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A B S T R A C T   

In order to determine whether a particle is plasmonic, dielectric, or chiral, different complex processes and chemicals are applied in lab setups and 
pharmaceutical industries. Sorting or categorizing a particle based on distinct optical forces can be a novel technique. When a beam of light interacts 
with a particle, it usually pushes the particle in the direction of the light’s propagation. Counterintuitively, it can also pull the particle toward the 
light beam or move it toward a lateral direction. As far as we know, to date, no comprehensive report exists regarding a single optical arrangement 
capable of inducing entirely distinct behaviors of force for three disparate types of independently placed single Rayleigh particle. This study in-
troduces an all-optical technique aimed at effectively sorting nanoscale Rayleigh-sized objects employing a plasmonic substrate, when each distinct 
type of single particle is placed over the substrate independently. Unfortunately, this proposed technique does not work for the cluster or mixture of 
distinct particles. In our proposed configuration, a simple linearly polarized plane wave is incident onto the plasmonic substrate, thereby engen-
dering completely different responses from three different types of nanoparticles: Gold (plasmonic), SiO2 (dielectric), and Chiral particles. We 
conducted individual tests for our setup using linearly polarized plane waves at angles of 30-degree, 45-degree, and 60-degree individually. 
Consistent results were obtained across all angles. In each of the three distinct setups involving the aforementioned particle, a dielectric Rayleigh 
particle experiences an optical pulling force, a plasmonic Rayleigh particle experiences an optical pushing force, and a chiral Rayleigh particle 
encounters an optical lateral force. These distinctive force behaviors manifest as a result of the intricate interplay between the material properties of 
the nanoparticles and the characteristics of the plane-polarized beam, encompassing aspects such as plasmonic response, chirality, and refractive 
index. Moreover, this technique presents an environmentally sustainable and economically viable alternative to the utilization of expensive and 
potentially hazardous chemicals in nanoparticle sorting processes within industrial domains.   

1. Introduction 

In electromagnetism, optical manipulation refers to the use of electromagnetic radiation, such as light, to manipulate matter 
usually at the microscopic or nanoscopic scale. It relies on the interaction between light and matter, specifically the transfer of mo-
mentum from the photons of the light to the particles or molecules being manipulated. Optical micromanipulation is a technique that 
uses light to manipulate biomolecules [1–3], microscopic objects, and small particles [4]. It has become an important tool and grabbed 
the attention [5,6] in research areas such as biophysics and cell biology [7,8], nanotechnology [9], material science [10], microfluidics 
[11], chemistry [12,13] and quantum physics [14,15]. 

When light interacts with an object, it carries momentum and can exert a force on the object, resulting in a phenomenon known as 
radiation pressure [16]. Thus, the momentum of the photons in the light is transferred to the object, resulting in a change in the object’s 
momentum and owing to momentum conservation [17–19]. The direction of radiation pressure is generally the same as the direction 
of the wave’s propagation, meaning that the pressure acts in the same direction as the wave travels. 
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But in the last decade, it has been observed that the direction of the movement of a nanoparticle can be quite different from the 
direction of wave propagation. A few Notable experiments [20,21] have been conducted to verify the counter-intuitive optical pulling 
force (also known as the tractor beam effect [17,22,23]), when a particle moves towards the opposite direction [24,25] of the 
propagation of light mainly due to the scattering force of light. In addition, optical lateral force has also been experimentally reported 
[24], when a particle experiences an optical force towards the perpendicular direction [26–29] of the propagating wave of light. 

In real-world experimental setups and pharmaceutical industries (especially for chiral drugs), expensive compounds and chemicals 
are used extensively [30–33]. Usually, due to the tiny size of the particles and the requirement for high precision and accuracy, sorting 
methods [31] for particles, such as microplastics and gold nanoparticles, can be costly [34,35]. The idea of all-optical sorting instead of 
using expensive chemicals or compounds is quite new. Before the invention of the tractor beam effect and optical lateral force, such 
all-optical sorting was not even imagined to differentiate distinct types of particles based on distinct optical forces experienced by the 
particles. 

Optical sorting [36] refers to the process of separating objects based on one or more characteristics, such as size, shape, or 
composition, by using light. There have been a few independent studies on the sorting of plasmonic [37], dielectric [38], and chiral 
particles (only dipolar-sized chiral particles) [26] separately based on optical force using various techniques and fully different optical 
setups. To the best of our knowledge, a single set-up to distinguish all of them together does not exist. For example-the half air-water 
set-up reported in Ref. [26] does not assist to distinguish dielectric or plasmonic Rayleigh or dipolar-sized particle. If a half-immersed 
dielectric or plasmonic particle is shined with light, it experiences an optical pushing force. This type of limitation is also true for the 
optical setups reported in Refs. [37,38]. 

In one of our previous studies, Rayleigh-sized particles were separated through near-field all-optical sorting from a cluster of three 
unknown particles [39]. Unfortunately, the dielectric particle from the cluster cannot be separated based on optical pulling force [39], 
if the plasmonic particle does not present in the heterogeneous cluster. Only the presence of the plasmonic particle in the cluster assists 
the near-field optical pulling of the dielectric particle according to the report of ref [39]. That means the all-optical sorting method 
used in Ref. [39] cannot distinguish a single Rayleigh particle based on its composition. After that, another study proposed a 
meta-surface that can sort only Mie-sized independently placed single particle based on their material properties and get force in three 
different directions (plasmonic-pulling, dielectric-pushing, and chiral-lateral) [40]. The set-up reported in Ref. [40], cannot sort Mie 
particles from the mixtures or clusters. 

As far as we know, to date, no comprehensive report exists regarding a single optical arrangement capable of inducing entirely 
distinct behaviors of force for three disparate types of independently placed single Rayleigh particle. This presents a significant 

Fig. 1. Optical manipulation of particles on gold substrates using a plane-polarized (oblique incidence) laser beam of wavelength 632 nm prop-
agating in the "+x" direction (a) A chiral particle on a gold substrate experiences an optical pulling force, which allows for precise control of particle 
motion and positioning. (b) A dielectric particle on a gold substrate experiences an optical pushing force. (c) A plasmonic particle on a gold substrate 
experiences lateral force due to the asymmetric interaction between the particle and the chiral plasmonic substrate, demonstrating the potential of 
plasmonic substrates for manipulating particles with complex geometries. (d) The setup consists of three particles (chiral, plasmonic, and dielectric) 
positioned in a serial arrangement on a gold substrate. (e) On a gold substrate, the same three particles are arranged in an angular pattern. (f) This 
figure shows the same particles positioned diagonally on the gold substrate. For all three particle setups, each particle experiences a different optical 
force: the dielectric particle experiences an optical pulling force, the plasmonic particle experiences an optical pushing force, whereas the chiral 
particle doesn’t get any effective force. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.) 
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limitation in the field, as the ability to sort particles at this level would enable a range of new possibilities in fields such as biomedicine 
and materials science. Our study of this work seeks to address this gap in the literature. 

In this work, the sorting of distinct types of Rayleigh-sized particles has been achieved through the use of three distinct types of 
optical forces: pulling, pushing, and lateral. Interestingly, this sorting does not require complex structured beams [22,41] or any kind 
of artificial meta-surface [40], as a simple time-harmonic plane linearly polarized laser beam along with a plasmonic substrate is 
sufficient for this system. It should be noted that the proposed setup involves the sorting of separately placed Rayleigh-sized objects, 
rather than a cluster [39] of different types of particles (recently reported by us). Different Rayleigh-sized particles in our proposed 
arrangement experience radically different optical forces over (near) a plasmonic substrate. The plasmonic particle experiences a 
pushing force due to the absence of current density reversal within a certain length; the dielectric particle experiences a pulling force 
due to the momentum contribution from the field-induced multipole radiation; and the chiral particle experiences a lateral force due to 
the electric field density and direction of the Poynting vector. 

It is important to note that our proposed technique in this article does not work for the heterogenous cluster or mixture of distinct 
particles. This is because the chiral particle in a heterogeneous cluster of particles in our set-up does not experience enough lateral 
force due to the unwanted coupling and multiple scattering in the presence of other types of particles. A very interesting observation 
regarding this matter (the suppression of scattering) has been discussed in our article. For the heterogeneous cluster set-up, still the 
known approach of near-field all-optical sorting is the one reported [39], one of recent works. For homogeneous clusters of the same 
type of particles, the proposed setup of this work works very well (and our previously reported process of [39] does not work). But it 
(the work of this article) cannot be regarded as an efficient sorting or distinguishing process of distinct particles in an arbitrary cluster 
of unknown Rayleigh or dipolar particles. As a result, safely we can consider this work as an approach to single Rayleigh or dipolar 
particle sorting instead of the sorting of particles from a fully unknown cluster or mixture of Rayleigh or dipolar particles. 

Optical sorting of Rayleigh or dipolar-sized particles could revolutionize future industrial techniques for sorting microplastics, gold 
nanoparticles, chiral molecules, and other similar particles. The unique optical forces experienced by each type of particle, as 
demonstrated in our study, could enable more efficient and precise sorting compared to existing techniques. Overall, the proposed 
plasmonic setup has the potential to impact various industries that require precise particle sorting, ranging from pharmaceuticals to 
environmental sustainability. 

2. Optical setup and methods 

In this article, we have demonstrated a unique optical setup and investigated the effect of different types of force on Rayleigh- 
ranged (i.e., dielectric, plasmonic, and chiral) nanoparticles placed on a plasmonic substrate. Three separate optical setups were 
used for each particle type, which involved placing the particles individually on three separate plasmonic substrates in Fig. 1(a–c). The 
length, width, and thickness of the plasmonic substrate are 200 nm, 150 nm, and 25 nm, while the radius of all the particles employed 
in our optical setup (plasmonic, dielectric, and chiral) is 25 nm (r = 25 nm). Furthermore, particles are individually positioned 5 nm 
vertically (surface-to-surface distance) from the plasmonic substrate. In Fig. 1(d–f), three more optical setups have been shown as 
another experiment to create distinct forces for the same three particles altogether. 

These arrangements were designed to see if the particles experienced the same force on the same substrate as the single-particle 
setup. The dimensions of the plasmonic substrates (for three particles) are 450 nm, 300 nm, and 25 nm. The particles were posi-
tioned 5 nm above the substrate and had the same radius as a single particle configuration. On the plasmonic substrate, the particles are 
placed serially, angularly, and diagonally with an interparticle distance. For the cluster setup (serial-interparticle distance of 100 nm), 
the plasmonic nanoparticle is placed at the center of the substrate, the chiral nanoparticle is placed on the left side of the plasmonic 
nanoparticle, and the dielectric nanoparticle is placed on the right side of it. The source of illumination for our proposed optical setup is 
a non-structured time-harmonic plane linearly polarized laser beam with a wavelength of 632 nm, which propagates at distinct angles 
(i.e., 30-degree, 45-degree, 60-degree etc.) from the ’’-x’’ to the ’’+x’’ direction, has electric field polarization along the ’’y’’ direction, 
decays in the ’-z’ direction at the ‘xz’ plane, and can be expressed as: 

E = E0
[
e− jk(xcosθ− zsinθ)]ŷ (1) 

Light intensity has been defined as E0 = 1 V/m. By utilizing the numerical solver COMSOL Multiphysics 5.3a, we have carried out 
full-wave simulations by varying the wavelength (λ) of the incident beam from 200 nm to 700 nm and evaluating the resulting optical 
force on the three distinct nanoparticles. In full-wave simulations, the optical forces calculated outside the volume of the aforemen-
tioned nanoparticles are referred to as time-averaged optical forces. The time-averaged optical force has been calculated by integrating 
the Minkowski stress tensor at an equal radius to the particle’s radius plus 3 nm (r = a+) [17,42–46]. 

〈 Fout
Total〉 =

∮

[〈Tout〉] • ds (2)  

Where 〈Tout〉 is expressed as: 

〈Tout〉 =
1
2

Re
[

DoutE∗
out + BoutH∗

out −
1
2
I
(
E∗

out • Dout + H∗
out • Bout

)
]

(3)  

The “out” can be defined as the total exterior field of the scatterer. I is the unity tensor, while ‘<>’ indicates the time average. E, D, B, 
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and H refer to the electric fields, displacement vector, induction field vector, and magnetic field. The material properties of the 
dielectric nanoparticle have been defined as having a refractive index of n = 1.45. The chiral object has been specified as a right- 
handed chiral nanoparticle with a parameter value of ‘k = 1’. The refractive index values for the plasmonic (Au) material and sub-
strate have been obtained from the well-known Palik’s data [47], encompassing both the real and imaginary components. 

3. Result and discussion 

A schematic view of three different particles (plasmonic as Au, dielectric as SiO2, and chiral) positioned on a gold substrate is shown 
in Fig. 2, where 2(a) shows a serial arrangement of dielectric, plasmonic, and chiral particles in the (x-y) plane of the substrate, 2(c) 
shows the same particles positioned at an angular distance from each other, and 2(e) shows the same particles positioned in diagonally 
on the substrate. The wavelength (λ) of the incident beams has been varied from 200 nm to 700 nm, and the optical force exerted on the 
three nanoparticles has been calculated using COMSOL Multiphysics 5.3a. 

By analyzing the results shown in Fig. 2(b–d, f), we can see that from 300 nm to 550 nm, the dielectric particle exhibits optical 
pulling force (in the -x direction), while the plasmonic particle exhibits optical pushing force (in the +x direction) for the same range. 
Consequently, we observe that dielectric (silica) and plasmonic (gold) nanoparticles on the plasmonic substrate exhibit both get 
pulling and pushing forces in various wavelength ranges. However, the chiral particle hardly ever experiences a force that is close to 
zero and can be neglected. 

In contrast, an exceptional result was obtained for the chiral case on the plasmonic substrate. For three single particle setups shown 
in Fig. 3(a–c, e) depicts that at the range of 250 nm–500 nm, a single chiral particle experiences an optical lateral force, while the 

Fig. 2. Schematic view of three different particles (plasmonic as gold, dielectric as SiO2, and chiral) set on a gold substrate and their corresponding 
optical force graphs when illuminated with a 45-degree plane polarized optical beam at a certain wavelength along the "+x" direction. (a) Shows a 
serial arrangement of dielectric, plasmonic, and chiral particles in the (x–z) plane of the substrate. (b) Depicts the graph of the configuration where 
the plasmonic particle experiences both pushing and pulling forces at various wavelengths, the dielectric experiences pulling from 300 nm to the 
end, and the chiral particle experiences negligible optical force (close to zero). The identical particles are displayed in (c) at an angular separation 
from one another, and the corresponding force graph is presented in (d), both of which illustrate the same outcome as the first. Again, the identical 
particles are displayed in this picture (e) arranged in a diagonal pattern on the substrate. The corresponding force graph is given in this figure (f), 
and the outcome is the same as previously. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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dielectric particle experiences an optical pulling force and the plasmonic particle experiences an optical pushing force in Fig. 3(b–d, f). 
In both scenarios, the plasmonic particle experiences optical pushing forces in the ’+x’ direction. Beyond a certain wavelength, it 

encounters optical pulling forces in the ’-x’ direction. Additionally, in both cases, dielectric particles experience optical pulling forces 
ranging from 300 nm to 550 nm (for the three-particle setup) and from 250 nm to 550 nm (for the single-particle setup). However, for 
the single particle setup depicted in Fig. 3(a), an outstanding outcome was obtained for the chiral case on the plasmonic substrate 
which made the case successful. An additional lateral force is experienced by the chiral particle in the direction of "+y", as shown in 
Fig. 3(b). It means that when a single chiral particle is placed on a gold substrate alone, the incident laser beam on the gold substrate 
can affect the chiral particle. However, the force magnitude is insufficient to overcome Brownian motion or gravity. To address this 
limitation, we conducted numerical simulations in which we increased the amplitude of the plane waves, resulting in a higher force 
(Supplementary Note 1). 

Table 1 represents the results of our simulations for both three-particle setups and single-particle setups, primarily focusing on the 
results generated by simulating the setups shown in Figs. 2 and 3. The table describes that the single-particle setups exhibit three 
distinct types of force for three distinct types of nanoparticles: lateral force for chiral, pulling force for dielectric, and pushing force for 
plasmonic. However, the three-particle setups did not produce any lateral force for chiral nanoparticles. 

Furthermore, it is essential to recognize that maintaining a static configuration (only 45 degree of incident light) may not be a 
practically suitable example. Consequently, we have undertaken simulations with variable parameters, including a radius (r) of 50 nm 
and incident light angles (θ) of both 30◦ and 60◦ as illustrated in Fig. 4(a–i), to achieve a more realistic representation. In all instances, 
we have adhered to the same configuration as the one initially proposed in our primary simulation. It’s important to note that 
throughout these variations, the plasmonic particle encounters an optical pushing force, the dielectric particle experiences an optical 
pulling force, and the chiral particle undergoes an optical lateral force. Additionally, we conducted a parametric evaluation of the 

Fig. 3. Illuminating at a 45-degree angle with a plane-polarized light, (a) represents a schematic view of single chiral particles placed over a gold 
substrate, and (b) shows the outcome of the full-wave simulation for our proposed optical configuration, where chiral particle experiences optical 
lateral force toward the "+y" direction. The schematic image of a single dielectric particle placed on a gold substrate is shown in (c), and the outcome 
of the full-wave simulation for the optical configuration for our proposed set up is shown in (d), where the dielectric particle experiences an optical 
pulling force in the "-x" direction and (e) depicts a schematic image of a single plasmonic particle placed over a gold substrate. and (f) shows the 
outcome of the full-wave simulation for our proposed optical configuration, where plasmonic particle experience optical pushing force toward the 
“x" direction. The sorting domain for our optical setup is observed from 250 nm to 550 nm. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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optical force behavior by varying the separation between our nanoparticles and the gold substrate (see Supplementary Note 2). 

3.1. Sorting of single chiral particle: origin of the optical lateral force 

Drug discovery and development (for several industrial situations, which depend on the identification and isolation of specific 
chiral molecules) may be aided by the capacity to sort particles precisely and effectively. By ensuring that the desired components are 
present in the appropriate quantities, chiral sorting could aid in pharmaceutical product quality control. 

A setup with a right-handed chiral particle is shown in Fig. 3(a). Our full-wave simulation results indicate that we have observed 
chiral lateral force (by applying the stress tensor method given in Eq. (2) in the scenario of a single particle chiral setup, as shown in 
Fig. 3(b)). The constitutive relation of a chiral particle can be described as [48,49]: 

D = ε0εE + ik ̅̅̅̅̅̅̅̅̅ε0μ0
√ H  

B = μ0μH − ik ̅̅̅̅̅̅̅̅̅ε0μ0
√ E  

Here, ε and μ are the relative permittivity and permeability of the chiral material, respectively [μ= 1 and ε = (1.45)2
]; The sign kappa 

“κ” is positive, negative, and nonzero when the chiral is right-handed, left-handed, or nonchiral and finally, ε0 and μ0 are the 
permittivity and permeability in a vacuum. 

The chirality parameter of the chiral particle, κ = 1, defines its chirality. It indicates the asymmetry of the particle’s structure 
concerning its mirror image. Here, a light with a 45-degree oblique angle illuminates a chiral particle, which experienced a chiral 
lateral force at a wavelength of 250 nm. The interaction between the incident light and the chiral characteristic of the particle causes 
this force, which is perpendicular to the direction of light propagation. In this instance, energy moves from the incidence plane (x-z) to 

Table 1 
Optical comparison of the sorting range between three nanoparticles and a single nanoparticle placed over our proposed optical setup.  

Number of Particles Particle Size Chiral Dielectric Plasmonic Substrate 

Three particles Rayleigh Mainly pushing force Pulling Pushing Plasmonic Substrate 
Single particle Rayleigh Lateral Pulling Pushing Plasmonic Substrate  

Fig. 4. Represents the results of full-wave simulations performed on our proposed optical configuration. In this setup, we varied the particle radius 
(r = 50 nm) with an incident angle of θ = 45◦. We applied incident light angles of θ = 30◦ and θ = 60◦ to plasmonic, dielectric, and chiral particles, 
each with a 25 nm radius, arranged individually on a gold substrate. Panels (a–c) display the simulation outcomes for particles with a 50 nm radius 
at a θ = 45◦ incident light angle, while panels (d–i) demonstrate the results for all three particle types under incident light angles of θ = 30◦ and θ =
60◦ with a 25 nm radius. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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the lateral plane (y-z). We also simulated the Poynting vector and figured out some interesting connections with the lateral force. 
Our findings indicate that we only observed chiral lateral force in the scenario of a single particle chiral setup, as shown in Fig. 3(b). 

However, such lateral force on a chiral particle vanishes in the presence of the other particles near (over) the substrate. The physical 
reasoning behind the mentioned observations has been explained next step by step: 

For a single dipolar chiral particle [cf. Fig. 4 for single particle case], the time-averaged total force considering the validity of dipole 
approximation: 

〈F Dipole (Generic)〉 =
1
2

[

Re [(∇E∗) • p ] +
1
2

Re [(∇B∗) • m] −
k4

12πε0c
Re [p × m∗ ]

]

(4)  

where, 
[

p
m

]

=

[
αee iαem

− iαem αmm

] [
E
H

]

〈F〉=∇U+
σ〈S〉

C
− Im[αem]∇× 〈S〉+ cσe∇× 〈Le〉+ cσm∇× 〈Lm〉+ωγe〈Le〉+ωγm〈Lm〉 +

ck4
0

12π Im
[
αeeα∗

mm

]
Im[E×H∗]

Here, U = 1/4(Re[αee]|E|2 +Re[αmm]|H|
2
− 2Re[αem]Im[H.E∗]) is the term due to particle-field interaction, 〈S〉 denotes the time-average 

Poynting vector, 〈Le〉 = ε0/(4ωi)(E×E∗) and 〈Lm〉 = μ0/(4ωi)(H×H∗) are the time-averaged spin densities 
To comprehend the components of the optical lateral force acting on a chiral particle, a detailed analysis has been done; which 

suggests the spin angular momentum (SAM) and the Poynting vector as the responsible components for the lateral force [30]: 

Flateral = Fpoynting + FSAM (5) 

Fig. 5. Illustrates a full-wave simulation of the optical force on a chiral particle in both a three-particle arrangement and a single particle setup on a 
plasmonic substrate (note: the incident angle of light is set at 45◦). (a) and (c), reveal that the electric field profile (Ex) component has no impact on 
the chiral particle at 240 nm and 400 nm for the three-particle setup. (b) and (d) show that the electric field profile (Ex) component creates a dipole 
on the chiral particle in the case of the single particle configuration at a wavelength of 240 nm and 400 nm. (e) It displays at 500 nm the three- 
particle setup’s pointing vector arrows, each of which points in a distinct direction. That implies that there is no lateral force acting on the par-
ticle. (f) It indicates that the force is in the “y-z" plane by displaying pointing vector arrows pointing in the "+y" direction for a single particle setup. 
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=
σ〈S〉

C
+ ωγe〈Le〉 

Fig. 6. Illustrates magnetic field (Hy) distribution on the gold substrate (note: the incident angle of light is set at 45◦). Fig. 6(a and b) provides a 
graphical representation of the uneven distribution of the scattered field where symmetric scattering occurs, as depicted in Fig. 6(c and d). The 
magnetization (Fig. 6(e–h)) and polarization (Fig. 6(i–l)) of the chiral particle in presence of other particles behave quite differently in comparison 
with the independently placed single chiral particle. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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Here, 〈S〉 = 1
2 Re[E×H∗] is the time average Poynting vector, and ′σ′ is the cross section of the vacuum. The symbol ′E′ represents the 

electric field vector. It describes the strength and direction of the electric field associated with the incident light. The complex con-

jugate of the magnetic field vector is denoted by the symbol ′H∗′, and the cross-product operation is denoted by the sign ( × ). It is used 
to figure out the cross product of two vectors. In this instance, it is used to compute the cross product between the electric field vector 
and the magnetic field vector’s complex conjugate. 

However, when considering the three particle chiral setups shown in Fig. 2, we did not observe the emergence of any lateral force. 
In Fig. 5(a) we noticed that there was no effect of the electric field in the non-sorting region of the chiral material (240 nm) for three 
particles setup. However, in Fig. 5(b and d), we found desired result of an electric field dipole in the sorting region (240 nm and 400 
nm) for the single particle setup, whereas Fig. 5(a–c) did not show the same phenomenon. 

Here in Fig. 5(b–d), when a plane-polarized light interacts with a single chiral particle; the particle’s asymmetric structure induces 
an electric field dipole within it. The incident light’s electric field induces a rotational force on this dipole, which in turn generates spin 
angular momentum. The spin angular momentum affects the scattering and absorption properties of the particle, leading to modifi-
cations in its interaction with light. The interplay between spin angular momentum and the surrounding electromagnetic field results 
in a lateral force toward the ‘+y’ direction acting on the particle, perpendicular to the light’s direction. However, we may contrast the 
differences between Fig. 5(e and f). The incident light’s energy flow direction and intensity are shown by the Poynting vector. The 
arrows of the Poynting vectors are dispersed in various directions in Fig. 5(e). However, in Fig. 5(f), all the Poynting vector arrows 
point in the same direction (in the direction of ‘+Y’). The Poynting vector arrows are oriented in the direction of the chiral lateral force 
in the area where it occurs. This indicates the direction of energy transfer associated with the incident light. 

When a solitary chiral particle is positioned above a substrate, it undergoes a lateral force in the ‘y’ direction. To visually 
comprehend this phenomenon, we analyze the magnetic field (Hy) patterns of the gold substrate at wavelengths of 270 nm and 400 nm. 
Fig. 6(a and b) provides a graphical representation of the uneven distribution of the scattered field. These patterns demonstrate that the 
configuration of a single chiral particle above the substrate yields asymmetric scattering, resulting in the generation of a lateral force. 
However, when a chiral particle is placed above a substrate along with plasmonic and dielectric particles, the substrate produces 
symmetric scattering, as depicted in Fig. 6(c and d). This observation highlights that the interaction between a chiral particle and the 
substrate leads to distinctive scattering behaviors depending on the presence of other types of particles. The asymmetric scattering field 
generated by the chiral particle-substrate configuration gives rise to the lateral force experienced by the chiral particle alone [27]. 
Conversely, when combined with plasmonic and dielectric particles, the substrate’s scattering behavior becomes symmetrical, and the 
lateral force becomes absent. 

If we give a much deeper look, a very interesting phenomenon arises, which has never been reported before to the best of our 
knowledge. For example-the presence of other particles suppresses the scattering mechanism of the chiral particle. For example-the 
magnetic and electric dipole moment are affected significantly in the presence of the other particles. As shown in Fig. 6(e–l), the 
magnetization and polarization of the chiral particle in the presence of other particles behave quite differently in comparison with the 
independently placed single chiral particle (near the substrate). Ultimately, due to this suppression, the lateral force on the chiral 

Fig. 7. Illustrates the impact of the electric field profile on dielectric particle in different configurations and wavelengths (note: the incident angle of 
light is set at 45◦). (a) In a three-particle configuration with a wavelength of 220 nm, a full wave simulation displays the nonsporting area for the 
dielectric in the presence of an electric field dipole. Fig. 7(b–e) we can see that similar electric dipole has been induced in the dielectric particle at 
the wavelengths of 350 nm [multiple particles] and 270 nm [single particle] (where the net time averaged force is negative). (c) It shows that the 
electric field Ex generates a quadrupole at 570 nm in a three-particle arrangement, leading to the dielectric pulling force. (d) It demonstrates the 
electric field dipole effect in a region of 220 nm in the single particle configuration. (f) For the single-particle arrangement, in the area of 550 nm, 
where the particle forms a quadrupole and produces the dielectric pulling force, these findings shed light on the processes that underlie the optical 
forces that affect dielectric particle. 
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particle vanishes as shown in Fig. 2. Impacting the dynamics of the other particle based on another nearby particle is a very recent area 
of research [50–52]. Though such an impact has been discussed for dielectric particle due to the presence of nearby plasmonic particle 
(formation of an induced magnetic dipole in the dielectric particle), to the best of our knowledge, such an impact has never been 
investigated for the chiral particles in presence of other particles in a plasmonic substrate. A further investigation on this issue may be 
carried on in any of our future works. 

In conclusion, the Poynting vector and spin angular momentum both play a role in the production of the chiral lateral force. The 
electromagnetic field that is rotated by the chiral particle’s electric field dipole gives birth to spin angular momentum. The Poynting 
vector represents the energy flow associated with the incident light’s direction and intensity. The chiral particle’s scattering and 
absorption characteristics, as well as the momentum transfer from the incident light, are affected by the interaction between spin 
angular momentum and the Poynting vector. They work together to produce the chiral lateral force on a single chiral particle placed 
near (above) the plasmonic substrate. 

3.2. Sorting of single dielectric particle: origin of the optical pulling force 

A setup with a dielectric particle is shown in Fig. 3(c). Here, a light with a 45-degree oblique angle illuminates a dielectric particle, 
which experienced a pulling force (cf. Fig. 3(d)). The interaction between the incident light and the particle along with the plasmonic 
structure causes this force, which is opposite to the direction of light propagation. SPP waves produced by the nanostructures prop-
agate and create an interference pattern in the middle. 

From Fig. 7(b–e) we can see that electric dipole has been induced in the dielectric particle at the wavelengths of 270 nm [single 
particle] and 350 nm [multiple particles] (where the net time-averaged force is negative). For this particular wavelength (the regions 
of dipole formation), we can consider the time-averaged force on the dielectric particle from aforementioned Eq. (4) considering the 
validity of dipolar approximation as: 

〈F Dipole 〉=
1
2
[Re [(∇E∗) • p ]]

Here, the induced dipole moment is represented as, p = α0Eloc, where Eloc denotes the local electric field. Notably, the local electric 
field above the substrate comprises two components: the incident field (E0(r)) and the scattering field (ED(r)). To further enhance our 
understanding, the introduction of an effective polarizability tensor [24] allows us to express the induced dipole moment as p = α̂E0. 
Furthermore, by applying field superposition, we can break down the optical force acting along the interface into two separate terms: 

FX = FO
X + FD

X (6)   

Here                                                                                                                                                                                              

FO
X =

1
2

kX

[
Im (αXX)

⃒
⃒EO

X

⃒
⃒2
+ Im (αZZ)

⃒
⃒EO

Z

⃒
⃒2
]

(7) 

This FO
X cannot be negative [25]. (αXX) and (αZZ) are the diagonal element that can be expressed as: 

αXX =
α0

1 − α0ω2μ0GR
XX(r0, r0)

αZZ =
α0

1 − α0ω2μ0GR
zz(r0, r0)

On the other hand, when evaluated near the surface plasmon resonance, where Re (εm + εs ≈ 0), for a low absorbing surface with 
Re(εs) < 0 and far from configurational resonance, FD

X in Eq (6) can be expressed as: 

FD
X ≈ −

k4
SPP

8ε0

k3
SPP

k3 |α0|
2⃒⃒E0

⃒
⃒2 sin(2θ) sin[2(kZz0 + φ)] × exp

(

− 2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

k2
SPP − k2

√

z0

)

(8)  

Here, ’ z0’ denotes the height at which the particle is positioned above the substrate, φ is related to the phase of the reflection co-
efficient, and E0 represents the local electric field component above the substrate. 

One can see from Eq (8) that FD
X depends strongly [24] on the SPP wavevector kSPP(∝k7

SPP exp( − 2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

k2
SPP − k2

√

z0)). The force FD
X can 

be either positive or negative and this is the component of the total force in Eq (6), which is responsible for the optical pulling force of 
the dielectric particle placed near (over) a plasmonic surface. 

From Fig. 7(a and c) and (d and f), we can see pole fermentation within the dielectric scattered that is placed on our set-up of the 
gold substrate (for both three-particle and single-particle setups). It is a configuration of electric charges that creates a particular 
distribution of the electric field. It is a bit surprising observation that the resulting electric field has a quadrupole moment at a 
wavelength of 580 nm and 550 nm which is a measure of the strength and orientation of the field. The particle should be considered a 
Rayleigh particle at these wavelength regions. Though, at the Rayleigh regime, the formation of multipole is a bit unusual, such an 
observation was also reported previously in Ref. [53]. The quadrupole moment is proportional to the product of the charge magnitude 
“q" and the distance “d" between the charges. 

J.S. Shoshi et al.                                                                                                                                                                                                       



Heliyon 10 (2024) e26722

11

Eq (6) of dipolar force may not be a valid approximation to explain the optical pulling force for the dielectric particle over a 
substrate at those regions of wavelengths. Though ref [25] demonstrated plasmon polariton assisted optical pulling force for dipolar 
sized ‘dielectric’ particle, it was also clearly mentioned in Ref. [25]: 

“The nature of the pulling force in Refs. [21,54] is based on the redistribution of scattering due to interaction of multipoles 
inside the scattering object. Thus, this force would be absent for particles having only an electric dipole moment, which is the 
type of particles described in our paper.” 

The time averaged total force was calculated in Ref. [25] using stress tensor method (by applying full wave analysis) for dielectric 
particles. We have also done the same. The only difference is the observation of such multipoles. But the results of total time averaged 
force do not differ. Just we have to provide an explanation in terms of the field-generated multipole moments in order to identify the 
cause of the optical pulling in a dielectric particle for these wavelength regions. From Eq (4), we can write the time-averaged force for 
this case considering multipolar response: 

〈F〉 = 〈F Dipole (Generic)〉 +
1
4

Re[(∇∇E∗) • Qe ] −
k5

40πε0
Re [Qe • p∗]

Total force can be classified by two terms [23,43,55–57]. 

F= Fincident + F interference (9)  

here, 

Fincident = Fp + Fm + FQe  

and 

Finterference = Fpm + FQep  

So, the total force can be calculated, 

〈F〉 = Fp + Fm + FQe + Fpm + FQep (10) 

The five terms are the contributions from the electric dipole, magnetic dipole, electric quadrupole, electric–magnetic dipole 
interference, and electric dipole–quadrupole interference respectively. 

The multipolar terms above can be expanded as: 

Fp =
1
2

Re [(∇E∗) • p ]; Fm =
1
2

Re [(∇B∗) • m ]; FQe =
1
4

Re [(∇∇E∗) • Qe ];

Fpm = -
k4

12πε0c
Re[p × m∗]; FQep = -

k5

40πε0
Re [Qe : p∗]

In the equations above, E and H are the incident electric and magnetic field vectors, p = αeE, m = αmH, Qe =
( γe

2
)
(∇E+∇ET) are the 

induced electric dipole, magnetic and electric quadrupole momentum respectively. Additionally, it is important to note that αe, αm and 
γe are complex polarizabilities, which can be expanded as follows: αe = i6πε0

a1
k3 , αm = i6πμ0

b1
k3 , and γe = i40πε0

a2
k5 , where a1 , b1 and a2 

are the Mie coefficients and ′k′ is the wave vector. 
Now, we can express Eq. (10) more explicitly as: 

〈F〉=
1
2

Re [(∇E∗) • p ] +
1
2

Re [(∇B∗) • m] +
1
4

Re[(∇∇E∗) • Qe] −
k4

12πε0c
Re [p×m∗ ] −

k5

40πε0
Re [Qe : p∗] (11)  

According to Eq. (11), it is evident that the components in Finterference are responsible for the development of the optical pulling force. 
On the other hand, the components in Fincident are responsible for the generation of optical pushing force [23,43]. 

From Fig. 7(c) [three particle setups] and 7(f) [single particle setup], we can observe the apparent pole formation within a dielectric 
scatterer at wavelengths of 580 nm and 550 nm, respectively. Analyzing the electric field profiles, we can witness the occurrence of 
interference between electric dipoles and quadrupoles within the mentioned object, triggered by the optical pulling force experienced 
by the dielectric particle. According to Eq. (11), the presence of electric dipole-quadrupole interference leads to a momentum 
contribution that is primarily responsible for the emergence of an optical pulling force in a dielectric object for these regions of 
wavelengths. 

Furthermore, looking at Fig. 7(a) and (d), electric dipole moments observed the same dielectric particle at wavelength 220 nm. 
Dielectric particles exhibit an optical pushing force at this wavelength. According to Eq. (9), the momentum contribution from the 
electric dipole typically leads toward the exertion of an optical pushing force. Hence, we can conclude that, the interaction between 
electric dipoles and quadrupoles, known as electric dipole-quadrupole interference, is responsible for the optical pulling force. 

This interaction causes the Finterference portion of Eq. (9) to become greater than the Fincident portion, resulting in the dielectric object 
being pulled towards the "-x" direction. Conversely, the excitation of electric dipoles leads to the Fincident component of Eq. (9) being 
greater than the Finterference part. As a result, the object is pushed towards the "+x" direction, experiencing an optical pushing force. 
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3.3. Sorting of single plasmonic particle: origin of the optical pushing force 

A setup with a plasmonic particle (gold) is shown in Fig. 3(e). Here, a light with a 45-degree oblique angle illuminates a plasmonic 
particle, which experienced a pushing force in the sorting regions of wavelengths. The interaction between the incident light and the 
particle along with the plasmonic structure causes this force, which is in the same direction of light propagation. SPP waves produced 
by the nanostructures propagate and create an interference pattern in the middle. 

In both cases (three particle and single particle setups), the plasmonic particle experiences an optical pushing force at wavelengths 
of 250 nm–550 nm. It is important to note that ref [25] only demonstrated plasmon polariton assisted optical pulling force for dipolar 
sized ‘dielectric’ particle. Later, we investigated the plasmon polariton assisted pulling force for Mie sized ‘dielectric’ particle in 
Ref. [40]. However, we shined light from the bottom of the metasurface in Ref. [40]. 

Then a question arises: Why doesn’t the pulling force arise when the plasmonic particle is positioned above the flat plasmonic 
substrate, despite the continued presence of the propagating Surface Plasmon Polariton (SPP) and nearly identical external conditions 
(Note: the internal condition is different due to inherent absorption of the plasmonic particle)? 

The answer to the aforementioned question lies on the property of the plasmonic particles. The absorption of the plasmonic particle 
is playing the most vital role here. Though the equations presented in (6)-(8) are valid equations strictly for both absorbing and non- 
absorbing particles, the pulling force term in Eq (6) remains valid when: Multipoles are not created within the object. We observe in 
Fig. 8(a–f) that multipoles have been created in plasmonic particle for both the cases (independently placed single plasmonic particle 
and also for the case when other particles are present). As a result, Eq (6) may not remain a valid equation to describe the dynamics of 
the plasmonic particle. Ref [25] only demonstrated plasmon polariton assisted optical pulling force for dipolar sized ‘dielectric’ 
particle. It was also clearly mentioned in Ref. [25]: 

“The nature of the pulling force in Refs. [19,21] is based on the redistribution of scattering due to interaction of multipoles 
inside the scattering object. Thus, this force would be absent for particles having only an electric dipole moment, which is the 
type of particles described in our paper.” 

The impact of absorption (low to high) is also not well understood for Eq (6). According to Fig. 3(f), the single plasmonic particle (or 
the plasmonic particle in the cluster (Fig. 2)) does not experience pulling force for the sorting regions of wavelengths. But the pulling 
force arises in the non-sorting region. We observed such a situation (both pushing & pulling) previously for another set-up: particle 
(Mie sized) placed in half air-water interface [58]. However, according to our previous and current observations, the impact of internal 
absorption of a particle most of the times leads to pushing force whether the set-up: particle placed over a plasmonic substrate or 
particle placed in the half air-water interface. 

Is there any way to predict the pushing and pulling force for an absorbing particle such as a plasmonic particle? 
Such a way may better be explained based on Lorentz force distribution equations [38,51] instead of strict dipolar 

approximation-based equations given in Eqs. (6)–(8) [in fact the electric field profiles in Fig. 8 (a)–(f) suggest that dipolar approxi-
mation does not remain valid due to the creation of multipoles]. To gain a deeper understanding of the pushing phenomenon, we need 
to discuss the force contribution from the bound current and charge induced within the active plasmonic nanoparticle. In the case 
where plasmonic particle experience an optical pushing force (’+x’-direction), the current density profile remains the same for both 
three-particle and single-particle configurations. This similarity is demonstrated in Fig. 9(a and b) and 9(d, e). Conversely, when 
examining Fig. 9(c) and (f) in the region where plasmonic particles are subjected to a pulling force (’-x’-direction), the current density 
profile exhibits a complete reversal compared to the pushing region (’+x’-direction). Previously the reversal of current density inside 

Fig. 8. Illustrates the impact of the electric field profile on plasmonic particle in different configurations and wavelengths (note: the incident angle 
of light is set at 45◦). Fig. 8(a–f) shows that multipoles have been created in plasmonic particle for both cases (independently placed single plas-
monic particle and also for the case when other particles are present). 
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the plasmonic particle was observed [40,59,60] when the particle experiences an optical pulling force. This fact will be explained next 
based on the Lorentz force dynamics. 

The emergence of optical pushing forces in the plasmonic nanospheres can be explained by the momentum contribution of free 
carriers within them. Here, two separate forces combine to create a net total force that is the sum of their individual effects. It can be 
explained by the Lorentz force distribution [40,61], where Eq. (2) can be written according to Minkowski’s theorem: 

∮

〈Tout〉.ds = 〈Ftotal〉 = 〈FSurface Mink〉 + 〈FBulk Mink〉 (12) 

Here, 

〈FBulk
Mink.〉 =

1
2

Re
[ ∫

[
ρfreeEin + Jfree(in) × μ0Hin

]
dv
]

(13)  

〈FSurface
Mink. 〉 =

1
2

Re
[ ∮ [

−
1
2
⃒
⃒ESurf

⃒
⃒2∇ε

]

ds
]

(14)  

here, “surf” and “in” denotes the surface of the scatterer and the interior of the scatter, respectively. 
Now, Eq. (12) can be written as, 

〈Ftotal〉 = Re
[ ∮ [

−
1
2
⃒
⃒ESurf

⃒
⃒2
∇ε

]

ds
]

+
1
2

Re
[ ∫

[
ρfree Ein + Jfree (in ) × μ0Hin

]
]

dv (15)  

in the case of lossless dielectric objects, the bulk force of Minkowski term, as indicated by Eq. (13), usually zero because there are no 
free charge densities ((ρfree) or free current densities (Jfree(in)) present within the object. So, for a lossless object (such as a non- 
absorbing dielectric object), total net force comes from the first term (surface force) of Eq. (12), and it’s called Helmholtz force. In 
the context of a lossy object, such as the plasmonic object in our scenario, the overall force is influenced by both terms described in Eq. 
(12), and the bulk force is always non-zero. For a plasmonic or absorbing particle’s total time averaged force is usually determined by 
both surface force and bulk force component. In the case of lossy objects, the bulk force described in Eq. (13), which strongly relies on 
the presence of free current density, typically leads to a positive bulk force [62]. Although this has been known earlier, recent reports in 
the literature [40,61,63] have discovered that manipulating both terms in Eq. (12) allows for the achievement of an overall pulling 
force on a lossy object. Usually, this reversal of force occurs at the point where the reversal of current density of the plasmonic scatterer 
takes place [55]. 

On closer inspection, it becomes clear that the three-particle configuration in Fig. 9(a and b) does not experience a current density 
reversal. Additionally, the sorting zone in Fig. 9(d and e) similarly exhibits no current density reversal at 270 nm and 500 nm. 
However, a current density reversal in Fig. 9(f) at 630 nm shows the presence of a pulling force within that specific range. It is 
important to note that the lack of current density reversal causes a pushing force for the plasmonic particle between the wavelengths of 
250 nm and 550 nm. 

4. Conclusion 

In conclusion, our optical configuration presents a method for particle sorting through the utilization of a plasmonic substrate 
illuminated by a linearly polarized light beam. This interaction induces the generation of surface plasmon polaritons (SPPs) on the 
substrate’s surface, leading to the formation of interference scatter waves. The resultant complex plasmonic field gives rise to various 
effects, such as a dipole electric field, a Poynting vector acting on chiral entities, dominant electric quadrupoles in Rayleigh-sized 
dielectric scatters, and a reversal of current density in the plasmonic nanoparticle in the non-sorting region. Consequently, these 
phenomena produce distinct forces on different types of particles, especially independently placed single chiral or dielectric or 
plasmonic particle. In the sorting regions of wavelengths, the chiral particle experiences an optical lateral force, the dielectric particle 
is subject to optical pulling, while the plasmonic particle undergoes an optical pushing force. Therefore, a sorting domain can be 
showcased as the particles experience different forces in different directions. However, the proposed technique does not work for the 
multi-particle set-up. The physical reasons for all the aforementioned observations have been explained both analytically and qual-
itatively. Optical sorting for future industrial applications can be utilized instead of using several costly chemicals. Overall, the effi-
cient and precise sorting of particles using the proposed setup could help in the development of new technologies and products, 
improving the quality and efficiency of existing processes. 
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