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Chirality describes a reduced symmetry and abounds in nature. The handedness-dependent response
usually occurs only when a chiral object interacts with another chiral entity. Light carrying orbital angular
momentum (OAM) is inherently chiral due to the helical wave front. Here, we put forward a scheme that
enables optical separation and simultaneous discrimination of single chiral particles using focused vector
beams with OAM. Such focused vector vortex beams carrying radial-splitting optical chirality can
selectively trap one enantiomer inside or outside the intensity maxima depending on the sign of the
OAM. The particles with different chirality parameters can be trapped on different orbits and experience
enhanced orbital motion. Moreover, the magnitude of OAM as well as the size of particle plays an
important role in the chiral separation and discrimination. In addition to particle manipulation, the
discussion of OAM in chiral light—-matter interactions has potential application in, for example, optical
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Introduction

Chirality is a fascinating geometrical property which describes
an asymmetry such that an object cannot be superimposed with
its mirror image, and it plays an essential role in nature.>?
Chiral particles with opposite handedness, called enantiomers,
usually differ not only from a physical but also from a chemical
point of view, especially in terms of their pharmacological
effects.® For instance, one enantiomer forms a powerful medi-
cament, while the other has no therapeutic effect or may even
cause serious side effects.” Therefore, the discrimination and
separation of chiral objects have always been hot topics in
biochemical research and industrial applications.>” Generally,
the handedness-dependent response can occur only when
a chiral object interacts with another chiral entity. Hence,
a common method to distinguish opposite enantiomers is to
use circularly polarized light, which possesses spin angular
momentum (SAM) with opposite handedness.*™*

Light carrying orbital angular momentum (OAM), known as
twisted light or optical vortex, propagating with a helical wave
front, is inherently chiral, twisting to the right for topological
charge (TC) ¢ < 0 and to the left for £ > 0.*> The question of how
the OAM of the vortex beam might engage with chiral objects is
a topic of resurgent interest.”*> The initial studies concluded
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enantioseparation or chiral detection.

that the OAM plays no role in chiral light-matter interac-
tions,*** while recent studies through OAM dichroism have
shown that the OAM can produce chiroptical influence.'”"**
Since weak interactions occur between molecules and the
probing light, common OAM and SAM dichroism measure-
ments are often challenging and cannot distinguish the
chirality information of individual molecules. In recent years,
optical forces on chiral objects have attracted considerable
attention not only for the optical separation of enantiomers but
also for the further identification of chirality.>**> However, most
of these studies have been restricted to the dipolar or geometric
optics regime®*° and use scalar beams with spatially uniform
states of polarization (SOP) as illumination.>*°***> Moreover,
changing the SOP of the incident beam is usually needed to
realize the recognition of another enantiomer.>2%2%2°

In this paper, by adopting a tightly focused vector beam with
OAM, the optical separation and simultaneous discrimination
of two enantiomers without changing the incident beam are
achieved. Based on the vectorial diffraction and T-matrix
methods, the optical chirality density of the focused field and
the optical forces acting on the Mie chiral particles (size ~
wavelength) are investigated. This focused vector vortex beam
carrying radial-splitting optical chirality in the focal plane can
selectively trap one enantiomer inside or outside the intensity
maxima, dependent on the sign of the OAM. Quantitatively,
chiral particles with different chirality parameters can be trap-
ped on different orbits and experience enhanced orbital rota-
tion, accomplishing an effective optical separation of chiral
particles and simultaneous discrimination of the chirality of
single particles. In addition, the magnitude of OAM and size of
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the particle also affect the trapping position and rotation
characteristics of the chiral particles.

Theoretical model

When light is scattered by a particle, the transfer of optical
momentum from light to particle induces an optical force on
the particle. Consider a spherical particle of radius a illumi-
nated by an arbitrary electromagnetic wave with the fields E;,.
and Hj,,.. The incident wave is scattered by the particle, yielding
the scattered fields Eq., and Hg., outside the particle. Assuming
that Es., and Hg, are known, then the time-averaged optical
forces (F) on the particle can be calculated by integrating the
Maxwell stress tensor over a surface S enclosing the particle,

(F) = <£ﬁ-Tds>, (1)

where n is the outwardly directed normal unit vector to the
surface; T is the Maxwell stress tensor

_ 1 _
T = &1&EE + uugHH — 3 (e180E” + o H)1, (2)

with & and p, being the permittivity and permeability in
vacuum; &; and u, are the relative permittivity and permeability
of the medium; E (= Ejy¢ + Egca) and H (= Hip + Hgea) represent
the total fields outside the particle; and Iis the unit dyadic. Here
we employ the T-matrix method by Waterman® to treat the
scattering problem. In the T-matrix method, the incident and
scattered fields are expanded as a series of suitable vector
spherical wave functions (VSWFs),

Einc (l‘) = Z Z [amnM,lnn (k]l‘) + bmnN,lnn (klr)] ) (33)
n=1 m=-n
Esm (l‘) = Z Z [pmannn (klr) + lI»me,m (klr)} ’ (3b)

n=1 m=-n

where r is the coordinate of the observation point; k; is the wave
number in the surrounding medium; (@mn, bimn) a0d (Prny Gonn)
are the expansion coefficients of incident and scattered fields,
respectively; and My (ki) and N;z(kyr) are VSWFs of the first
and third kinds.**

In actual optical trapping and manipulation, the optical field
incident on the target particles is the field of some input illu-
mination focused by a high-numerical-aperture (NA) objective
lens. According to the Richards-Wolf vectorial diffraction,*"®
the focused field in the vicinity of the focus can be expressed as

Einc (l‘) =

. O (2
—kf J [ A(6,¢) exp(ik, -1)sin 0dpds.  (4)
2t Jo Jo

where f'is the focal length; 6,, is the maximal converging angle
determined by the NA; k; is the wave vector in the image space;
and A(6, ¢) stands for the apodized field, which is related to the
input field Ay(6, ¢) at the entrance pupil, according to*”

() v

0
Mw%mmﬂ%%
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with (ey, e,) being the respective unit vectors in the § and ¢
directions and (4o,, Aos) being the radial and azimuthal
components of the input field Ay(d, ¢). Here, considering an
azimuthally polarized vortex beam, the input field at the
entrance pupil plane can be written as:

sin 6

in g\ 2
Ao(0,¢) = €y (,30 %) eXp |: *502 (sin ) ) :|exp(i€¢), (6)

where §, is the ratio of the pupil radius to the beam waist. Then,
the expansion coefficients (@, bmy) of the incident field can be
determined from eqn (4) as

@ = 2k, f (1)

O 21
d"J J Vcos 044y T, (0)e ™ 170 sin fdpdo,

o Jo
(7a)

bun = 2k f (—1)" !

O (2T
d, [ J Vcos 040y, (0)e ™17 sin fdpde,
Jo Jo

(7b)

in which d,, is a constant d,, = [(2n+1)/(47n(n+1))]"'?; 7,.,(6) and
mmn(0) are functions involving the associated Legendre func-
tions; and r, is the position coordinate of the particle. Knowing
the expansion coefficients (7) of the incident field, the expan-
sion coefficients (P, gmn) Of the scattered field can be easily
obtained by the T-matrix as follows:**

DPmn _
4mn

Consider an isotropic chiral particle with relative permit-
tivity e,, permeability u,, and chirality parameter . The chirality
parameter « is a dimensionless parameter that measures the
degree of handedness of the chiral material; a change in the
sign of k means taking the mirror image of the material. It can
be interpreted as the difference in the effective refractive index
for left- and right-handed circularly polarized waves, which is
governed by the inequality « < (eu,)"/2.3** Then, the T-matrix is
no longer a diagonal matrix like for a dielectric spherical
particle, which with elements*’

12
T‘mnm’n’ a, (8)
T22 b o
m'n

mnm'n’

T]l

mnm'n’

T21

mnm'n’

11 _

Tmnm’n’ - 6ll1m/ 611;1/ bn ’
22 _

Tmnm’n’ - 6111m/ 611;1/ n, (9)
12 _

Tmnm’n’ - 6""1/ 6nn/ Cn;

T21 —_ T12

mnm'n’ mnm'n'

where a,, b, and c, are the scattering coefficients defined as:****

Vo(R)AL(L) + V(L) A,(R)

" WL(L)VL(R) + W, (R)V,(L)

_ W,(L)B,(R) + W,(R)B,(L)
bn = W,(L)V,(R) + W,(R)V,(L)’ (10)

_ VVn(R)An(L) 7 Wn(L)An(R)

“ T WD VR) + Wa(R) V(L)
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with
Wo(J) = Ny, (Nyx)E, (x) — £,(x)¥, (N,x),
V() = ¥, (Nsx)E ,(x) — NE,(x)¥,(Nsx), 1)
A, () = an(NJx)w;(x) Y (X)W, (Nx),
B,(J) = ¥,(Nsx)¥,(x) — N, (x)¥, (N, x),

where J is L or R and x = kia; ¥,(p) = pjnlp), Enlp) = phgll)(p)
with j,(p) being the spherical Bessel functions and A{)(p) being
the spherical Hankel functions of the first kind; the relative
refractive indices Ny, Ny and the mean refractive index N take
the expressions of N = (el +K)/\/e1i,
Nr = (\/e2i; — k)/+/e1i; and N = (N + Ng)/2, respectively.

Results and discussion

Based on the optical force obtained above, we can evaluate the
optical force precisely and analyze its dependence on the
particle chirality in this focused azimuthally polarized vortex
beam. In what follows, we assume the input power P = 100 mW,
free space wavelength A, = 1.064 pm, objective lens NA = 1.26,
factor B, = 1.5, refractive index n; = 1.33 and relative perme-
ability u; = 1 of the image space; the particle has a radius of a =
0.3 um, relative permittivity ¢, = 2.5 and permeability u, = 1,
and chirality parameter « in the range between —1 to 1, with
minus and plus signs separately denoting R (right-handed) and
S (left-handed) enantiomers. Fig. 1 shows the transverse optical
force distributions exerted on the S and R enantiomers with
chirality parameters x = 0.5 and —0.5 in the focal plane of the
vector vortex beam with TC / = 5 and —5, where the arrows
denote the direction and magnitude of the optical force, and the
background represents the intensity distribution of the focused
field. Notice that the azimuthal optical force exists uniformly on

10.8
0.6
04

0.2

1 0 1
x (um)

1 0
x (um)

Fig. 1 Transverse optical force distributions experienced by the S (a
and b) and R (c and d) enantiomers in the focal plane illuminated by the
focused vector vortex beam with TC ¢ = £5.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

one circle where the radial optical force disappears, implying
the enantiomers will be stably trapped in the radial direction
and orbitally rotate around the optical axis. For the two enan-
tiomers, both the direction and trajectory of their orbital
motion are changed when the TC changes from / = 5 to —5. For
instance, the rotating direction changes from around the posi-
tive z-axis to around the negative z-axis, and the trajectory
changes from being inside (outside) the intensity maxima to
being outside (inside) the intensity maxima for the S and R
enantiomers, as shown in Fig. 1(a) and (b) for S and Fig. 1(c) and
(d) for R. As a result, the enantiomers can distinguish between
beams carrying the vortex phase of opposite TCs, or the optical
enantioseparation can be realized in this focused vector vortex
beam.

To further understand this special movement of the chiral
particles, we carry out quantitative calculations in Fig. 2. We
define a stable orbit r, as corresponding to the loci where all
radial optical forces on the chiral particle are balanced. The
changes of the stable orbit r, and azimuthal optical force F,, at
the radial equilibrium position with the particle's chirality
parameter « are plotted in Fig. 2(a) and (b), respectively. With
the increase of the chirality parameter «, the stable orbit 7, is
closer and closer to the focus for TC ¢ = 5, whereas it is further
and further away from the focus for TC ¢ = —5, implying that
particles with different chiral parameters have different orbits
which are affected by the handedness of the vortex beam.
Regardless of whether TC ¢ = 5 or —5, the magnitude of the
azimuthal optical force F increases with the increase of the
chiral parameter ||, which is always larger than that of an
achiral particle (xk = 0), demonstrating an enhanced orbital
rotation on the chiral particles owing to the addition of
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Fig. 2 The stable orbit ry (a) and azimuthal optical force Fy (b) as
functions of a particle’s chirality parameter x under the vector vortex
beam illumination.
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chirality-related optical force. Moreover, for the incident beam
with TC ¢ = 5 acting on the R (S) enantiomer and the incident
beam with TC ¢ = —5 acting on the corresponding S (R) enan-
tiomer, the stable orbits r, are the same; the azimuthal optical
forces F, are equal in magnitude while opposite in direction.
Consequently, this focused vector vortex beam can trap parti-
cles with different chiral parameters on different orbits and
induce enhanced orbital rotation on them, achieving an effec-
tive optical separation of chiral particles and simultaneous
discrimination of the chirality of single particles.

The normalized optical chirality density C o« Im[E-H*]*>*
distributions of the focused vector vortex beam in the focal
plane are drawn in Fig. 3. Clearly, the optical chirality densities
exhibit annular distributions and mainly concentrate on two
rings inside and outside the circle of intensity maxima. At
a fixed point, the orientation of the optical chirality density
reverses when the sign of the TC is changed. In addition, the
optical chirality density changes its sign along the radial
direction, accompanied by the optical chirality “splitting” in the
focal plane. It should be stressed here that the input beam (6)
possesses neither optical chirality nor SAM at any point. Actual
calculation finds that the total optical chirality is zero when the
integral is performed in the whole focal plane, satisfying the
conservation of optical chirality. Hence, the observed positive
and negative optical chirality densities can be solely attributed
to the formation of transverse electric and magnetic fields, with
their relative phase ruled by the sign of the OAM. Combined
with the previous analyses, the S and R enantiomers are trapped
on the circle where the handedness of the enantiomers match
the focused field.

To present an intuitive picture of the optical separation and
discrimination of the chiral particles, a sketch map is shown in
Fig. 4. In such focused vector vortex beam, the S (R) enantiomer
will be trapped on the inner (outer) side of the intensity maxima
and orbital around the positive z-axis for TC ¢ = 5, and trapped
on the outer (inner) side of the intensity maxima and orbit
around the negative z-axis for TC ¢ = —5. In addition, particles
with different chirality parameters will be trapped on different
orbits, as shown by the white circle (only a few are drawn). That
is, the trapping of S and R enantiomers on the circle inside or
outside of the intensity maxima depends on the sign of the
OAM, while the specific circle depends on the magnitude of the
particle's chirality parameter.

-2 -1 1 2 -2 -1 1 2

0 0
X (um) x (nm)

Fig. 3 Normalized optical chirality density distributions in the focal
plane of focused vector vortex beam with TC £ =5 (a) and £ = -5 (b).
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Fig. 4 A sketch map of the optical separation and discrimination of
chiral particles using the focused vector vortex beam with TC £ =5 (a)
and ¢ = =5 (b).

Next, we turn our attention to the dependences of the stable
orbit 7, and azimuthal optical force F, at the radial equilibrium
position on the TC ¢ of the vector vortex beam in Fig. 5, where
the TC / takes values from —1 to —15 and 1 to 15. Since a sharp
focal spot will be generated for TC ¢ = 1 and —1,**** the S (R)
enantiomer under incident beam with TC ¢ = 1 (—1) illumina-
tion is stably trapped at the focus and experiences no rotation,
as separately seen from Fig. 5(a) and (b). Besides, with
increasing TC |¢|, the stable orbit r, increases in an approxi-
mately linear relation, and the azimuthal optical force |Fyl
decreases with a slower and slower speed. This arises from the
fact that the radius of annular focus increases, whereas the
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Fig.5 Changes of the stable orbit rg (a) and azimuthal optical force (b)
with the TC ¢ of the vector vortex beam.
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intensity is attenuated with the increasing value of TC |¢|.
Moreover, the stable orbit 7, of the S (R) enantiomer is smaller
than that of the R (S) enantiomer under incident beam with TC ¢
> 0 (<0) illumination, while the situation of the azimuthal
optical force |Fy| is just the opposite. This proves once again
that the sign of the OAM determines the relative trapping
position of the S and R enantiomers in the focal plane. In short,
the magnitude of the OAM affects the rotating orbit and the
magnitude of azimuthal optical force of the chiral particles,
while the sign of the OAM affects the relative trapping position
and the direction of orbital rotation of the enantiomers.
Finally, the influences of particle size on the stable orbit r,
and azimuthal optical force F, at the radial equilibrium posi-
tion are investigated in Fig. 6, where particles with radii of 0.01
to 1 um are considered. For radius a < 0.1 um, because of the
weak scattering, the particle will be trapped on a fixed circle as
the stable orbit , remains constant, as shown in Fig. 6(a), and it
undergoes no orbital rotation since the azimuthal optical force
F, is very small, as plotted in Fig. 6(b). When the radius
increases from 0.1 to 1 pum, the stable orbit r, undergoes
a process of moving away first and then approaching and finally
being fixed at the focus for the incident beam with TC £ = 5 (—5)
acting on the S (R) enantiomer, while it experiences a process of
approaching first and then moving away and finally fixing at the
focus for the incident beam with TC ¢ = 5 (—5) acting on the R
(S) enantiomer. In addition, the magnitude of azimuthal optical
force F, gets bigger and bigger firstly, and then disappears
where the particle is trapped at the focus for all four cases.
Specifically, the maximum particle radius that can induce
rotation for the incident beam with TC ¢ = 5 (—5) acting on the S
(R) enantiomer is 0.66 pm, while it is 0.75 um for the incident
beam with TC ¢ = 5 (—5) acting on the R (S) enantiomer.
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Fig. 6 Influence of particle size on the stable orbit rq (a) and azimuthal
optical force (b) under the focused vector vortex beam with TC £ = £5.
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Therefore, the particle size affects the trapping position and
rotation characteristics of the chiral particle, which plays an
important role in the chiral separation and discrimination.

In practice, the current scheme of optical separation and
discrimination of chiral particles is not limited to the
azimuthally polarized vortex beam. A tightly focused radially
polarized or cylindrical vector vortex beam also carries local
optical chirality that splits in the radial direction. Besides
driving the orbital rotation, particles with opposite handedness
would be separated in the radial direction. The only difference
is that the azimuthal optical force they exert on the chiral
particle is not as great as in the focused azimuthally polarized
vortex beam.

Conclusions

In summary, we have numerically studied the role of OAM in
chiral light-matter interactions. The tight focusing of an
azimuthally polarized vortex beam carrying no SAM but only
OAM results in the creation of radial-splitting optical chirality in
the focal plane, and it can selectively trap S (R) enantiomers
inside or outside the intensity maxima where the handedness of
the enantiomer matches the focused field. The sign of the OAM
of the input beam determines the sign of the optical chirality
density of the focused field, as well as the relative trapping
position of the enantiomers. The chiral particles with different
chirality parameters will be trapped on different orbits and
experience enhanced orbital motion, accomplishing an effective
optical separation of chiral particles and simultaneous
discrimination of the chirality of single particles. Furthermore,
the magnitude of OAM and size of the particle affect both the
trapping position and rotation characteristics of the chiral
particles. Altogether, our study paves the way for potential
applications of OAM, such as in optical enantioseparation,
chiral detection, and sensing.
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