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Abstract 

 

Optical pulling has been demonstrated on dielectric, plasmonic and chiral 

nanostructures using dielectric substrate. On the plasmonic substrate, the optical 

pushing force is also visible. For a specific wavelength range, optical pulling force can 

be obtained on a dielectric substrate. For estimating optical pulling force on 

nanostructures, we devised a general framework based on the time averaged 

Minkowski stress tensor. There is also a demonstration of a failed attempt to locate 

pulling force on a plasmonic substrate. The pulling force in dielectric particles on 

dielectric substrate is caused by the interference of electric quadrupole and dipole. The 

recoil force in a chiral particle can be used to create pulling force. The pulling force in 

plasmonic particles is caused by the current density. 
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CHAPTER-1 

INTRODUCTION 

 
The optical regime of electromagnetic forces has been the source of numerous studies and, as a 
result, has received a lot of attention [1,2,48]. The oscillation of electric and magnetic fields 
produces electromagnetic waves. The electric and magnetic fields are perpendicular to the 
direction of the EM wave. Electromagnetic (EM) waves have momentum, and the quantum of 
light, photon, has a linear momentum of ℏκ. Because light has momentum, the momentum 
exchange between light and particle will produce a force [3]. When light is scattered or absorbed 
in a single particle, the force can cause the particle to move; light can be used to control particle 
movement in this way. This force is called the optical force [4-6].  
 
Optical manipulation based on optical gradient, scattering, and curl force by interacting light and 
matter has sparked a lot of interest in research disciplines [4,8]. The optical pulling force is the 
force that can draw an object in the direction of the source [3]. This intriguing phenomenon was 
first predicted in acoustics by Marston in 2006, and soon was extended to optics [9,10]. The use 
of a beam of light to pull a particle towards the source via a backward scattering effect, known 
as optical pulling force, is counterintuitive [8]. Pulling implies that the object travels in the 
opposite direction of light propagation (or that the force is reversed). However, in other 
circumstances, the “direction of light propagation” is unclear since the wavevector and Poynting 
vector directions may disagree, particularly in structured optical beams and nanostructures 
connected to optical pulling force. 
 
Optical pulling is one of the most intriguing among the new manipulation freedoms, and it has 
also gotten a lot of attention because of the potential applications and the physics behind it [11-
14]. When illuminated by a closely concentrated beam, the restoring force of the intensity 
gradient usually overcomes the scattering force, trapping the object around the focus spot. The 
intensity gradient force, on the other hand, vanishes when lit by an unfocused beam, and the 
item is predicted to be pushed away. According to a research found about 10 years ago, when 
illuminated by an unfocused beam, such as a diffraction-free (non diffraction) Bessel beam which 
is referred to as an optical tractor beam, the object may feel an optical pulling force (OPF) toward 
the source direction (OTB) [15-16].  
 
Tractor beam is a recently popularized concept in the field of photon momentum transfer or 
optical force [17-19]. In contrast to the conventional pushing force, a tractor beam is a 
customized light beam that produces a counterintuitive negative force on a scatterer, dragging it 
in the opposite direction of light propagation [17-24]. Tractor beam experiments with a material 
background [20-22] can also be studied extensively to better understand the long-debated roles 
of various photon momenta [25]. 
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Although it may appear counterintuitive, optical pulling force has recently been theoretically 
proven and experimentally demonstrated, as this paper will discuss. Marston in acoustics was 
the first to observe the pulling force of a single beam [26,27].  When he discovered that the axial 
radiation force of a Bessel acoustic beam on a sphere may be inverted (from pushing to pulling) 
for some well-built items, suppressing scattering to the back hemisphere. It's not surprising to 
find pulling force in optics using identical approaches because acoustic and optical waves share 
many similarities. In an optical solenoid beam, which is a diffraction less beam with in-plane 
intensity peak spirals around the optical axis, Lee anticipated optical pulling phenomena shortly 
after Marston. Sukhov and Dogariu validated the notion of optical tractor beam in the same year 
[28]. Following that, Chen and Novitsky independently produced two theoretical studies that 
provided a clear explanation of the criteria and procedure for obtaining an optical pulling force. 
Since then, the optical tractor beam has gotten a lot of attention because of the fascinating 
occurrences and physics involved, as well as the possible implications in optical manipulation 
technology. Furthermore, the optical tractor beam and pulling force concepts have been applied 
to various types of waves, such as water waves [29] and quantum matter waves [10]. 
 
We'd like to talk about the theoretical and numerical methodologies used to explore the optical 
pulling force before we go into the details of the optical pulling force. optical pulling force's 
computation methods are essentially identical to those employed in optical trapping [30]. The 
dipole approximation might be utilized to obtain analytical formulations for the optical forces 
from which the optical pulling force might be recognized for objects much smaller than the 
wavelength of the trapping light [30]. The direction of the optical force is determined in this case 
by the exceptional angular scattering properties of magnetic or bigger dielectric particles, and 
the Kerker scattering conditions are beneficial in studying the optical pulling force [30,33]. The 
ray tracing approach could be used to determine the optical forces for objects much larger than 
the wavelength [34,35]. To determine the optical force for objects of modest size similar to the 
wavelength, an integration of Maxwell's stress tensor on a closed surface surrounding the object 
is required [3]. The electromagnetic fields around the object are often obtained using numerical 
simulation methods such as the finite-difference time-domain approach or finite-element 
approaches. We will skip the detailed procedures because those can be found easily in the 
literature, and readers can refer to the references as needed. 
 

In this article, we have investigated optical pulling force for dielectric, chiral and plasmonic 
nanoparticles using dielectric and plasmonic substrate. We aim to combine three nanoparticles 
(Chiral, dielectric and plasmonic) in a dielectric substrate and a plasmonic substrate using tractor 
beams in order to find the pulling force. We have shown a clear connection among the particles 
to obtain optical pulling force at specific wavelength range. As the particles were smaller than 
the wavelength, dipole approximation is used to explain both dielectric and chiral nanoparticles. 
To explain plasmonic nanoparticle we have used the Lorentz force. We have also discovered 
areas where optical pushing force dominated optical pulling force. Our investigation has focused 
on the contrast of dielectric and plasmonic substrates. Also, we have observed different behavior 
of optical force on three nanoparticles when the substrate is altered.  
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Previous works have demonstrated acting optical force on chiral, dielectric or plasmonic force 
individually. The works also focused on the wavelength, particle’s size and radius etc. But our 
experiment is not only a new idea to put three nanoparticles together but also shades light to 
the different behavior for different substrates. Our findings may help to identify further 
connections about particle’s behavior for optical manipulation.  
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PULLING FORCE 

 

When light strikes a particle, it causes a forward scattering force, and some of the light's energy 
is absorbed by the particle, resulting in a backward force in the direction of light propagation. As 
the photons are carried backwards of a light by the particle, this backward or negative force is 
the pulling force of the particle. 

Optical pulling force, often known as negative force, occurs when light strikes an object in the 
opposite direction of the incident light. Different mechanisms can be used to create optical 
pulling force. Light has the ability to carry momentum. Because of total momentum conservation, 
the force acting on the particle occasionally points in the opposite direction of the incident wave 
propagation. 

Optical pulling force can be created by concurrent excitation of an electric dipole moment and a 
magnetic dipole moment or an electric quadrupole moment, resulting in intense forward 
scattering. The coupling of linear and angular momentums via chirality gives rise to a new 
mechanism for optical pulling force for chiral particles. 

If an object can scatter incident light in a mode with low forward momentum to an outgoing 
mode with higher forward momentum, optical scattering force can generate a pulling force [36-
40]. Crossed momentum shifts from linear to angular and creates optical pulling forces. The 
matter of dissipating optical forces by non-chiral and chiral contributions, as perfectly exposed 
by a circularly polarized plane wave, gives birth to optical pulling forces. Negative mechanical 
effect is the negative optical torque, where the electromagnetic field exerts torque on a particle 
in a direction opposite to its angular momentum [42,43]. Strong negative force components are 
formed by crossing transfers from the particle's optical angular momentum to linear momentum 
[41].  
 
When incoming light falls on a particle, the recoil force is the force that is perpendicular to the 
scattered force. The recoil force originates from the coupling between the electric multipoles of 
adjacent orders of the poles. The value of recoil force is determined by the fraction of the 
extinction coefficient induced by electric and magnetic dipoles, as well as their cross product [44] 
The rearward force, also known as an optical pulling force or a negative scattering force, is caused 
by the recoil force of scattered photons from the chiral particle's illumination [45]. In the formula 
for a non-chiral particle, there are no chirality dependent terms [46,47]. 
 
An optical tractor beam is a light beam that can draw an item toward the source direction by 
exerting an optical pulling force (OPF). When illuminated by an unfocused beam such as a 
diffraction-free (nondiffracting) Bessel beam, also known as an optical tractor beam, an optical 
pulling force (OPF) toward the source direction can be achieved (OTB). 
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According to the rule of conservation of momentum, shooting light towards an object with the 

momentum of the light will drive the object away from the light source. If the light impacts the 

object and the light acquires forward motion rather than losing it, the object will lose momentum 

in the forward direction, even to the point of traveling backwards and towards the light source, 

according to the law of conservation of momentum. So, there's a technique to construct a tractor 

beam that doesn't break the laws of physics. We got a backward push towards light propagation 

in our experiment. So, in our experiment, light loses some of its forward speed after colliding 

with it, resulting in backward scattering force, also known as pulling force. 
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CHAPTER-2 

OPTICAL SETUP AND METHOD 

 
In this paper, we have investigated nanoparticles' activity (plasmonic, dielectric, and chiral) in the 

air medium. Positioning a plasmonic, dielectric, and chiral particles are positioned over a 

dielectric substrate, we have demonstrated a general method for determining optical pulling 

force. Our proposed configuration provides a standardized mechanism for determining visual 

pulling force for three nanoparticles (plasmonic, dielectric, and chiral), which can be confirmed 

using a simple experimental setup. The nanoparticles are (plasmonic, dielectric, chiral) positioned 

with the dielectric substrate, as shown in a schematic diagram of our proposed simple setup in 

figure (a). The dielectric nanoparticle is placed in the center of the surface as shown as in figure 

(a), the chiral nanoparticle is placed on the left side of the dielectric nanoparticle and the 

plasmonic nanoparticle is placed on the right side of it. The radius of three nanoparticles 

(plasmonic, dielectric, chiral) is 100 nm (r = 100 nm), and the distance between each particle is 

also 100 nm (d = 100 nm). In this article, the wavelength (lambda) is varied from 440 nm to 1200 

nm. In this experiment, two plane beam is used and the equation is E = [E° e
jkz +

 E°e
−jk(xcosθ−zsinθ)]Ŷ. One incident beam propagates to ‘’-z’’ axis and is polarized electric field 

along the y axis. In contrast, another incident beam propagates ‘’+x’’ axis with an angle of 20 

degrees (theta= 20) and is polarized Electric field along the y axis. For chiral nanoparticle a silica 

based left-handed chiral nanoparticle (Κ = -1) is used. For the chirality parameter Κ = -1, the 

refractive index is 1.45. 

The dielectric substrate has the following dimensions: width = 850 nm, depth = 1050 nm, and 
height = 400 nm. Nanoparticles are 7 nm (h=7 nm) away from the substrate in this experiment. 
 
Figure (b) shows nanoparticles with plasmonic substrate (plasmonic, dielectric, and chiral). For 

more details, the dielectric nanoparticle is placed in the center of the surface, the chiral 

nanoparticle is placed on the left side of the dielectric nanoparticle and the plasmonic 

nanoparticle is placed on the right side of it. The radius of three nanoparticles (plasmonic, 

dielectric, chiral) is 100 nm (r = 100 nm), and the distance between each particle is also 100 nm 

(d = 100 nm). In this article, the wavelength (lambda) is varied from 440 nm to 1200 nm. In this 

experiment, two plane beam is used and the equation is E = [E° e
jkz +  E°e

−jk(xcosθ−zsinθ)]Ŷ. 

One incident beam propagates ‘’-z’’ axis and is polarized Electric field along the y axis. Another 

incident beam propagates ‘’+x’’ axis with an angle of 20 degrees (theta= 20) and is polarized 

Electric field along the y axis. For chiral nanoparticle a silica based left-handed chiral nanoparticle 

(Κ = -1) is used. For the chirality parameter Κ = -1, the refractive index is 1.45. 
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The plasmonic substrate has the following dimensions: width = 850 nm, depth = 1050 nm, and 
height = 200 nm. Nanoparticles are 7 nm (h=7 nm) away from the substrate in this experiment. 
 

 

 

a 
 

 

 b 

 

Figure 1 (a) and (b) presents the experimental demonstration of OPF by a dielectric substrate and 
plasmonic substrate. Three nanoparticles (chiral, dielectric and plasmonic) are equally placed 100 nm 
intermolecular distance apart from each other. 
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METHOD 

 

The left side nanoparticle is referred to as nanoparticle 1, the middle nanoparticle as nanoparticle 
2, and the exemplary side nanoparticle as nanoparticle 3. The optical forces measured outside 
the volume of these nanoparticles have been classified as exterior or outside optical forces in 
full-wave simulations using COMSOL Multiphysics. The outside visual force is measured using the 
background fields of the scatterer radius a and the time-averaged Minkowski stress tensor at 
r=a+ [ 48-52]. 
 

(𝐹𝑇𝑜𝑡𝑎𝑙
𝑜𝑢𝑡 ) = ∫( 𝑇̿ 𝑜𝑢𝑡) . ds 

 

< 𝑻̿ 𝑜𝑢𝑡 > = 
1

2
 Re [𝑫𝑜𝑢𝑡 𝑬𝑜𝑢𝑡

∗  + 𝑩𝑜𝑢𝑡 𝑯𝑜𝑢𝑡
∗  - 

1

2
 𝑰 (𝑬𝑜𝑢𝑡

∗  . 𝑫𝑜𝑢𝑡 + 𝑬𝑜𝑢𝑡
∗  . 𝑩𝑜𝑢𝑡)] 

 

Where ‘out' denotes the scatterer's complete exterior area (incident field plus dispersed field); 
The electric field, displacement vector, magnetic field, and induction magnetic field vectors are 
represented by E, D, H, and B, respectively. The time average is represented by, and 𝑰 mean, the 
unity tensor. 

 

For the chiral object, the constitutive relations are given by [53-54] 

 

D = ɛ₀ɛE + iK√ɛ₀𝝁₀ H 

B = μ₀μE + iK√ɛ₀𝝁₀ H 

 

Here, ε and μ are the relative permittivity and permeability of the chiral material respectively; 𝑘 
denotes the chirality parameter, which is controlled by the inequality 𝑘2 < εμ [54]; and, finally, 
ε0 and μ0 are the permittivity and permeability in a vacuum. For the real and imaginary parts of 
the permittivity of Dielectric and plasmonic substrates have been taken from the standard Palik 
data [55]. 
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MAXWELL STRESS TENSOR 

 

Maxwell stress tensor is used to calculate electromagnetic force. Maxwell stress tensor is applied 
for linear and nonlinear conditions. It refers to the interaction between electromagnetic forces 
and mechanical momentum. A freely moving point charge’s force can be calculated by Lorentz 
force law but in a complicated situation, tensor arithmetic is more convenient to compute. To 
calculate maxwell stress tensor, the electromagnetic force on the charges in volume v: 
 

𝐹 = ∫(𝐸 + 𝑣 × 𝐵)𝜌𝑑𝜏
𝑣

= ∫(𝜌𝐸 + 𝐽 × 𝐵)𝑑𝜏
𝑣

 

 

The force per unit volume: 

 

𝑓 = 𝜌𝐸 + 𝐽 × 𝐵 

 

Eliminating ρ and J by using maxwell’s equation: 

 

𝑓 = 𝜖0(𝛻 ∙  𝐸)𝐸 + (
1

𝜇0
𝛻 × 𝐵 − 𝜖0

𝑑𝐸

𝑑𝑡
) × 𝐵 

 

𝑑

𝑑𝑡
(𝐸 × 𝐵) = (

𝑑𝐸

𝑑𝑡
× 𝐵) + (𝐸 ×

𝑑𝐵

𝑑𝑡
) 

 

 

From faraday’s law 

𝑑𝐵

𝑑𝑡
= −𝛻 × 𝐸 

 

−
𝑑𝐸

𝑑𝑡
× 𝐵 =

𝑑

𝑑𝑡
(𝐸 × 𝐵) + 𝐸 × (𝛻 × 𝐸) 
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Thus, 

𝑓 = 𝜖0[(∇ ∙  𝐸)𝐸 − 𝐸 × (∇ × 𝐸)] −
1

𝜇0

[𝐵 × (∇ × 𝐵)] − 𝜖0

𝑑

𝑑𝑡
(𝐸 × 𝐵) 

 

since ∇ ∙  𝐵 = 0  

To make things looks more symmetrical, let’s throw in a term (∇ ∙ 𝐵) B; costs us nothing. 

 Meanwhile product rule four is, 

𝛻(𝐸2) = 2(𝐸 ∙ 𝛻)𝐸 + 2𝐸 × (𝛻 × 𝐸) 

So, 

𝐸 × (𝛻 × 𝐸) = 
1

2
 𝛻(𝐸2) - (𝐸 ∙  𝛻)𝐸 

 

We can write same for B. Therefore, 

 

f = 0[(∙ E) E + (E∙  )E] + 
1

𝜇₀
 [(∙ B) B + (B ∙  )B] –  

1

2
  (₀E² + 

1

𝜇₀
B²) - ₀



𝑡
(E × B) 

 

simplifying the equation introducing the Maxwell stress tensor, 

 

𝑇𝑖𝑗 = ₀( 𝐸𝑖𝐸𝑗  –  
1

2
  𝑖𝑗E²) + 

1

𝜇₀
 (𝐵𝑖𝐵𝑗 – 

1

2
 𝑖𝑗B²) 

 

I and j refer coordinate x, y and z, so there are nine components ( 𝑇𝑥𝑥 , 𝑇𝑦𝑦 , 𝑇𝑥𝑧 , 𝑇𝑦𝑥 and so on). 

The Kronecker delta, 𝑖𝑗, is 1 if the indices are the same (𝑥𝑥 =  𝑦𝑦 = 𝑧𝑧 = 1) and zero 

otherwise (𝑥𝑦 =  𝑥𝑧 = 𝑦𝑧 = 0). Thus 

 

𝑇𝑥𝑥 =  
1

2
 ₀(𝐸²𝑥− 𝐸²𝑦 –  𝐸²𝑧) + 

1

2𝜇₀
(𝐵²𝑥− 𝐵²𝑦 –  𝐵²𝑧) 

𝑇𝑥𝑦 = ₀( 𝐸𝑥𝐸𝑦) + 
1

𝜇₀
 (𝐵𝑥𝐵𝑦) 

And so on. 
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Dot product of  𝑇 can be formed with vector a in two ways:  

 

( 𝑎 ∙  𝑇 )𝑗 = ∑ 𝑎𝑖𝑇𝑖𝑗𝑖=𝑥,𝑦,𝑧  ,      (  𝑇 ∙  𝑎 ) = ∑ 𝑇𝑗𝑖𝑎𝑖𝑖=𝑥,𝑦,𝑧  

 

The divergence of  T⃡ is: 

 

(  ∙ 𝑇)𝐽= 0[( ∙ E)𝐸𝑗 + (E∙  )𝐸𝑗 −
1

2
 𝑗E²] + 

1

𝜇₀
 [( ∙ B)𝐵 + (B∙  )𝐵𝑗 −

1

2
 𝑗B²] 

 

So, force per unit volume is: 

 

f =  ∙  𝑇 - ₀μ₀
𝑆

𝑡
 ;   S is the pointing vector. 

 

So, the total electromagnetic force on the charges v:  

 

F = ∮ 𝑇
 

𝑆
 ∙ da - ₀μ₀

𝑑

𝑑𝑡
 ∫ 𝑆𝑑

 

𝑉
 

 

On static case:  

 

F = ∮ 𝑇
 

𝑆
 ∙ da 

Here, 𝑇 is the force in per unit area acting on the surface. The diagonal elements (𝑇𝑥𝑥,𝑇𝑦𝑦, 𝑇𝑧𝑧) 

represent pressure and the off-diagonal elements (𝑇𝑥𝑦,𝑇𝑦𝑧, 𝑇𝑧𝑥) represent shear terms.  
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CHAPTER-3 

DIELECTRIC PARTICLE 

 

Dielectrics are insulators. They are very poor conductors of electric current because of the 
nonexistence of any free electron. Also, there is no loosely bound electron exists which cancel 
out the chance off drifting electrons out of the dielectric material. 

We can divide dielectric materials into two types; polar substance and nonpolar substance. H2O 
(water) and NH3 are the examples of polar substances. CO2 (Carbon dioxide) and CH4 (Methane) 
are the examples of nonpolar substances. 

Dielectric materials can be polarized with the help of an external electric field. If the dielectric 
material is polarized, optical force is displayed [56].          

In our experiment dielectric particles give us optical pulling force. In a uniform electric field, the 
net force of dielectric must be zero. Because the sum of forces on each dipole is zero. But, in a 
non-uniform electric field, a net force is present on each pole due to a different electric field. So, 
the particle will be pulled towards the region of increasing electric field. 

To illustrate, if a dielectric is placed at the edge of parallel plate, which have been charged by 
opposite charges, the non-uniformity of the field at the edge will tend to pull the dielectric.  
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Put   ±Q are on the plates separated by a distance d. Let w be the widths of the plate and L the 
length, and at some instant, let L −x along the length have a dielectric of dielectric constant ϵr 
and length x be empty. The force is given with the negative axis x.  
 
 Fx = −1/ 2 (Q2 d/ϵo w) ∙ (ϵr −1)/[x+ϵr (L−x)]2 (01) 

The following plot shows that when the entire dielectric is just outside the edge, force is greatest, 
and as the dielectric gets pulled in further and further, the force decreases to zero when the 
dielectric is all the way in, which is at x=0x=0 in the plot.   

In this experiment, we have obtained the pulling force of a dielectric particle using a dielectric 
substrate and compared it using a pec substrate. At the radius (r = 100 nm) of dielectric particles, 
early pulling force is obtained when the wavelength reaches 440 nm. The pulling force is acquired 
continuously with the increasing wavelength till 1200 nm. 

 

 
 
Figure 2 (a) presents the existence of optical pulling force to the x axis of the dielectric particle on the 
dielectric substrate from the wavelength of 440 nm to 1200 nm. From the graph, the highest optical 
pulling force wavelength range is shown between 700 nm to 800 nm.  
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Figure 2 (b) represents optical pulling and pushing force of the dielectric particle toward the x axis on a 
plasmonic substrate. From the range of wavelength 530 nm to 580 nm and 945 nm to 1200 nm we have 
obtained pulling force. Also, we have got pushing force from 440 nm to 530 nm and 585 nm to 935nm. 
 
 

 

The optical forces functioning on dielectric spherical particles can be calculated by Minkowski 

Stress Tensor method.  We see that the force is negative and thus we ensure the existence of 

OPF. As large particles absorb more photons, the possibility of obtaining OPF is disintegrated. 

Transverse stability is the must have. 

 

Here we will analyze the presence of OPF. The total induced time averaged optical force can be 

computed by integrating time averaged Minkowski stress tensor over a closed surface enclosing 

the particle [52]. 

 

 

F = ∮𝑆 ⟨ 𝑻 ⟩∙ 𝑑s 
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Here, 

 

⟨ 𝑻 ⟩ = 1/ 2 Re [𝑫 ⊗ 𝑬 ∗ + 𝑩 ⊗ 𝑯∗ − 1/ 2 I (𝑬 ∗ ∙ 𝑫 + 𝑯∗ ∙𝑩)] 
 

 

Where I is the identity matrix. With regard to the induced electric quadrupole order:  
 

Suppose in free space, the time average optical force on a dielectric particle in a monochromatic 
optical field could be calculated by Eq. (2) by taking account of induced multipoles up to electric 
quadrupole.[76] 
 
 

 (F) = 𝐹𝑝 + 𝐹𝑚 + 𝐹𝑄𝑒 + 𝐹𝑝𝑚 + 𝐹𝑄𝑒𝑝 + … 
 

       = 
1

2
 Re [ (𝐸∗) ∙ p ] + 

1

2
 Re [ (𝐵∗) ∙ m ] + 

1

4
 Re [ (𝐸∗) : 𝑄𝑒 ] - 

𝑘⁴

12𝜋ɛ₀𝑐
 Re 

[p x 𝑚∗ ] - 
𝑘⁵

12𝜋ɛ₀
  Re [𝑄𝑒 x 𝑝∗ ] + .. 

 

(02) 

 
Let us express the time-averaged optical force on a conventional dielectric particle in terms of 
the induced multiples up to electric quadrupole order [58-60]. 
 
 
 

F = 𝐹𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡+ 𝐹𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒                                        
 

Where, 
 

𝐹𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 =  𝐹𝑝 + 𝐹𝑚 + 𝐹𝑄𝑒 +  … 

𝐹𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =  𝐹𝑝𝑚 + 𝐹𝑄𝑒𝑝 +  … 

 

Also, 

 

𝐹𝑝 = 
1

2
 Re [ (𝐸∗) ∙ p] 

𝐹𝑚 = 
1

2
 Re [ (𝐵∗) ∙ m] 

𝐹𝑄𝑒 = 
1

4
 Re [ (𝐸∗) : 𝑄𝑒 ] 

𝐹𝑝𝑚 = -  
𝑘⁴

 12𝜋ɛ₀𝑐
 Re [p x 𝑚∗ ] 



22 | P a g e  
 

𝐹𝑄𝑒𝑝= -  
𝑘⁵

12𝜋ɛ₀
 Re [𝑄𝑒 x 𝑝∗ ] 

 

E and H are the incident electric and magnetic field vectors. P = 𝑒E, m = 𝑚H, 𝑄𝑒  = (
𝑒
 / 2) (E 

+ 𝐸𝑇) are the induced electric dipole, magnetic dipole and electric quadrupole momentum 

respectively 𝑒 = i6𝜋 ɛ₀ 𝑎1/k³ , 𝑚 = i6𝜋 𝑏1/k³𝜇₀ , 
𝑒
 = i40𝜋ɛ₀ 𝑎2/k⁵ are complex polarizabilities, 

𝑎1 , 𝑏1 and 𝑎2 are the Mie coefficients and k is the wave vector. The five terms in (2) are the 

contributions from electric dipole, magnetic dipole, electric quadrupole, electric–magnetic dipole 

interference and electric dipole–quadrupole interference respectively [52]. 

𝐹𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 is the multiplication of multi pole and incident field of field gradience. They represent 

the momentum removed by the particle, which is positive definite.  𝐹𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 is the responsible 

force for optical pushing force. Accordingly, any negative force must be coming from 

𝐹𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒 . Every term in 𝐹𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒 is the product of two multipoles, which represent the 

recoil force induced by the interference of the field-excited multipole radiation. For appropriate 

phases in the multipoles, the interference may cause the particle to emit light forward resulting 

in a large recoil force that overcomes 𝐹𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 (OPF) and results in pulling force. 

In our setup, the dipole and quadrupole interference create an imbalance which works as the 
source of optical pulling force in dielectric particles. The imbalance has been created because the 
𝐹𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒 is larger than 𝐹𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡. Hence the 𝐹𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒 is the responsible force of the 

required pulling force. As the tractor beam excites the multipoles, the optical pulling force is 
found by the interference enhanced forward scattering [8].  
 

  

Figure 3 (a) presents the interference pattern of the electric dipole and quadrupole at 720 nm and 750 
nm generated by the dielectric sub on the dielectric particle to the electric field x component. The 
expected interference creates an interaction of quadrupole where two larger poles and two smaller poles 
are produced. 
 
 

To strengthen our founding, we are comparing plasmonic substrates in the same set up. But in 
the range of 720 and 750 nm of wavelength, dipoles are created in dielectric particles. We obtain 
optical pushing force instead of pulling force. The ground for this staggering optical force is 
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equation (2). Increasing the wavelength to 1000 nm, the dipole and quadrupole interference 
occurs and we manage to acquire pulling force in the plasmonic substrate. Note that, the finding’s 
significance implies that  𝐹𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡  is the responsible force for pulling force in both dielectric and 
plasmonic substrate. 
 
 

  

Figure 3 (b) represents the incident of electric dipoles at 720 nm and 750 nm generated by plasmonic 
substrate on the dielectric particle to the electric field x component.  
 
 

 

Figure 3 (c) presents the interference pattern of the electric dipole and quadrupole at 1000 nm generated 
by the plasmonic substrate on the dielectric particle to the electric field z component. The interference 
creates the same interaction pattern as dielectric substrate of quadrupole and two larger poles and two 
smaller poles are produced. 
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CHAPTER-4 

CHIRAL PARTICLE 

 
A chiral behavior differs from its mirrored counterpart. The tendency of a particle's spin to utilize 
either the right or left hand more naturally than the other is referred to as helicity (the projection 
of the spin onto the direction of momentum), which in the case of a minuscule massless particle 
is referred to as chirality. When the helicity of a particle is positive then it’s right-handed when 
the direction of its spin is the same as the direction of its motion. The helicity of a particle is 
negative left-handed when the directions of spin and motion are opposite and for a standard 
clock, its spin vector is defined by the rotation of its hands. Left-handed helicity occurs if tossed 
with its directed forwards face. 
Mathematically, helicity is the sign of the projection of the spin vector onto the momentum 
vector so we can say positive for right-handed and negative for left-handed. 
 

 

 

  

 

The chirality of a particle is determined by whether the particle transforms in a right- or left-
handed. So, we can say a chiral particle is one whose mirror image cannot overlay on the original 
particle and the chirality of a particle is illuminated when it interacts with another chiral entity. 
In a Chirality expression, Chirality dependent terms should be calculated for the optical force acts 
on a chiral particle. Electromagnetic waves and monochromatic wave have chiral character, 
monochromatic wave chirality can be written as: [7,31,32]. 
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The left and right circularly polarized plane waves interact with a chiral particle in a different way 
for their opposite chirality. So, we can say we can get different opposite optical forces. The 
chirality of a particle allows light to attract a chiral particle [4]. 

In this experiment, we are obtaining optical pulling force targeting chiral nanoparticle on 
dielectric substrate.  Here, optical pulling force is acquired in the range of wavelength 535 nm to 
565 nm and 645 nm to 1200 nm. In this setup, the highest pulling force range for dielectric sub is 
obtained at 700 nm to 800 nm.  

Also, having the same set up, replacing dielectric substrate with plasmonic, we have observed 
optical pulling force in 1115 nm to 1200 nm wavelength. 

 

 

Figure 4 (a) presents the existence of optical pulling force to the x axis of the chiral particle on the dielectric 
substrate from the wavelength of 535 nm to 565 nm and also from the wavelength 645 nm to 1200 nm. 
From the graph, the highest optical pulling force wavelength range is shown between 700 nm to 800 nm 
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Figure 4 (b) represents optical pushing and pulling force of the chiral particle toward the x axis on a 
plasmonic substrate. From the range of wavelength 440 nm to 1145 nm we have got pushing force also 
we have obtained pulling force from wavelength 1150 nm to 1200 nm. 

 

From the study of Chiral particle behavior, we have seen chirality dependent terms that couple 
mechanical linear momentum and optical angular momentum. Hence, the chirality induced 
coupling could be used as a possible way to obtain optical pulling force.   

To demonstrate the physics, considering a tiny chiral particle with an induced electric dipole 
moment p and a magnetic dipole moment m, [61]. 

 

(Electric dipole moment), 

𝑝 = 𝑎𝑒𝑒𝐸 + 𝑎𝑒𝑚𝐵 

 

(Magnetic dipole moment), 
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𝑚 = −𝑎𝑒𝑚𝑇𝐸 + 𝑎𝑚𝑚𝐵 

 

Here, 

𝑎𝑒𝑒 is the electric polarization tensor 

𝑎𝑚𝑚 is the magnetic polarization tensor 

𝑎𝑒𝑚 is the chiral polarization tensor 

𝑎𝑒𝑚𝑇 is the transpose of chiral polarization tensor 

 

𝐴𝑇 designates the transpose of A. The explanation can be done by using the dipole approximation 
regime as our incident wavelength is larger than the particle.  Using Minkowski stress tensor, we 
can compute optical force on an object; 

  
 

〈𝐹〉 =
1

8𝜋
𝑅𝑒{ ∯ [𝜀(𝐸 ∙ 𝑠 )𝐸∗ + 𝜇−1(𝐵 ∙ 𝑠)𝐵∗ −

1

2
(𝜀|𝐸|2 + 𝜇−1|𝐵|2)𝑠] 𝑑𝑆} 

𝑠

 (03) 

Here E and B are the incident and scattered fields where, 

 
𝐸 = 𝐸𝑖 + 𝐸𝑠 

𝐵 = 𝐵𝑖 + 𝐵𝑠 

 The equation (3) can be reduced to 

 

 
〈𝐹〉 =

1

2
𝑅𝑒{ 𝑝(∇ ⊗ 𝐸𝐼

∗) +  𝑚(∇ ⊗ 𝐵𝐼
∗) −

2𝑘4

3
√

𝜇

𝜀
(𝑝 × 𝑚∗)}   

(04) 

 

For having linear case, the electric and magnetic dipole moments are proportional to the incident 

field, 

P = 𝑒E     and    m = 𝑚H 

 

where the two complex polarizabilities are 𝛼𝑖 =  
3𝑖𝜀𝑎1

2𝑘3   and 𝛼𝑚 =  
3𝑖𝑏1

2𝜇𝑘3  

 Here, 𝑎1 and 𝑏2 are Mie coefficients. 
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So, after some mathematical operation, the total time-averaged optical force of Eq. (4) can be 
expressed in terms of the polarizabilities [62]. 

 

(F) = ( 𝐹𝑒 ) + (𝐹𝑚) + ( 𝐹𝑒−𝑚)  

 

Where electric dipole force is,   

 
( 𝐹𝑒 ) = ¼ Re( 𝑒 )E² + 

𝑘

2𝑛
Im( 𝑒 )Re(E x 𝐵∗) + 

1

2
Im( 𝑒 )Im[( 𝐸∗ ∙ )E] 

 
The magnetic dipole force is, 

 

( 𝐹𝑚 ) = ¼ Re( 𝑚 )B² + 
𝑘

2𝑛
Im( 𝑚 )Re(E x 𝐵∗) + 

1

2
Im( 𝑚 )Im[( 𝐵∗ ∙ )B] 

 
And the recoil force is  

 

 
( 𝐹𝑒−𝑚 )  = - -

𝑘⁴

3
 √

𝜇


[Re( 𝑒𝑚

∗ )Re(E x 𝐵∗) - Im( 𝑒𝑚
∗ )Im(E x 𝐵∗)] 

                 = - -
𝑘⁴

3
 √

𝜇


Re( 𝑒𝑚

∗ )Re(E x 𝐵∗) - 
𝑘³

3
𝜇Im( 𝑒𝑚

∗ ) x {½ E² - Re 

[(𝐸∗  ∙ )E]}           

(05) 

 

 

The recoil force, responsible for pulling force, resulting from the interaction of electric and 

magnetic dipole moment also contributes to the intensity gradient force and scattering force.  
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a 

 

  

b 

 

Figure 5 (a) represents electric dipole at 545 nm generated on dielectric substrate to the electric field x 
component. Figure 5 (b) represents magnetic dipole at 545 nm generated on dielectric substrate to the 
magnetic field z component. 
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a 

 

 

b 

 

Figure 6 (a) represents electric dipole at 720 nm generated on dielectric substrate to the electric field x 
component. Figure 6 (b) represents magnetic dipole at 720 nm generated on dielectric substrate to the 
magnetic field z component. 
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a 

 

 

b 

 

Figure 7 (a) represents electric dipole at 780 nm generated on dielectric substrate to the electric field x 
component. Figure 7 (b) represents magnetic dipole at 780 nm generated on dielectric substrate to the 
magnetic field z component. 
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For chiral particle on dielectric substrate, we obtain Optical pulling force from the range of 
wavelength 535 nm to 570 nm and 650 nm to 1200 nm. The highest optical pulling force is 
achieved at the range of 700 nm to 800 nm wavelength. 
 
From the simulation we find, at 545 nm wavelength, an electric dipole is created to the y 
component on dielectric substrate. At the same wavelength a magnetic dipole is also created to 
the z component.  
 
Considering wavelength 720 nm the chiral particle obtains electric dipole to the y axis and 
magnetic dipole to the z axis.  The same phenomena are observed at 780 nm of chiral particle on 
dielectric substrate, electric dipole and magnetic dipole is created to the y and z axis accordingly. 
Notice that, at these ranges the chiral particle is achieving optical pulling force. Certainly, cross 
product of electric dipole to the y component and magnetic dipole to the z component can be 
the reason for recoil force to the x component. Equation number (5) verifies our finding. The 
recoil force is dominant and thus it leads to obtaining Optical pulling force.  
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a 

 

 

b 

 

Figure 8 (a) represents electric single pole at 545 nm generated on pec substrate to the electric field y 
component. Figure 8 (b) represents magnetic dipole at 545 nm generated on pec substrate to the 
magnetic field z component. 
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a 

 

 

b 

 

Figure 9 (a) represents electric single pole at 720 nm generated on pec substrate to the electric field y 
component. Figure 9 (b) represents magnetic dipole at 720 nm generated on pec substrate to the 
magnetic field z component. 
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a 

 

 

b 

 

Figure 10 (a) represents electric and single pole at 780 nm generated on pec substrate to the electric field 
y component. Figure 10 (b) represents magnetic single pole at 780 nm generated on pec substrate to the 
magnetic field z component. 
 

 
 

To compare, we are replacing dielectric substrate with plasmonic substrate. At 545 nm of 
wavelength the chiral particle on plasmonic substrate obtains optical pushing force. So, from the 
simulation, we see an electric single pole are created to the y component and a magnetic dipole 
to the z component. The wavelength 720 nm shows indistinguishable consequence. A single 
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electric pole to the y axis and a magnetic dipole to the z axis are created here on plasmonic 
substrate. In contrast, at the wavelength 780 nm, a single electric pole and a single magnetic pole 
are created to the y and z axis accordingly. Here, we achieve optical pulling force form the range 
of wavelength 1115 nm to 1200 nm. So, acquiring cross product of electric dipole and magnetic 
dipole is not possible. Recoil force becomes recessive and dominant to extinction cross section 
force. So, an optical pushing force appears rather than pulling force which we saw to happen 
earlier on dielectric substrate.  

 

To have an alternate approach we are summing up all three equations after some mathematical 

computation, [3] 

 〈𝐹〉 = −∇〈𝑈𝑓〉 +
1

4
𝑅𝑒 { 𝑇𝑒𝑒: 𝑎𝑒𝑒 + 𝑇𝑒𝑚: 𝑎𝑒𝑚

+𝑇𝑚𝑚: 𝑎𝑚𝑚 + 𝑇𝑚𝑒: 𝑎𝑒𝑚𝑇} −
𝑘4

12𝜋𝜖0𝑐
𝑅𝑒(𝐿̃+ 𝑆̃)               (06) 

where 〈𝑓〉 denotes the time averaged value of  

 

〈𝑈𝑓〉 = −𝑅𝑒(𝛼𝑒𝑒)
〈𝑈𝑒〉

𝜀0
− 𝜇0𝑅𝑒(𝛼𝑚𝑚)〈𝑈𝑚〉 − 𝐼𝑚(𝛼𝑒𝑚)

𝐾𝑐ℎ𝑖𝑟𝑎𝑙𝑖𝑡𝑦

𝜀0𝜔
 

 

is a scalar which can be interpreted as the time averaged free energy, and  

 

〈Ue〉 =  ε0|H|2/ 4 

〈Um〉 =  μ0|H|2/ 4 

 

are the electric and magnetic energy density.  

 

To understand better chirality induced optical force, equation (6) can be simplified to [4] 

 

 〈𝐹〉 = −𝛻〈𝑈𝑓〉 + (𝐶𝑒𝑥𝑡 + 𝐶𝑟𝑒𝑐𝑜𝑖𝑙)𝑐−1 + 〈𝑆〉 + 𝛻 × [𝐶𝑒𝑥𝑡
𝑝 𝑐 〈𝐿𝑠

𝑝〉 + 𝐶𝑒𝑥𝑡
𝑚 𝑐 〈𝐿𝑠

𝑚〉

+ 𝜇0(𝑅𝑒𝛼𝑒𝑚)〈𝑆〉] + [2𝜔2𝜇0(𝑅𝑒𝛼𝑒𝑚) −
𝑘5

3𝜋𝜖0

𝐼𝑚(𝛼𝑒𝑒𝛼𝑚𝑚
∗)

𝜖0
]〈𝐿𝑠

𝑝〉

+ [2𝜔2𝜇0(𝑅𝑒𝛼𝑒𝑚) −
𝑘5

3𝜋𝜖0
𝐼𝑚(𝛼𝑚𝑚𝛼𝑒𝑚

∗)]〈𝐿𝑠
𝑚〉                             

 

(07) 

 



37 | P a g e  
 

Here, 

〈𝐿𝑠
𝑝〉 =

𝜇0

4𝜔𝑖
𝐻 × 𝐻∗ 

〈𝐿𝑠
𝑚〉 =

𝜖0

4𝜔𝑖
𝐸 × 𝐸∗ 

Where, 

𝐶𝑒𝑥𝑡 = 𝐶𝑒𝑥𝑡
𝑝 +𝐶𝑒𝑥𝑡

𝑚  

 

is the extinction cross section, and 
 

𝐶𝑒𝑥𝑡
𝑝 =

𝑘𝐼𝑚(𝛼𝑒𝑒)

𝜖0
 

 
     𝐶𝑒𝑥𝑡

𝑚 = 𝑘𝜇0𝐼𝑚(𝛼𝑚𝑚) 

 

 
are, respectively, the part of extinction coefficient caused by the electric and magnetic dipoles. 
 
 

𝐶𝑟𝑒𝑐𝑜𝑖𝑙 =
−𝑘4𝜇0

6𝜋𝜖0
[𝑅𝑒(𝛼𝑒𝑒𝛼𝑚𝑚

∗) + |𝛼𝑒𝑚|2] 

 

 

is directly related to the recoil force. 
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Figure 11 (a) represents the  𝐶𝑒𝑥𝑡 (extinction cross section) on dielectric substrate. With the increase of 
wavelength, force 𝐶𝑒𝑥𝑡 is starts decreasing. 𝐶𝑒𝑥𝑡  remains high till 600 nm. After 680 nm it keeps degrading.  

 

 

 

 

 
 

Figure 11 (b) represents the  𝐶𝑒𝑥𝑡(extinction cross section) force on plasmonic substrate. With the 
increase of wavelength, force 𝐶𝑒𝑥𝑡 is starts increasing. 𝐶𝑒𝑥𝑡 is the lowest from 600 nm to 700 nm. The 
force start increasing after 700 nm.  
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The graph 11(a) is plotted on dielectric substrate. The relation between 𝐶𝑒𝑥𝑡 (extinction cross 

section) and wavelength range are followed. The 𝐶𝑒𝑥𝑡 is higher till the wavelength of 600 nm. But 

it starts decreasing after 680 nm. As 𝐶𝑒𝑥𝑡 is the positive force from equation (7), the negative 

recoil force, 𝐶𝑟𝑒𝑐𝑜𝑖𝑙 will dominate the extinction cross section 𝐶𝑒𝑥𝑡 .  

 

The graph 11 (b) is plotted on plasmonic substrate. The 𝐶𝑒𝑥𝑡 force is lower till the wavelength of 

700 nm. But it starts increasing after 700 nm. 𝐶𝑒𝑥𝑡 (extinction cross section) increased value leads 

to the domination over recoil force, 𝐶𝑟𝑒𝑐𝑜𝑖𝑙.  

 

The strong magnetic dipole resonance caused by the coupling of incoming light to the electric 

field's circular displacement current induces field penetration and phase retardation inside the 

particle. When the wavelength inside a particle becomes similar to its spatial dimension, or when 

2R ≈ λ/n, where n is the refractive index of nanoparticle material, R is the nanoparticle radius and 

λ is the light’s wavelength, magnetic resonance occurs. 

The nanoparticle must have a relatively large refractive index to have resonances in the visible 

and infrared (IR) spectral bands for a good quantity of magnetic resonance. The magnetic dipole 

mode of a chiral nanoparticle was activated by magnetic resonance at the wavelength of the 

pulling range. Magnetic resonance has a significant boost to scattering efficiency, as can be seen. 

The electric and magnetic dipoles are excited perpendicular to one other along the relevant 

incident field components, and when this falls on a chiral nano-particle, it creates multipoles (in 

our configuration, quadrupoles), which are the reason for negative scattering force [63]. 

By utilizing the magnetic resonance modes of the particle, the spin-orbit coupling of the 

magnetic-field components of light provides a recoil optical force on particles [64]. The recoil 

force in the chiral particle is induced by the magnetic field in the particle, which can be modified 

by tuning the chirality of the incident light. Additionally, the induced recoil force can be affected 

by the magnetic resonance modes of the particle, such as the magnetic-dipole and quadrupole 

modes, and the recoil force can be enhanced by the magnetic-field resonances in the particle. 

The larger the magnetic resonance field, the more likely the chiral particle will experience a 

substantial quantity of induced recoil force [65]. 

 

Magnetic resonance was first observed in our simulation at 650 nm (pulling range). We 

discovered a link between magnetic resonance and recoil force in our system. Magnetic 

resonance is seen in the pulling range but not in the pushing range of the chiral particle in our 

setup. The current density follows a circular path on pulling range which is missing on pushing 

range.  
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As a result, we can argue that magnetic resonance affects chiral pulling or recoil force. We found 

almost strong magnetic resonance in our experimental graph; thus, we can say that we can 

acquire recoil force or pulling force through this resonance. As we approach the pulling range, 

strong magnetic resonance will be the cause of recoil force, which will dominate the overall force 

and lead to the negative force, also known as pulling force or negative optical pulling force. 

 

 

                                       a                                                                           b  

 

Figure 12 (a) represents the magnetic resonance of chiral particle at 650 nm on dielectric 
substrate when optical pulling force is in exertion. In figure 12 (b) we don't get any magnetic 
resonance at 450 nm on dielectric substrate when optical pushing force is in exertion. 
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CHAPTER-5 

PLASMONIC PARTICLE 
 

Plasmonic nanoparticles have electron density that couple with electromagnetic radiation of the 

wavelength, and they are potent absorbers and scatters of light. The optical response can be 

adjusted from UV to the visible near the cardinal area of the electromagnetic spectrum by 

changing their size, shape, and configuration [66]. They are far more significant than the particle 

due to the nature of the dielectric metal interface [67]. Materials similarly Ag, Cu, Au, and Ai with 

a negative real and small positive dielectric over a range of wavelengths can support surface 

plasmon resonance. They can be propagated or localized [68]. An observable effect is seen in the 

plasmonic nanoparticles, which are called the plasmonic effect. The plasmonic effect can be 

defined with free electrons and incident light. The effect is known as interactivity between free 

electrons in metal nanoparticles and incident light. The plasmonic effect is found not only in 

metal nanoparticles but also in bulk. Both are showing the plasmonic effect, but the effect has a 

significant difference. Metal nanoparticles are showing a higher effect than bulk. The metal 

nanoparticle can achieve a more significant plasmonic effect because of the large surface area 

and favorable plasma generation conditions [69] 

 

Plasmonic nanoparticles made of gold and silver display exciting optical properties on the 

noticeable range for confining the surface plasmon resonance. Plasmonic nanoparticles can be 

specifically modulated through variation of particle shape and size. Plasmonic coupling between 

nanoparticles can create electric fields. A Plasmonic material exploits surface plasmon resonance 

that is not seen in nature and has achieved optical properties [70] Surface plasmon has great use 

in the optical system. The binding of molecules can be measured by surface plasmon resonance. 

There is a conduction band electron in surface plasmon resonance. They are collective oscillations 

of conduction band electrons present in the resonance where electric field and incident light are 

oscillating, which can manufacture energetic plasmonic electrons. Surface plasmon requires an 

interface. Hence an evanescent wave is confined to metal and dielectric interface. As a result, 

surface plasmon in thin-film structure or localized Surface plasmon resonance in nanoparticles 

are observed [71]. 
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Figure13: Surface plasmon Resonance 

 

A plasmonic nanoparticle can captivate and scatter light more than its own physical size when it 

is at the maximum resonance. This process can find total loss which is created due to the 

radiation. The localized surface plasmon resonance dominates spectra of the energy of an optical 

cross-section of the nanoparticles. Size and shape can play a vital role in this process. They can 

determine the peak position and the width of the resonance [72] Maxwell's equation can solve a 

far-field spectrum of a spherically shaped nanoparticle with a harmonic wave equation known as 

Mie theory [73] A nanoparticle with radius r and a frequency-dependent complex dielectric 

function  E(w) =  𝐸1(𝑤) + 𝑖𝐸2(𝑤) = 𝑛𝑝
2 implant in a medium of permittivity 𝐸𝑚 = n𝑚

2 and 

interacting with the light of a wavelength 𝜆0, the scattering expression 𝜎𝑠𝑐𝑎and extinction cross-

section 𝜎𝑒𝑥𝑡 are [73]. 

 

𝜎𝑠𝑐𝑎 =  
2𝜋𝑅2

𝑥2
∑ (2𝑙 + 1){|𝑎1

2| + |𝑏1
2|}

∞

𝐼=1
 

𝜎𝑒𝑥𝑡 =  
2𝜋𝑅2

𝑥2
∑ (2𝑙 + 1) 𝑅𝑒 ⌈𝑎1 + 𝑏1⌉

∞

𝐼=1
 

 

where 𝑋 =
𝑤

𝑒
𝑛𝑚 =  

2𝜋

𝜆0
𝑛𝑚 and c is the speed of light. The absorption cross-section is gained by 

the difference between the extinction and scattering cross-sections: 𝜎𝑎𝑏𝑠 =  𝜎𝑠𝑐𝑎 =  𝜎𝑒𝑥𝑡 . Here 

a1 and b1 are unknown, but they can be computed from the Riccati-Bessel functions [72]. 

 

While using plasmonic nanoparticle (r = 100 nm) on dielectric sub, we have obtained optical 

pushing force at the range of wavelength 440 nm to 655 nm and 865 nm to 945 nm. Optical 
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pulling force is obtained at the range of wavelength 670 nm to 860 nm and 950 nm to 1200 

nm.  The plasmonic nanoparticle offers the highest pulling force at 700 nm to 800 nm. 

 

 

Figure 14 (a) shows the pushing and pulling range of plasmonic nanoparticle on dielectric 

substrate. The highest pulling range is 700 nm to 800 nm. 

 

 

While using plasmonic substrate, our experiment experiences an immense contrast.  The 

plasmonic particle displays optical pushing force at the range of wavelength 440 nm to 1200 

nm.  Our experiment in this context, does not manifest optical pulling force. 
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Figure 14 (b) shows the pushing range of plasmonic nanoparticle on plasmonic substrate. The highest 

pushing range is 650 nm to 750 nm. There's no demonstration of optical pulling force. 

 

In a lossy medium, the optical momentum transfer can be calculated in the same framework of 

macroscopic electromagnetic theory. To calculate the radiation pressure on an object, the more 

fundamental way is to utilize Lorentz force. We are applying Lorentz force to bound and free 

currents and charges. The momentum contribution can be separated into force Fb (bound 

current and charges) and Fc (free currents).  It provides a perception into the procedure of 

momentum transfer into a lossy media.  To explain relevant experimental data and calculate the 

radiation pressure on absorbing Mie particles, the Lorentz force density and momentum 

conservation are used interchangeably.  As opposed to the scattering and absorption forces 

estimated for small particles due to the balance between scattering and absorption, we predict 

that absorption can diminish the total optical momentum transfer to certain particles. The 

possibility of observing pushing and pulling force enhances. The Lorentz force is applicable 

directly with complex permittivity  𝜖 = ϵR + 𝑖𝜖𝐼 and 𝜇 = μR + 𝑖𝜇𝐼 in a lossy media [74]. 
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The total time average force  F̅ =   F̅b + F̅c  can be obtained by doing ingratiation of the time 

average force densities over the medium.  By separation contributed momentum into two parts 

we can write: [75] 

 
𝑓𝑏̅ =  

1

2
 𝑅𝑒{𝜀𝑜(𝛻 ∙   𝐸̅ ) 𝐸̅∗ +  𝜇0(𝛻 ∙  𝐻̅ ) 𝐻̅∗ − 𝑖𝜔(𝜖𝑅 −  𝜖0)𝐸̅ × 𝐵̅∗

+  𝑖𝜔(𝜇𝑅 −  𝜇0)𝐻̅ × 𝐷̅∗} 

(08) 

 

 
𝑓𝑐̅ =  

1

2
 𝑅𝑒{𝜔𝜖𝐼𝐸̅ × 𝐵̅∗ −  𝜔𝜇𝐼𝐻̅ × 𝐷̅∗} 

(09) 

 

(∗) is the complex conjugate. 𝜖𝑅 (𝜖𝐼)  is the real (imaginary) part of the relative permittivity. 

 

In a lossy system, the force density on the bound electric charges and currents fb can be positive 

or negative depending on the polarization P at that position [75]. The force density on free 

currents fc is a pushing force because the incident light contracts and transfers momentum. The 

pulling force can be enhanced due to the dominant negative Lorentz force on bound currents 

and charges [75]. 

To connect the equation (8) and (9) with momentum conservation, let us consider an 

electromagnetic wave with complex wave number Kx where Kx = KxR + iKxI. we get, 

 
𝑓𝑏̅ =  −𝑥̂

1

2
𝐾𝑥𝐼[(𝜖𝑅 −  𝜖0) |𝐸̅|2 +  (𝜇𝑅 −  𝜇0) |𝐻̅|2 ] 

(10) 

 

 
𝑓𝑐̅ =  𝑥̂

1

2
𝐾𝑥𝑅[𝜖𝐼 |𝐸̅|2 +  𝜇𝐼 |𝐻̅|2 ] 

(11) 

 

Here, H is the magnetic field. When the medium is optically dense, the force on the bound 

currents is opposite to the incident wave propagation direction, as indicated by the negative sign 

leading the left-hand side of equation (10) 

Force density on free currents is: 

𝑓𝑐̅ =  𝑥̂
1

2

𝑛𝜔

𝑐
[𝜖𝐼 |𝐸̅|2 +  𝜇𝐼 |𝐻̅|2] 

=  − 𝑥̂
1

2
𝑅𝑒 {

𝑛

𝑐
 𝛻 ∙ 𝑆̅} 

 

(12) 

Where 𝑛 =
𝑐𝑘𝑧𝑅

𝜔
 is the index of refraction, c is the speed of light in vacuum, and  𝑆̅ = 𝐸̅ × H̅∗ is 

the complex Poynting vector resulting from the application of Pointing’s theorem to the second 

equality.  
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In our experiment, on dielectric substrate, plasmonic particle show optical pushing force at the 

wavelength 545 nm. The optical pulling force is obtained at the wavelength of 800 nm. From the 

simulation we find, at 545 nm on dielectric substrate, the arrow lines of current density are 

dominant to the ‘’+x’’ axis meaning the polarization is in the same plane of light. So, the plasmonic 

particle manifests pushing force. At the wavelength of 800 nm on dielectric particle, the current 

density is dominant to the opposite direction of light propagation. As from the simulation we can 

see, the arrow lines of the current density are dominant to the ‘’-x’’ axis. So here on plasmonic 

particle, we have obtained optical pulling force. So, the observation is, in optical pulling and 

pushing range, the pole reversal occurs frequently. 

From figure (3) the quadrupole configuration of optical pushing force at 475 nm is altering at 800 

nm when optical pulling force is occurring. We have observed, with the change of optical pulling 

and pushing force, the phase reversal occurs frequently. 

 

 

                                     a                                                                         b  

 

                                     c                                                                         d   

Figure 15 (a) and (b) represents the arrow lines of charge density on dielectric substrate for plasmonic 

particle at 545 nm and 800 nm wavelength. In figure 15 (a) the dominant arrow lines of current density 
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are polarized to the same direction as optic polarization. Figure 15 (b) shows that the dominant arrow 

lines of current density are in the opposite direction of optic polarization. Figure 15 (c) and (d) presents 

the phase reversal of current density at 475 nm and 800 nm. 

 

 

To strengthen our position, we are comparing the concept with plasmonic 

substrate.  Astonishingly, the plasmonic nano particle on the plasmonic substrate never obtains 

optical pulling force.  At the both wavelengths of 545 nm and 800 nm, only optical pushing force 

is displayed. From the simulation, it can be said, the current density at 545 nm is dominant to the 

same plane as the polarization of light (+x axis). also, at 800 nm the behavior is the same. The 

current density is dominant to ‘’+x’’ axis. We have observed that, at 545 nm on dielectric 

substrate, the particle shows optical pushing force and the polarization is towards ‘’+x’’ axis. So, 

the similarity of phase of current density on both substrates for the pushing range is noticeable. 

From figure 16 (c) we observe a quadrupole at 800 nm where pushing force is obtained. So, both 

on dielectric and plasmonic substrate we get the same configuration of quadrupole when the 

particle reveals optical pushing force. 

 

 

 

                                    a                                                                         b   
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                                                                             c 

Figure 16 (a) and (b) represents the arrow lines of charge density on the plasmonic substrate for plasmonic 

particle at 545 nm and 800 nm wavelength. The dominant arrow lines of current density here are polarized 

to the same direction as optic polarization. Figure 16 (c) presents a quadrupole configuration of current 

density at 800 nm which is similar to fig 15 (c). 
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CHAPTER-6 

RESULT AND DISCUSSION 
 

In our set up, our aim was to observe the behavior of three nano particles (chiral, dielectric and 

plasmonic) of the same radius (r = 100 nm). For that, we have used two substrates: dielectric and 

plasmonic. The experiment shows how the particles behave differently when the substrate is 

changed.  The range of wavelength for the experiment was taken from 440 nm to 1200 nm. The 

emergence of optical pulling and pushing force for all three nanoparticles was observable. 

Astonishingly, we have achieved the highest optical pulling force for the three nano particles at 

700 nm to 800 nm range on dielectric substrate. On the other hand, we have gotten an optical 

pushing force at the same range of 700 to 800 nm on plasmonic substrate. 

Noticeably, we are using a particle that is smaller than the wavelength. For dielectric and chiral 

nanoparticles, we have used Minkowski stress tensor to explain the optical pulling force. But for 

plasmonic particle Lorentz force was more applicable to understand. 

From figure (3) In dielectric particle, the interference of electric dipole and quadrupole results in 

optical pulling force on dielectric substrate. While using a plasmonic substrate, optical pushing 

force is obtained when an electric dipole occurs.  We also get optical pulling force on plasmonic 

substrate at 1000 nm and it has the similar reason as dielectric substrate, interference of electric 

dipole and quadrupole. 

In plasmonic particle, current density plays a big role to obtain pulling and pushing force. From 

figure (15) In plasmonic particle, we have found reversal of current density and phase. On 

dielectric substrate, the reversal of current density results in optical pulling force. However, on 

the plasmonic substrate we don't see any reversal of current density. The phase is exactly same 

as the plasmonic particle on dielectric substrate for optical pushing force. 

We observe the emergence of recoil force in chiral particle. On dielectric substrate, the pulling 

force occurs for the high recoil force. But on plasmonic substrate, the lower recoil force leads in 

to optical pushing force. From another perspective, we get magnetic resonance at the same 

range where optical pulling force occurs. The relation between recoil force and magnetic 

resonance amplifies the possibility of finding optical pulling force. On the contrary, plasmonic 

substrate does not show any magnetic resonance. So, we see the absence of optical pulling force 

at the range. 
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Figure 17 (a) shows the pushing and pulling range of plasmonic, dielectric and chiral nanoparticles on a 

dielectric substrate. Between 700 nm to 800 nm wavelength all three particles show pulling force and it’s 

the highest pulling range.   

 

 

 

Figure 17 (b) shows the pushing and pulling range of plasmonic, dielectric and chiral nanoparticles on a 

plasmonic substrate. Between 700 nm to 800 nm wavelength all three particles show pushing force. 



51 | P a g e  
 

CHAPTER-7 

CONCLUSION 

 

In this letter, we have provided a perspective of optical pulling force in chiral, dielectric and 
plasmonic nanoparticles. The method explained here is basically for Rayleigh particles (particle 
size is smaller than wavelength) and it satisfies all three nanoparticles. However, the approach 
has to be changed for larger particles. In this experiment, the predicted optical force by the 
analytical theory is demonstrated by applying Minkowski stress tensor and Lorentz force. Optical 
pulling force on dielectric and chiral particles were proven by mie scattering theory and 
Minkowski stress tensor but for plasmonic particle we explained the optical pulling force by 
Lorentz force. Though the total optical force was proven by Minkowski stress tensor. We 
considered the wavelength range to 440 nm to 1200 nm to calculate optical force but the main 
focus was at the range of 700 nm to 800 nm as the optical pulling force was highest at this range 
on dielectric substrate. Not only that, we have also verified, optical pulling force is present for all 
three nanoparticles at the same range of wavelength for dielectric substrate. But for plasmonic 
substrate, the same range of wavelengths shows optical pushing force rather than optical pulling 
force. We have also tried to explain the reason for finding optical pushing force. We have noticed, 
the behavior of the particles and optical pulling or pushing force get changed when the substrates 
are altered and the wavelengths are varied. The finding can be a novel way to explore further on 
optical manipulation. All the simulations here are done by COMSOL Multiphysics 5.3a. 
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