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ABSTRACT

It is well-known that, in a homogeneous fluid medium, most optical means that afford discrimination between molecules
of opposite handedness are intrinsically weak effects. The reason is simple: the wide variety of origins for differential
response commonly feature real or virtual electronic transitions that break a parity condition. Despite being electric dipole
allowed, they manifest the chirality of the material in which they occur by breaking a selection rule that would otherwise
preclude the simultaneous involvement of magnetic dipole or electric quadrupole forms of coupling. Although the latter
are typically weaker than electric dipole effects by several orders of magnitude, it is the involvement of these weak forms
of interaction that are responsible for chiral sensitivity. There have been a number of attempts to cleverly exploit novel
optical configurations to enhance the relative magnitude — and hence potentially the efficiency — of chiral discrimination.
The prospect of success in any such venture is enticing, because of the huge impact that such an advance might be expected
to have in the health, food and medical sectors. Some of these proposals have utilized mirror reflection, and others surface
plasmon coupling, or optical binding methods. Several recent works in the literature have drawn attention to a further
possibility: the deployment of optical beam interference as a means to achieve chiral separations of sizeable extent. In this
paper the underlying theory is fully developed to identify the true scope and limitations of such an approach.
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1. INTRODUCTION

Chirality studies relating to optical forces that act on particles are receiving much current interest — for example, with
respect to the Casimir force applied to chiral metamaterials®? or chiral objects,®® or induced chiral forces that arise due to
the input of a laser beam.5'® Research of the latter type involve optical discrimination for molecules of opposite
handedness, which may lead to the separation of these enantiomers. If such works prove to be practicable at an industrial
scale’* a significant impact on the health, food and medical sectors is certainly possible. Our previous research®518 worked
on the principle of optical trapping which, at the nanoscale, is described by forward-Rayleigh scattering of off-resonant
input light; the resultant optical force is dependent on the position of the particle within the beam due to the non-uniform
intensity profile of the beam. We established that a slightly different optical force arises when left-handed circularly
polarized light is scattered by chiral molecules compared to right-handed light and, equivalently, when circular light of
one type is scattered by a left-handed enantiomer compared to a right-handed one. A summary of these results is given in
the next section. An explanation on the two different optical mechanisms that results in the center-of-mass motion of an
uncharged, polarizable particle is then presented. The rest of section 3 gives an analysis on a two-beam system, based on
a mechanism which is analogous to a four-wave mixing configuration, and involves forward-Rayleigh scattering of both
off-resonant input beams. The article concludes with a brief discussion on the scope of the two beam set-up.



2. SEPERATION OF CHIRAL MOLECULES

As described in the Introduction, optical trapping may be described by a forward-Rayleigh scattering mechanism.
Equivalently it may also be represented by the dynamic (ac) Stark effect where an energy lowering of the electronic ground
state occurs due to the alternating electric field of the input radiation. In quantum electrodynamical terms, both phenomena
are defined in terms of the annihilation and creation of identical photons, i.e. instantaneous single absorption and single
emission of photons with identical wavelengths within the transparent region of the particle. Asin all chiral discrimination
effects (which are always weak) the transition electric dipole contribution, denoted by E1, cannot be the origin of such
effects on its own due to selection rule arguments. Since the mechanisms of interest here involves two photon-molecule
interactions, it is the electric dipole-magnetic dipole (E1-M1) and electric dipole-electric quadrupole (E1-E2) contributions
that are important rather the E1-E1 contributor, despite the latter usually being several orders of magnitude stronger.
Typically, the Rayleigh scattering mechanism is sufficiently described by an electronic polarizability («;) involving
transition electric dipoles only, but the analogous E1-M1 (Gj;) and E1-E2 (Aijk) polarizability tenors may be required instead
in our case; the explicit forms of such tensors are given in ref. 8.

The physical observable of optical trapping is a potential energy (or energy shift), AE, which is dependent on position
r, may be defined in terms of identical initial and final states, denoted by I, and determined from second-order
time-dependent perturbation theory, i.e.;
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where R is an intermediate state, E is the energy of the state denoted by the subscript and Hin: is the interaction Hamiltonian.
When assuming a circularly polarized input beam of either specific handedness, the following expression is eventually
found from equation (1);®

where 1% s(]/«/?)(iiij) and p® E(J/«/E)(JJ?H) are the circular polarization vectors of the electric and magnetic field,
respectively — i and j are mutually orthogonal unit vectors perpendicular to the direction of light propagation and either
left- or right-handed polarizations are denoted by the superscript — and I(r) is the irradiance of the input beam. Assuming
that the input beam is off-resonance with respect to the molecule’s absorption bands, the terms involving the E1-E2
polarizability tenors may be omitted. This is justified since the energy shift is always a real quantity (a measurable), but
the E1-E2 terms are imaginary since Aij, Ajik and kg (the wave-vector of the input beam) are all real quantities. The only
case where these terms are non-zero is when the input beam is near-resonance, i.e. within the ‘wings’ of the resonance
absorption band, since the E1-E2 polarizability tenors may then have an imaginary component — although, in such cases,
a degree of absorption will occur and significantly weaken the desired effect. Similar arguments can be used to support
the assertion that the final two terms of equations (2) cannot involve linearly polarized input light, since these terms will
then be imaginary because the linear form of e and b are real quantities and Gj; is purely imaginary; this correlates with the
fact that circularly polarized light is more often used in chirality studies.

Determining the required expression for optical discrimination, i.e. the difference in potential energy for left-handed
compared to right-handed circular polarization, requires application of the identity pb® ==ie"™ so that equation (2)
becomes;
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Here, the E1-E1 term cancels out (as expected) since identical results are found for either left- or right-handed circularly
polarized input light; the remaining terms involve the G;; tensor only and, hence, the E1-M1 contribution is now solely
considered. In greater depth, transition moments (whether electric or magnetic dipole, electric or magnetic quadrupole,
etc.) exist for all molecules, it just depends on the electronic states they connect. A specific moment may be zero if the
corresponding transition is symmetry forbidden, but all other cases will generally be non-zero. Most important in the
present discussion is whether the ¢;j, Gjjand Ajj« tensors are non-zero. The former, E1-E1 polarizability tensor, is non-zero
for all matter. On the other hand G;; (the E1-M1 tensor) is identically zero for some matter, such as centrosymmetric
materials, because its structure involves products of E1 and M1 transition dipoles connecting the same pair of states (the
ground and one other). These molecules may have allowed EL1 transition dipoles and M1 transition dipoles too, but never
connecting the same pair of electronic states. In contrast, E1 allowed transitions in all the symmetry point groups that
support molecular chirality (the pure rotation groups) are always both E1 and M1 allowed, and also E1 and E2 allowed.
In the present case, outside of selection rule arguments, the Aij terms can be omitted since the observable AE has to be a
real quantity and the ¢ terms are ignored since identical results are found for left- and right-handed light, as stated earlier.
It is presumed in equation (3) that chiral discrimination arises when a single enantiomer is irradiated with circularly
polarized light and its response to left- and right-handed light differs. Significantly, identical outcomes occur for cases
when a single circular polarization is applied to a left-handed chiral molecule relative to a right-handed one — this is the
origin of enantiomer separation. The trapping force is determined using the expression F<L‘R)(r):fv(u (L‘R>(r)), from which
the differential chiral force is defined by AF(r)=F" (r)-F® (r). Therefore, equation (3) corresponds to a non-zero
trapping force for spatial separation of enantiomers in a fixed configuration; the corresponding results for freely rotating
chiral molecules are found elsewhere. 81516

3. ANALYSIS OF ATWO BEAM SYSTEM

At this juncture it important to state that there are two forms of optical mechanism that result in the center-of-mass motion
of a free, uncharged, polarizable particle. In the one of interest here, relating to the dynamic Stark shift, the particle’s
interaction with light produces intensity-dependent internal energy level shifts, introducing an effective potential energy
surface wherever the light intensity varies with the particle position (most familiarly across the dimensions of a beam, as
in optical tweezers). In this case the radiation field suffers no change in state, and the position-dependent particle energy
can be evaluated as the expectation value of an interaction term which delivers the expression aE? (where a. is the
polarizability tensor and E the optical electric field) in the electric dipole approximation. At a quantum level, this
interaction involves photon annihilation and recreation into the same radiation mode — which can be cast as forward-
Rayleigh scattering in a Feynman diagrammatic sense (Figure 1). This is the origin of our scheme, and the mechanism is
also the basis for numerous other works on optical forces. For example, it is consistent with optical lattice experiments in
which the variation of internal energy with position serves as a potential energy surface and produces an optical dipole
force.

Another mechanism describing center-of-mass motion comprises processes within which the radiation state suffers
change, through a beam deflection and/or frequency shift, that is quantum mechanically (i.e. always in principle)
observable. At the photon level this signifies the occurrence of scattering events in which there is an annihilation of
photons in one mode, and the creation of photons in another mode with a different wave-vector. Accordingly the radiation
field as a whole suffers a change in momentum; the corresponding momentum difference is imparted to the particle. The
rate at which this process occurs determines the rate of change of momentum and hence the force, as in the familiar formula
for radiation pressure. This is the basis for early research on optical trapping done by Ashkin,*® laser cooling techniques
including optical molasses,?® and light pressure on free electrons.?! The difference in outcome, for the radiation, is such
that no individual photon from a given optical input can manifest both types of mechanism, since the final radiation state



cannot be both the same and different from the initial state. If a process with identifiably different radiation modes is
involved — as, for example, in Doppler cooling — then the ensuing changes in particle motion are the result of a process
that occurs at a well-defined rate. This involves the conversion of photons from one radiation mode into another. The
crux is this: when the initial and final states differ in this way, the process is incoherent and, therefore, the physical
observable depends on the square modulus of the quantum amplitude.?>23
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Figure 1. Feynman diagrams of forward-Rayleigh scattering mediated by a transition electric dipole (E1) and magnetic dipole (M1),
namely the E1-M1 contribution. These diagrams correspond to chiral discrimination in the one beam set-up.
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Figure 2. Feynman diagrams for forward-Rayleigh scattering of two beams mediated by three transition electric dipoles (E1) and a
magnetic dipole (M1), where the four possible positions of M1 are shown. Diagrams relate to chiral discrimination in the two beam
configuration.

Now returning to the first mechanism, where the initial and final states are required to be identical, the case of two
irradiating beams is analyzed. Previously, for one input beam, the initial and final states correspond to a molecule A in its
ground state, 0, and contains an occupant of a radiation mode; this may be denoted by | E‘AO;1>. For two irradiating
beams these identical states will include an additional radiation mode, so that | E‘Ao;l,1> and two extra light-matter
interactions are used; this is a higher-order (thus, weaker) process because of these additional interactions. In such a case,
two photons are absorbed and two photons are emitted (Figure 2) — with both beams undergoing forward-Rayleigh
scattering — and the potential energy is determined from perturbation theory, so that;
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which is similar to the result found in previous work for laser-induced optical rotation.?* In equation (4), 11 and I, are the
intensities of beam 1 and 2 respectively, the additional index on each polarization indicates the related beam, and the tensor
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which corresponds to the situation where each of the four light-matter interactions involves transition electric dipole
coupling. The other four tensors relate to one of the interactions mediated by a transition magnetic dipole in one of four
possible positions, so that;
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where S is identical to R™ except that the first a* becomes a G*° tensor, so (for example) s =G;%;° /E,, , and similarly
T js the same as R™ with the second a® replaced by G**. Determining an expression for optical discrimination for this
case, again using the identity b™® = Fie®, we find that the E1-E1 contributor will again cancel out and the following
will then be found,;
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A fourth-order rotational-average of this result, which physically means that the molecule is able to freely tumble within
the laser beam (for example, within a fluid), will also give a non-zero outcome that is explicitly given by:
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where the Greek indices represent the molecule-fixed frame of reference. With a polarizability volume of 10 m?, the
energy denominator of the polarizability as 10"*° J, and an input beam intensity of 101 W cm we estimate that the two
beam technique delivers a potential energy differential that is three orders of magnitude weaker than afforded by the single
beam set-up.

Although optical discrimination is possible for a two beam configuration, the input beams needs to be circularly
polarized rather than linearly polarized: this is justified since e, b and a are real quantities for linear light and G is
imaginary, so the product of these tensors could not then give a potential energy that is real. For calculational convenience,
the two input beams are assumed to be circularly polarized with the same handedness, but it is possible for the two beams
to have different handedness as long as the corresponding handedness stays the same in the emission.

4. DISCUSSION

In the last few years chirality has become a hot topic, especially in physics and related subjects. The very latest,
wide-ranging research discuss: the origin of homochirality in amino acids and sugars;?® the control of chirality in crystalline
growth;?® the separation of charge using chiral molecules;? the detection of enantiomers in a mixture through high-
harmonic generation,?®2° and chiral scattering as the source of orbital angular momentum transfer between an acoustic
beam and matter.3® In this work, our novel mechanism for enantiomer separation is outlined and we can conclude that the
additional complexities involved in a two-beam technique would not provide any advantages over a single beam set-up;
the mechanism is higher-order than the one beam scenario and, thus, produces weaker effects and a differential chiral force
that is three orders of magnitude smaller than the single beam case.
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