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Abstract

In this paper we designed an on-chip configuration where implementation of
an all object optical tractor beam was made possible. By all object, we are
referring to spherical nanoparticles of dielectric, plasmonic and chiral material.
This tractor beam was composed of the superposition of two evanescently
confined surface waves called SPP (Surface Plasmon Polariton), which was
excited over the on-chip base by the incidence of a plane polarized laser light
propagating vertically upwards. Arrays of nanoantenna like structures called
metasurfaces has been used in this setup to manipulate the evanescent
surface wave. Exerting pulling force is only possible when the beam incident
over the particle has a non-paraxial nature. In reality, non-paraxiality of a beam
is @ somewhat hypothetical requirement. However, this issue is resolved by
creating an interference field formed by the superposition of the SPP beam
along with the induced effect within the particle and the substrate which led to
the emergence of this backward pulling force. Pulling force was realized within
certain diameter range (Mie Range). To the best of our knowledge, this article
stands as the first proposal of realizing all object tractor beam in an on-chip
configuration where the configuration itself is mitigating the paraxiality issue
for all objects and using the same setup, pulling of such particles can be
realized. Our work can be extended to sorting of particles in an

inhomogeneous mixture, such as analysis of biomolecules.



Table of Contents

Chapter Page
Chapter 1: INTRODUCTION.......cooii ittt ettt sts e e eae s aenee e s saeeenaennne e 01
1.1: OPTICAL MANIPULATION... ..ottt ete e e eene e e eennnes 03
1.2: OPTICAL PULLING FORCE AND TRACTOR BEAM......ccccoereeieerieee s 05
Chapter 2: SETUP AND METHOD......ccci oottt ev et sn s e ae e 07
2.1: ON-CHIP SETUP AND GENERATION OF NON-PARAXIAL SPP............. 08
2.2: METHODOLOGY AND REALIZING SPP AS TRACTOR BEAM................ 11
Chapter 3: REALIZING TRACTOR BEAM - DIELECTRIC.....cccecoeevtreeee e 16
Chapter 4: REALIZING TRACTOR BEAM - PLASMONIC........ccooeevevvreecreeeerrveee e 23
Chapter 5: REALIZING TRACTOR BEAM - CHIRAL........ecovveieee e e 30
5.1: PROPERTIES OF CHIRAL PARTICLE.......ceei ettt 31

5.2: OPTICAL PULLING FORCES FOR CHIRAL PARTICLE ON CHIP
CONFIGURATION. .. ettt ettt ettt e et ee e e estnee e e s e en e e e s enneaeeens 32
Chapter 6: CONCLUSION......c.o ittt et ee e svte e e er e sresesaenaesne senaenan 39
6.1: FUTURE WORKS.... .ottt et st e sntee e e e e 41
6.2: SUMMIARY ...ttt ettt sttt eeee e ste e e se e e settee e beaessataesss s nnteaeenans 44

REFERENCES.........oo ot s e 48



List of figures

Fig no Figure Caption Pg no

1.1 A timeline illustration on the milestones in the 6
development of optical forces and their application.

2.1(a) | Aschematic of the proposed on-chip setup. 10

2.1(b) A close up view of the interference field formed over 10
the substrate.

2.2 Side view of the on-chip structure along with the field 11
distribution of (E;) formed across the substrate.

2.3 Nano-slit arrangement in the on chip configuration. 12

3.1 Variation of Refractive index of Si0, with change in 15
incident beam wavelength

3.2 Optical force on Si0, (Dielectric) nanosphere 17

3.3 (a,b) | Magnetic Field and Current Density respectively in the 20
Si0, (Dielectric) particle for 70nm and 190nm.

4.1 Variation of Refractive index of 22
Au(Johnson & Christy) with change in incident beam
wavelength.

4.2 Fig 4.2: Optical force on Au(Johnson & Christy) or 24
Plasmonic nanosphere

4.3 Electric field distribution in plasmonic particle with 25
reversal of field

4.4 Magnetic Field Distribution over the substrate. 27

5.1 Optical force on chiral nanosphere 34

5.2 Electric Field distribution in the chiral particle. 38




In 1619, Johannes Kepler proposed that it was the pressure of sunlight that
blew back a comet’s tail so that it always pointed away from the Sun. However,
this remained only as a statement in that time as the science and technology in
that time was not advanced enough to test such an issue. Then, in 1873 James
Clarke Maxwell was able to shed some light into the issue as he theoretically
proved that light waves indeed exert pressure and he wrote that “In a medium
in which waves are propagated, there is a pressure in the direction of normal
to the waves, and numerically equal to the energy in a unit of volume. Einstein
proved that light has wave particle duality, meaning it behaves as a wave as
well as a particle, which means that light incident upon any surface would
cause bombardment of these particles over the surface thereby exerting a
force in the particle that will be acting in the same direction as the direction of
propagation of light. So, we can see that people had a good realization about
the ability of light to exert radiation pressure. This was the normal ideology
which follows all common norms of physics such as momentum conservation.
Later on, in 1970, the discovery of optical tweezers opened up a new area of
research where scientists worked on manipulating different parameters of the
incident light to exert non-conservative force over the radiated object, where
the illuminated object would have its resultant force in the direction opposite
to the wave propagation of the incident beam, which scientists named optical-
tractor beam. The optical tweezer was developed into a powerful tool for the
manipulation of micro-objects and biomolecules that was used in different
fields of science for the analysis of biomolecules, sorting, trapping and binding
of particles in the microscale or nanoscale etc. Such optical manipulation

methods have become important research tools, with wide-ranging
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applications in biology and biomedicine, microfluidics and colloidal science.
More recently, there has been a growing interest in levitation dynamics in
optomechanical systems, including passive and active feedback schemes, for
realizing quantum mechanical superposition, ground-state cooling and

coherent manipulation of mechanical systems.

In this research work, we work on surface wave tractor beams which have
drawn less attention compared to free-propagating optical tractor beams.
Surface plasmon polaritons (SPPs) are electromagnetic excitations propagating
at the interface between a dielectric and a conductor, evanescently confined in
the perpendicular direction of their propagation. The number of applications
that utilize SPPs has increased a lot during last decades including integrated
optics and quantum optics as well. In our proposed on chip configuration with
two arrays of meta-surfaces at the top of upper base, we demonstrated SPP
based optical tractor beam while the exerted SPP becomes non-paraxial
enough with the periodic array structure and base of the chip. Such beams can
pull all objects within Mie-range in an on chip configuration facilitate other

applications such as on chip manipulation and analysis of nanoparticles.
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Optical manipulation makes use of the mechanical effect of light to exert force
over the illuminated object. There are various types of optical manipulation
techniques that are used in the field of science and medicine, and among these
various types, optical pulling force has recently received a lot of popularity
because it constitutes a rich family of counterintuitive phenomena compared
with traditional manipulation techniques and also has profound physics
underneath and has the prospect of being used in a large number of
applications. The application of exerting is not just limited to the incidence of a
plane polarized wave, rather other forms of waves such as acoustic, water and
guantum matter waves can also be used or integrated. Furthermore, we can
also include the progresses in the counterintuitive left-handed optical torque
and lateral optical force as the extensions of pulling force, this phenomena can
be used in application of remote mass transportation optical rotating and

optical sorting.

In 1619, Kepler proposed the hypothesis that light carries momentum thus
gives a radiation pressure on the illuminated objects. Later this hypothesis is
proven right theoretically by Maxwell in classical electro-dynamic theory in
1873. Later in 1899, Russian physicist Lebedev experimentally demonstrated
the light momentum carried by light on a solid body. This supports Maxwell’s
theory as well as Kepler’s hypothesis. American physicists Nichols and Hull also
demonstrated similar experiment at the same time and verified light
momentum. From 1619 to 1903, within this progress, people realized the

essence of light momentum.

Since light carries momentum, the interchange of momentum between light

and object will generate a force, which is called optical force. Manipulations to
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objects by using this optical force is called optical manipulation. Optical
manipulation is used now in various disciplines like biophysics, atomic physics,
guantum science technology and nanotechnology. Up to now, two Nobel
Prizes of physics have been awarded to the researches directly related to
optical force and manipulation. The first was awarded to Steven Chu, Claude
Cohen-Tannoudji and William D. Phillip in 1997 due to their work on the atom
cooling using lasers and the second one was awarded to Arthur Ashkin in 2018
due to the invention of optical tweezers and promoting their applications in

biophysics.
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In our research, we demonstrated all object optical tractor beam using surface
plasmon polariton. Our on-chip setup (which is coming in the next section)
using a simple laser beam going in +Z direction and hits at the center of chip
underneath and creates two SPP (surface plasmon polariton) in the upper plain
(metal substrate). Amplitude and phase of SPP can be controlled using two

arrays of rectangular nanostructures made of gold (Au).

Basically, we are using a counterintuitive phenomenon where all object
(dielectric, plasmonic, chiral) is being pulled towards the source. In 2006,
Marston at first predicted this in acoustics and very soon was extended to
optics. The beam that can generate a pulling force is named a tractor beam.
When an incident beam hits an object or particle, light matter interaction
causing optical force and this force is controlled by three factors: the
properties of the object, the light beam and the background medium. By
tuning one, two or all three factors to some critical conditions, optical pulling
force becomes possible. We can consider two simple examples to understand
optical pulling force. First, when the object is made of an active medium with
optical gain, more photons will be emitted than the incident ones due to the
stimulated emission. Now, here in this case, backward pulling force is possible
according to linear momentum conservation. Second, when we use a
structured light beam superposed by a serials of plane waves, of which the
momentums are off-axial with the average light energy propagation, a pulling
force on the object is also possible when the elementary plane waves are
directed to the average energy direction by an object. By these two examples
we can understand the counterintuitive pulling force is compatible with the

linear momentum conservation law. Light beams can be created in various
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structures of forms, which provide more choices for the pulling force

generation.

Timeline

Milestones in optical manipulations

Optical pulling foree, and

Gravitational wave detection
2010 tractor beam

Optomechanics & Optical
optical twist-tweezers levitation system

2000

Verification of orbital angular

1990 momentum (OAM) Bose—Einstein condensation
(BEC)
Invention of optical tweezers
by A. Ashkin Light momentum inducing
1980 noise in LIGO
Particle laser acceleration & Laser cooling of atom gas
1970 trapping by A. Ashkin

Demonstration of light pressure on atoms,
& verification of spin angular momentum (SAM)
1900 Experimental measurement by Nichols, Hull ef af.
Initiation of Abraham-Minkowski (AM) debate

Conceive & theory by Kepler & Maxwell ef al.

Figurel.1: Atimeline illustration on the milestones in the development of
optical forces and their application.
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In our research, we proposed and simulated a novel methodology for on chip
configuration with meta-surface for generating non-paraxial surface wave,
surface plasmon polariton which enables the possibility of pulling all objects
(dielectric, plasmonic, chiral) within certain diameter range towards the source
of light or radiation. Surface plasmon polariton (SPP) has received a great deal
of attention due to its ability to direct light in the sub-wavelength scale. Here,
one pair of SPP waves is generated on the gold film surface of the chip with the
help of nanostructures when an incident laser beam is directed upwards
underneath the chip. The two SPP waves propagating in X direction, decaying
in z direction and forming an inference pattern in Y direction creates a source
of SPP cosine beam. In our on chip set up we were being able to pull all object
towards the source of radiation using SPP because by using gratings of
nanostructures also known as meta-surface on the chip it becomes possible to
control the amplitude and phase of surface wave in such a way that the
exerted SPP waves becomes non paraxial enough to pull an object towards the

source.
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For our research work, all object optical tractor beam by surface plasmon
polariton, we designed and simulated our setup in Comsol Multiphysics
software and also verified our result with another software named Lumerical

FDTD software.

We designed an on-chip configuration in Comsol Multiphysics, (Fig2.1). In our
on-chip configuration, in the air medium, a plasmonic substrate of 100nm
thickness is placed over a dielectric substrate of 200nm thickness. Both of
these substrate layers are of 11.2um and 3.2um width which enables the
generated field to have a propagation invariant region of about 2um length. A
laser beam is propagating in +Z direction hits underneath the chip and creates
surface wave surface plasmon polariton on the upper plasmonic substrate at
the metal-dielectric interface of gold (Au-Johnson & Christy) and air medium.
Generating optical pulling force using the exerted SPP waves becomes possible
only when the waves becomes non-paraxial enough, then they could pull
instead of pushing the illuminated object all the way towards the light source,
i.e. optical tractor beams. Generation of tractor beam using SPP is possible,
however there lies inefficiency if the wave propagates freely as the tractor
beam comes into effect for objects with larger diameter. This is mitigated by
making the beam non paraxial enough, by modulating the amplitude and
phase profile of the incident beam. We placed two arrays of periodic grating
structure of sub-wavelength dimensions, called metasurfaces, on the
plasmonic substrate at the metal-dielectric interface in order to control both
phase and amplitude of generated SPP waves so that they become non
paraxial enough to pull the object towards the source of radiation. Placement

of such arrays enable polarization dependent controlled and adjustable
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directional coupling through which facilitation of both bidirectional and

unidirectional propagation of non paraxial SPP is possible.

A spherical particle is placed on chip (on plasmonic substrate) which is basically
in the air medium. The vertical gap between the particle and the substrate is
set to 30nm and the particle is placed 1.5um away horizontally from mid-point
of arrays. As in our on-chip setup, we can control the phase and amplitude
profile of the generated SPP waves thus becomes non paraxial, we were able
to pull all objects (in Comsol Multiphysics, we change the material and material
property inside the spherical particle, we use dielectric, plasmonic and chiral
material as spherical particle) towards the source of radiation. The proposed
setup just requires a laser beam incident underneath the chip rather than
aligning complex optical elements and this could be integrated to lab-on-a-chip
platform and microfluidic devices for the analysis and sorting of biomolecules

and nanoparticles.
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(b)

IAcident wave 08 06 04 02 02 04 06 08

Figure 2.1: (a) A schematic of the proposed on-chip setup where the incidence

of an x-polarized optical beam propagating in the +z direction leads to the
conversion of a free propagating wave to an evanescently confined surface SPP
wave. The arrows show a pair of SPP waves getting launched from the arrays
and their superposition is creating an interference pattern. The vertical gap
between the particle and the substrate is set to 30nm and the particle is placed
1.5um away horizontally from the mid-point of the arrays. (b) A close up view
of the interference field formed over the substrate where the central region has

a continuous distribution of electric field.
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A pair of nanoslit arrays made of gold (Au-Johnson & Christy) also known as
meta-surface is used here in order to modulate the phase profile and
amplitude profile of the SPP wave. Here, each array length is of about 5 um
and the generated field has a propagation invariant region of about 2 um
length. The spacing between the arrays has been set as Aspp/2 which enables
the generation of a plane wave SPP field on the normal illumination of the
incident field. Here, the benefit of our on-chip setup is that we just use an
incident laser beam underneath the chip which hits the chip at the lower
surface at the center of di-electric substrate and then it travels through the
200nm dielectric substrate and then 100nm plasmonic substrate and then
creates surface waves surface plasmon polariton in short SPP wave at the

metal di-electric interface of plasmonic substrate.

In order to, make the SPP waves non-paraxial we set the two arrays of meta-
surfaces in a periodic fashion. Each array has 30 slits, total 60 slits in two
arrays. Nano-slit angles are gradually increased from top to bottom across the
array and they are tuned in such a way that the generated SPP waves becomes
non-paraxial enough. Due to the arrangement of the two nano-slits, two waves
get excited and launched with angle 8 below and above the horizontal from
the top and bottom region of the array where progressive increment of the
meta-surface cell’s tilt angle in the right array produces a constant wave vector
ksppsin(B) in Y direction. Similarly, another wave gets launched from the lower
array and the resulting non-paraxial beam gets formed in the central region of
the substrate (Fig. 2.1b) due to the superposition of these two waves, that

contributes to formation of the optical tractor beam. The angular difference

between the two array is set to % to maintain a constant magnitude across the
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array (Fig. 2.3). Non-paraxiality of the wave is validated as the superposition of
these two local SPP wave leads to the formation of an optical tractor beam in

the central region of the plasmonic substrate.

Ihcident wave

Figure.2.2 Presents a side view of the on-chip structure along with the field
distribution of (E;) formed across the substrate. Here, a plasmonic substrate of
100nm thickness is placed over a dielectric substrate of 200nm thickness. Both
these layers are of 11.2um length and 3.2um width which enables the

generated field to have a propagation invariant region of about 2um length.
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Figure 2.3: Here Nano-slit arrangement on chip configuration in a periodic
fashion. Angles are gradually increased from top to bottom across the array in
order to modulate the phase profile and amplitude profile of the exerted SPP

waves. Each array has 30 slits, total 60 slits in two arrays. The angular difference

between the two array is set to g to maintain a constant magnitude across the

array. The spacing between the arrays has been set as Asee/2 Which enables the
generation of a plane wave SPP field on the normal illumination of the incident

field.
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Earlier work has been done where a single array has been used but we found
that two arrays on the chip setup makes it possible to make non-paraxial beam
where in case of single array only phase profile of generated SPP is controllable
leaving the amplitude profile, so we use two arrays of meta-surface here. The
designed on-chip configuration converts an x-polarized incident optical beam
into an evanescently confined surface wave (SPP), where meta-surface
nanostructures modulate the phase and amplitude profile of the SPP beam.
The incidence of a x-polarized light, propagating in the +z direction comes into
the contact with the dielectric substrate first and then travels along this to the
plasmonic substrate, assuming that the incident light satisfies the first or
second Kerker condition. This incident beam has a phase gradient &, along the
y direction, and the wave-vector components of the incident light are kx,i=0,
ky,i=0, kz,i=k0, where kO is the propagation constant in free space (equ 4).
Now, following the law of conservation of momentum, the wave-vector

components of the transmissive beam can be expressed as:

Kxt=&, Ky,:=0, Kot= \/ k2—¢&,

From the above equations we can see that when the phase gradient becomes
larger that ko (§,>ko), K;: becomes imaginary, thus giving rise to an SPP wave

propagating along the interface(Fig.2.2).

Here, surface waves are created in the vicinity of plasmonic substrate at the
metal dielectric interface. Without the meta-surface or nanoslits, only at the
presence of two substrate side by side in +Z direction and a spherical particle
which is 30nm above the chip, these exerted SPP waves have properties for
optical micro-manipulation, but for our purposes which is pull the object

(spherical dielectric, plasmonic, chiral particle) to the source of radiation, the
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generated SPP waves should be non-paraxial enough. So, here comes the
utility of two arrays of meta-surfaces which are set at the left side of the chip
in order to modulate the phase profile and amplitude profile of the generated
SPP waves in such a way that they become non-paraxial enough to pull the
particle thus realize the SPP waves as tractor beams. electric field associated

with the SPP wave’s superposition in the central region can be written as:
E_=Aexp(jcosf k,, x)cos(sin® k,, y)exp(—k_ z).

Where Kspp represents the wave number of the SPP, which is as follows:

k — gmgd
Spp +
gm gd

Here, &,,is relative permittivity of plasmonic material &4 is relative
permittivity of dielectric material, ko is the wave number in free space. The
field propagates in the X direction while decaying in Z and forming a cosine

pattern iny, thereby being referred to as a cosine SPP wave.
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CHAPTER 3: Realizing Tractor Beam -Dielectric

Realizing optical pulling force on dielectric nanoparticles was one of the
primary goals of our research work. For our simulation, the permittivity and
refractive index was set such that the parameters were that of a Silicon Dioxide
(Si0,) material where the permittivity was (€=3.9) and refractive index was set
to 1.45, which is the real component of this value and as the material is a
lossless material, the imaginary part of this value was set to 0. The background
medium was set to that of air having a refractive index of 1. Looking at Fig:3.1
we can observe how the refractive index of Si0, varies with variation in the
wavelength of the incident beam. The refractive index was chosen based on

the wavelength of our incident beam (A = 632nm).

1.6
1.5

1.4

n,

1.3

1.2

1.1

1 2 3 4 5 6
Wavelength, pm

Fig 3.1: Variation of Refractive index of Si0O, with change in incident beam

wavelength
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We were able to realize optical pulling force being exerted over
Si0, (Dielectric) particles that were within the mie-range. The particles in
the Rayleigh range always experienced a pushing force in the horizontal
direction (positive (+)X axis) whereas the particles in the mie-range always
experienced a pulling force in the horizontal direction (negative (-)X axis). Fig:2
shows how this pulling force exerted over the particle varied for particle
diameter of 20nm — 250 nm. This result was obtained for a Si0, (Dielectric)
nanosphere placed at a horizontal distance of 1.5um away from the array so
that it was able to come in contact with the interference field formed by the
superposition of the two SPP beams that were excited by the upper and lower

portion of the metasurface arrays.
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Fig 3.2: Optical force on Si0, (Dielectric) nanosphere with different radii (20nm
—250nm) when they are placed in the interference field. The negative ‘X’ force
represents optical pulling force whereas the positive ‘X’ force represents

pushing force.

The primary physics of this backward force that the SiO, (Dielectric) particle
experiences is due to the induction of field excited multipole radiation that
leads to multipolar expansion of electric and magnetic poles within the
particle. As discussed earlier, this backward pulling force can only be realized

when the interference field formed by the superposition of the two SPP beams
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becomes non-paraxial. Realizing this pulling force for certain radius range
meant that the size of the impinged particle also played a role in achievement

of this non-paraxial nature of the interference field.

For our numeric verification, we calculated the optical force on the illuminated
Si0, (Dielectric) nanosphere to validate and explain its function as a tractor
beam. We can express the time averaged optical force on the Si0O, (Dielectric)
particle that placed in the monochromatic field in terms of such said

multipoles upto electric quadrupoles as:-

F = Fincident + Finterference

Where Fincigent actually contains the terms F, + E,, + Fg.+.... Here, subscript
P refers to the force contribution due to electric dipole, m refers to the force
contribution due to magnetic dipole and Qe refers to the force contribution
due to electric quadrupole. The second term in the equation contains the
terms F,p + Foep +.o.... Here, subscript PM refers to the force contribution
due to the interaction of electric and magnetic dipoles and subscript Qep
refers to the force contribution due to electric quadrupoles. These two terms
can be further expanded to explain relation with the induced electric and

magnetic field. The three terms in Fj, igen: Can be expanded as:-
(Fincidenth=; Re[(VE").p]+ - Re[(VB").m+_ Re[(VVE").Qe

Whereas the two terms in Fipterference CaN be expanded as:-

4 . 5
Re[pxm’] —

TEYC 40me(

Re [Qe-p*]

(Finterference)x= T 12

Where E & H are incident electric and magnetic field and p and Qe are electric

dipole and quadrupole moment & m is the magnetic dipole moment where
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i6mega, i6mh,

_ _ _(Y T _ _ _
p=a.,E & m=a,,H. Qe-(f) (VE+VE"),a, = e m = d y, =
i40mega, . creps . _ .
—s are complex polarizabilities, a1, az, as are the Mie coefficients and k is

the wave vector.

We observe that the negative force arises when Fiyierrerence IS greater than
Fincident— . Every term in Fipterference—x iS the product of two multipoles
which represents the backward force induced by the interference field

expressed above.

As discussed above, the mathematical interpretation of this backward pulling
force can be directly correlated with the presence of such dipoles and
quadrupoles. Now, looking at Fig:3.3 we will be able to see the physical plot of

these said poles.
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Figure. 3.3 (a)- (b) Shows the Magnetic Field and Current Density respectively in
the Si0, (Dielectric) particle for 70nm and 190nm where the particle
experiences a pushing force for the former and a pulling force for the latter. No
apparent pole formation can be seen for the pushing case whereas emergence
of quadrupoles are visible for the pulling case which shows field excited
multipole radiation is occurring in the particle when tractor beam comes into

effect.
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From the figure 3.3 we can see that the radius range within which the particle
experienced a pushing force was due to the fact that no significant pole
formation occurred within the particle which gives rise to the pulling force. So,
we can say that within this range, the system is behaving very much intuitively
where the direction of force exerted over the particle will be similar to the
propagation direction as per the conservation law of momentum, whereas, in
case of the diameter where apparent pulling force has been observed in the
particle, electric and magnetic poles have emerged. Emergence of such poles
and their moment has enabled us to obtain a nonconservative pulling force for

Si0, (Dielectric) nanospheres.
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Realizing optical pulling force on plasmonic nanoparticles was the second goal
of our research work as our primary goal was to design and implement a setup
where all-object tractor beam can be acquired. For our simulation, the
refractive index of the said particle was set such that it resembled that of Gold
(Au Johnson and Christy 1972). Since gold is a lossy material, the refractive
index was a complex one where for an incident beam of (1 = 632nm) the
complex refractive index was found to be (0.19+3.42i) where 0.19 is the real
part of the refractive index and 3.42 is the complex or imaginary part,
resembling the lossy component of this material. Fig:1 below shows how the
real and complex component of this value varies with change in incident beam
wavelength. And similar to all our previous setups, the background medium
was considered to be that of air where the refractive index is set to 1(Real

Component).

15
12.5
10

7.5

n,

2.5

0.25 0.5 0.75 il 1.25 1.5 1.75
Wavelength, um

Fig 4.1: Variation of Refractive index of Au(Johnson & Christy) with change

in incident beam wavelength. Here the blue line indicates the variation in real
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component of the refractive index and the brown line indicates the complex

part.

Similar methods of simulation was followed and we were able to obtain or
realize optical pulling force for plasmonic nanospheres within the radius range
of 20nm — 150nm which is also known as the mie range whereas in the radius
range of 160 nm Rayleigh range, pushing force was observed. Fig:4.2 below
shows how this force varied with change in diameter of the plasmonic
nanoparticle. This pushing and pulling was observed in the horizontal direction
where pushing force meant the particle will experience force that will be
pointed towards the positive X direction and a pulling force indicates a force
acting towards the negative X direction. Similar to our earlier setup, the
nanoparticle was placed at a distance of 1.5um away from the midpoint of our
arrays such that the interference field formed by the superposition of the two
SPP beams launched from the upper and lower region of our metasurface
arrays impinged upon the particle. This placement is crucial for our work as the
whole work is based on obtaining optical tractor beam by the superposition of
the complex wave which can establish a tractor beam when it becomes non

paraxial.
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Fig 4.2: Optical force on Au(Johnson & Christy) or Plasmonic nanosphere with
different radii (20nm — 250nm) when they are placed in the interference field.
The particle experiences pushing force upto a radius of 150nm and pulling force
is being realized from 160nm onwards. The negative ‘X’ force represents optical

pulling force whereas the positive ‘X’ force represents pushing,

The primary physics of this backward force that the Plasmonic particle
experiences is due to the reversal of electric field along with a distribution of
magnetic field over the plasmonic substrate. This reversal of electric field (Fig:

4.3) causes the bounce charge and current within the plasmonic nanosphere to
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experience a force that occurs in the negative x direction thus giving rise to
pulling force. To mathematically explain this phenomena, we followed a
different approach where Lorentz Force equation was used to reveal how this
pulling force is originating in the system, whereas the mathematical iterations
done in our simulation was using time averaged MST (Maxwell’s Stress Tensor)
technique. Both the approaches, however, has allowed us to come to a
conclusion that our numerical results were indeed supporting or validating the
experimental results obtained from our simulations as both showed the same

nature of pulling and pushing force.

A
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Fig 4.3:Shows Electric Field distribution in the plasmonic particle for a radius of
20nm when the particle experiences a pushing force and for 190nm when the
particle experiences a pulling force. Reversal of field is induced by the
interference field created by the SPP wave which contributes to the pulling

force of the particle.
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Using the Lorentz Force equation, we were able to realize the force
contributions of the bound current (F») and the force contributions of the
bound charge (F¢). In this part of our work, as we are working with plasmonic
material which is nonmagnetic in nature, we considered the bound current
density from the magnetization V X M and the magnetic charge density —V. M
to be zero. Hence, we can write the two parts of the Lorentz force density fp

and fcas below:-
fpr= %Re[so(V. E)E-iwey(eg — 1)ExB”

fe= %Re[welExB*]

In the equation above, € represents the real part of the particle’s relative
permittivity and €; represents the imaginary part. The first two terms in f
represents the force on bound electric charge and current respectively
whereas f, represents the force contribution due to the free current. The net
force exerted on the plasmonic particle is found by integrating the sum of f,

and f. over the sphere.

The negative force comes into effect due to f. becoming negative, which is
induced by the interference field created by the superposition of the two SPP
beams which produces extra momentum to the free current. This causes f. to
become dominating, and the pulling force gets enabled when f. becomes
greater than f,,, which is further accompanied by the magnetic field
distribution over the substrate (Fig: 4.4), which exerts this pulling force on the
charge and current, dragging the plasmonic particle towards the meta-surface
array. The reversal of electric quadrupole is in fact occurring as the magnitude
and direction of energy flow is altering the force density on the induced
current, causing the reversal of the direction of total force, as the field reversal
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leads to the reversal of f;, as well. We can clearly observe that the negative

force is being realized due to the Lorentz Force on bound charge and current

inside the particle.
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Fig:4.4 Distribution of Magnetic Field over the substrate of the on chip

structure. The black circle indicated the position of the nanoparticle.

Unlike our findings in dielectric material where the field distribution within the
dielectric particle was negligible for pushing case, which meant that the
pushing force emerged due to the conservation of momentum, multipolar
excitation occurred in plasmonic nanosphere from the very beginning (20 nm

radius) which meant that the beam impinging on the particle leading to
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momentum conservation is not the only reason of this pushing force. This
pushing force can also be explained using the Lorentz force equation. Here, fcis
actually a negative force that acts as the contributor. This is due to the fact
that the force density on free currents in the plasmonic material is exerting a
pushing force as the incident beam attenuates and transfers momentum to the

free currents in this lossy material, that is, the plasmonic material.
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As we have seen earlier non-paraxial SPP waves can pull both dielectric and
plasmonic spherical particle within certain diameter range (Mie-range) applied
on chip configuration, we observed optical pulling forces for chiral particle for
140nm and onwards in our on chip configuration as well in our Comsol
simulation. Then we have done the same set up simulation for chiral particle in
Lumerical software and observed the optical pulling force for 140nm and
onwards for chiral particle, almost similar pulling force is found like Comsol.
The design consisted of a plasmonic substrate at the top having a thickness of
100x10° m, which was placed over a dielectric substrate at the bottom having
a thickness of 200x10° m and two arrays of meta-surfaces, each array having
30 nano-slits having dimensions of 47nm*140nm and the height of each
nanoslit is 47nm, placed over the plasmonic substrate. Both substrates were
placed in the air medium, and had widths of 11.2x10® m and 3.2x10® m
respectively. A spherical chiral nanoparticle is placed slightly above the
plasmonic substrate, with the vertical gap between the particle and the
substrate being 30x10° m and the horizontal distance between the particle
and the midpoint of the metasurface arrays was set at 1.5x10° m (figure-1).
Thus we can realize non paraxial SPP waves as tractor beam for chiral particle
as well. Then, using other useful techniques and features of Comsol
Multiphysics, we investigate the whole set up and specially the chiral particle
which is in the vicinity of the plasmonic substrate, for finding the light matter
interaction which is contributing the counterintuitive phenomenon, this optical
pulling force towards the source of radiation and we observed optical pulling

force is acting on the chiral nanoparticle for 140nm radius and onwards,
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showing similar kind of optical pulling force acting on chiral nanoparticle as

well.
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A chiral is an object that is not identically superimposable with a mirror image
of itself. An achiral is an object that is identically superimposable with a mirror
image of itself. Here, we are using isotropic chiral particle in our set up.
Incident field on chiral particle induces polarization currents on the particle
which in the dipole approximation limit (for small particle) is denoted by
electric and magnetic dipole moments p and m. Therefore, the constitutive
relation between the induced electric and magnetic dipole moments and the

incident electric E; and magnetic Ej fields read:
P = aeeEi + ap Hj;
m=a,.E; + a,nEj

Here, Qge, Aom, Ame and ay,, are called polarizability of the particle:
electric, magnetoelectric, electromagnetic, and magnetic ones, respectively.
The polarizabilities linearly relate the incident electric and magnetic fields to

the induced electric and magnetic dipole moments.
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The optical force acting on a chiral particle is qualitatively different from that
acting on achiral particle due to chirality dependent forces. For chiral particle,
chirality-induced coupling can serve as a mechanism to realize optical pulling
forces. The majority of research in optical micromanipulation focuses on the
interaction of light with isotropic spherical particles. Simple spherical particles
can be used as prototypes for an intuitive understanding of light matter
interaction. But in case of chiral particle, realizing this light matter interaction
is not so simple. Here, we have to take in consideration about chirality

dependent optical forces acting on the chiral particle.

Here, in our on chip set up, a spherical chiral particle placed in the vicinity of
the plasmonic substrate of the chip configuration and we are experiencing that
a pulling force on the chiral particle is acting within the range of 140nm to
250nm of the chiral particle as shown in Fig: 5.1. Chirality property appearing
in natural substance is usually weak, so we use artificial nanostructure or nano-
sphere of chiral spherical particle to uplift chirality in our on chip set up.
Chirality dependent forces that couple the mechanical linear momentum of
photons with the angular momentum of photons will emerge, giving rise to
counterintuitive phenomena such as optical pulling forces owning to the

chirality of the particles.
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Fig: 5.1 Optical force on Chiral nanosphere with different radii (20nm —250nm)
when they are placed in the interference field. The particle experiences pushing
force upto a radius of 130nm and pulling force is being realized from 140nm
onwards. The negative ‘X’ force represents optical pulling force whereas the

positive ‘X’ force represents pushing,

The chirality of a particle is manifested only when the particle interacts with
another chiral entity. Electromagnetic waves can have a chiral character and as

our excited SPP beams are monochromatic electromagnetic waves, they also
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exhibits chiral character and their time-averaged chirality flux can be defined

as:

(Y) = (We) + (Ym)

Where

() =50~ Im{goE” X E}

(Ym) =" Im{poH" x H)

(Y.) and (P,,) are the portions of the chirality flux associated with the electric
and magnetic fields respectively. In our on chip set up, a spherical chiral
particle is placed in the vicinity of the upper plasmonic substrate which
experiences an optical pulling force for particle within the radius range of
140nm to 250nm. Chirality property appearing in natural substance is usually
weak, so in our on chip set up in Comsol Multiphysics we set the particle in the
vicinity of the chip and chooses chiral material and gives it proper chirality
related equations using features of Comsol Multiphysics, so we basically used
artificial nanostructure of chiral spherical particle to uplift chirality in our on

chip setup.

A nanostructured chiral spherical particle can be distinguished by an induced

electric dipole moment p and magnetic dipole moment m where

p i aé’(’E + &?}JIB

m= _aemTE + anmrB

Here superscript T denotes transpose, <€, &™™ and <¢™ are respectively
a a a

the electric, magnetic and chiral polarization tensors of the chiral particle. In
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case of chiral particle, &€™ is a non zero term due to chirality of the
a

constituting molecules or the chiral shape of the particle. A particle exhibits it’s

chirality when it interacts with another chiral entity.

It is clear that all terms that depend on «<°™ are related to the chirality of the
a

particle. The designed on-chip structure converts an x-polarized incident
optical beam into an evanescently confined surface wave (SPP), where the
meta-surface nanostructures modulate the phase and amplitude profile of the
SPP beam. The incidence of an x-polarized light, propagating in the +z direction
comes into contact with the dielectric substrate and travels along this to the
plasmonic substrate. As our generated SPP waves are monochromatic
electromagnetic waves, they also exhibits chiral character and we know that
the chirality of a particle is manifested only when the particle interacts with

another chiral entity.

We put the chiral particle in our on chip set up in the vicinity of the chip in our
simulation in Comsol Multiphysics and after completing our simulation, we find
the optical pulling force (Fx) graph which is acting on the chiral particle, the
particle experiences a pulling force towards the source of radiation within the
radius range of 140nm to 250nm. We simulate the similar set up in Lumerical
software and observed that the chiral particle is experiencing same pulling

force acting on it.

We have find the potential of the chirality-dependent forces to pull a chiral
particle towards the source of light. Now we have to analyze time averaged
optical force exerted on the chiral particle. In our on chip set up, time average
optical force on chiral particle in monochromatic optical field can be calculated
by the following equation. Now, the multipole expansion of time averaged

optical force exerted on the chiral particle impinged by the interference field
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created by the superposition of the two SPP beam propagating in x direction

can be written as

(F) = Fy + Fy + Foxm
Where
1 *
F,=>Re{(VE").p}
Fu, = Re{(VB").m}

k4-
N 12megc

Fpxm = Re{pXm *}

The terms that depend on <¢™ are associated to the chirality of the particle.
a

The optical force acting on a chiral particle is qualitatively different from that
acting on an achiral particle due to the chirality dependent forces which couple

mechanical linear momentum with optical spin angular momentum.

Here, the optical pulling force can be recognized by excitation of electric dipole
(Fig. 5.2) moment p and magnetic dipole moment m. For chiral particle, a
different approach for realizing optical pulling force is used that couples linear

momentum with angular momentum via chirality.

The terms in force equation that contains the parameters contributing to the
optical force are proportional to ¥, and ¥,,,. These forces can be recognized as
the chirality forces as they created from chirality fluxes of the field and the

chirality of the particle <¢™. When the chirality dependent force terms in
a

optical force equation are greater than the summation of the interaction force

terms, an optical pulling force is acting on the chiral particle.
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For the optical pulling force in equation, we use Maxwell stress tensor and
multiple scattering theory to display that forces excited by chirality flux can

create an optical pulling force on a chiral particle that is not optically small.
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Figure. 5.2 Shows Electric Field distribution in the chiral particle for a radius of

70nm when the particle experiences a pushing force and for 160nm when the
particle experiences a pulling force. No poles are observable for the pushing
case whereas the emergence of field excited electric dipole is present for the

latter, that contributes the optical pulling force experienced by the particle.
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In our research, all object optical tractor beam by surface plasmon polariton,
we are being able to pull all objects (dielectric, plasmonic, chiral) by generating
non-paraxial SPP beams using two arrays of metasurface on the chip
configuration consisting of plasmonic and dielectric base. It shows new
possible applications of surface waves as tractor beams and using this property

SPPs can be used for sorting and analyzing of nanoparticles and biomolecules.

Surface plasmon polaritons (SPPs) have showed high potential for various
applications in various fields, ranging from physics, chemistry, biology and
integrated photonic circuits due to their the strong confinement of light to the
metal surface. The number of applications that utilize SPPs has increased
tremendously during the last decades, including energy harvesting, coupler or
modulator in integrated optics, biosensing, sub-diffraction imaging and
guantum optics. The great interest in SPPs results from their unique abilities
such as the strong confinement of the field to the interface and their unique
dispersion relation. However, the mismatch of the SPP momentum to that of
free space photons prevents light from free space to couple efficiently into a
SPP mode, making it necessary to add periodic structures or to modify the
dispersion relation at the interfaces to satisfy momentum conservation.
Several different approaches have been developed to excite SPPs for various
application. More classical techniques like the Kretschmann or the Otto
configuration use bulky prisms to alter the momentum of the incoming light
beam through dispersion. These techniques are cumbersome to implement
and impractical for flat optics technology and optical circuits with vertical
integration. Previous studies so far have not demonstrated the full control of

both excitation amplitude and phase of SPPs independently and
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simultaneously which is a crucial feature for launching light into integrated
optical circuits. We used two arrays of metasurfaces to control the amplitude
and phase of exerted SPPs of our on chip configuration. Metasurfaces are thin,
scalable and capable of being easily integrated. Here, we present a novel
approach for SPP excitation based on scalable ultrathin plasmonic metasurface
which is able to provide a fully variable and independent control of phase and
amplitude of excited SPPs. For our demonstration of amplitude and phase
controlled SPP excitation we utilize two arrays of metasurfaces. Combining
both effects such as metasurfaces based on nanoantenna structures are able
to simultaneously tailor both the intensity and phase of SPPs. We arranged the
metasurfaces or nano-slits in a periodic pattern with a constant gradient. To
efficiently couple the incoming free space light into a SPP wave, it is important
to keep the distance between the nano-slits and plasmonic gold substrate as

small as possible because of the evanescently confined nature of SPP.

When optical tweezers — which allow for holding and moving microscopic
objects such as droplets, atoms and nanoparticles with the help of a highly
focused laser beam — were discovered in the 1970s, scientists were introduced
to a whole new field of research, where they could manipulate different
parameters of an incident light beam to exert non-conservative forces on the
illuminated object. With further advancements in research, scientists were
able to transform the optical tweezer in to a powerful tool with crucial
manipulative properties on micro and nanoparticles in various scientific fields.
With the help of the increased and improved usability of the optical tweezer,
scientists could now tap in to the potential of sorting, trapping and binding of
particles on a micro and nanoscale. This opened further pathways in scientific
research, with applications across a diverse range of fields in biology,

biomedicine, microfluidics — which refer to the behavior, control and
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manipulation of fluids by micro components in the fields of engineering,
physics, chemistry, biochemistry, biotechnology and nanotechnology — and
colloidal science, where minuscule particles are evenly distributed in a mixture
of two or more substances. Study and research on optical pulling forces is also
an integral part in disciplines such as biophysics, atom physics and quantum
science technology. The application of exerting pulling forces is not limited to
only beams of plane polarized light, but also reaches out to other wave forms

including acoustic, water and quantum matter waves.
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As we delve further in to the Information Age, where accessibility and usability
of data and information is progressing faster than at any time in the past,
mankind is being equipped with increasingly powerful tools to study and
research using all the data and information, which has made the possibilities
greater than ever before. In this flow, research on optics can lead to newer and
greater discoveries, and the work demonstrated in this paper can provide the
base for further research in the future to realize achievements on a variety of
topics, such as the analysis of biomolecules by the sorting of particles in an
inhomogeneous mixture. Our work can also assist in levitation dynamics in
optomechanical systems, and active and passive feedback schemes for
realizing quantum mechanical superposition — one of the fundamental
principles of quantum mechanics which states that much like waves, any two
quantum states can be added together and the result will be a superposed and
valid quantum state, represented as the sum of the other distinct quantum
states. Moreover, ground state cooling can be researched and realized based
on the findings of our work, as well as the coherent manipulation of
mechanical systems — which is a method based on quantum mechanics which
allow for controlling quantum interference phenomena by shaping the phase
of laser light pulses. Furthermore, because research on optical pulling force
constitutes counterintuitive phenomena compared to traditional manipulative
techniques, the strong physics underlying optical pulling forces allows us to
include the progresses in the counterintuitive left-handed optical torque and
lateral optical force as further extensions of our demonstrated pulling force,

which can prove to be pivotal to the discovery of remote mass transportation,
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and even potentially add to the two Nobel Prizes in Physics awarded to optical

force and manipulation researchers.
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Over the years, as technology progressed, more and more fields of research on
optics have opened up. Ever since tractor beams were first discovered in the
early 1930s, it has come a long way. Today, with the help of modern
technology and tools at our disposal, we can use the mechanical properties of
light to guide, control, and manipulate objects on micro, nano and even atomic
levels, according to user defined parameters and requirements. As research
has progressed in the field of optics, so has its potential, and in our research,
we have used the knowledge of optics to observe how an optical tractor beam
— composed of the superposition of two electromagnetic waves (whose energy
is spatially concentrated) also known as Surface Plasmon Polariton (SPP) waves
— can exert a pulling force on spherical nanoparticles belonging to dielectric,
chiral and plasmonic natures. Our research enabled us to study and present
how the optical tractor beam composed of the two confined SPP waves was
excited over the on-chip base with the help of a beam of plane polarized light
propagating on to the base vertically upwards from underneath it and hitting
the center of the lower dielectric substrate before travelling through to the
center of the upper plasmonic substrate. The two arrays, each made of gold
(Au) and comprised of 30 nano slit-like structures — gradually rotating at
increased angles from top to bottom — called metasurfaces, played a crucial
role in manipulating the propagating surface waves. We observed that in order
to demonstrate a pulling force exerted on the spherical nanoparticle lying atop
the base, the incident beam of plane polarized light had to be of a non-paraxial
nature, or in other words the beam had to be perpendicular to the axis of our
optical system. Although the incident beam of plane polarized light being of a
non-paraxial nature is a hypothetical requirement, this issue can be addressed
and counteracted upon by creating an interference field, which can be formed
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by the superposition of the SPP waves along with the induced effect within the
spherical nanoparticle and the substrate, as a result of which the backward
pulling force was realized. This backward pulling force was obtained within a

certain diameter range (the Mie range) of the spherical nanoparticle.

For our research, we proposed and simulated a design for on chip
configuration which consisted of a meta surface — for generating non-paraxial
surface waves — as well as a surface plasmon polariton (SPP) — which has the
ability to direct light in the sub wavelength scale and allowed for the possibility
to realize a pulling force on all objects, with all objects being spherical
nanoparticles having dielectric, plasmonic and chiral properties. Our substrate
consisted of two arrays made of gold (Au) and spaced Aspp/2 apart, each having
30 nanostructures known as metasurfaces. All the nanostructures on both
arrays were gradually rotated at increasing angles from top to bottom, which
allowed for the generation of a pair of SPP waves on the gold surface of the
chip. An incident beam of plane polarized light was also directed vertically
upwards from underneath the chip so that it hit the center of the lower
dielectric substrate first and then the center of the upper plasmonic substrate,
in order to facilitate the generation of the SPP waves. The SPP waves were also
superposed with the induced effect within the spherical nanoparticle and the
substrate, which created an interference field in the y direction. The SPP waves
propagating in the x direction, the interference pattern created in the y
direction and the decaying in the z direction created a source of SPP cosine
beam. The metasurfaces on the chip allowed for the amplitude and phase of
surface waves to be controlled in such a way that the exerted SPP waves were

made able to pull all objects on the chip towards the source of radiation.
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During the course of our research, we designed our configuration and carried
out simulations on Comsol Multiphysics, and verified our findings by running
the simulations again on Lumerical FDTD. Our design consisted of a plasmonic
substrate at the top having a thickness of 100x10° m, which was placed over a
dielectric substrate at the bottom having a thickness of 200x10° m. Both
substrates were placed in the air medium, and had widths of 11.2x10® m and
3.2x10°° m respectively. A spherical nanoparticle was also placed slightly above
the plasmonic substrate, with the vertical gap between the particle and the
substrate being 30x10° m. There were also two arrays consisting of 30 nano
slits each for a total of 60 nano slits on our chip, which were rotated at angles
gradually increasing from top to bottom. This arrangement of the two arrays of
nano slits enabled the two waves to get excited and launched with an angle 6
both below and above the horizontal from the top and bottom regions of the

arrays. The angular difference between the two arrays of nano slits on the chip

. . . .
was set at E in order to maintain a constant magnltude across the two arrays.

The horizontal distance between the particle and the midpoint of the
metasurface arrays was set at 1.5x10® m. Using the tools built in to Comsol
Multiphysics, we changed the surface material and material property of the
spherical nanoparticle between dielectric, plasmonic and chiral natures. The
beam of plane polarized light hitting the chip vertically upwards from
underneath the substrates created a surface wave SPP on the upper plasmonic
substrate at its metal-dielectric interface. The two arrays of metasurfaces on
the chip enabled the modulation of both the phase and the amplitude of the
generated SPP waves. This made the SPP waves non paraxial enough so that

they could pull the object towards the radiation source.
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After running multiple simulations on our chip where an incident beam of
plane polarized light travelling vertically upwards struck the center of the
lower dielectric substrate first and then the center of the upper plasmonic
substrate from below, and by varying the diameter of the dielectric, plasmonic
and chiral nanospherical particle on both Comsol Multiphysics and Lumerical,
we observed that non-paraxial SPP waves exerted optical pulling forces for all

three particle types over a certain diameter range — the Mie range.
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