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Abstract

CrossMark

Even for a 100 nm interparticle distance or a small change in particle shape, optical Fano-like
plasmonic resonance mode usually vanishes completely. It would be remarkable if stable Fano-
like resonance could somehow be achieved in distinctly shaped nanoparticles for more than

1 pm interparticle distance, which corresponds to the far electromagnetic field region. If such far-
field Fano-like plasmonic resonance can be achieved, controlling the reversal of the far-field
binding force can be attained, like the currently reported reversals for near-field cases. In this
work, we have proposed an optical set-up to achieve such a robust and stable Fano-like
plasmonic resonance, and comparatively studied its remarkable impact on controlling the
reversal of near- and far-field optical binding forces. In our proposed set-up, the distinctly shaped
plasmonic tetramers are half immersed (i.e. air—benzene) in an inhomogeneous dielectric
interface and illuminated by circular polarized light. We have demonstrated significant
differences between near- and far-field optical binding forces along with the Lorentz force field,
which partially depends on the object’s shape. A clear connection is shown between the far-field
binding force and the resonant modes, along with a generic mechanism to achieve controllable
Fano-like plasmonic resonance and the reversal of the optical binding force in both far- and near-

field configurations.
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1. Introduction

Recently, Fano or Fano-like plasmon resonance in hybridized
plasmonic nanostructures has become a subject of intense
study due to its broad range of applications in surface-
enhanced Raman scattering [1], biosensing [2], waveguiding
[3] and so on [4]. Despite having a broad range of applica-
tions, until now, it has been quite challenging to achieve

4 Equal contribution.
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robust and stable Fano or Fano-like plasmon resonance in
plasmonic nanostructures due to its complex nature. This kind
of resonance mainly originates from the destructive inter-
ference between the bright resonant mode and the dark
resonant mode, which has been reported in different aggre-
gations of plasmonic nanoparticles, i.e. monomers, dimers,
trimers, tetramers, seven or even larger aggregations [5-9]. In
those configurations, Fano-like resonance has shown strong
dependency over the interparticle gap, geometry of the
structure, particle size, shape, center symmetry and the
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surrounding medium. Even a small change in the interparticle
gap or geometry (i.e. shape) of the structure can drastically
change the spectral resonance line shape, which may result in
vanishing Fano or Fano-like plasmonic resonance. Notably,
the disappearance of Fano resonance has been reported when
the interparticle distance between the heterodimers is not
close enough (even Fano resonance vanishes for an inter-
particle distance of 100 nm or even less) [10]. Furthermore,
Fano-like plasmonic resonance between two homodimers is
very rare because of the absence of quadrupole resonance
mode or dark resonance mode. In fact, due to the complex
nature of this kind of resonance, no generic set-up has been
proposed to achieve robust and stable Fano-like plasmonic
resonance in plasmonic nanostructures.

The optical binding force is a relatively new member in
the field of optical manipulation. Since the first observation of
optical binding force in 1989 [11], it has attracted less
attention compared to curl, gradient and scattering forces. In
the past, curl, gradient and scattering force based optical
manipulation have been given more priority, and have been
extensively investigated within the areas of biological science
[12, 13], physics [14—17] and chemistry [18]. Perhaps as a
result, the optical binding force is neither well defined nor
clearly understood and remains unexplored within the fra-
mework of the extensive field of optical micromanipulation.
In general, the optical binding force can be defined as the
interaction among the optically bound particles when they are
kept in an intense optical field [11]. It can be a very effective
tool to precisely control the mutual attraction and repulsion
among optically bound nanoparticles for particle aggregation,
crystallization, self-assembly, etc. [19].

In terms of interparticle (surface to surface between
nanoparticles) distance, the optical binding force [11, 20-26]
can be characterized into two categories: (i) far-field optical
binding force [23, 25, 27-31], and (ii) near-field optical
binding force [22, 26, 32-40]. The far-field optical binding
force can be defined for the objects placed nearly at mic-
rometer (or more than micrometer) distance apart, and the
near-field optical binding force can be defined for the objects
placed at a distance usually 10 nm to around 250 nm. So far,
only a few investigations have been carried out to understand
the behavior of near-field and far-field optical binding forces
in plasmonic nanostructures. But those investigations have
been carried out separately, and also in separate optical
configurations for the far field and near field, and they have
been mostly restricted to dimers placed in the homogeneous
medium [27, 32-34, 40]. As far as we know, no comparative
study has been carried out previously in the literature, and no
generic optical set-up has been proposed to study the char-
acteristics of both the far-field and near-field optical binding
forces in the inhomogeneous medium. Also, as far as we
know, no well-established connection between the resonant
modes and far-field optical binding force has been reported in
the literature until now.

However, few recent investigations have reported the
connection between the plasmon resonance and near-field
optical binding force [32, 33, 38, 40]. The adjustment of
attraction and repulsion between very closely placed nano-

dimers is known/termed as the reversal of the near-field
optical binding force. This novel area is even younger than
some of the recent popular areas of optical manipulation, such
as the reversal of optical scattering force or passive tractor
beams, active tractor beams and optical lateral force. Impor-
tantly, controlling the reversal of both the near-field and far-
field optical binding forces in the same optical configuration
and the impact of the resonant modes in both the near-field
and far-field optical binding forces have not been investigated
so far. In addition, no generic mechanism has been proposed
to achieve a robust and stable Fano-like plasmonic resonance
in plasmonic nanostructures, especially in the far-field region.

In this work, we have proposed a generalized mechanism
to achieve a controllable, robust and stable Fano-like plas-
monic resonance and have shown its remarkable impact in the
control of the far-field and near-field optical binding force
characteristics. In fact, we have demonstrated a stable Fano-
like plasmonic resonance, which is independent of any part-
icular geometrical configuration (i.e. shape of the object) and
is even stable for the interparticle distance more than 1 pm for
different polarizations of light. The controllable, robust and
stable resonance is achieved by the breaking of simple
symmetry, considering the distinctly shaped plasmonic
(in different geometrical configurations) nanoparticles half
immersed in an inhomogeneous dielectric background med-
ium. Also, a comparative study on the far-field and near-field
resonant modes along with the characteristics of the reversal
of the optical binding force are shown in the same optical set-
up (for both Mie and Rayleigh objects). In both the far field
and near field, the nanoparticle tetramers are half immersed
in the underneath benzene background (a schematic diagram
of this configuration is shown in figure 1) under
circular polarized illumination.

First, we have started our comparative study with the
demonstration of the optical binding force on Rayleigh-range
objects, then we have emphasized the Mie-range objects. We
have shown that the face to face binding force does not
reverse for Rayleigh-sized tetramers, but reverses in both the
far and near field for Mie-sized objects. Along with the face to
face optical binding force, we have analytically shown
another type of binding force for the nanoparticles situated
next to each other (we have defined it as the edge to edge
binding force). An unusual property of far-field and near-field
resonant modes is also observed for our inhomogeneous
configuration. We have observed a strong magnetic response
in the far-field resonant modes where the near-field resonant
modes show a strong electric response. Notably, Lorentz
force dynamics have been previously studied to understand
the behavior of the near-field optical binding force, but never
employed for understanding the behavior of the far-field
optical binding force. In our study, we have comparatively
studied the Lorentz force dynamics for both the far- and near-
field configurations by considering distinctly shaped plas-
monic tetramers and have shown some notable differences
between them.

Importantly, a clear relationship between resonant modes
and the reversal of the far-field optical binding force is shown
in our study. Finally, we have shown a way to control the
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Figure 1. (a)-(d) Schematic diagrams of our generalized tetramer configuration for cube, cylinder, ring and spherical nanoparticles,
respectively. Here, distinctly shaped plasmonic nanoparticle tetramers are half immersed in an inhomogeneous dielectric interface. The

LR}

nanoparticles placed at the ‘—x’, ‘—y’, ‘x” and ‘y’ positions are considered as NP;, NP,, NP5, and NP,, respectively. Fi, F», F3 and F; represent
the optical force on NP, NP,, NP; and NP,. F-F represents the face to face binding force between NP, and NP3 and NP, and NP,. Here, d, and
d,, represent the surface to surface distance between the nanoparticles placed at the x-axis and y-axis. In our cases d; = d,, which indicates
that nanoparticles are placed at equal distances from the center. E-E represents the edge to edge optical binding force, which acts through the

edge of the nanoparticles.

mutual attraction and repulsion among the nanoparticles
based on the refractive index of the lower background med-
ium. Also, we have shown a background refractive-index-
dependent tunable optical binding force and controllable
resonant modes over the wavelengths.

2. Simulation set-up and methods

In this work, we have used a generalized optical set-up, where
the distinctly shaped silver (standard Palik (0-2 pm) [41])
nanoparticles are half immersed in an inhomogeneous di-
electric background medium. In the first part of our manu-
script, we have shown stable and robust Fano-like plasmon
resonance in different geometrical nanostructures (figure 2).
In the second part, we have comparatively studied the char-
acteristics of far-field and near-field optical binding forces for
a specific tetramer configuration (figure 1). The schematic
diagram in figure 1 shows that the four distinctly shaped
(cube, cylinder, ring and sphere) plasmonic nanoparticle tet-
ramers are half immersed in the air-benzene interface. We
have used both Mie-range objects (mostly) and Rayleigh-
range objects for the same generalized optical set-up. But we
have mainly focused on Mie-range objects to show the
characteristics of the reversal of near-field and far-field optical
binding forces. The detailed dimensions (particle size,

interparticle distance) of the far field, near field and Rayleigh
objects are given in table 1.

Commercial software (Lumerical FDTD) has been used
for performing our full-wave simulations [42]. We have
illuminated our structure by a circularly polarized wave [43]
propagating towards the ‘—z’ direction and Eg = 1Vm™'
(intensity = 0.001 176 W m™2).

E =E(z, 1) + Ey(z, 1). (1)

We have used both left- and right-hand circularly
polarized light, but no difference in far-field and near-field
optical binding force reversal is observed. A significant effect
is observed in chiral objects [44—46]. Figure 1 shows that the
nanoparticles placed at the ‘—x’, ‘—y’, x” and ‘y’ axis are
considered as NP, NP,, NP; and NP, respectively. Fi, F>, F;
and F, represent the optical force on NP;, NP,, NP; and NP,
We have calculated both face to face and edge to edge optical
binding forces. For calculation of face to face optical binding
forces, we have only considered ‘x” directional forces (F;) for
the nanoparticles NP, and NP;, as they are placed in the ‘x’
and ‘—x’ position. Similarly, we have considered only ‘y’
directional forces (Fy) for the particles NP, and NP, as they
are placed in the ‘y’ and ‘—y’ position. Therefore,
Fyina1 = Fi, — F5, represents the face to face binding force
between NP, and NP;. Similarly, Fyingy = F,, — F, indicates
the face to face binding force between NP, and NP, Our
configuration is symmetric over the axis, which means that

3
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Figure 2. (a)-(j) The extinction spectra curves of cube-shaped plasmonic nanoparticles for different geometrical configurations when the

nanoparticles (Mie range) are half suspended in a lower background medium of refractive index 1.87 (which is the highest possible refractive
index for liquid medium). The extinction spectra curves show stable Fano-like resonance for all the geometric configurations. It should be
noted that the geometrical configurations are not drawn to scale. For example, in figures (b), (d) the surface to surface distances between the

plasmonic nanoparticle dimers and tetramers are 1400 nm.

the nanoparticles are placed at an equal distance from the
center (d, = d,). As a result, the optical forces of the indi-
vidual nanoparticles are F, = —F3, = F, = —F, and F;, =
—F3, = Fy, = —Fy, (details given in supplement 1 available
online at stacks.iop.org/CTP/72/045502/mmedia). Hence,
the relation between the face to face optical binding force is:

Fbindl = Ex - F3x = 172), - Ely[F'lx

= —F=Fy=—Fy] = Fa. 2

Therefore, we have used Fy;,g instead of Fyq1 or Fyina
for the face to face optical binding force between the nano-
particles. The positive value of the binding forces represents
the attractive binding force, and the negative value represents
the repulsive binding force. We have also calculated another
type of optical binding force: the edge to edge optical binding
force. As the edge to edge optical binding force works
through the edge (shown in figure 1), we have considered
both x’ and ‘y’ components of the forces (F, and F) for
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Table 1. The detailed dimensions of the near field, far field and Rayleigh object configuration.

Dimension of
Rayleigh-range

Dimension of
Mie-range

Surface to surface
distance Rayleigh object

Surface to surface
distance far-field

Surface to surface
distance near-field

Shape objects (nm) objects (nm) set-up (nm) set-up (nm) set-up (nm)

Cube Length 130 nm Length 20 nm 40 nm 180 nm 800 nm

Cylinder Radius 65 nm Radius 10 nm 40 nm 180 nm 800 nm
Height 130 nm Height 20 nm

Ring Outer radius 65 nm Outer radius 10 nm 40 nm 180 nm 800 nm
Inner radius 30 nm Inner radius 5 nm

Sphere Radius 65 nm Radius 10 nm 40 nm 180 nm 800 nm

calculation of the edge to edge binding force of the nano-
particles NP, NP,, NP; and NP,. The details of the edge to
edge optical binding force are shown in the results and dis-
cussion section.

We have used the time-averaged Minkowski stress tensor
[44, 47, 48] and Lorentz force [33, 38, 49, 50] to calculate the
total force.

The outside optical force is calculated at r = a* of the
time-averaged Minkowski stress tensor.

> P

1
3y = 2 Re I:Dout(j)E(;kut( » T BoutjHoug)

(Frowm)

1=
- 51 (Eduijy - Dowiy + Hougjy - Bou[(j))]- 3

Here, j = 1 (upper background) and j =2 (lower back-
ground) represent the exact background region.

Based on the Lorentz force, the total force (surface force
and the bulk force [23, 33, 38, 49, 50]) is:

(Frota) = (Fvolume) = Z(j)[<FBulk(j)> + (Fsuri(j))]

:%:[f<f3ulk(j)>d"(j) + f<fSurface(j)>:|ds(j) “4)
J

where

<fSurface(j)> = UEE:;g(j) + UmH:;g(j)

Eou) + B \*
S
How(j) + Hingj )*

2
3

= {€Eou(j) — En) - fl}(

+ { o Houjy — Hingjy) - fl}(

1
(fungiy) = S Re [e0(V - Eun(i) Einjy + 11o(V - Hp)Hig )]
1 .
— ERe liw () — &) {Einj) X Binjy}

+ iw(,us(j) — 1) {Diﬁ(j) X Hingj)}]-
(6)

The surface force density (fg,e.) 1S calculated just at the
boundary, and the bulk force density (fj,;,) is calculated from
the interior. Here, ¢, p, are the permittivity and permeability
of the nanoparticle itself, and ¢, 1, are the background. Here, 72
is an outward pointing normal to the surface, and o, and o,, are
the bound electric and magnetic surface charge densities. To the
best of our knowledge, the studies of Lorentz force dynamics
were only restricted to near field and mostly homogeneous
medium [33, 38, 49]. Also, no comparative study was carried
out in Lorentz force dynamics for the far field and near field.

The Lorentz force [33, 38, 49, 50] in our equations (2)—
(4) is different to the ‘external dipolar force’ [34, 51-53]. All
the numerical calculations are conducted in 3D in full-wave
simulations using Lumerical FDTD [54].

The bulk part of the total Lorentz force on a plasmonic
object should describe the relative bulk force experienced by
the optical molecule:

Del Fpuia) = f [(fBuay) dvay] — f [(foukey) vl (7)

Del Fpuik) = f [(fsuke)) dve)l — f [(fouka)) dval.  (8)

Here, Del Fgyi (1) represents the bulk force between NP
and NP;, and Del Fpyk(2) represents the bulk force between
NP, and NP,. At the same time the relative surface force
experienced by the optical molecule is:

Del Fsyi(1y = f [(Ssuriry) dvan] — f [(fsurtzy) vl (9)

Del Fsui) = f [<fSurf(2)>dV(2>] - f [<fSurf(4)>dV(4)]- (10)

Here, Del Fs(1) represents the surface force between NP, and
NP;, and Del Fsys(2) represents the surface force between NP,
and NP,.

It should be noted that:

Fging1 = Del Fy1 + Del Fyyyy. (11)

Fpingz = Del Fuiz + Del Fsyp. (12)

In our cases Del Fgy1y = Del Fgy(2), and Del Fgy(1) =
Del Fg2). So, we have used Del Fs,,y and Del Fgy to
represent the surface force and bulk force, respectively. We
have already mentioned that throughout the paper we have
shown Fy;,q instead of using both Fyng; and Fyingo.
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Figure 3. (a)—(d) Schematic diagrams of distinctly shaped single plasmonic nanoparticles half immersed in inhomogeneous dielectric
background medium. Figures (e)-(h) show the extinction spectra curves of cube-, cylinder-, sphere and ring-shaped nanoparticles for 1.87
refractive index underneath background medium, which show stable Fano-like resonance.

3. Results and discussion

We have commenced our study by showing robust and stable
Fano-like plasmonic resonance of distinctly shaped (cube,

cylinder, ring and sphere) Mie-range plasmonic nanoparticles
for our proposed optical set-up (figure 1). Figures 2(a)—(j)
show a stable Fano-like resonance for cube-shaped plasmonic
nanoparticles in different geometrical arrangements (i.e. from
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Figure 4. The charge distributions at dark, Fano-like deep and bright resonant modes for distinctly shaped single plasmonic nanoparticles half
immersed in a high refractive index (1.87) liquid underneath background medium. The optical set-up is shown in figures 2(a)—(d). The
electric field distribution is obtained directly from the simulation results found in the commercial software Lumerical FDTD [42].

a single plasmonic nanoparticle to a cluster of 17 nano-
particles). The nanoparticles are half immersed in an under-
neath dielectric background medium, and the refractive index
of the background medium is 1.87, which is the highest
possible refractive index for liquid materials [58]. Achieving
this kind of stable and robust Fano-like resonance for dis-
tinctly shaped plasmonic nanoparticles in different geome-
trical configurations is quite remarkable. This is because Fano
resonance was reported to have vanished when the inter-
particle gap or particle size was not precisely controlled, and
even specific geometric configurations were required to
achieve such stable Fano-like resonance. For example, finite
plasmonic nanoclusters (i.e. tetramer, pentamer, hexamer,

heptamer, etc.) show sharp Fano-like plasmonic resonance
when they are placed very close to each other in a specific
geometrical configuration [5—7]. Those Fano-like resonances
vanish when the interparticle distance is greater than a few
nanometers and can sometimes disappear due to the exclusion
of the central particle. We have overcome those difficulties
and shown a stable Fano-like resonance for cube-shaped
nanoparticles, where the central particle is not present even
when the interparticle distance between the nanoparticles is
very large (1400 nm figure 2(d)).

A stable Fano-like plasmon resonance can also be found
in cylindrical, ring and spherical plasmonic nanoparticles for
similar geometrical arrangements, which are shown in
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Figure 5. The extinction spectra curve when the Mie-range distinctly shaped nanoparticle tetramers are half immersed in an inhomogeneous
dielectric background for different interparticle distances (d = d, = d,, = 800, 500, 300, 180 nm). (a)-(d) The extinction spectra curves of

cube-, cylinder-, sphere and ring-shaped nanoparticle tetramers, respectively, for the underneath background medium of refractive

index = 1.87.

(supplement S2) which shows the robustness of our proposed
set-up. Along with circular polarized light, we have also
observed stable Fano-like resonance for single polarized (x
and y polarized) light for our proposed configuration, which is
not shown in our article.

To properly understand the origin of such stable Fano-
like resonance, we can consider two factors:

(1) interaction of the plasmonic nanoparticles with the
underneath background medium, and

(ii) interaction of the plasmonic nanoparticles with each
other (for multiple particles).

We have considered a single plasmonic nanostructure
(figure 3) half immersed in the underneath dielectric background
medium to clearly understand the interaction between the plas-
monic nanoparticles with the underneath background medium.
The extinction spectra curves of figures 3(e)—(h) show stable
Fano-like resonance, but this kind of resonance is not found if
individual plasmonic nanostructures are placed in air or homo-
geneous medium, or placed above the dielectric substrate
[10, 23]. In our case, the appearance of underneath background
medium fulfils the fundamental criterion of Fano resonance. The
fundamental criterion of Fano and Fano-like plasmonic reso-
nance is the constructive and destructive interference between
the broad resonant mode and narrow resonant mode. The
resonant mode at higher wavelengths is termed the bright

resonant mode, and the resonant mode at lower wavelengths is
termed the dark resonant mode. The charge distribution of
figure 4 in the bright resonant mode shows a purely dipolar
behavior. But in the dark resonant mode, it shows a higher-order
resonance (mode not purely quadrupolar). At the Fano-like deep
position, the charge distribution is a mixture of bright and dark
resonant modes. This interaction between the bright dipolar
resonant mode and the higher-order dark resonant mode leads to
stable higher-order Fano-like resonance, which is quite different
to that presented in [55]. In our case, the image charge-induced
surface plasmon mode leads to the hybridization of intra-nano-
particle plasmonic modes [42, 56, 57], which further leads to
stable higher-order Fano-like plasmonic resonance in our pro-
posed optical system. A high refractive index (RI = 1.87)
background medium shows a comparatively strong Fano-like
resonance due to the dielectric screening factor (g — 1)/
(s + 1). The higher dielectric screening leads to stronger
hybridization of intra-nanoparticle plasmonic modes. As a result,
more stable Fano-like resonance is found. This phenomenon
leads to another notable conclusion: the underneath background
medium can be used as a controlling parameter to increase or
decrease the strength of Fano-like resonance.

Apart from background-mediated interaction, the inter-
action among the nanoparticles also has an impact on stable
and robust Fano-like resonance. We have chosen a tetramer
configuration (figure 1) to show the interaction among the
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Figure 6. (a)-(d) Extinction spectra curves of distinctly shaped Rayleigh-range plasmonic tetramers placed in an inhomogeneous background
(refractive index = 1.50). Figures (e)—(h) represent the binding force curves of cube-, cylinder-, ring- and spherical-shaped tetramers,

respectively. The binding force does not reverse for Rayleigh-range

nanoparticles. Figure 5 shows the extinction spectra curves of
distinctly shaped plasmonic nanoparticle tetramers at different
interparticle  distances (d = dy = dy, = 800nm, 500 nm,
300 nm, 180 nm). With the decrease in the interparticle dis-
tance, the interaction among the distinctly shaped plasmonic
nanoparticle tetramers increases due to their interference field.
As aresult, figure 5 shows a comparatively stronger Fano-like
resonance; when the interparticle distance is very small
(180 nm) compared to the interparticle distance 800 nm. But

objects.

figure 5 also reveals that the effect of the interparticle gap
distance is negligible compared to the effect of the underneath
background medium.

It is important to note that our proposed optical set-up
does not show Fano-like plasmonic resonance for Rayleigh-
range objects, but it shows stable and robust Fano-like reso-
nance only for Mie objects. Rayleigh-range nanoparticle tet-
ramers (figures 6(a)—(d)) do not show any higher-order
resonant mode, but only show a broad dipolar resonant mode.
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It is due to the internal excitation of multipoles (i.e. quadru-
poles, hexapoles, etc) occurring in Mie objects (more details
in the supplementary article of [58]); this behavior is not
common in Rayleigh-range objects. As a result, hybridization
of the bright and dark resonant modes does not occur in
Rayleigh objects and, therefore, the fundamental criterion of
Fano-like plasmonic resonance is not fulfilled in Rayleigh
objects. It is worth mentioning that the mechanism of Fano-
like resonance in dielectric nanostructures [23, 59-61] is
completely different to plasmonic nanostructures, as dielectric
nanostructures have no distinct plasmon modes.

Based on the discussion above, it can be said that in our
proposed optical set-up, robust and stable Fano-like plas-
monic resonance for Mie objects mainly originates from the
interaction of the plasmonic nanoparticles with the under-
neath background medium, and almost provides an inter-
particle distance independent and geometry independent
Fano-like resonance. Although our resonant mode fulfils all
the criterion of Fano resonance, throughout the paper we have
described it as Fano-like plasmonic or Fano-like resonance
due to its unusual line shape.

4. Optical force behavior of Mie and Rayleigh-range
plasmonic nanoparticle tetramers

In this section, we have chosen a specific plasmonic tetramer
configuration (cf figure 1) to show the characteristics of the
far-field and near-field optical binding forces, and the impact
of the resonant modes on both the far-field and near-field
optical binding forces.

Figure 6 shows the optical binding force for Rayleigh-sized
metallic nanoparticle tetramers does not reverse, when they are
half immersed in an inhomogeneous dielectric background or
they are kept in a homogeneous medium (supplement S3).
Figures 6(e)—(h) show that the face to face optical binding forces
between the small metallic nanoparticle tetramers are always
attractive, and the maximum value of the face to face optical
binding force is observed exactly at that resonant peak for our
taken wavelength region (300nm to 1000 nm). Although the
optical binding force among Rayleigh objects is always attrac-
tive in our configuration, we can observe both positive and
negative values of the electric dipole moment (supplement S4).
Still, no reversal of the face to face optical binding force is
observed for Rayleigh-range objects. We have defined the real
part of the electric dipole moment of an object as [62]:

p =Re [f wl(es — Eo)Ein]dv]. (13)

The real part of the electric dipole moment (for
NP, and NP;, and NP, and NP,) reverses at exactly the same
wavelength. It means that the relative dipole moment always
remains the same between the face to face particles. Therefore,
the optical binding force between the Rayleigh-range metallic
nanoparticle tetramers is always attractive to our optical con-
figuration. Our study completely matches with the previous
study carried out on plasmonic spherical dimers in [34], which
has been explained based on the relative electric polarizability of
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the face to face nanoparticle. It means that the optical binding
force does not reverse for distinctly shaped Rayleigh-range
plasmonic nanopatrticle tetramers.

But in this part, we have shown the binding force
reverses for the Mie-range plasmonic nanoparticle tetramers.
Based on the surface to surface interparticle distance for the
same optical set-up, we have classified our tetramer config-
uration into two parts:

(1) far field (interparticle distance = 800 nm), and
(i1) near field (interparticle distance = 180 nm).

Although, the optical binding force reverses for both cases
of far field and near field, there are still some interesting dif-
ferences and similarities between the binding force reversal of
the far-field and near-field configurations. The extinction
spectra curves for the far-field configuration in figures 7(i)—(1)
show strong resonant peaks at higher wavelengths but rela-
tively weak resonant peaks at lower wavelengths. But for the
near-field configuration, the extinction spectra curves of
figures 7(a)-(d) show two distinct and more prominent reso-
nant peaks at lower and higher wavelengths. Table 2 shows the
wavelengths at which bright, dark and Fano-like resonance
occurs for near-field and far-field configurations. The interac-
tion between the underneath dielectric background and plas-
monic nanoparticles is almost the same for both the near field
and far field, but due to the interference field the interactions
among the nanoparticles change with the change in the inter-
particle distance among plasmonic tetramers. As a result, a
more visible bright and dark resonant peak is observed in the
near-field configuration compared to the far field. For the same
reason, a comparatively stronger and more stable Fano-like
resonance is observed in the near-field configuration, which
mainly originates due to the background-mediated destructive
interference of the bright and dark resonant modes (a detailed
discussion is given in the previous section).

If we analyze the resonant behavior of the far-field and
near-field resonant modes, we find some interesting
differences.

The vector diagrams of electric field distribution in
figure 8 show some remarkable properties. In the far-field
configuration, the electric field distributions in figure 8 show
circulating field behavior for distinctly shaped tetramers.
Although the circulating field behavior in the far field is not
present in the Fano-like deep region, the circulating electric
field is clearly visible in bright and dark resonant modes. On
the other hand, the electric field distributions in the near-field
configuration show no circulating electric field behavior. The
circulating electric field distribution in the far-field set-up
indicates the dominant magnetic nature of the resonant
modes. On the other hand, non-circulating field behavior in
near-field configurations indicates the electric nature of the
resonant modes. This kind of circulating electric field beha-
vior of the far field is quite unusual and not commonly
observed in such types of simple geometric configurations
[63—68]. Our observation of the magnetic nature of the
resonant modes in such a simple geometry may give an
important insight towards the negative refractive-index-based
metamaterials.
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Figure 7. The first two columns represent the near-field ((a)-(d)) extinction spectra and ((e)—(h)) binding force, and the next two columns
represent the far-field ((i)—(1)) extinction spectra and ((m)—(p)) binding force for cube, cylinder, ring and spherical nanoparticle tetramers,
respectively. Mie-range plasmonic tetramers are placed in a background medium of 1.50 refractive index. In our geometry, nanoparticles are
placed at equal distances from the center. Thus, for our configuration Fying = Fpingi = Foina2- As a result, Fyg represents the binding force
between NP, and NP3, and NP, and NP,. The positive value and the negative values of the binding forces, respectively, represent the attractive
binding force and the repulsive binding force. Lorentz force components of the binding force are represented by the (Del Fg,¢) surface force
and (Del Fg,) bulk force.

Table 2. The wavelength at which bright, dark and Fano-like resonance occurs for near-field and far-field configurations.

Near field Near field Near field Far field Far field Far field
Shape bright (nm) deep (nm) dark (nm) bright (nm) deep (nm) dark (nm)
Cube 637 464 418 713 371 360
Cylinder 570 446 401 604 421 376
Ring 651 460 421 696 412 378
Sphere 581 371 347 604 360 345

5. Lorentz force dynamics of far- and near-field face field tetramers, and we have also shown their relationship

to face optical binding forces and its relationship with the resonant modes. In addition, we have shown the

with the resonant modes impact of the resonant modes in both far-field and near-field
optical binding forces.

As far as we know, Lorentz force dynamics for far-field The Lorentz force characteristics for near-field and far-

configurations has not yet been discussed in any previous field optical binding forces seem similar, but there are several
literature. In this section, we have comparatively described significant differences between them. The binding force
the face to face Lorentz force dynamics for both near and far- curves of figure 7 show that in near dark resonant mode the
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Cube: Dark

Cylinder:
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Figure 8. The top view of electric field distribution for cube-, cylinder-, ring- and sphere-shaped nanoparticle tetramers at dark, Fano-like
deep and bright resonant modes for far-field and near-field configurations. The first, second and third rows, respectively, show the dark, Fano-
like deep and bright resonant modes for cube-, cylinder-, ring- and sphere-shaped nanoparticle tetramers. Table 2 shows the wavelength at
which bright, dark and Fano-like deep resonance occur for near-field and far-field configurations. The far-field electric field distribution
shows circulating field behavior, but the electric field distribution shows no circulating behavior. The vector diagram of the electric field
distribution is obtained directly from the simulation results found in the commercial software Lumerical FDTD [42].
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optical binding force reverses (except for the near-field
spherical tetramer figure 7(h)) for both the near field and far
field. In particular, the near-field configuration (figures 7(e)—
(h)) shows that the face to face optical binding force becomes
negative to positive and reaches its local maximum positive
value where the effect of the bulk force (Del Fgy) is negli-
gible. It means that the total binding force near the dark
resonant mode is mainly dominated by the surface force
(Del Fsy,¢) for the near-field configuration. But a completely
different scenario is observed in the far field face to face
optical binding force in figures 7(m)—(p). Near the reversal
point, the far-field optical binding force curves (figures 7(m)—
(p)) show a gradual increase in the surface force (Del Fgy,t)
and a maximum value of the bulk force (Del Fgyy). It spe-
cifies that the combination of both the surface force
(Del Fsy) and bulk force (Del Fgyy) is responsible for the
binding force reversal (— to +) of the total force for the far-
field configuration.

In both the near-field and far-field set-up, the next
binding force reversal is found just after the Fano-like deep
position. Also, the binding force reaches its maximum
repulsive value between the Fano deep and next reversal
point. The binding force curves of figures 7(e)—(h) and (m)—
(p) show that the reversal (positive to negative) and minimum
binding force near the Fano-like deep position originate
mainly due to the dominance of the repulsive bulk force
(Del Fgyk), where the surface force (Del Fgy,¢) effect is neg-
ligible compared to the bulk force (Del Fgyx) in both the far
field and near field. But if we take a closer look, we might see
that the surface force (Del Fs,,r) is more effective in the near-
field configuration compared to the far field.

Finally, the next reversal occurs just before the bright
resonant mode. The binding force reversal reaches its max-
imum positive value for both the far-field and near-field
configurations. In the far-field configuration, the binding force
reversal and maximum binding force are observed mainly due
to the dominance of the bulk force (Del Fgyy), where the
surface force (Del Fg,,¢) is negligible. But in the near-field set-
up, the surface force (Del Fg,) shows a significant effect
compared to the far field. Hence, the near bright resonant
mode optical binding force has the combined effect of both
the surface force and bulk force.

Subsequently, the discussion above demonstrates that the
far-field optical binding force is mainly dominated by the bulk
force (Del Fgyx), where near-field optical binding force is
dominated by both the surface (Del Fs,,¢) force and bulk force
(Del Fgyik)- A clear insight regarding this observation can be
found by considering the face to face distance among nano-
particles in the far-field and near-field set-ups. The surface to
surface distance of distinctly shaped nanoparticle tetramers in
the near-field configuration is 180 nm, where the surface to
surface distance in the far-field configuration is 800 nm. As a
result, in the near-field optical binding force we find a more
effective surface force (Del Fsr) compared to the far field.

If we take a look at the binding force curve in figure 7(e)
(binding force curve for the cube), it will make our claim
regarding the dominance of the surface force (Del Fgyy)
clearer. The cube has greater effective face to face surface area
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compared to the cylindrical-, ring- and spherical-shaped
nanoparticles. Therefore, in the near-field configuration the
cube-shaped tetramer shows more effective surface force
compared to the other three shapes. Notably, figure 7 also
shows that the magnitude of the far-field optical binding force
is much lower compared to the near-field optical binding force.

6. Edge to edge optical binding force among the
nanoparticles placed close to each other

In this section, we have analytically shown the calculation of
the edge to edge optical binding force among the nano-
particles in both the near field and far field. When we have
calculated face to face optical binding forces, we have only
considered ‘x’ directional forces (F;) for the particles (NP
andNP;) placed in the ‘x’ and ‘-x’ positions. Similarly, we
have considered ‘y’ directional forces (F}) for the particles
(NP, and NB,) placed in the ‘y’ and ‘-y’ positions. But to
calculate the edge to edge binding force we have to consider
both F, and F, for the nanoparticles NP;, NP,, NP; and NP,.
We have already shown Fi, = —F;, = I, = —F,, and F, =
— I3, = I, = — I, for both the near-field and far-field regions
(supplement S1). As the edge to edge optical binding force
acts through the edge of the nearest nanoparticle, the edge to
edge optical binding force between the nanoparticles can be
written as

The edge to edge optical binding force between NP
and NP»:

Fp =K -F=F,+ F, - F, - F,
:F2x+ FZy_FZy_FZx
[Ex:FZys Ey:FZx]:O-

The edge to edge optical binding force between NP,
and NPs:

Frggos=F—-F=F;+ F — F - B,
=F; + By — (—F) — (—F,)
(B = —F3y, By = —F3,]
=2(Fs; + Fy) = =2( + By).

The edge to edge optical binding force between NP
and NP;:

Fgg 3a =K -FK=F,+ F, - F, - F,
=k, + by — Ey — E,|F, = Ky, F/;, = F,] =0.

The edge to edge optical binding force between NP,
and NP;:

Fegpsy=FH-FKE=F,+ F, - F, - F,
=k, + Fy — (-Fy) — (-F,)
[Fi, = —Fy, Fiy = —F]
=2(F. + Fy) = —2(F, + E,).

The theoretical calculation above is supported by the top
view of the electric field distribution of the near-field and
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Figure 9. The extinction spectra and binding force curves of both the near field and far field for three different refractive index values

(RI = 1.5, 1.7, 2 respectively) of the three distinct lower background media, respectively. The first and second columns represent the near
field, and the third and fourth columns represent the corresponding force curves. Figures (a)—(e) represent the extinction spectra, and figures
(f)—(h) represent the binding force curves for the near-field tetramers. Similarly, figures (i)—(1) represent the extinction spectra, and figures
(m)—(p) represent the binding force curves for the near-field tetramers.

far-field configurations at different resonant modes (near
bright, Fano-like deep and dark resonant mode). The electric
field distributions (especially the near field) show strong edge
to edge interactions between NP, and NP3, and NP, and NP, at
different resonant modes (supplement S5). On the other hand,
no visible edge to edge interaction is observed between NP
and NP,, and NP; and NP, in the far-field configuration.

7. Effect of underneath background in far field and
near field

Finally, we have demonstrated some similarities and differ-
ences between the far-field and near-field optical binding
force characteristics when we increase the refractive index of
the background medium. For both the far field and near field,
we have used three different refractive index values
(RI = 1.5, 1.7 and 2) of the background media. While com-
paring the effect of the underneath background in the optical
binding force reversal, we have broken down this section into
two different subsections: (i) similarity, and (ii) difference.
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8. Similarity

The red shift of the resonant modes in both the far-field and
near-field configurations is observed from the extinction
spectra curves of figure 9. Reversal points of the face to face
optical binding force also red shift due to high refractive
index background medium. The dielectric screening factor
(s — 1)/(es + 1) induces a strong image charge in the
background medium, and it leads to a strong interaction
between the plasmon modes of the nanoparticles and the
image charge. As a result, red shift of the resonant modes is
observed in both the far field and near field. Also, a stable
Fano-like resonance is observed for high refractive index
background medium (a detailed discussion is given in the
previous sections in figures 2 and 3), which leads to higher
magnitude of the repulsive binding force. This observation
leads to the idea of controllable Fano-like resonance and
controllable face to face optical binding force reversal at
different wavelengths. It shows how Fano-like resonance and
the far- and near-field optical binding force reversal magni-
tude can be tuned by using different refractive index back-
ground medium. We have also observed that the red shift of
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the bright resonant mode is greater than the dark resonant
mode in both the far field and near field.

9. Difference

Figures 9(a)-(d) and (i)—(l) show a significant increase in the
magnitude of the dark resonant mode in the near-field con-
figuration compared to the far-field configuration due to the
increase in the refractive index of the background medium.
Also, figures 9(e)—(h) show a comparatively greater increase
in the magnitude of the attractive binding force near the dark
resonant mode in the near-field configuration compared to the
far-field (figures 9(m)—(p)) configuration. The high refractive
index medium induced high dielectric screening factor leads
to a strong mixing of the dark resonant mode with the higher-
order resonant modes. The dark resonant mode contains a
significant mix with the higher-order modes compared to the
bright resonant mode, which increases the net dipole moment
near the dark resonant mode. In the near-field configuration,
the mixing of the higher-order mode component is relatively
greater due to small interparticle distance. As a result, the net
dipole moment at the dark resonant mode arises more in the
near-field configuration compared to the far field. High
attractive binding forces at the near-field configuration
(figures 9(e)-(h)) originate from the high magnitude of the
induced dipole moment in the near-field configuration.

In our manuscript, for FDTD simulation, the incident
intensity is mostly set as 0.001 176 W m~ 2. The magnitude of
the force is not scaled at a higher value considering this exact
low value of input intensity in all the full-wave simulations.
If we consider the incident intensity of light is
0.05 x 10'2 W m~2 [which is commonly used in usual opti-
cal set-ups], the approximate magnitude 2f the optical binding
force for our set-ups will be: m ~ 42.52 pN
(in pico-Newton range [49, 69]). Therefore, we can safely
conclude that the proposed results on optical binding forces
can be experimentally verified for our set-ups, as these would
be found in the pico-Newton range [49, 69] by properly
adjusting/scaling the intensity of incident light beam.

10. Conclusion

In this work, we have proposed a specific symmetry breaking
optical set-up, and have shown a robust, stable and con-
trollable Fano-like plasmonic resonance for distinctly shaped
(cube, cylinder, ring and sphere) plasmonic nanoclusters. This
kind of Fano-like plasmonic resonance is even stable at
interparticle distances more than 1 pm for different geome-
trical configurations. A comparative study on the far-field and
near-field resonant modes (along with the optical binding
force characteristics) has also been reported with a detailed
analysis. We have illustrated the remarkable impact of the
resonant modes on both the far-field and near-field optical
binding forces in cube-, cylinder-, ring- and sphere-shaped
tetramer set-ups. In our proposed optical set-up, the optical
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binding force and stable Fano-like resonance have been found
for Mie-range objects; reversal of the optical binding force
and such stable Fano-like plasmonic resonance have not been
observed for the Rayleigh-range objects.

It is important to note that a clear connection between the
far-field optical binding force and resonant modes (along with
the Lorentz force dynamics) has been demonstrated in this
work, which has not been reported previously in the literature.
Here, we have shown that the Lorentz force is partially
dependent on particle shape, where the Lorentz force
dynamics in a sphere are quite different to those in a cube. In
the meantime, we have also shown the unusual magnetic
nature of the resonant modes in the far-field configuration,
which is quite rare for such simple geometries, and it might
further facilitate the study of negative refractive-index-based
metamaterials.

In short, we have shown that background-dependent
controllable Fano-like plasmonic resonance and binding force
reversal (magnitude and reversal point) over wavelength can
be achieved for distinctly shaped nanoparticles. These might
open a novel way to develop resonant-mode-based chemical
and biological sensors, and may also help in understanding
the dynamics of particle aggregation, clustering, crystal-
lization and self-assembly.
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