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On chip chiral and plasmonic hybrid dimer or tetramer: Generic way

to reverse longitudinal and lateral optical binding forces
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Department of Electrical & Computer Engineering, North South University, Bashundhara, Dhaka, 1229, Bangladesh
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For both the longitudinal binding force and the lateral binding force, a generic way of controlling the mutual attraction
and repulsion (usually referred to as reversal of optical binding force) between chiral and plasmonic hybrid dimers or
tetramers has not been reported so far. In this paper, by using a simple plane wave and an onchip configuration, we propose
a possible generic way to control the binding force for such hybrid objects in both the near-field region and the far-field
region. We also investigate different inter-particle distances while varying the wavelengths of light for each inter-particle
distance throughout the investigations. First of all, for the case of longitudinal binding force, we find that chiral-plasmonic
hybrid dimer pairs do not exhibit any reversal of optical binding force in the near-field region nor in the far-field region
when the wavelength of light is varied in an air medium. However, when the same hybrid system of nanoparticles is placed
over a plasmonic substrate, a possible chip, it is possible to achieve a reversal of the longitudinal optical binding force.
Later, for the case of lateral optical binding force, we investigate a setup where we place the chiral and plasmonic tetramers
on a plasmonic substrate by using two chiral nanoparticles and two plasmonic nanoparticles, with the setup illuminated by
a circularly polarized plane wave. By applying the left-handed and the right-handed circular polarization state of light, we
also observe the near-field and the far-field reversal of lateral optical binding force for both cases. As far as we know, so
far, no work has been reported in the literature on the generic way of reversing the longitudinal optical binding force and
the lateral optical binding force of such hybrid objects. Such a generic way of controlling optical binding forces can have

important applications in different fields of science and technology in the near future.

Keywords: longitudinal binding force, plasmonics, chirality, optical force

PACS: 42.25.Bs, 42.25.Dd, 42.25.Gy, 42.25.Ja

1. Introduction

Particles can be accelerated or trapped by the transverse
spatial gradient wave when irradiated with a laser beam.[!!
Arthur et al. demonstrated the applications of such phenom-
ena based on a series of notable experiments in the 1970s,
and since then, optical manipulation has inspired many inves-
tigations of and applications in various particles, ranging from
cold atoms to living cells.”>~*! Light can exert a radiation pres-
sure on any object when they encounter each other, resulting in
an optical force capable of manipulating particles.>! A signifi-
cant property of electromagnetic (EM) wave is that it can carry
and transfer momentum. When a particle absorbs or scatters
light, momentum is transferred from the light to the particle,
causing it to move. It is typically believed that light can drive
a particle forward; in fact, an incident plane wave with a pho-
ton momentum Ak can carry a particle in the direction of &,
independent of the particle properties.’! Hence, light can be
used in this way to control (or manipulate) particle movement,
whenever a particle absorbs or scatters light and moves in the
direction of the incident wave, we call it optical pushing force
and if it travels against it, we call it optical pulling force.

In the field of optical manipulation, a relatively new mem-
ber is optical binding force. The optical manipulations based
on curl, gradient, and scattering forces have been investigated
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quite extensively within the areas of biological science,!®!
physics, 78 and chemistry,! since its first observation in
1989, and the optical binding force has attracted much less
attention comparatively.['%) As a result, perhaps the optical
binding force is neither well defined nor clearly understood
and still remains relatively unexplored in the broad field of op-
tical micromanipulation.!'!] The optical binding force can be
defined as the induced interaction among optically bound par-

410-121 Tt may also

ticles when kept in an intense optical field.!
be classically described as an interaction of individual parti-
cles with the electromagnetic fields generated in other particles
by light scattering process and optical rectification process.[*!
In recent investigations, the optical binding force has been
mainly in focus!'>?4 and has also increasingly been favored
as a tool for the optical manipulation of particles. Many opti-
cally induced arrays and configurations have been experimen-
tally observed so far, [4-22:24-26]

Positive values of optical binding force mean that the
force is attractive, while negative values refer to the fact that
it is repulsive. Since optical binding force is not necessar-
ily attractive at all times, it can be a very efficient tool to
control the mutual attraction and repulsion among optically
bound nanoparticles precisely for particle aggregation, crys-

4,11,12,27,28

tallization, self-assembly, erc.! 1 When a change or
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adjustment in attraction and repulsion between closely adja-
cent nanodimers is observed, the phenomenon is known as
the reversal of optical binding force. The work related to this
novel area is even newer than some of the recent popular re-
gions in optical manipulation, including the reversal of optical
scattering force or passive tractor beams,?*=3!] active tractor
beams,3?! and optical lateral forces.[?833-3]

We can classify the optical binding force!!-2833:36-39 34
two categories in terms of the inter-particle distances: a far-
field optical binding force**3°*?1 and a near-field optical
binding force.[33-3843-461 When objects are placed at a dis-
tance nearly a micrometer or more apart, the optical binding
force is defined as far-field one. A near-field optical bind-
ing force, on the other hand, can be defined for objects that
are usually placed at a distance of 10 nm—250 nm apart.!! 18]
So far, most of the researches on the optical binding force
have focused on ‘far-field optical manipulation’. In contrast,
only a small number of researches have investigated the con-
trol of ‘near-field optical binding force’; these being particu-
larly between plasmonic dimers.?842~48] The optical binding
force between chiral objects or similar matters!!>#%-%0 has re-
ceived much less attention, except in a few researches. [1249-34]
Among these reports, even fewer researches have reported the
“reversal of near-field optical binding force” for plasmonic
dimers. 28424347481 Notably, only a small number of investi-
gations have been conducted on controlling the reversal of the
optical binding force of chiral-plasmonic heterodimer sets. !
Furthermore, the behavior of near-field optical force for chiral-
plasmonic tetramers (4 nanoparticle sets) when shined by dif-
ferent polarization states of incident light and the effect of sub-
strate on the simultaneous reversal of near-field optical binding
force, have not been studied in the literature at all.

An effective method of integrating optics into nanotech-
nology and nanoscience is plasmonics. It deals with the col-
lective oscillations of conduction electrons of plasmas.!'%28]
Optical force of any plasmonic object generally arises from the
surface force/polarization induced charges.[?847-53:36] A chiral
object or system, on the other hand, is one whose identical
representation, regardless of orientation, cannot be superim-
posed on itself.!'?! The chirality is omnipresent and essential
for the proper functioning of key biological and physiologi-
cal processes. Chiral bio-nano science has become a popular
research field in recent decades due to the high selectivity for

[57

chiral biomolecules in biological systems.>”! The chiral struc-

tures include proteins and DNA/RNA, as well as a wide variety
of medicines.!12%]

In this work, we demonstrate that when a linearly polar-
ized plane wave is propagating toward the “+y” direction hit-
ting the plasmonic nanoparticle first or “—y” direction coming
into contact with the chiral nanoparticle first with its polar-
ization in the “x” direction of a plasmonic-chiral heterodimer
set, the reversal of longitudinal optical binding force does not

occur naturally even when the wavelength of light is varied.

Next, we find a solution to this problem and show that when a
heterodimer pair is positioned over a plasmonic substrate/chip,
it is possible to control the reversal of longitudinal optical
binding force for the near-field region and the far-field region.

Furthermore, we demonstrate that the reversal of lateral
optical binding force for chiral-plasmonic tetramers for the
near-field and for the far-field are possible when placed over a
plasmonic substrate/chip and illuminated by the circularly po-
larized light propagating along the “—z” direction. The rever-
sals are observed both for the right-handed circular polariza-
tion (RHCP) state of light and for left-handed circular polar-
ization (LHCP) state of light. Compared with other researches
in the past decade, the observations are quite new. Only a
few researches have been conducted to control the reversals
of optical binding force for chiral-plasmonic hybrid dimers set
in both in the near-field region and in the far-field region.!'?!
To the best of our knowledge, no work has been reported on
the reversal of longitudinal optical binding force for chiral and
plasmonic hybrid dimers, and neither is the work on the re-
versal of lateral optical binding force for chiral and plasmonic
tetramer layout. The detailed physics behind such reversals of
the forces is discussed with the help of induced charges and
current profiles due to the presence of a plasmonic chip. No-
tably, the induced charges on both the plasmonic particles and
chiral nanoparticles play an important role in the total optical
binding force both in the near-field region and in the far-field
region.

2. Optical setups

We demonstrate a generic method to control the rever-
sals of both the near and far-field longitudinal and lateral op-
tical binding force when chiral and plasmonic nanoparticles
are placed above a plasmonic substrate. In this paper, a set of
configurations is studied which provides our proposed method
of getting a reversal of longitudinal optical binding force. The
schematic diagrams of our setups are given in Figs. 1(a)-1(d).
The plasmonic-chiral heterodimer sets, with and without a
plasmonic substrate placed underneath are used. The plas-
monic and chiral spheres’ radii are kept at » = 100 nm in all
the configurations. The real part and imaginary part of per-
mittivity of gold are cited from the standard Palik data. For
the chiral nanoparticle, the refractive index is considered to
be 1.45, and the chirality parameter is set to be k = +1. Us-
ing a radius size of 100 nm makes the experiments simple and
does not exaggerate the simulation software because the small
particles’ resonance is not too strong. The COMSOL Multi-
physics 5.3a is used to do all of the optical simulations (The
details are given in the “Full Wave Simulation Set-up” sec-
tion). We use the linearly polarized plane waves propagating
in two directions in our setups and change the wavelength (1)
of the incident plane wave from 400 nm to 1200 nm. The light
under investigation propagates towards the “—y” direction and
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the “+4-y” direction and polarized along the “x” direction. The
separation between the bottom of the spheres and the top sur-
face of the substrate, i.e., between dimers and tetramers is set
to be 5 nm. All of these investigations are conducted in the air

medium.
(a) (b)
Ry Y4 e 5 X
Ky . — KX .
y
(c) (d)

Fig. 1. (a) The “x”-polarized plane wave propagating in the “—y” direc-
tion towards a plasmonic nanoparticle (left) and a chiral (right) heterodimer
nanoparticle with radius » = 100 nm placed in an air medium where the
spheres’ interparticle distance is d. (b) The same configuration as that in
panel (a) with the polarized plane wave propagating in the “4-y” direction.
(c) The same configuration and direction of light as those in panel (b) with
a plasmonic substrate under the nanospheres. (d) The same configuration
as that in panel (c) with polarized plane wave propagating toward “—y” di-
rection (left sphere is plasmonic and right sphere is chiral in panels (a)—
(d)). (e) Circularly polarized incident plane wave propagating toward the
“—z” direction among equidistant chiral — plasmonic tetramers (two chi-
ral nanoparticles in maroon color, and two plasmonic nanoparticles in gold
color, interparticle distance d placed over a plasmonic substrate. (f) The
same chiral — plasmonic tetramers setup as those in panel (e), shown from

@ FTaT)

the top view along the “x” axis and “y” axis.

Figure 1(a) shows our first setup where a plasmonic parti-
cle and a chiral nanoparticle are placed together. We keep the
plasmonic sphere on the left while the chiral one is placed on
the right side. The linearly polarized plane wave encounters
the plasmonic nanoparticle first while propagating along the
“+y” direction. Figure 1(b) shows the same configuration, but
the direction of the incident plane wave is now propagating

o)

along the “—y” direction, coming into contact with the chiral
nanoparticle first.
are placed over a plasmonic (gold) substrate. This time, we
illuminate the setup with a linearly polarized light propagat-
ing along the “+y” direction, hitting the plasmonic nanopar-
ticle first. In Fig. 1(d), we use the same configuration as that
in Fig. 1(c), but in this case, we change the direction of the
plane-polarized light that propagates in the “—y” direction il-
luminating the chiral nanoparticle first. Figure 1(e) shows an
arrangement of a tetramers setup consisting of two plasmonic
nanospheres and two chiral nanospheres kept at a height of 5
nm above a plasmonic (gold) substrate. Here, the interparticle
distances are d, (distance along the “x” axis) and d, (interpar-
ticle distance along the “y” axis), respectively, where d, = d,.
For each setup, we take a different interparticle distance be-
tween 200 nm and 2000 nm as done earlier, and change the

In Fig. 1(c), the same two nanoparticles

wavelength of light for each distance. The chirality parame-
ter for the setup when we use the RHCP state of plane wave
is set to be k¥ = —1 but changed into ¥ = +1 for the LHCP
state. The circular polarization gives a more conclusive result
than linearly polarized light to control the mutual attraction
and repulsion of near-field and far-field optical binding force
for tetramers.

3. Theory

As stated above, in our proposed arrangement, we keep
the chiral nanoparticle (named nanoparticle (i) on the right
side and the plasmonic nanoparticle (called nanoparticle, (ii)
on the left as shown in Figs. 1(a)-1(d). A commercial soft-
ware “COMSOL Multiphysics” is used to calculate the opti-
cal force from the outside of the volume of these nanoparti-
cles. referred to as “exterior” or “outside” optical force. The
background field of the scatterer of radius ‘a’ is used to calcu-
late the ‘outside optical force’ through using the time-averaged

Minkowski stress tensor[12-33:00-62] ¢ - — 4+

(Fa) = (T (1)

where

2

1 1
(T°") = ) Re | DoutEgy + BoutHoy — 51 (Eqy;  Dout + Hoy 'B"“t)} ’

Here, subscript “out” represents the total exterior field of the
scatterer (a combination of both the incident field and the scat-
tered field); E2, D, H, and B denote the electric fields, the dis-
placement vector, the magnetic field, and the induction mag-
netic field vectors, respectively. On the other hand, () refers
to the time average and I the unity tensor.

For the plasmonic-chiral heterodimers, the longitudinal

optical binding force is defined as Fying(y) = (Fi(y) — Fa(y))-

The positive value of the optical binding force represents an
attractive optical binding force, while the negative value refers
to a repulsive optical binding force. Here subscripts (y), 1, and
2 indicate the “y” component of optical binding force, the right
sphere, the left sphere, respectively. Throughout this paper,
these forces represent the face—to—face (F-F) optical binding
forces.

For the chiral-plasmonic tetramer configuration, the lat-
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eral binding force and the medial binding force are denoted by
two resultant force components: Fc, p, bind(x)] = Fc, (x) — FP, (x)
and Fc, p,bind(y)] = Fo,(y) — Fpy(y)- Here, Cy, Co, Py, and P
represent the first chiral nanoparticle (placed along the “x”
axis), the second chiral nanoparticle (placed along the “‘y”
axis), and the first plasmonic nanoparticle (placed along the
“x” axis), and the second plasmonic nanoparticle (placed along
the “y” axis), respectively. The positive value of the optical
binding force Fc, p,(bind(x)] OF FC, P,[bind(y)] TEPresents an at-
tractive optical binding force, and the negative value refers to
a repulsive optical binding force. Here subscripts (x) and (y)
denote the positive “x” component of optical binding force and

(T3]

the positive “y” component of optical binding force, respec-
tively.

For chiral nanoparticles used in this work, the fun-
damental relations are given by the following constitutive

relation[5-12:63.64]

D 5= e Sl 5 ) @

Here, & and y, represent the relative permittivity and perme-
ability of the chiral material, respectively. The chirality pa-
rameter is denoted by k, which is controlled by the inequality
K < &u;.'"? Furthermore €& and pg and care the permittivity,
permeability, and speed of light in vacuum. The real part and
the imaginary part of the permittivity of gold are taken from
the standard Palik data for the plasmonic object.

4. Results and discussion

This paper aims to find and control the reversal of longitu-
dinal optical binding force in the near-field region and far-field
region for a plasmonic-chiral heterodimer setup by shining a
linearly polarized plane wave on the dimers. The light shines
towards the “—y” direction, coming into contact with the chi-
ral nanoparticle first or “+y” direction, hitting the plasmonic

[T L]

nanoparticle first having polarization along the “x” direction.

4.1. Plasmonic and chiral hybrid heterodimers without
substrate: No ‘direct’ reversal of longitudinal optical
binding force

First, we investigate the reversal of optical binding force
for plasmonic-chiral heterodimers in an air medium as shown
in Figs. 1(a) and 1(b). We observe that the the configura-
tion remains unchanged when changing the propagation di-
rection of the incident light. Also, figure 2(a) shows the opti-
cal binding force when light propagates in the “—y” direction.
Figures 2(b)-2(d) show that the longitudinal optical binding
forces for the interparticle distance (d) values between 200 nm
and 2000 nm. In this case, the incident electromagnetic (EM)
wave propagate towards the “—y” direction coming into con-
tact with the chiral nanoparticle first. The wavelength (1) of
the light varies from 400 nm to 1200 nm for each interparti-
cle distance. Figures 2(b)-2(d) show that the optical binding
forces are both repulsive for the near-field region and the far-
field region. Therefore, no reversal of optical binding force is

observed.

@
X
y
O —7=000m 0 [ —4=1200 nm
— d=500 nm — d=2000 nm_
z z z
L %
S = S
8 g g
i © ©
(b) © ' e
-8 : . . 8 . . . 8 . . .
04 06 08 10 12 04 06 08 10 12 04 06 08 10 12
A (10° m) A (10° m) 2 (10 m)

Fig. 2. The “x”-polarized plane wave propagating in the “—y” direction towards chiral (right) and plasmonic (left) heterodimer nanoparticles, where the
spheres’ interparticle distance is d and the wavelength is varied from 400 nm to 1200 nm in all cases. (a) A chiral and a plasmonic sphere (radius, » = 100 nm)

P

are placed in air medium and their inter-particle gap distance is d. (b) The optical binding forces (along the “y” axis) are shown between the two hybrid
dimers, for gap distances 200 nm and 500 nm by varying wavelength. (c) Optical binding forces Fy;nq(,) are shown between the heterodimers, for gap
distances 700 nm and 1000 nm by varying wavelength. (d) Optical binding forces for the same setup for d = 200 nm and 2000 nm are shown. (b)—(d)
Repulsive optical binding forces (left sphere is plasmonic and right sphere is chiral).
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(a) d=200 nm, A=610 nm

Electric field profile
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Fig. 3. (a)-(j) Electric field profiles of chiral-plasmonic nanoparticles without substrate propagating towards “—y” direction: (a) Inter particle gap distance
d =200 nm at wavelength 610 nm, (b) inter particle gap distance d = 200 nm at wavelength 970 nm, (c) inter particle gap distance d = 700 nm at wavelength
580 nm, (d) inter particle gap distance d = 700 nm at wavelength 1000 nm, (e) inter particle gap distance d = 1000 nm at wavelength 490 nm, (f) inter
particle gap distance d = 1000 nm at wavelength 880 nm, (g) interparticle gap distance d = 1200 nm at wavelength 610 nm, (h) inter particle gap distance
d = 1200 nm at wavelength 910 nm, (i) inter particle gap distance d = 2000 nm at wavelength 610 nm, and (j) inter particle gap distance d = 2000 nm at

wavelength 910 nm.

Here, we observe that both the plasmonic particles and
chiral nanoparticles move towards the direction of the propa-
gation of light, hence the particles experience an optical push-
ing force. It is quite natural because light usually pushes any
object along its propagation direction due to the momentum

24-27.65] The magni-

carried by a photon (the quanta of light).!
tude of pushing force of the chiral object is smaller than that

of the plasmonic object for the near and far-field. Hence, the

plasmonic nanoparticle gradually moves further away from the
chiral nanoparticle by a repulsive optical binding force. The
induced charges for this set-up are shown in Figs. 3(a)-3(j).
According to Coulomb’s law, like charges repel each other
while opposite charges attract We can observe from the elec-
tric field profiles that this law plays a vital role in our study.
Figures 3(a) and 3(b) show the electric field effect for the
near field distance of d = 200 nm, while figures 3(i) and 3(j)

054202-5



Chin. Phys. B Vol. 31, 054202 (2022)

represent the electric field effect for the far-field distance of
d = 2000 nm. Here in both cases, like charges are induced
on the surfaces of both nanoparticles facing each other, and a
repulsive longitudinal optical binding force is observed. Simi-
larly, figures 3(c)— 3(h) show the electric field profiles against
interparticle distance where plasmonic and chiral nanoparti-
cles have the like F-F charges.

Next, for the same configuration, we change the propaga-
tion direction of light as can be seen from Fig. 1(b). In this
case, the electromagnetic (EM) wave is now propagating to-
wards the “+4y” direction hitting the plasmonic nanoparticle
first. The variation range of wavelengths remains the same
as that for the previous case. Figures S3(b)-S3(d) (in supple-
mentary materials) show the near and far-field optical binding
force for this case. We observe that the plasmonic and the chi-
ral objects experience optical pushing force which is the same
as the secnario of previous set up (Fig. 1(a)). Here, the magni-
tude of the pushing force of plasmonic object is bigger than the
chiral one, as a result, it moves towards the chiral nanoparti-
cle gradually and the attractive optical binding force for near-
field region and the far-field region are obtained. Again, no
reversals of optical binding forces are observed. The elec-
tric field profiles of the plasmonic-chiral heterodimers setup
are shown in Figs. S4(a)-S4(j) (in supplementary materials).
Figures S4(a) and S4(b) show the electric field for near-field
distance d = 200 nm, and figures S4(i) and S4(j) represent
the electric field effect for the far-field distance d = 2000 nm.
Here, the electric field makes the opposite charges accumulate
on the chiral spheres and plasmonic spheres for the near-field
region and for the far-field region and try to attract each other.
Similarly, figures S4(c)-S4(h) show the electric field profiles
for the other interparticle distances where plasmonic particles
and chiral nanoparticles have opposite F-F charges.

So, for both cases, it can be estimated that when
EM waves propagate, they produce surface plasmons on
the plasmonic object, and surface plasmon resonance (SPR)
takes place due to their interaction. Generally, it is es-
timated that plasmonic force arises from the charges in-
duced by the surface force (due to the free electrons on
the nanoparticle surface).['>3®! The characteristics of SPR
of plasmonic nanospheres depend on their sizes, shapes,

[12.66] and arrangements within the assemblies

compositions,
of nanoparticles.'>’1 We use a very small radius » = 100 nm
for both the plasmonic dimers and the chiral hybrid dimers.
Owing to this small radius of the plasmonic nanoparticle, all
the electrons within the nanostructure can be easily excited and
attributed to the plasmon’s oscillation.['>4¢] Therefore, plas-
monic nanoparticles interact more strongly with the electro-

magnetic (EM) wave than the chiral one.[!'?! We can conclude

from above discussion that there is a strong interaction be-
tween the nanospheres and the electric field, causing charges
to accumulate on the particles.

When we place our proposed setups in an air medium, in
the first case we obtain the strong repulsive force due to the
presence of similar induced charges, while in the second case
we observe strong attractive force due to the presence of oppo-
site charges. However, for both these cases, we fail to obtain
attractive optical binding force nor repulsive optical binding
force at the same time. It is possible to control the attraction
and repulsion between the particles by changing the direction
of light source. However, this is not the ‘direct’ reversal of
optical binding force. In the next subsection(s), we will fig-
ure out some possible ways of realizing the ‘direct’ reversal of

optical binding force.

4.2. Plasmonic and chiral hybrid heterodimers with sub-
strate: Reversal of longitudinal optical binding force
at near and far-field regions
In our previous investigation, we were not able to re-

verse the optical binding force of plasmonic dimers and chi-

ral heterodimers in a single configuration (without changing
the propagation direction of light). However, now we are to
obtain a possible solution by keeping a plasmonic substrate
underneath the heterodimers. From our new configuration, we
obtain the attractive optical binding force and the repulsive op-
tical binding force in the same setup. The schematic diagrams
of our proposed configurations are shown in Figs. 1(c) and

1(d).

Firstly, we simulate the configuration with an incident
light which propagates in the “+y” direction hitting the plas-
monic nanoparticle first as shown in Fig. 1(c). Figures S5(b)—
S5(d) show the achieved optical binding forces by using this
new arrangement for various interparticle distances. However,
the repulsive binding forces are very small compared with the
attractive forces. This is the drawback of this arrangement.
We overcome this drawback in the next (ultimate) final set-up.
The detailed physics behind the observed longitudinal binding
force (when the light is hitting the plasmonic object at first) is
discussed in supplementary information.

Our main aim is to obtain a strong reversal of optical
binding force in both the near-field region and the far-field
region for plasmonic dimers and chiral hybrid heterodimers.
Although we could obtain a reversal of optical binding force
in our previous setup where light propagates in the “+4y” di-
rection, we failed to obtain a decent repulsive force. So, to
achieve our desired result, we illuminate the same setup by
using a plane wave propagating towards the “—y” direction
hitting the chiral nanoparticle first, as shown in Fig. 1(d). The
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interparticle gap distances remain the same in a range from
200 nm to 2000 nm.

As shown in Figs. 4(b)—4(d), we observe the attractive
optical binding forces and the repulsive optical binding forces
for the cases of near field and far field when the direction of
the incident light is changed to the “—y” direction. The mag-
nitude of the optical binding force starts as an attractive force
and gradually decreases as the wavelength of light increases
until it turns into a repulsive force. Comparing with our pre-
vious configuration we obtain a strong attractive force and a
strong repulsive force in our new setup, in both the near-field
region and the far-field region (d = 200 nm to 2000 nm).

Figures 4(b) and 4(c) show the optical binding forces
for distances of 200 nm, 500 nm, 700 nm, and 1000 nm re-
spectively. In all these cases, the positive (attractive) optical
binding force reverses its polarity in-between wavelengths (1)
500 nm-600 nm and becomes negative (repulsive). As we
move to even higher wavelengths (A = 1100 nm-1200 nm)
the magnitude of the negative optical binding force decreases
and again becomes positive. This observation is emphasized
because, in Fig. 4(d), we can see that the optical binding forces
for d = 1200 nm and 2000 nm show a second reversal in each
case.

Initially, in the attractive region, as light hits on the chi-

ral object first, it exerts a larger optical pushing force than

the plasmonic object at the lower wavelengths for the cases
of near field and far field. As the magnitude of pushing
force of the chiral particle is higher, the chiral particle moves
toward the plasmonic nanoparticle and we obtain an attrac-
tive optical binding force. As the wavelength of the incident
light increases, the magnitude of pushing force of the chiral
nanoparticle decreases, and that of the plasmonic nanoparticle
increases gradually. At one point the magnitude of pushing
force of the plasmonic nanoparticle exceeds that of the chi-
ral nanoparticle and the plasmonic nanoparticles undergo a
stronger optical pushing force. Hence, the plasmonic particle
moves away from the chiral particle. Exactly at this point, the
state of the induced current profile of the plasmonic object is
reversed. From Figs. 5(e), 5(g), 5(i), and 5(k) and Figs. 5(f),
5(h), 5(j), and 5(1), we can observe that the induced cur-
rent on the plasmonic object is reversed for the cases of the
near field and far field. Previously we saw that this reversal of
current turns the optical pushing force into an optical pulling
force for plasmonic object as light hits on the plasmonic object
first. But in this case light hits on the chiral object first. Here,
the induced current reversal of plasmonic object does not re-
verse the optical force (£) of the plasmonic, rather it enhances
the force. Now for the longer wavelength, the optical pushing
force of plasmonic object is larger than that of the chiral ob-

ject, thus repulsion of the optical binding force occurs.

(@)
1.0 12

0% —d=200 nm ——d=700 nm ; —d=1200 nm

0.4 ——d=500 nm ——d=1200 nm 1.0 —d=2000 nm
E E 0.5 2 0.8
g 0 oA Reemecesanesiansassy & &
) Y e S 04
8 04 g 8
S s} s (1) SXEEEIE T3 Cr T
P = 0.5 =

038 0.4

(b) 1ok (© i (d)
12 : . : 1.0 : . . 08 . . :
04 06 08 10 12 04 06 08 10 12 04 06 08 10 12

Wavelength (10 m)

Wavelength (10 m)

Wavelength (10 m)

Fig. 4. The “x”-polarized plane wave propagating in the “—y” direction towards chiral (right) and plasmonic (left) heterodimer nanoparticles placed over
a plasmonic substrate, where the spheres’ inter-particle distance is d and the wavelength varies from 400 nm to 1200 nm in all cases. (a) A chiral and a
plasmonic sphere (radius, » = 100 nm) are placed in air medium and their inter-particle gap distance is d. (b) The optical binding forces (along the “y” axis)
are shown between the two hybrid dimers, for gap distance 200 nm and 500 nm by varying wavelengths. (c) Optical binding forces (Fyina(y)) are shown
between the heterodimers, for gap distance 700 nm and 1000 nm by varying wavelengths. (d) Optical binding forces for the same setup for d = 1200 nm
and 2000 nm are shown. Panels (b)—(d) show strong reversal of longitudinal optical binding forces (left sphere is plasmonic and right sphere is chiral).
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Fig. 5. (a)—(d) Electric field polarization profiles of chiral-plasmonic nanoparticles placed over a plasmonic substrate, light propagates along “—y” direction
light hitting the chiral object first: (a) inter particle gap distance d = 200 nm at wavelength 440 nm, (b) inter particle gap distance d = 200 nm at wavelength
700 nm, (c) inter particle gap distance d = 1200 nm at wavelength 440 nm, (d) inter particle gap distance d = 1200 nm at wavelength 700 nm. Induced current
profiles for plasmonic-chiral nanoparticles placed over a plasmonic substrate: (e) inter particle gap distance d = 200 nm at wavelength 410 nm, (f) inter particle
gap distance d = 200 nm at wavelength 760 nm, (g) inter particle gap distance d = 700 nm at wavelength 410 nm, (h) inter particle gap distance d = 700 nm at
wavelength 720 nm, (i) inter particle gap distance d = 1200 nm at wavelength 400 nm, (j) inter particle gap distance d = 1200 nm at wavelength 700 nm, (k)
inter particle gap distance d = 2000 nm at wavelength 540 nm, and (1) inter particle gap distance d = 2000 nm at wavelength 745 nm.

However, behind the reversal of optical binding forces
for this case, we find another phenomenon: for the longer
wavelength (longer than 750 nm), the chiral object experi-
ences optical pulling force for the cases of the near field and
far field. Previously, the chiral object did not experience any
pulling force in the whole wavelength range when the het-

erodimer setup was placed in an air medium without substrate

in Fig. 2(a). We broke the environmental symmetry by placing
a plasmonic substrate underneath the hybrid dimer setup and
when light hits on the chiral object an optical pulling force
is exerted on the chiral nanoparticle for A > about 750 nm.
Figures 6(a)—6(f) show the current density profile for the chi-
ral object in the near-field region and the far-field region. In

this case, for the cases of near field and far field, we observe
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that the chiral object experiences an optical pulling force at a
wavelength of about 750 nm.

(a) Wavelength = 400 nm

(b) Wavelength = 770 nm

(c) Wavelength = 400 nm

y \

(e) Wavelength = 400 nm

Ny

Fig. 6. (a)—(f) Induced current density profiles on chiral nanoparticles when

the chiral and plasmonic nanoparticle are placed over a plasmonic substrate,

light propagates along “—y” direction light hitting the chiral object first: (a)

for inter particle gap distance d = 200 nm at wavelength 400 nm, (b) for

inter particle gap distance d = 200 nm at wavelength 770 nm, (c) for inter

particle gap distance d = 700 nm at wavelength 400 nm, (d) for inter parti-

cle gap distance d = 700 nm at wavelength 1150 nm, (e) for inter particle

gap distance d = 1200 nm at wavelength 400 nm, and (f) for inter particle

gap distance d = 1200 nm at wavelength 890 nm. Rotating pattern of cur-

rent density is observed in none of panels (a), (b), and (e), but it is indeed

observed in panels (b), (d), and (f)).

Figures 6(a) and 6(b) represent the current density pro-

file for interparticle distance, d = 200 nm, Figs. 6(c) and 6(d)
for d = 700 nm and Figs. 6(e) and 6(f) for d = 1200 nm.
Magnetic-type resonance is induced on the chiral object as
indicated by a rotating pattern of current density separately
in Figs. 6(b), 6(d), and 6(f). When the chiral object expe-
riences an optical pushing force, magnetic-type resonance is
not noticed on the chiral object as shown in Figs. 6(a), 6(c),
and 6(e). We do not observe this rotating pattern of the cur-
rent density profile of chiral objects in Fig. 6(a), nor Fig. 6(c),
nor Fig. 6(e). We also study the current density profile on the
chiral object when no substrate is placed underneath the back-
ground to ascertain the substrate effect. In Fig. S12, we can see
that current density vector of chiral object (without substrate)
is not showing any rotating pattern for longer wavelength nor
shorter wavelength (see Figs. S12(a) and S12(b)). As a re-
sult, no magnetictype resonance is created on the chiral object
without substrate. On the other hand, when we place a sub-
strate underneath the particles, the current density vector of the
chiral object shows rotating pattern for longer wavelength (see
Figs. S12(c) and S12(d)). Thus, magnetic-type resonance is
created on the chiral object. So, it can be said that the induced
magnetic-type resonance on chiral object is mainly respon-

sible for the optical pulling force on the chiral nanoparticle.
Thus, a very strong repulsive optical binding force occurs be-
tween the chiral and plasmonic heterodimer setup when light
hits on the chiral object first. Comparing with our last con-
figuration, after changing the direction of the light into “—y”
direction, we obtain a strong repulsive force. The observations
of our new setup are further confirmed from the electric field
profiles shown in Figs. 5(a)-5(d). These figures depict the F—
F charge distribution of the heterodimers for the interparticle
distances d = 200 nm and d = 2000 nm. We obtain a simi-
lar attractive force at the shorter wavelengths to earlier and to
that at greater wavelengths of light; we observe a stronger re-
pulsive force than that in our last configuration (for near and
far-field). All other interparticle distances also show similar
observations in their electric field profiles.

We can conclude that in the shorter wavelengths, a chi-
ral nanoparticle experiences an optical pushing force of higher
magnitude than the force on a plasmonic particle. However,
with the increase of wavelength, the plasmonic nanoparticle
experiences a stronger force thereby changing the overall at-
tractive Fying force into repulsive Fying. Thus, we obtain a ‘di-
rect’ reversal of optical binding force in the presence of a plas-
monic substrate.

4.3. Chiral and plasmonic hybrid tetramers over plas-
monic substrate: Reversal of lateral optical binding
force in near-field region and far-field region

After we find a reversal of longitudinal optical binding
force for chiral-plasmonic heterodimers, we study the idea of
reversal of the near and far-field lateral optical binding force
of chiral-plasmonic tetramers. Hence, we place two chiral
nanoparticles and two plasmonic nanoparticles over a plas-
monic (gold) substrate in an air medium as shown in Fig. 7(a).
Figure 7(b) shows the same setup from a top view. This time,
the layout is illuminated from above by a circularly polarized
plane wave propagating in the “—z” direction. As we men-
tioned earlier, the circular polarization of light gives a more
conclusive result than linearly polarized light to control the
reversal of the near-field and far-field lateral optical binding
force for tetramers.*8] Throughout the simulations, we have
varied the wavelength of the light and increased the interpar-
ticle distances, dy (along the “x” axis) and dy (along the “y”
axis) of the tetramers to look into the lateral binding force of
the near-field region and far-field region.

Circular polarization is of two types: left-handed circu-
larly polarized (LHCP) state and right-handed circularly po-
larized (RHCP) states!*®) For these simulations, both forms
of polarization have been used, and figures 7(c)-7(f) show
the optical binding forces experienced by the tetramers in
both states. We investigate the optical binding force between
tetramers, both along the “x™ axis (Fpinq(x)) and along the “y”
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axis (Fyind(y)» for LHCP and RHCP, covering interparticle dis-
tances for the near-field region and the far-field region over
Figures 7(c) and 7(d) show
Fiing(x) and figures 7(e) and 7(f) show Fyjpq(y) for LHCP state

and RHCP state. In both cases, we obtain the reversal of op-

a wide range of wavelengths.

tical binding force for near-field region and far-field region.
Throughout the whole simulations, we keep the interparticle
distances (for both dy and dy at 200 nm, 500 nm, 700 nm, and
1000 nm, respectively.

Figures 8(a) and 8(d) show the electric field profiles of
the chiral-plasmonic tetramer setup for the LHCP state of
plane wave. These figures depict the face-to-face (F-F) charge
Figures 8(a) and 8(b)
show the electric field profile for the near-field region dis-

distributions of the tetramers set.

tance d = 200 nm. In a shorter wavelength range, we observe
like charges on the surface of the heterodimers which depict
the repulsive optical binding force between the tetramers. As
we move to longer wavelength opposite charges accumulate
on the spheres and we observe an attractive optical binding
force. Next, figures 8(c) and 8(d) represent the electric field
profiles for the far-field distance d = 700 nm, which shows
similar attraction and repulsion from shorter to longer wave-
length. Again, figures 8(e)—8(h) show the electric field profiles
of the chiral-plasmonic tetramer setup (as shown in Fig. 7(a)
and 7(b) for the RHCP state of plane wave. Like what we can
observe in Figs. 8(a)-8(d), we also find similar attraction and
repulsion of charges in this case. Hence, we obtain a reversal
of optical binding force in each of the two cases.

(a)

2
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= d=700 nm
e =1000 nmM
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0.4 0.6 0.8 1.0 1.2
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S
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Fig. 7. (a) Circularly polarized light propagating toward “—z” direction among equidistant chiral-plasmonic tetramers (two chiral nanoparticles in maroon
color and two plasmonic nanoparticles in gold color, interparticle distances d, placed over a plasmonic substrate); (b) the same chiral-plasmonic tetramers
setup as those in panel (a), shown in top view along the “x” and “y” axes. Panels (c)—(f) show the optical binding forces for the tetramers setup for left
circular polarization (LCP) and right circular polarization (RCP) along the “x” axis (Fy) and “y” axis (Fy) for wavelengths ranging from 400 nm to 1200 nm,
(c) F; of LCP for interparticle distances d, = 200 nm, 500 nm, 700 nm, and 1000 nm respectively; (d) F; of RCP for interparticle distances d, = 200 nm,
500 nm, 700 nm, and 1000 nm respectively; (e) Fy of LCP for interparticle distances dy = 200 nm, 500 nm, 700 nm, and 1000 nm respectively; (f) F;, of RCP
for interparticle distances dy = 200 nm, 500 nm, 700 nm, and 1000 nm respectively.
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Fig. 8. Electric field profiles of chiral-plasmonic tetramers placed over a
plasmonic substrate for the LHCP state of plane wave: (a) interparticle gap
distance d = 200 nm at wavelength 400 nm, (b) interparticle gap distance
d =200 nm at wavelength 730 nm, (c) interparticle gap distance d = 700 nm
at wavelength 640 nm, and (d) interparticle gap distance d = 700 nm at
wavelength 970 nm. Electric field profiles of chiral-plasmonic tetramers
placed over a plasmonic substrate for the RHCP state of plane wave: (e) in-
terparticle gap distance d = 200 nm at wavelength 400 nm, (f) interparticle
gap distance d = 200 nm at wavelength 1100 nm, (g) interparticle gap dis-
tance d = 700 nm at wavelength 700 nm, and (h) interparticle gap distance
d =700 nm at wavelength 1000 nm.

As we have mentioned earlier, the induced charges ac-
cumulate on the surface of the chiral nanoparticles and plas-
monic nanoparticles when they interact with EM wave. In
the near-field region, this strong interaction leads the similar
charges to accumulate on the surfaces of the nanospheres fac-
ing each other at shorter wavelengths hence resulting in F-F
repulsive optical binding force. Again, at longer wavelengths
in the same near-field region, the opposite charges accumulate
on the surfaces of the chiral-plasmonic tetramers facing each
other along the two axes. The opposite charges attract each
other resulting in attractive optical binding forces.

On the other hand, from the earlier researches we already
know that the induced forces of the plasmonic nanospheres are
much stronger than those of chiral nanospheres due to plas-
monic particles’ much stronger interactions with the EM wave.

Therefore, the plasmonic nanoparticles’ forces dominate over
the chiral nanospheres’ total optical binding force. The ef-
fect of the plasmonic nanoparticles’ force is strong enough to
convert attractive Fyjng forces into repulsive forces in the near-
field region, resulting in a reversal of optical binding force for
the proposed tetramers setup. Therefore, we can conclude that
the near and far-field optical binding force characteristics of
chiral and plasmonic tetramers, when placed on the top of a
plasmonic substrate under circularly polarized wave illumina-
tion, exhibit a reversal of lateral optical binding force.

5. Conclusions

As far as we know, no work has been reported on the re-
versal of longitudinal optical binding force for chiral and plas-
monic hybrid dimers, neither has the reversal of lateral optical
binding force for chiral and plasmonic tetramer layout. In this
work, we display that when we place a plasmonic-chiral hy-
brid dimer set over a plasmonic substrate and illuminate it by
using a linearly polarized plane wave either from the “—y” di-
rection coming into contact with the chiral nanoparticle first or
the “+y” direction hitting on the plasmonic nanoparticle first,
we observe a reversal of longitudinal optical binding force. We
also demonstrate that if we place chiral-plasmonic tetramers
over a plasmonic substrate and cast a circularly polarized light
on them from the top, we can observe a reversal of lateral opti-
cal binding force. In both cases, the reversal has been observed
for the near-field region and far-field region in a wide range of
wavelengths of light. Such ‘direct’ reversals of optical bind-
ing force the longitudinal and lateral do not occur when the
dimer set-up or the tetramer set-up is placed in an air medium.
The plasmonic chip underneath the particles plays a vital role
in achieving such reversals longitudinal and lateral of optical
binding force. As most of the biological particles are chiral
in nature, the broadband reversal of optical binding force of
chiral and plasmonic hybrid dimer and tetramer set can be an
emerging fascinating area of optical manipulation; which can
be used as a dominant instrument to accurately control the mu-
tual attraction and repulsion for colloidal self-assembly, crys-
tallization, and so on.
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