matrix element (6). As such, the dependence on ¢ present within the phase factor obviously vanishes: |e'

27 (nhck ), , w1 ‘0 1o (r), 1, . L\
:—pf( ]f/‘p (r)les® +=bm, +6Q; F+=(ilg —F; ) +ikZ; | . @)
n 7\ 28V S | ( )

The E1E1 and M1M1 rate terms represent non-discriminatory (handedness-independent) contributions to single-photon
absorption in the dipole approximation 2, where the M1ML1 rate is approximately 10 times smaller than the E1E1 rate.

Neither of these terms shows any sensitivity to the sign of ¢ , nor does either possess the capability to exhibit chiral effects
with regards to the circular polarization state or molecular chirality. The EIM1 term is discriminatory, but with regards to
the molecular chirality and the SAM manifest through circularly polarized photons: it is the term that gives rise to standard
circular dichroism (CD).2 All the remaining terms involve at least one E2 interaction; in fact, for any chiroptical

phenomenon to exhibit sensitivity to the sign of ¢ requires, at minimum, the engagement of electric quadrupole moments.

At this stage it is necessary to consider the symmetry conditions that permit or preclude the registration of chirality by any
given electric or magnetic multipole.?® First, a distinction between permanent (static) and transition moments has to be
borne in mind. Permanent moments of either kind may be non-zero provided their symmetry elements transform under
the totally symmetric representation of the molecular point group. Essentially, none of the allowed spatial symmetry
operations of the molecule may affect the moment under consideration: for example a molecule lacking any symmetry —
and therefore necessarily chiral — will allow non-zero values for every electric multipole. But for absorption, or any other
process involving an electronic transition, the rule is that the product of the initial and final state electronic symmetries
(specifically their irreducible representations known as irreps) must contain the symmetry irrep of one or more components
of the multipole under scrutiny. An obvious corollary that immediately arises for any centrosymmetic molecule is that
since every irrep is of either even or odd parity, there is no transition that can be simultaneously allowed by both E1 (odd
parity) and E2 (even parity) moments; the same principle of exclusion applies to E1 and M1 simultaneity. Therefore when
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the modulus square is taken of the matrix element in order to secure an expression for the rate of absorption, EIM2 and
E1E2 (‘fu4m’ and ‘uQ’) cross-terms cannot arise. However, for non-centrosymmetric molecules (and indeed for chiral
species in general) such terms will indeed be present in the rate equation. Then, since the ‘xm’ and ‘£Q’ products have
odd parity, they can be supported only by odd-parity combinations of the field vectors. The latter condition usually
predicates the use of circularly polarized light; when structured light is involved, the parity of the wave-front has also to
be considered.

3.1 Chiral media

From the very general result represented by equation (7), it is readily possible to identify features of the interaction that
are distinctive and limited to chiral media. As indicated above, we now isolate the relevant ELE2 term corresponding to

chiral media, and which also depends on the sign of ¢, giving a contribution to the rate of single-photon absorption
expressible as

_1(@)N1
C 2ch’e, T

l—‘I'ElEZ ([))

o (r)e&ild, (4°Q° - 4°Qy°) | ®)

where | (w)is the input beam irradiance per unit frequency interval and N is the number of absorbing chiral molecules.

Both £'° and Q'° are real quantities, and therefore the polarization vectors in (8) must be complex quantities in order to

secure a non-zero real result. This reveals the significant conclusion that, to the leading order ELE2 interaction, we may
only expect to observe a chiroptical response to the handedness of the vortex beam if that same beam is circularly polarized.
Strikingly, the OAM of light alone cannot produce a chiroptical effect in single-photon absorption, and only in a synergy
with SAM is it possible to engage the vortex handedness in discriminatory molecules with chiral molecules. This optical
process is therefore an analogue of circular dichroism (CD), but with beams carrying a topological charge, and has been
termed circular-vortex dichroism (CVD).?

With the aid of the following identity?*
3 1 N
e/RglR = E[(@k —kik, )1 |gikmkm} , 9)

we may now write (8) in a way that allows the rate to be secured in a form where the influence of circular polarization
handedness is readily identifiable:

I (@)N
4ch’e,

r!(L/R) (f) —+

E1E2

S

f/,pz (r)gikmk\mgéj (/ukf OQi'“J _/uifOQk;o) ’ (10)

where the + designates either left-handed or right-handed polarization, respectively.
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Due to the fact that the CVD process requires circular polarization, any experimental set-up aiming to observe it will
correspondingly produce a standard CD response. Therefore, it is more suitable to secure a rate which takes into account
both optical features. Casting such a rate in terms of the absolute difference in absorption rates between left- and right-
handed circularly polarized photons yields;

_r® _Ar. + I(a)) N1

2 P fo~TfO fo~Tf0
cD ZCh—zé‘oF f/‘,p (r)gikmkm€¢j (/”i ij + L4 Qi' )1 (11)

where Al includes both the E1E2 and E1M1 contributions to standard CD:

27N [ nhck 1 ~ 10 —f0, S s
Al = T(@jpf f/‘,pz (r)|:3(5|k —kik, )(ﬂimmkm ~R°m fo)_gikmkmkzj (:uifoQk;O _/kaOQijfo)] ' (12)

casting the entire expression in terms of real quantities by adopting a shorthand terminology for the magnetic transition
moments: m'"® =im°.

Key elements of the physics that can be extracted from (11) and (12) includes the validation that when the beam possesses
no OAM, any terms dependent on ¢ clearly vanish, leaving the standard CD result. Since both the E2 and M1 interactions
with the field are of a similar magnitude, the rate of CVD and CD will be alike. However, (11) also highlights the unique
linear dependence of CVD on (. This increasing significance of the E2 interactions as the degree of vortex twist increases
can be expected due to the fact that quadrupole transition moments engage with the gradient of the electric field — such an
enhanced role of E2 moments has been recognized previously in studies involving atoms.30:31

Figure 1: Twisted beam, incident from the left, propagating through an anisotropic system of molecules such as a liquid crystal
exemplified by two helical structures with a common orientation. Positioned at opposite sides of the beam, each experiences with
regard to its own structure a different directional sense of the phase gradient.
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As it stands, the result (11) is applicable to one or molecules with a fixed orientation at any point within the LG beam. The
qu term contracts with an index of the quadrupole transition moment (which itself has a fixed orientation within the

molecule), and therefore the magnitude and sign of the CVD differential will in general vary about the axis of the beam.
More specifically, the CVD will vary between a maximum and minimum of opposite sign across the beam profile. The
CVD effect therefore registers the varying directions of phase gradient around each intensity ring for an LG beam, as
experienced by chiral molecules possessing a common orientation — see Figure 1.

For a system of molecules possessing a locally consistent degree of orientational order, the absorption differential will be
enhanced on one side of the beam and equally diminished at exactly the opposite side, as compared to the standard rate of
CD along the singular core. However, due to the radial and azimuthal components being symmetrical about the z axis, any
observation over the whole beam profile will leave only terms that are solely dependent on Z (out of those dependent
linearly on the unit vectors): i.e. the standard CD terms. Therefore, when observing the whole beam profile, the CVD has
a vanishing net result: it is to be recognized that the effect itself may be deemed local, being exhibited only when the extent
of absorption is resolved at different locations within the beam profile.

Finally, it is worth noting that extension of the theory to allow for isotropic media shows that any CVD-effect vanishes
upon a rotational average of (11).?* Indeed, the only term of (11) that survives an average is the ELM1 contribution
explicitly shown in (12) - which is in full agreement with the well-known fact that it is the electric-magnetic interference
term that contributes to standard CD in isotropic media.?*

3.2 Achiral media

The process of CVD discussed above relies on an interplay between material and radiation chirality to produce a chiroptical
effect. This is in the traditional paradigm of discriminatory interactions in light-matter interactions, where the handedness
of both the molecules and the light introduce chiral sensitivity to optical phenomena. However, a more contemporary field
of research exists wherein chiroptical effects can be observed when light interacts with material that is achiral.3? Such
interactions are not new, however, with classic examples of chiroptical interactions in achiral media being magnetic CD,*
induced CD,** and optical rotation.*® Recent experiments of specific interest to us here include the observation of CD using
twisted light in non-chiral atomic matter and nanostructures.”*6 Needless to say, chiral species may also exhibit any such
phenomena in which intrinsic material chirality is not a requisite — but for such materials, the phenomena examined in
Section 3.1 will have greater significance.

It will now be highlighted how extracting the relevant terms from (7) shows a similar behaviour of discriminatory single-
photon absorption, for studies using twisted photons, in achiral molecules. The specific terms for such a process come
from the E2E2 interactions.

To study the relevant terms, we first isolate those that exhibit a linear dependence on ¢ from (7):

(64 -06)+> (@, 9, | - (13)

On the same physical grounds as in the E1E2 case, it is evident that the rate result must be a real quantity, and due to the
quadrupole transition moments being intrinsically real, circularly polarization states of light must be invoked in order to
secure a real result:
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which may be more neatly expressed as an absolute difference of the absorption of left- and right-handed circularly
polarized photons (an analogous treatment to that of (11)):

I(a))Nl

15
2ch’e, r (15)

FI’E(ZLE)Z (0) _F:E(ZRI;)Z (0)=1 or r

- . ..aloInf, _(r) 1
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The result secured in (15) clearly highlights its linear-dependence on ¢, though the remainder of the expression involves
a plethora of complicated positional parameters stemming from structure of an LG beam.

4. DISCUSSION

This paper has highlighted how the synergy of the spin and orbital angular momentum of light leads to a discriminatory
single-photon absorption rate orientated systems of both chiral and achiral molecules. This interplay between the SAM
and OAM of light is an interesting manifestation of a spin-orbit interaction.®*3 In the case of chiral media, the handedness
of both the light and the molecules plays a decisive role in the magnitude of the rate for the optical process (CVD).
However, it has also been explicitly shown how such discriminatory effects can also occur through the handedness of the
radiation alone, in systems where material chirality is not necessary (i.e. achiral molecules).

To most clearly exhibit the general form of single-photon absorption, and the potential dependence of its rate on both SAM
and OAM aspects of light, the rate equation may be succinctly expressed as follows, in which the values of the coefficients
a, b and c all depend on both beam and material properties;

r'® =a+bo+col . (16)

Here, a represents all the terms which exhibit no dependence on the handedness of any part of the light-matter system —
typical contributions that are represented by this term include the ELIE1 and M1M1. The next term bo is dependent on
the helicity o of circularly polarized photons (and necessarily, in order to conserve parity, the material handedness), and
as such represents the standard CD effect, dependent on both the EIM1 and E1E2 terms — the latter clearly being the
specific ELE2 terms with no ¢ dependence. Finally, col represents terms due to the spin-orbit coupling, being dependent
on both the helicity o and charge of the optical vortex ¢ - terms such as E1E2 (as in the CVD effect in chiral systems)
and the E2E2 CVD-effect in achiral systems. The multiplicative nature of o/ that is exhibited in both (10) and (14) can

be seen to derive from the coupling of the spin and orbital angular momentum through S- L = ohk - (hK = o (h?.

To conclude, this work has highlighted how electric quadrupole transitions are a prerequisite to observing chiroptical
interactions that exhibit a dependence on the vortex charge ¢. The rate equations have been derived for two mechanisms
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highlighting how, for anisotropic materials composed of chiral or achiral molecules, the effect can be identified as a
manifestation of the spin-orbit interaction of light.

Future work now aims to probe deeper into the physicality of this spin-orbit interaction, along with extending the theory
to account for a chiroptical response using twisted light beams with linear polarization — the examination of such a scheme
is warranted to secure an explanation for other recent experimental observations.?® Furthermore, an extension of the theory
to account for vortex charge-sensitive interactions in more elaborate optical processes also warrants further exploration.
Indeed, recent experiments suggest a role in circular differential Raman scattering.®® In this whole sphere of optics, it is
encouraging to see theory and experiment progressing with unusual but very welcome synchronicity.
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