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An optical lattice is a platform that is used in studies in multiple branches of physics, e.g., ultracold
atoms and microfluidic sorting. Unlike traditional complex optical systems, surface plasmon polaritons
enable the generation of optical lattices on a chip. Here, we propose an on-chip scheme to transform five
topological optical lattices using tunable polarization and a phase vortex. Using the dipolar approximation
and numerical simulations, we demonstrate that the spin density force is the main force for sorting chiral
particles in the out-of-plane direction when their radius is more than 100 nm. A microflow system is
proposed to trap particles with electric optical lattices and sort chiral particles with spin optical lattices.
Our findings offer possible routes toward realization of on-chip optical lattices and enable their potential
application in both biology and chemistry, e.g., in simultaneous trapping or excitation of multiple objects

and identification and sorting of chiral objects.
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I. INTRODUCTION

The optical lattice, which has a periodic field distribu-
tion, provides a fundamental platform for study in many
branches of physics [1,2]. This type of periodic field is
usually generated by interference of multiple plane waves
with tunable phase and amplitude profiles [3,4]. Unlike
traditional optical lattices, which are mainly used for trap-
ping, the vortex lattice with orbital angular momentum
(OAM) has been applied to microfluidic sorting [5] and
particle-enhanced diffusion [6]. However, the complexity
and the footprint of the overall optical system have lim-
ited the development of optical lattices [7]. Fortunately,
complex optical systems can be accomplished on specific
photonic chips as a result of the development of integrated
photonics. Therefore, optical lattices have been realized
successfully using semiconductor microcavities [8], atom
chips [9], and plasmonic devices [10].

Surface plasmon polaritons (SPPs) exist on the inter-
face between metal films and other environments [11] and
provide a perfect platform for the study of light-matter
interactions [12,13], with strong local fields and chiral sort-
ing because of their transverse spin angular momentum
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(SAM) [14,15]. The optical analogy of magnetic quasi-
particles, the electric skyrmion lattice, was first generated
using a misaligned hexagonal grating structure with SPPs
[16]. Additionally, other optical lattices have been pro-
posed, including the meron lattice and the Bloch-skyrmion
lattice [17—19]. These lattices can be constructed using
symmetry-governed optical lattices [18], photonic crystals
in momentum space [20], and optical chiral multilayers
[21]. In addition, manipulation of the shape and position-
ing of the optical skyrmion lattice [22] has been reported.
The interactions between these optical lattices and nano-
objects have also been studied for excitation of multiple
purely resonant modes [23]. These studies have also devel-
oped potential applications of optical quasiparticles in
optical traps [24], deep-subwavelength metrology [25],
resonant mode manipulation [23], harmonic generation
[26], magnetic domains [27], and topological technologies.
Recently, the magnetically induced transformation from
the square (anti)meron lattice to the hexagonal skyrmion
lattice in a chiral magnet has been reported [28]. However,
there have been few reports on transformation of multiple
topological optical lattices with plasmonic metasurfaces
and their interactions with chiral particles.

In this article, we propose an on-chip scheme (a hexag-
onal structure composed of six sets of plasmonic metasur-
faces) for generation of multiple topological optical lattices

© 2023 American Physical Society
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by tuning the polarization and OAM of the incident beam.
Through the spin-orbit interactions between the incident
beam and the plasmonic metasurfaces, the phases of coher-
ent multiple SPPs can be modified and five kinds of optical
lattices can be generated. Therefore, our method offers
greater flexibility in generating and manipulating optical
lattices. Then, using the spin skyrmion lattice as an exam-
ple, we examine the optical forces exerted on achiral or
chiral particles analytically and numerically, and conclude
that they are suitable for a sorting method for chiral parti-
cles with diameters of more than 100 nm. We also clarify
that the main optical force used in sorting comes from the
spin density and that its vector direction is controlled by the
sign of the OAM. We further discuss the trapping stability
and propose a microflow system for trapping and sorting
particles. These results for chirality-controlled optical trap-
ping or sorting may suggest a possible route toward optical
trapping, identification, and separation of chiral particles.
The method also provides potential values for realiza-
tion of on-chip optical lattices and their corresponding
applications with plasmonic metasurfaces.

II. DESIGNED PARAMETERS OF
METASURFACES

Using the Jones vector, any polarized beam can be
expressed as the superposition of two circularly polarized
beams with orbital angular momentum [29],

1
Einc = _ELCP exp(_j9 +]l(p)

2

1
+ EERCP exp(j 0 +jmg), (1)

where / and m are the order of OAM of left and right
circularly polarized light (LCP and RCP) and ¢ is the
azimuthal angle. ¢ = 0 denotes the x direction, and 6
is defined as the angle between the polarized orienta-
tion and the x direction. Equation (1) describes a linearly
polarized beam with a vortex phase, where /=m. In this
work, we use a type of plasmonic metasurface to sepa-
rate the SPPs excited by RCP and LCP [30]. As shown
in Fig. 1(a), the plasmonic metasurfaces are carved into a
gold film with a thickness of 200 nm. The incident beam
illuminates the structure normally from the substrate and
excites the SPPs from two sets of plasmonic metasur-
faces. These SPPs then propagate toward the center of the
entire structure in opposite directions, interfere with each
other, and form the near field presented on the Au film
surface.

Figure 1(b) shows the parameters used in this paper in
detail. The basic unit cell comprises a pair of orthogo-
nal nanoslits with a long axis direction of +mr/4 relative
to the y axis. The distances by which these two nanoslits
are separated from each other in a unit cell are d and
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FIG. 1. (a) Schematic of the plasmonic metasurfaces used to
separate SPPs excited by the RCP and LCP components of an
incident beam. (b) Enlarged fishbone nanoapertures fabricated
on a gold film. (c) Simulated demonstration of an extra phase
difference controlled by the incident polarization 6.

D/2 in the x and y directions, respectively. The param-
eters of the chiral metasurfaces are given as follows:
W=50 nm, L=200 nm, d=155 nm, P=11.5 pm, and
D =290 nm. The incident beam wavelength is 640 nm
and the wavelength of the SPPs on the gold-air interface
is Aspp =620 nm. The basis vectors for the polarization
are LCP and RCP, and thus SPPs excited by RCP or LCP
light will propagate to the left or right sides, respectively,
of plasmonic metasurfaces with an additional phase dif-
ference of 20 [30]. We define the coupler as an R-type
or L-type structure, which would excite SPPs propagating
into the center at (0, 0) with RCP or LCP, respectively.
Additionally, to enhance the coupling efficiency for con-
version of an incident beam into SPPs, three columns of
orthogonal nanoslit pairs are used to construct a set of chi-
ral plasmonic structures that are separated by Agpp from
each other. Figure 1(c) shows the distribution of |Ez| as
the incident polarization angle varies from 0° to 180°. The
additional phase difference is related to the polarized orien-
tation 6, which means that rotation of the polarization can
move the fringes. As Fig. 1(c) shows, the intensity of the
fringe would remain almost invariant but the fringe would
move. This means that any polygonal shape composed of
our metasurfaces will excite SPPs of the same amplitude
under application of a linearly polarized beam. Therefore,
the structure has the potential to realize optical lattices with
polygonal shapes in the x-y plane.
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III. FORMING OPTICAL LATTICES WITH
PLASMONIC METASURFACES

To generate optical lattices, we consider polygonal
shapes with N sides to excite the propagating SPPs. A
parameter o, is defined to describe the nth propagating SPP
excited by LCP (0, = 1) or RCP (0, = —1) light. There-
fore, the electric field can be described using Eq. (2), where
¢, is the phase and E,, is the amplitude of the nth SPPs. As
we discussed earlier, each side of the plasmonic metasur-
face can excite SPPs with the same amplitude. In this case,
we take £, = Ey = 1 V/m. The phase ¢, consists of the
initial phase and the propagating phase. This phase can be
expressed using Eq. (3), where Kgspp is the wavevector of
SPPs and r is the position relative to center of hexagonal
metasurfaces.

N
E-(x,y) = exp(—|k:|z) Y _ E, exp(j p), 2)
n=1
¢ 6 —kspp-r— (o D22+ T 3)
n = —O0pt — r— (0, — N
SPP N B
2 2
kspp cr= |kspp| |:COS (%) X+ sin <%) y] . (4)

(@ I=0
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FIG. 2.

Using the Maxwell equations, the parallel component in
the x-y plane can be written as

Ey(x,y) A (cos(2nn/N)>
= E.,.
<Ey<x,y>>  ksee] 2 \sinarenyy ) e ©

n=1

Therefore, the patterns of the optical lattices can be calcu-
lated. We first consider a triangular shape with N = 3 that is
composed of a pure R-type structure. Figure 2(a) shows the
electric field, phase, and spin distributions when the struc-
ture is formed using pure R-type plasmonic metasurfaces.
The electric field (|E|) forms a hexagonally symmetri-
cal lattice and each lattice is composed of a central spot
surrounded by six dark spots that correspond to the singu-
larities of the phase distribution. Calculation of the SAM
(L = Im(e[E* x E] + u[H* x H])/4w) allows the “up”
(red) and “down” (blue) spin vectors in the z direction to
be distinguished easily, where H is the magnetic fields, w
is the frequency, ¢ and p are the permittivity and perme-
ability, respectively. The central up and down spin vectors
correspond to the singularities of the phase when dis-
tributed counterclockwise or clockwise, respectively. If the
OAM (/) value of the incident beam changes from —1 to
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Schematics of the plasmonic metasurfaces used to generate multiple optical lattices. (a) Distributions of the electric field,

phase, and spin of a spin-meron optical lattice generated using a plasmonic metasurface and a RCP beam. Moving optical lattices
with tunable incident polarization for the (b) RCP and (c) LCP cases, and the order of the optical vortex phase /. (d) Spin and electric
skyrmion lattices generated using plasmonic metasurfaces and a y LP incident beam with different /.
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1, the electric field and the spin distribution can also be
presented. Figure 2(b) shows that the OAM of the inci-
dent beam does not influence the distribution of the optical
lattices, except for the position of the lattice center. Addi-
tionally, the only difference between the pure L- and R-type
structures is that their spin vector directions are opposite to
each other [see Fig. 2(c)]. To characterize the topology of
the optical lattices, we calculate the topological number O
using [16]

o [ () (2] oo

where A is the area of one unit. n represents the unit vec-
tor in the direction of a three-component physical quantity,
such as E/|E| or L/|L|, which correspond to the electric
or spin vector directions, respectively. In the triangular
region marked in Fig. 2(b), the spin vector varies con-
tinuously from the central up or down state to the edge,
where the z component of the SAM is zero. The calcu-
lated topological number for two Néel-type photonic spin
merons is Q = £1/2. If a hexagonal shape consists of pure
L- or R-type plasmonic metasurfaces, it could form elec-
tric skyrmions and spin skyrmions close to each other by
tuning the vortex phase to act as a hexagonal grating [24].
The structure is also very robust to polarization because it
only couples with LCP or RCP beams.

However, when two groups of triangular shapes with
different types of structures are used, we can acquire a
hexagonal shape that consists of alternating L- and R-type
plasmonic metasurfaces. As illustrated in Fig. 2, we take
a linear polarization (y LP) beam carrying different vortex
phases as the incident beam. Because any incident beam
can be represented using a combination of LCP and RCP,
the optical lattice with the misaligned hexagonal shape can
be considered as the superposition of the two spin-meron
lattices. Optical lattices with spin distributions [i.e., the
second and fourth columns of Fig. 2(d)] can be generated
when the incident beam carries OAM /= +1. The spin dis-
tribution remains the same but the vector directions are
opposite and are controlled by the sign of the OAM. In the
black hexagonal dashed region, the topological number Q
corresponding to the spin vector is 1, and thus the opti-
cal lattices are spin-skyrmion lattices [18]. For an incident
beam without OAM, other optical lattices without spin
distributions are acquired. The value of Q is 1 for the elec-
tric vector, meaning that this optical lattice is an electric
skyrmion lattice [16]. If we rotate the incident polarization
from 90° (y LP) to 0° (x LP), another two new optical lat-
tices can then be acquired. Figure 3 depicts the theoretical
and simulated results for the distributions of the electric
field (E;) and the phase of the generated optical lattices. In
this case, four new optical lattices with a vortex phase (g)
in each site are obtained. For the electric vector distribu-
tion, they can form an electric skyrmion lattice (¢ = 0) and

Theoretical Results

FIG. 3. Electric and phase distributions of multiple optical lat-
tices controlled using the incident polarization and the vortex
phase.

a honeycomb lattice (¢ = 3) when they are excited together
with a tunable polarized beam. For the spin vector distri-
bution, they can form a spin skyrmion lattice (¢ =1) and
a kagome lattice (¢ =2) with a tunable polarized beam
carrying OAM of /= 1. The topological numbers are cal-
culated to be 1 for the electric skyrmion (¢ =0) and the
spin skyrmion (¢ =1), and £1/2 for the electric merons
(¢ =3) and the spin merons (¢ = 2). Therefore, it is conve-
nient to realize the transformation of multiple topological
optical lattices with plasmonic metasurfaces and a tunable
incident beam.

IV. PRINCIPLE OF OPTICAL FORCE ON A
DIPOLAR PARTICLE IN OPTICAL LATTICES

The electric field and the spin information of topolog-
ical optical lattices have been presented previously. Other
electromagnetic information such as the magnetic field and
the time-averaged Poynting vector can be acquired using
Maxwell’s equations. Therefore, it is possible to calcu-
late the optical force when particles are located within the
topological optical lattices.

In general, the optical force acting on a dipolar chiral
particle can be expressed as [31]

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

4
ckg,

_ Ws—mm(p X m*)] . @)
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Here, E and H are the electromagnetic fields acting on
the particle, ¢ is the speed of light in vacuum, k., is
the wavevector of light in environment, and &, and 4y
are the relative electric permittivity and the relative mag-
netic permeability of the environment, respectively. The
induced dipole moments can be written as

p Oee  lotem | | E
ml-le b e
where p and m are the electric and magnetic moments,
respectively, and ®ee, ®mm, and e, are the electrical polar-
izability, the magnetic polarizability, and the electromag-
netic polarizability of the dipolar particle, respectively.
By putting Eq. (8) into Eq. (7), the expression for the
optical force can be obtained as follows:

(S)
(F) = VU + 0~ — Imfaen]V x (S)

co, coy

— —V x (L) = —V x (L) + oy (Le)
Nem Mrm
+ @¥m (L) + Im[aeear, Im[E x H*],
127 nm,
©)
with the following cross sections:
km km
O = Im[atee], 0 = Im[otmm], (10)
Eméo Mrm M0
274
0 =0+ 0y — o (Re[aeea:qm] + aema:m), (11)
7T Em
ki )
Ye = 20 Im[oem] — —Re[aeeaem]: (12)
37T &rmE0Nm
Koy )
Ym = 20 Im[aen] — ————Re[ammag,,]- (13)
37Tl’£rm/'L0nrm

where g¢ and p are the permittivity and permeability. The
first term of Eq. (9) is the gradient force F,, where U =
1/4( Re[aee]|E[* + Re[atmm ] [HI* — 2Re[cterm [Im[H - E*])
is the term that represents the interaction between the parti-
cle and the field. The second term is the radiation pressure
F,, which is proportional to the time-averaged Poynting
vector (S) = 1/2Re[E x H*]. The third term, which is
called the “vortex” force F,, is determined by the energy
flow vortex around the particle and the electromagnetic
polarizability. (L.) = emeo/(4w)Im[E* x E] and (L,,) =
Umio/ (dw)Im[H* x H] are the time-averaged spin den-
sities. The fourth and fifth terms are both curl-spin forces
F related to the curl of the spin densities; the sixth and
seventh terms describe the spin density forces F; as they
are associated with these spin densities. The final term is
related to the alternating flow F, of the stored energy.

In our case, the working wavelength is far from the res-
onance of the chiral particles in the ultraviolet region, and
thus the expression for the polarizability can be written
as [32]

(Sr - Srm)(ur + 2) - K2

= degr’ , 14
e = Oy Do) (ir £ 2) — K2 (19
2
K
mm = —4 3 , 15
* W e e+ = )
tem = —1277° V1% (16)

P (er + 28m) (ur +2) — K2

where r,, €,, ,, and K are the radius, relative permittiv-
ity, relative permeability and chiral parameter. The values
of Im(ctee), Im(otm), and Im(ee) are zero, according to
Egs. (14), (15), and (16), respectively. The expression from
Eq. (9) can be simplified as follows:

(F) = VU+ o% + oye (L) +0ym (L) (17)

We now consider a chiral particle with &, = 1.36, i, = 1,
and a chiral parameter x« under the spin skyrmion lattices.
Figures 4(al)—4(a3) present three schematics of the opti-
cal forces exerted on a dipolar particle with x = Oor + 1.
The particle is placed in the air at a distance of zo= 300 nm
from the interface. If the chiral parameter « = 0, then the
polarizabilities oy, and oy, Would both be zero, based on
Egs. (15) and (16). Only the gradient force related to the
distribution of the electric field F, can be exerted on the
particle [Fig. 4(al)]. The particle will thus be pulled toward
the interface, trapped in the circle of the electric field, and
form the same optical lattice distribution because of the
in-plane optical forces that were reported recently [24].
However, if the chiral parameter « is not equal to zero,
other optical force terms could occur and be exerted on the
particle [see Figs. 4(a2) and 4(a3)]. Figure 4(b) shows the
electric field, the magnetic field, and the phase and spin
distributions of the spin skyrmion lattice excited by the
hexagonal metasurfaces and an incident beam with y LP
and OAM of /=—1. In Fig. 4(c), we present the results
of analytical calculations of the total force acting in the z
direction at two positions, comprising the center (the center
of each unit cell) and the site (the maximum electric field
of each unit cell), as the radius of the particles increases. It
can obviously be concluded that the optical force exerted
on the chiral particles is different when the chiral parame-
ter has the opposite value. To verify this phenomenon more
accurately, a full wave simulation is used to calculate the
total optical force.

We define the background using Egs. (2) and (5)
directly. The optical force calculations are performed
on the outer surface, which encloses the particles, and
the results are acquired by integrating the time-averaged

054016-5



XI TANG et al.

PHYS. REV. APPLIED 19, 054016 (2023)

(a1)

n=136

(@2) |

=1

1 =136
F

K=0

F

Zo F\plc

A

Fegz

‘mgz

.ng :
gR ’E, FrA

Fpz

egz

(c)
~24
2,085 10
—Center x = -1~ Side x = -1
Center x =0 - Side x =0
—Center x =1 - Sidex =1

50

100
Radius (nm)

150 50 100

Radius (nm)

150 200

FIG. 4. Schematic view of the directions of all terms of the time-averaged optical forces exerted on the (al) dielectric or (a2) and
(a3) chiral particles when placed over the metal surface. (b) Distribution of the spin skyrmion. (c) Total z component of the optical
force calculated using the Rayleigh approximation and comparison of F, at two different positions in one cell with different values of
chiral parameter «. (d) Total z component of optical force exerted on particles when calculated via a full wave simulation.

Maxwell stress tensor over the closed surface [33]. The
tensor and the force are expressed as

= ¢

S
(T) = 5Re [DomEﬁut + By, H

—out

T

< Ft()ut

otal

] . ds, (18)

%
out

*
out

*
out

1=
- EI(E Do + H BOM)] (19)

Here, “out” means the total external field of the particles

and I is the unity tensor. The simulated results of the full
wave simulation are presented in Fig. 4(d) when the par-
ticle is located at the center of a unit cell. We observe
phenomena similar to the analytical phenomena. However,
when the particle size reaches 150 nm, the force reaches a
maximum with « = 1. This is because the dipolar approx-
imation is not suitable for use with larger particles, and
other poles also contribute to the total forces [33]. Com-
parison of the analytical and simulated results shows that
they agree well with each other and that the chiral particles
can be sorted well as the particle size increases.

To enable further discussion of the optical force acting
in the z direction, all terms for the optical forces acting

along the z axis are presented in Fig. 5. In Fig. 5(a), a chi-
ral particle with « = 1 is located at the center of a spin
skyrmion. The main contributing terms in this case are the
spin density force and the gradient force. In our cases, e
is positive but o, is always negative. Because the field
decays along the z direction, the electric and magnetic gra-
dient vectors point toward the interface. Then, the gradient
forces from the electric field pull the particle toward the
interface, while the forces from the magnetic field push the
particle away. Because we mainly focus on F,, Im[H - E *],
and (S), being zero, the optical forces related to ar, in the
z direction come from the spin density only. Figure 5(a)
shows that the magnetic gradient force Fy,, is the main
optical force when the particle is sufficiently small, while
the spin density force F, is dominant for large particles.
The electric gradient force Fe, is quite weak because the
amplitude of the electric field is at a minimum at the cen-
ter of the doughnut shape. When a chiral particle is located
at the side of the unit cell, Fe; becomes the main force,
and the particle is then attracted to the interface. How-
ever, the value of F, in Fig. 5(b) is still much lower
than Fg, in Fig. 5(a) when the radius exceeds 150 nm.
Figure 5(c) presents the optical forces exerted on particles
with k = —1. In this case, Fyg is the same as that shown
in Fig. 5(a), while F, is opposite to the previous case.
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FIG. 5. Contributions of the z component of the optical forces

exerted on the chiral particle under an incident beam with 6 =
90° and /= —1. The chiral particle with k = 1 is located at the
center (a) and the side (b) of one cell, as defined in Fig. 4(b). The
chiral particle with (c) x = —1 or (d) 0 is located at the center of
one cell.

This means that the spin skyrmion lattice can be used to
trap chiral particles with k = —1 and to push away chiral
particles with ¥ = 1. This shows the potential for use of
this approach to sort chiral particles in the z direction. For
comparison, the optical forces that are exerted on achiral
particles are plotted in Fig. 5(d). Only the electric gradient
force can be observed in this case.

Figure 6 shows the distributions of the total opti-
cal forces on a 150-nm particle in the x-y plane. The
arrows represent the vector directions and amplitudes of
the in-plane optical forces. The background is the z com-
ponent of the normalized optical force F./|F|max. Fig-
ures 6(al)-6(a3) show the optical forces in the spin-meron
lattice when the incident beam is RCP. Regardless of the
chiral parameter, the particles can be trapped in this case.
However, the chiral particles may not be stable because the
F’, is smaller than that for the achiral particle case. For the
other four topological optical lattices, the forces exerted
on achiral particles have been discussed in recent research
[24]. The particles will form the same lattices as the optical
lattices used for trapping. In Figs. 6(b) and 6(c), only the
electric and magnetic gradient forces can be induced by
electric optical lattices, and thus the chiral particles can-
not be sorted. In Figs. 6(d1) and 6(d2), the forces exerted
on the chiral particles with different « values are very dif-
ferent in a spin-skyrmion lattice. A particle with k = —1
would be pulled downward, while a particle with x =1
would be pushed away. This phenomenon can be observed
in Figs. 6(el) and 6(e2). All results presented here indicate
the possibility of trapping and sorting chiral particles using

W\
R

FIG. 6. Optical forces exerted by plasmonic lattices with
plasmonic metasurfaces. The in-plane force vector directions
(arrows) and magnitudes (arrow sizes) are shown in the gen-
erated optical lattices, with the background color representing
the distribution of the out-of-plane force F,. Particles with dif-
ferent values of the chiral parameter « are trapped by (al)—a3)
a spin-meron lattice, (b) an electric skyrmion lattice, and (c) a
honeycomb lattice. The chiral particles with the opposite chiral
parameter « are sorted into (d1),(d2) a spin skyrmion lattice and
(el),(e2) a kagome skyrmion lattice. The results in all panels are
calculated using Egs. (2), (5), and (17) with the tunable incident
polarization and vortex phase.

our plasmonic metasurfaces through tuning of the incident
polarization and the vortex phase.

V. A MICROFLOW SYSTEM FOR SORTING
PARTICLES

In this section, we further discuss the trapping stability
and analyze the behavior of particles with different chiral-
ity in optical lattices. To clearly show the sorting and trap-
ping of particles, we set the incident power to 20 mW and
assume the density of a dielectric particle (n = 1.36) with
radius 150 nm is p = 1.05 x 10> kgm™3. Then, the mass
and gravity of the particle are 1.48 x 1077 kg and 1.45 x
10~* pN. The annular incident beam [34] is adopted to
ensure the same excitation efficiency of SPPs from incident
beam with or without vortex phase. The area of illumina-
tion region is Sy = w[(P/2 + Aspp)® — (P/2 — Aspp)’] &
4.48 x 10~ m?2, where P is the distance between the cen-
ter of two sets of chiral metasurface shown in Fig. 1(a).
If we do not consider the field enhancement of SPPs
and assume the electric amplitude E, is equal to incident
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electric amplitude, all optical forces shown previously just
need to be multiplied by a scale factor f; = |Einc|?/|Eo|*> =
2¢t0Pinc/So/|Eo|* &~ 3.36 x 10'!. For example, the out-
of-plane force (£,) on a 150-nm chiral particle shown in
Fig. 5(a) would be 0.133 pN.

The trapping potential is used to determine the stabil-
ity of the optical tweezer, which can be calculated by the
formula [35]

U(ry) = / " Far. (20)

o

To trap particles stably, the trapping potential must be deep
enough to overcome the kinetic energy of the particle in
Brownian motion, kg7, where kg is the Boltzmann con-
stant and 7 is the absolute temperature of the environment.
Here, we set T'as 300 K. Figure 7(a) shows the distribution
of the transverse trapping potential (U, ) generated by the
in-plane force (FY, F,) and the out-of-plane force (/) on a
particle with k = 0 placed in an electric skyrmion lattice.
The potential of “side” in Fig. 4(b) is chosen as the zero
of the potential energy. The distance between this parti-
cle and the surface of the gold film is zo=300 nm. The
potential depth is larger than 1 k3T, which means the par-
ticle can be stably trapped in the center of a lattice unit.
Meanwhile, the particle would be pulled towards the inter-
face because F, < 0. Figures 7(b) and 7(c) present the
cross sections of U,, and F. on different chiral particles
along x = 0. The potential depth of chiral particles is lower

Trapping potential (U,,)
(a) 7 (b)

than that of achiral particles but still larger than 1 k37, so
all particles can be trapped in the x-y plane and form the
same distribution as the optical lattice. The corresponding
potential field (U,,) and out-of-plane force (F) for trans-
forming the electric skrymion lattice to a spin skyrmion
lattice are shown in Figs. 7(d) and 7(e). The potential of
“center” in Fig. 4(b) is chosen as the zero of the potential
energy. Particles can be trapped in the ring valley shown in
Fig. 7(d). Then, chiral particles can move in this ring due
to the azimuthally in-plane force (nonconservative force)
shown in Figs. 6(d1) and 6(d2). Additionally, achiral parti-
cles and chiral particles with « = —1 can be pulled towards
the interface while chiral particles with k = 1 are pushed
away because F, > 0 around the potential valley.

Based on these conclusions, we propose a microflow
system for trapping and sorting particles. In Fig. 8(a),
mixed particles with different chirality are injected into
the microflow cavity from port 4. The chiral particles with
k = 1 are pushed away from interface and other particles
are pulled down to the interface in the spin skyrmion lat-
tice. Then, the main components of the mixed particles
from port B are the chiral particles with x = 1. In order
to discuss the motion of a particle in an optical lattice, the
equation of motion can be written as

di
G(z) + Fp(2) + Fprown(r, 1) — ¥ (z’; — vf)
d*r

+Ftrap(r) = mﬁa

21

Uy ((/)‘5 7 0

|
-
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BIRTD e

nouon
- o

|
-

3|
ESE I

wonon
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FIG. 7.

(a) The transverse trapping potential (U,,) produced by in-plane force (F, F,) and the out-of-plane force (F) on an achiral

particle placed in an electric skyrmion lattice. (b),(c) Cross sections of U,, and F. on different chiral particles along x =0. The
difference between (a)-(c) and (d)~(f) is that the electric skyrmion lattice is replaced by a spin skyrmion lattice. The power of the

annular incident beam is 20 mW.
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(a) ~ Microflow cavity
A ¥, h U,
e k=0 \ 1/{

e k=-1 \ /

e K= 1

Gold
Particle trajectory
k=0 k=1
(b)

2% W
-

0.5 pm/s

.-_ﬁ;/é
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o—izp " 9‘

’ LS pm/s
-

where G is gravity, F} is buoyancy, Fprown(T,?) repre-
sents the Brownian motion, y is the friction coefficient
(y = 6mr,n, with n being the viscosity; for air at 7 =
293.15K, n =183 x 107> kgm™"' s7!, v/ is the veloc-
ity of the fluid and Fi,p(r) is the external optical force
from optical lattices. For simplicity, we ignore the Brown-
ian motion and just analyze the motion of particles in the
x-y plane. Equation (21) can be simplified as

2

dr d°r
-y E - vf +Ftrap(r) = mﬁ (22)

Then, we calculate the particle trajectory using the
finite-difference method. We place a particle at the side
defined in Fig. 4(b) and assume the initial velocity of this
particle is the same as that of the fluid. The interval of
time is chosen as 0.5 ms and the total recording time is
5 s. Figure 8(b) shows the motion of chiral particles in
an electric skyrmion lattice. P, O, and R correspond to
three cases in which the velocity of the fluid is differ-
ent. Particles can be trapped at the corner of a lattice unit
with vy = 0.5 um s~ If the velocity of fluid increases to
1 um s~!, particles can be trapped at the center of another
lattice unit. When the velocity of the fluid increases to
1.5 um s~!, the electric optical lattice cannot trap the par-
ticles in the x-y plane. The same process can be found in
Fig. 8(c) for the spin skyrmion lattice. As we discussed
previously, the achiral particle is trapped in the ring and the
chiral particles move in the ring when the velocity of the

FIG. 8. (a) Schematic of the setup for trap-
ping and sorting particles. vy is the velocity of
B the fluid. (b),(c) A 5 s trajectory of a dielec-
tric particle in an electric skyrmion lattice and

I a spin skyrmion lattice without considering out-

of-plane force (F,). Three points (P, Q, and R)
are the initial positions when v, changes from
0.5 ums 'to 1.5 ums~!.

fluid is 0.5 wm s~!. The gradient force of the chiral parti-
cles cannot provide enough centripetal force if the velocity
of the fluid is 1 um s~!. Then, the chiral particles cannot
move in the ring and escape from the lattice unit. When
vy = 1.5 um s™!, the optical lattice cannot trap all par-
ticles, either. From these results, our setup can trap and
sort particles through switching two kinds of optical lat-
tice. Firstly, an electric skyrmion lattice is used to trap all
particles at the center of each lattice unit. Secondly, the
electric skyrmion lattice is transformed to a spin skyrmion
lattice using an incident beam with vortex phase order
/= —1. The particles with k = 1 would be pushed away
while other particles can be trapped in the ring of each
unit. Thirdly, the particles with k = —1 can also be pushed
away from interface when the order of the vortex phase
is changed from —1 to 1. Finally, if we keep increasing
the velocity of the fluid, the achiral particles trapped in the
gold film can be carried to port B and collected.

VI. CONCLUSION

In summary, we explore the spin and orbital interac-
tions between incident beams and plasmonic metasurfaces
theoretically and numerically. By changing the incident
polarization and adding a vortex phase, five kinds of
optical lattice are easily generated with the plasmonic
metasurfaces, including triangular Abrikosov lattices, an
electric-type optical skyrmion lattice (¢ =0), a spin-type
optical skyrmion lattice (¢ = 1), a kagome lattice (¢ =2),

054016-9



XI TANG et al.

PHYS. REV. APPLIED 19, 054016 (2023)

and a honeycomb lattice (¢ =3). Our method provides
more routes for manipulation of optical lattices on a chip.
In addition, the optical lattices with or without spin distri-
butions could be applied to trapping or sorting chiral parti-
cles. We show analytically and numerically that these opti-
cal lattices can induce not only gradient optical forces but
also spin density forces on dipolar chiral particles with dif-
ferent chirality to realize effective sorting of chiral particles
in the z direction. The results of this chirality-controlled
optical trapping and manipulation may provide a possi-
ble route toward the optical identification and separation of
chiral particles. This structure also avoids the use of mul-
tiple surface structures or complex optical systems such
as multiple beams with different phases [22]. In addition,
the ability to switch between multiple lattices has poten-
tial for applications in biology, chemistry, and physics,
including simultaneous trapping, rotation, and sorting of
multiple particles and quasiparticles [36,37], manipulation
of light emission, selective excitation of quantum emitters
organized in multiple arrays [38], or exploration of new
light-matter interactions [39,40] such as interaction with
an electron wave packet [41]. We believe that this work
offers alternative possibilities for manipulation of on-chip
optical lattices and their corresponding applications.
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