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Owing to the good adjustability and the strong near-field enhancement, surface plasmons are widely used in optical
force trap, thus the optical force trap can achieve excellent performance. Here, we use the Laguerre—Gaussian beam and
a plasmonic gold ring to separate enantiomers by the chiral optical force. Along with the radial optical force that traps
the particles, there is also a chirality-sign-sensitive lateral force arising from the optical spin angular momentum, which is
caused by the interaction between optical orbit angular momentum and gold ring structure. By selecting a specific incident
wavelength, the strong angular scattering and non-chiral related azimuthal optical force can be suppressed. Thus the chiral
related azimuthal optical force can induce an opposite orbital rotation of the trapped particles with chirality of different sign
near the gold ring. This work proposes an effective approach for catchingand separating chiral enantiomers.

Keywords: lateral optical force, chiral force, chiral sorting, surface plasmon

PACS: 87.80.Cc, 71.45.Gm

1. Introduction

Single-beam gradient force trap which is commonly
known as optical tweezers has been widely used in the cap-
ture of micron-scale particles due to its contactless and non-
intrusive characteristics.!'=3 Traditional optical tweezers rely
on lens with a large numerical aperture focusing to produce
a large light field gradient. However, the capture of nano-
scale particles and metal particles still faces challenges!*>! be-
cause of the minimum level of the focused spot size limited
by the diffraction limit and the strong scattering in the visi-

6-10

ble range by noble metal particles.[*~'% As the surface plas-

mon can be tuned effectively by the size and shape of nano-
structure, plasmonic nano tweezers such as waveguides,!! =1/
photonic crystal resonators,!'#! and other kinds of plasmon op-

tical tweezers,[15:16

! have been developed. It has greatly en-
riched the connotation of optical tweezers.

Chiral objects are also called enantiomers,!”! referring to
the property that an object and its mirror cannot coincide in
space. At the microscopic level, the molecular configuration
affects its dipole moment, leading to active response.!'®1°]
Separation of chiral molecule is an extremely important pro-
cess in the pharmaceutical and chemical industries. Recently,
optical lateral force and optical enantiomer separation have at-
tracted much attention due to the emergence of abundant ab-
normal optical force phenomenon.?%2!1 Chan and Wang the-
oretically proved that the electromagnetic near-field coupling
caused by dielectric or metal interface can cause transverse
optical force perpendicular to the wave vector to act on chiral
particles.!??! In addition, the direction of optical lateral force
is related to the sign of particle chirality. Many researches
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have shown that linearly polarized light,!?*! circularly polar-
ized light,[**! or vector hollow light beams!>! can be used
to separate chiral particles, which confirms the feasibility of
the full optical sorting of enantiomers. However, in their re-
searches, the metal and dielectric interfaces each were usually
considered as an infinite plane, and the sorting effect that is
produced by a finite-size metal structure was ignored. Addi-
tionally, the energy density of the plane wave is uniform in the
vertical direction of the wave vector, so it is necessary to use
an oblique incidence on the substrate to generate exogenous
chirality. This brings another problem that the radiant optical
force in the direction of light propagation is difficult to elimi-
nate.

Spin angular momentum (SAM) and orbit angular mo-
mentum (OAM) have been known to possess important char-
acteristics caused by light polarization and energy flow since
the vector beam was established by Allen et al.®! The so-
called vector beam is actually a structured light field with a
non-uniform distribution of light polarization on the beam sec-
tion with quite flexible and customizable characteristics pro-
ducing a richer light-matter interaction phenomenon. >’ From
the perspective of momentum transfer, [>8! the SAM and OAM
contained in the vector beams provide a route for the multi-
dimensional manipulation of particles. In this consideration,
we propose the combination of the vector beam and the plas-
monic structures. On the one hand, the interaction between
vector beam and noble metal can excite different modes by
adjusting the wavelength of incident wave and the size of the
micro-nano structure. On the other hand, the near-field en-
hancement effect can increase the gradient of the light field.
The spatial light field control of the micro-nano structure and
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the electromagnetic field enhancement caused by local surface
plasmons can produce the equivalent effect acting as the lens.
Thus, the problem of difficulty in obtaining a large sorting area
by using lens can be solved. The new interaction generated by
the vector beam and the micro—nano structure can provide a
larger sorting area than the traditional optical tweezer relying
on the focused beam, which helps to achieve the capture and
sorting of chiral particles at the same time.

2. Simulation model

A typical vortex Laguerre-Gaussian (LG) beam in the
cylindrical coordinate system in the paraxial approximation is
used. The complex scalar function describing the distribution
of the field amplitude can be expressed as follows:
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where [ denotes the angular exponent, taking an integer value;
p is the radial exponent, taking an integer greater than zero;

r= \/(x—xo)2+(y—yo)2 is the radial distance from the
considered position to the center axis of the beam; w(z) =

woy/ 1+ [(z—z0)/zr)* is the beam radius at position z where

zo = 0 nm, and wq is the beam waist and set to be wy =
700 nm in our simulation. The paraxial approximation con-
dition kwg = 2wy /A > 1 is effective for the radiation wave-
length which is in the visible range. Llf‘ is the generalized
Laguerre polynomial and defined as
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and Zg = kw}/2 is the Rayleigh range, in which k = nky =
n(2m/ o). The R (z) = z[1+ (zr /z)*] is the radius of curvature
of the beam’s wavefronts at z, and (2p+|I|+1)tan~!(z/zR) is
the Gouy phase at z.

The representation of a radially polarized LG laser mode
is achieved by using the vector potential

A=eu(r,g,z)e 'k, )

with the transformation relationship between the rectangular
coordinate system and the polar coordinate system:

e; = cos e, —sinPey,

ey, = sin Qe,+cos Peyp. 3)

The definition in Cartesian coordinate system can be obtained
as follows:
E, = u,,le*ikzcos 0,

ik Ep, =0. )

Epy =upe sin @,

In Fig. 1(a), the energy and polarization distribution of the ra-
dially polarized ug; LG beam consists of a ring shape light
field with zero field amplitude in the center of the beam. The
electric field has only radial component. Figure 1(b) shows
the distribution of the isophase surface of the radial electric
field with a shape of vortex, and the energy propagates along
the z direction. Figure 1(c) represents the schematic diagram
of the simulation system. In order to satisfy the paraxial
condition in the entire system, the beam center is set to be
(x,y,2) = (0,0,0). The media are a glass cover at z > 0 and
water at z < 0, respectively. The height of the gold ring is h
and its diameter is d = 1 um. The thickness of the ring side-
wall is initialized to 80 nm. A chiral medium sphere with a
radius of 20 nm is attached near the outer side of the gold ring,
with the refractive index n = 2. The advantage of the nano ring
lies in the centrosymmetry of its structure, especially when it
is illuminated by vector beams. It can avoid mismatching the
electrical field gradient with other kind of structures. When
the LG beam that propagates in the z direction is irradiated on
the ring, the chirality of particles breaks the mirror symmetry
of the space and thus generates optical force perpendicular to
the direction of light propagation, which is called the optical
lateral force. In our system, we define that the optical lateral
force has an azimuthal orientation of ¢ in the polar coordinate
system.

Au circle

Fig. 1. (a) Polarization and energy distribution of radially polarized
Laguerre—-Gaussian beam at the beam waist. (b) Isophase distribution map
of E, component of LG beampropagating along the z direction. (c) Overall
schematic diagram of simulation structure,with media being dielectric layer
atz > 0 and water at z < 0 and a gold ring circle with radius of d /2 and height
of h attached to the dielectric layer. The position of the particle is near the
outer side of the gold ring. Considering that the system has central symmetry,
the position of the chiral ball is set to be (x,y,z) = (Xposi,0 nm, —30 nm).
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Numerical simulations are performed with full-wave cal-
culation by using a commercial finite element method soft-
ware package (COMSOL MULTIPHYSICS 5.5). By solving
the electromagnetic field around the particle and according to
the Maxwell stress tensor (MST) theory, the force that acts on
the particle can be calculated from

(F)— 7{9 Tonds, )

where T' is the Maxwell stress tensor, and the integration do-
main S is the outer surface of the particle. There are constitu-
tive relations?*=!1 for chiral particles: D = & FE +ix/cH
and B = —ix/cE + u:loH, in which & is the relative per-
mittivity of chiral particles, u; is the relative permeability of
the particles, c is the speed of light, and « is the quantity that
characterizes the relative strength of chirality. For non-chiral
particles we have kK = 0, and the material constitutive equation
degenerates into the standard form.

3. Results

In the visible range, the illumination causes the electric
field to be strongly enhanced, which can be artificially cus-
tomized by adjusting the geometric parameters of the gold ring
structure. According to the MST theory, the force directly re-
lates to the electromagnetic field distribution on the surface
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of the particle. Therefore, the size of gold ring and the back-
ground field distribution around the particle should be adjusted
firstly. Figure 2(a) shows the scattering cross section of the
gold ring with height in a range from 20 nm to 90 nm as a
function of wavelength under LG beam (with ug;) illumina-
tion. As the height of the ring increases, the main resonant
peaks are blueshifted from 650 nm to 575 nm and the intensity
decreases. Figure 2(b) presents the normalized electric mod-
ulus spectrum where the particle exists. It can be seen that
as the height increases, the enhancement peak of the electric
field modulus shifts to the short wavelength side with its am-
plitude increasing. Figure 2(c) shows the optical force in the
radial direction of the particles as a function of incident wave-
length A. The particle is placed on the outside of the gold
ring, so when the radial optical force is negative, the parti-
cle will be trapped near the wall of the gold ring. The max-
imum radial optical force appears at 650 nm at a ring height
of 20 nm. Similarly, the peak of radial optical force tends to
be blueshifted as the ring height increases. A comprehensive
comparison among Figs. 2(a)-2(c) reveals that the resonance
frequency of the gold ring scattering, the normalized electric
field modulus peak, and the maximum radial optical force that
characterize the capture capability have consistent wavelength
movement with the ring height.
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Fig. 2. (a) Scattering cross sections versus incident wavelength. (b) Normalized electric field modulus versus incident wavelength, with particle
trapped near the sidewall of gold ring. (c) Radial optical force acting on the achiral particle (solid lines) and chiral particle (dash for x = 0.4, dot
for k = —0.4) as a function of incident wavelength. (d) Lateral optical force acting on achiral particle as a function of the incident wavelength.
All the above results are obtained for gold rings with heights of 20 nm, 30 nm, 40 nm, 60 nm, and 90 nm.

Owing to the fact that the background electromagnetic
field and the structure of gold are both centrosymmetric, the
radial and lateral optical forces have no correlation with the

¢ coordinate. Therefore, if the radial optical force is positive,
the chiral particle will be pushed away from the focus area. On
the contrary, if the radial optical force is negative, the particle
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will be trapped near the sidewall of the gold ring. It should
be noted that the chirality of the particle almost has no effect
on the redial optical force (Fig. 2(c)). The sign of the angu-
lar optical force represents the direction that the chiral particle
rotates around. From the top view, the positive angular optical
force indicates that the particle will rotate counterclockwise
around the gold ring and vice versa. The solid lines in Fig. 2(d)
represent the angular optical force of the achiral particle as a
function of incident wavelength A. Because the achiral par-
ticle is very close to the gold interface, the optical force is
produced by the combined effects of the lateral radiation that
is generated by the gold ring scattering and the strong electric
field modulus gradient from the plasmon resonance. The an-
gular component is affected by the gold ring excitation mode
and shows different signs. Therefore, there will be non-zero
lateral optical force acting on achiral particles when the gold
ring is excited by its resonance frequency.

In the background electromagnetic field, because of the
paraxial approximation and the dismissing of the electric field
component in the z direction, the common light field has no
projection component of the Poynting vector in the x—y plane.
However, owing to the interaction between the OAM carried
by vortex-shaped wavefront of the LG beam and the gold ring,
the radial and angular wave vector components which are per-
pendicular to the propagation direction of the background field
will come into being. Figures 3(a)-3(d) show the projection of
the relative time-averaged Poynting vector in the x—y plane for
the 40-nm-high gold ring with incident wavelength of 500 nm,
530 nm, 600 nm, and 650 nm, respectively. The coordinate of
this plane is z = —30 nm corresponding to the center location
of the particle. The color in the figure represents the electric

A =500 nm

500 nm

field modulus, and the black arrows in the outer space of the
gold ring indicate the relative time-averaged Poynting vector
distribution. The direction of energy flow near the interface
is clockwise under the conditions of 500-, 530-nm incident
wavelengths, while the energy near the interface flows coun-
terclockwise under the conditions of 600-, 650-nm incident
wavelengths.

In order to illustrate the influence of light scattering and
field gradient on the optical force, Maxwell stress tensor f’ is
decomposed into CIH’g and TS and then gradient force and
scattering force can be calculated by integrating the tensors

(F,) =/<§"gnds> (F) :/<%sndS>7

respectively. As shown in Fig. 3(e), the blue dash dotted line
represents the angular scattering light force acting on achiral
particle as a function of A. When the wavelength is 500 nm
and 530 nm, the angular scattering forces without chiral are
both negative, corresponding to the clockwise flow of energy
flow in Figs. 3(a) and 3(b). When the wavelength is 600 nm
and 650 nm, the angular scattering forces without chiral are
both positive, corresponding to the counterclockwise flow of
energy flow in Figs. 3(c) and 3(d). The gradient force has
two prime peaks (positive and negative) at A = 580 nm and
A = 620 nm as the short dotted line shown in Fig. 3(e), in
which region the lateral force also becomes largest. The com-
bined effect of scattering force and gradient force leads to the
non-trivial and wavelength-dependent lateral total force. Un-
like the radial optical force, the chirality of the particle gives
a significant offset to the intensity of the angular optical force,
especially for the gradient angular force.
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Fig. 3. Distributions of electric field modulus and relative time-averaged energy flow vector supported by gold ring with incident wavelength
of (a) 500 nm, (b) 530 nm, (c) 600 nm, (d) 650 nm. Height of gold ring in each panel [(a)—(d)] is 40 nm. (e) Spectra of optical angular forces
of the chiral particle near the side of the gold ring. Solid lines, dashed—dotted lines, and short dotted lines represent the total angular force,

scattering angular force, and gradient angular force, respectively.
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1—0.5

—2.0

Fig. 4. Numerical results of scattered field of chiral particles near gold ring, The white arrowrepresents relative time-average Poynting vector
around chiral particle for (a) kK = —0.4, (b) Kk =0 and (c) k = 0.4. The blue arrow indicates the time-averaged electric SAM density for (d)
k = —0.4, (e) kK =0 and (f) kK = 0.4. Gold ring height is 40 nm. The center of particle is in the plane at z = —30 nm. Incident wavelength is
set to be at A = 500 nm. The color scale is logarithmic modulus of total electric field.
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Fig. 5. Angular optical forces versus incident wavelength for gold ring height of (a) 20 nm, (b) 30 nm, (c) 60 nm, and (d) 90 nm.

Figure 4 shows the near-field numerical results of chiral
particles near the gold ring with a height of 40 nm. The white
arrow is the relative time-averaged Poynting vector around
the particle for k = —0.4 (Fig. 4(a)), k = 0 (Fig. 4(b)) and
Kk = 0.4 (Fig. 4(c)), which indicates that the relative Poynt-
ing vector is distributed around the chiral particle, and the
coupling between the chiral particle and the interface results
in the asymmetric distribution. The relative Poynting vector
around the isolated particle with opposite chirality is mirror-

c.?2 However, the gold interface on one side of the

symmetri
chiral particle breaks this symmetry, resulting in the angular
optical force related to the chirality.

<Le> =

&/(4wi) (E x E*)|, which is one of the important compo-

The time-average electric SAM density

nents of the angular force (which will be shown in Eq. (8)),
for k = —0.4, Kk =0, and k¥ = 0.4 are shown in Figs. 4(d)

and 4(f), respectively. The maximum relative strength ap-
pears near the gold interface and points to the y direction.
But the direction of the SAM away from the gold interface
points to the —y direction, because the radially polarized LG
beam does not carry SAM, and the total angular momentum
should be conserved. Moreover, the SAM in the particle is
significantly different from the chirality. The difference of the
optical SAM from the particle chirality gives rise to the dif-
ferent angular optical forces on the chiral particles. However,
the phenomenon of non-chiral particle seems counterintuitive.
Although there is SAM in the space where the achiral particle
located as shown in Fig. 4(e), achiral particle is not subjected
to the angular optical force. Figure 4(b) shows that the relative
Poynting vector around the achiral particle does not exhibit a
vortex phenomenon similar to that the chiral particles present.

Therefore, it can be known that under the premise of excluding
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the strong angular scattering caused by the resonance excita-
tion of the gold ring, the angular optical force on the particles
arises from the optical SAM, which is caused by the interac-
tion between the OAM carried by the LG beam and the gold
ring.

In order to further discuss the influence of the interaction,
figure 5 shows the angular optical forces as a function of wave-
length at different gold ring heights. The gradient force Fyg,
scattering force Fj, and the total angular optical force F; are all
sensitive to the wavelength of incident light. For the 20-nm-
high gold ring (Fig. 5(a)), the magnitude of scattering force
and the gradient force are roughly equal when A is less than
600 nm, and the total angular force approaches to zero under
these conditions. For rings with heights of 30 nm (Fig. 5(b)),
60 nm (Fig. 5(c)) and 90 nm (Fig. 5(d)), the cutoff wavelengths
for balancing the gradient force and the scattering force grad-
ually decrease to 570 nm, 530 nm, and 520 nm, respectively,
and their differences become larger. When the wavelength is
larger than that threshold, the total angular force exhibits more
than one peak. Examining all figures together, it can be seen
that the scattering force is negative at the short wavelength,
and the difference in the scattering force caused by the addi-
tional chirality is not obvious. The sign of scattering force
is positive at long wavelength, and its zero position is blue-
shifted as the gold ring height increases. On the contrary, the
gradient force is positive at short wavelengths, and it is greatly
different for different chiral particles, so the total angular opti-
cal forces of opposite chirality at short wavelength have oppo-
site sign. When the wavelength increases, the gradient force
becomes negative and its peak comes into being, which is con-
sistent with the scattering spectra in Fig. 2(a). This demon-
strates that under an appropriate incident wavelength, the in-
fluence of achiral-related angular optical force can be reduced,
thus the angular optical force caused by chirality with different
sign domain and the directional motion determined by the chi-
ral sign can be achieved. This provides an effective approach
to discriminating and separating chiral enantiomers. We can
release the mixture of enantiomers in one direction on the out-
side of the ring and then collect them on the clockwise and
counterclockwise sides, respectively. In order to avoid mov-
ing chiral particles for more than half a cycle, some physical
isolation measures can be used, such as setting a baffle on the
other side of the nano ring. Besides we should give priority to
gold rings with height greater than 30 nm, because in practi-
cal chiral enantiomer separation, both the negative trap radial
optical force and large chiral angular optical force difference
should be fulfilled in the wavelength range shorter than that
threshold.

In the previous parts, it is found that the strong angu-
lar scattering of the gold ring and the corresponding achiral-
related angular optical force can be avoided when the inci-

dent wavelength is shorter than 500 nm, so the particles with
different chirality signs will have the opposite angular opti-
cal forces. In Fig. 6(a), the effect of the chirality parameter
on the radial optical force and angular optical force are illus-
trated. It can be inferred that when the chirality number is
zero, the radial force tends to be the maximum, and there is
little difference in radial force for chirality parameters with
different signs. Although the polarization of radially polar-
ized LG beam exhibits rotational symmetry, its inherent OAM
leads to imperfect symmetry of the angular force acting on par-
ticles with opposite chirality. Therefore, the above mentioned
opposite angular optical forces exist in a relatively large chi-
rality parameter range. Figure 6(b) shows that the magnitudes
of radial force and angular force acting on particles (k = 0.4,
0, —0.4) decrease as the gap distance between the chiral parti-
cle and the side of the gold ring increases, indicating that the
force is due to the coupling between the particle and the gold
interface. The radial forces with different chirality are roughly
the same, and point to the center of the gold ring, which shows
that particles within a limited range of the gap distance will be
affected by the radial optical trap.
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Fig. 6. (a) The radial force and angular force acting on a 20-nm-radius chiral
particle versus (a) chiral parameters and (b) gap distance between the parti-
cle and the ring side, with incident wavelength being 500 nm and gold ring’s
height 60 nm.

The results shown up to now are full-wave simulations of
chiral balls. In order to explain the origin of the chiral angular
force intuitively, we consider the configuration of the dipole
chiral particle on the ring side. This analytical expression can
be used for evaluating the origin of angular optical force and
providing an immeasurable role in optimizing the parameters.
The induced dipole moments of such a chiral particle can be
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expressed as follows: 2233

EAR |
m —iQem Otmm H |~

where p and m are the electric and magnetic dipole moment,
respectively, E and H are the electromagnetic fields acting on
the particle. For a chiral dipole with radius a, the 0., Otmm and
O in Eq. (6) are the electric, magnetic and isotropic mixed
electromagnetic dipole polarizabilities, respectively, which are
composite functions of relate permittivity &, relative perme-
ability u,, and chirality parameter k. According to the vector
formula of the optical force acting on a dipole particle, the
following formula is obtained:

(F) = %Re {(VE*) p+(VH")-m

_ ck‘l‘ 1
T /& Mb

where k; = np27A /c is the wave number and ny, = /€1y, is
the refractive index of the background material.

(PXm*)], (7

Substituting Eq. (7) into Eq. (8), the expression of the op-
tical force can be written as
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The time-averaged Poynting vector (S) = (1/2)Re(E x H*),
the electric SAM density (L.) = (& /4wi)(E x E*) and the

(Uo/4wi)(H x H*), and the
cross sections Y%, %m» Oc, Om (shown in Section 5).
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Fig. 7. (a) Radial force and angular force as a function of k at wavelength A = 500 nm. (b) Radial and (c) azimuthal force acting on achiral particle as a
functions of gold ring height and incident wavelength. (d) Radial force as a functions of real part and imaginary part of k, when gold ring height is 120 nm
and A is 530 nm. (e) Azimuthal force as a function of complex x when gold ring height is 100 nm and A is 500 nm. (f) Azimuthal force as a function of

complex x when gold ring height is 120 nm and A is 530 nm.

Figure 7(a) shows the radial force and angular force as a
function of k at wavelength A = 500 nm in the dipole approx-
imation. It is clear that the relationship between radial force
and chirality and between angular force and chirality are simi-
lar to those calculations from the full-wave simulations for the
same size chiral particle as shown in Fig. 6(a). More generally,
i conforms to the inequality k2 < &u,.[3%! The real part and
imaginary part of the chirality parameter k are related to op-
tical rotation and circular dichroism, 3! respectively. In order
to take advantage of the differential radial force added by the

chirality, the absolute value of radial force acting on the achi-
ral particle should be as low as possible. Figures 7(b) and 7(c)
show that the radial force and angular force acting on achiral
particle are both a functions of gold ring height and incident
wavelength. Figure 7(b) indicates that in dipole approxima-
tion, the radial optical force is obviously enhanced when illu-
mination wavelength A4 is in a range of 520 nm-580 nm, thus
it can be concluded that the ability of the gold ring to cap-
ture the particles indeed increases in the resonance excitation
mode. However, the shift of the peak position is not obvious
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with increase of the ring height, this may be due to the fact
that the particle is idealized as a point, and its coupling modes
with the upper and lower boundaries of the gold ring are ig-
nored. The black solid line in Fig. 7(c) represents the contour
line when the radial force is zero, and indicates the relationship
between the gold ring height and the wavelength suitable for
optical sorting. When the height is 120 nm and A is 530 nm,
the radial force as a function of real part and imaginary part of
K is shown in Fig. 7(d). The chiral parameters will affect the
amplitude of the radial force, that is, the capture stiffness, but
the sign of the radial force does not change. Obviously, the
imaginary part of the chiral parameter has much larger influ-
ence on the radial optical force than the real part. The angular
force as a function of complex x under the condition of height
100 nm and A 500 nm, and height 120 nm and A 530 nm are
shown in Figs. 7(e) and 7(f), respectively. The dashed lines
represent the contour line when the radial force is zero. The
difference in contour line between those two figures indicates
that different gold ring scattering modes are excited.

4. Methods

4.1. Method of simulating total force, gradient force and
scattering force acting on chiral particles

In our simulation, the properties of chiral nanospheres
are determined by & =4, yu; = 1, r = 20 nm, and the chi-
ral parameter k. The gap distance between the edge of chiral
nanosphere and the upper glass cover and between the edge of
the chiral nanosphere and the side of gold ring are both 10 nm
(‘unless otherwise mentioned). Using the integral of the time-
averaged maxwell stress tensor:

(F) = ?{<‘:7",-j>njds, (10)

where dS is the integral surface and n; denotes the unit normal
perpendicular to it. The maxwell stress tensor is expressed as

: I
(Tj) = SRe [gso (E,Ej - 25i/|E|2>
L1
+ito (H,-Hj - 25ij|H|2> ] an

Normally, the MST theory only gives the total force exerted
on a particle. In our system, we decompose the total electro-
magnetic force into gradient force and scattering force based
on the MST theory. The source of the optical force is the
electromagnetic force and the Lorentz force, specifically f =
pE + J x B. The gradient force related to the electric field
and the scattering force related to the magnetic field are given

below: 1]

F, (1) :/Vp(r,t)E(r,t)dV,

Fi(r) = %/Vj(r,r)AH(r,r) av. 12

Then we can calculate the gradient force and the scattering
force by integrating the tensors:

(Fy) = </31H1g'"d5>7
(F) = </:7“nd5> (13)

where
E\E, E(E, E,E,
hd Er& §
T, = rzoEE - rze() E/E, E,E, EE, |, (14)
E.E, E,E, E.E,
T,=T-T,. (15)

4.2. Numerical method of calculating polarizability of chi-
ral dipole

4.2.1. Mie scattering coefficients

Mie scattering coefficients a,, b,, ¢, can be expressed as
follows: %]

7 (R)A, (L)+V, (L)A, (R) 16)
T W (L) Va (R) + W (R) Vi (L)

p — WalL)Bu(R) + W, (R)B, (L) a7
" Wa (L) Ve (R)+ Wy (R)V, (L)

e —dy = (W R)An (L) =W (L) AR (R) o)
T WD)V (R) WL (R) Vi (L)

where

W (J) = my (myx) &, (x) = & (x) i, (myx), - (19)

Vi () = Yo (ms) €, (x) — mE, (x) y (mp), (20)
Au () = my (mpx) W, (¥) — i () W (i), 21)
By () = i (ms) W, (x) — m (5) W (my) . (22)

Here J = L,R and x = koa. W,(p) = pjn(p)&(p) =
phg,l) (p), with j, (p) being the spherical Bessel functions and
b (p) being the spherical Hankel functions of the first kind.
The relative refractive indices my, and mg, and the mean re-
fractive index m are expressed as

oy VK _ VEI—K
NG Ny

and m = (my, +mg)/2.12!1 Tt should be pointed out that in our
work, the chiral particles are small, we retain only the term
of n = 1. Thus the polarizabilities Oee, Oym, and Qe for the
spherical chiral particle are obtained from its Mie scattering
coefficients as follows:

i6me g 167 Ly
e — k:lg ai, m — ki? b],
61,/ 61,/
m= b = VAR, @3)
kic kic

Here, & and i, denote the dielectric properties of chiral parti-
cles.
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4.2.2. Cross sections

The cross sections can be expressed as

ki 1 ki1
O = L [aee] P m = 1 [amm] P (24)
&€ Mo Ho
Zkéll
0 =0,+ Oy — Smenn (Re [Otee O] + CemOay),  (25)
okt *
Ye = —2wIm [Otem} —+ ngo Re [aeeaem] s (26)
okt *

5. Conclusions

In summary, we have numerically shown that the LG
beam as a typical vector beam can induce angular optical force
for the chiral particle close to the plasmonic gold ring. The ra-
dial optical force is related to the resonance excitation of the
gold ring, and it is able to make the particle trapped near the
vertical interface of the gold ring. The angular optical force,
which is also known as optical lateral force associated with the
chiral-interface interaction and arises from the optical SAM
caused by the interaction between optical OAM and gold ring
structure, is sensitive to the sign of the chirality parameter.
However, it is necessary to note the strong angular scattering
of the gold ring in a certain wavelength range. It can induce a
non-chiral related angular optical force, which might be larger
than the azimuthal optical force caused by optical chirality.
The scattering induced angular optical force can be avoided
by selecting a specific incident wavelength, and then the chiral
related azimuthal optical force can induce an opposite orbital
rotation of the trapped particles with chirality of different sign
near the gold ring. Our work presents a potential approach to
catching as well as separating chiral enantiomers.

Data availability

Some specific data not given in the results in this paper
can be obtained from the authors if the reader needs them.
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