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Abstract

Along with energy and linear momentum, angular momentum represents the most fun-
damental properties of light. These effect of these properties in various light-matter inter-
actions become much more prominent upon focusing of the optical field to a small region.
As a result, at the microscopic scale, the interaction of focused optical fields and the corre-
sponding angular momentum of light with matter, broadly known as spin-orbit interactions
(SOIs), can lead to various effects such as directional scattering, inter conversion of angular
momentum as well as micro manipulation. On the other hand, illuminated optical fields in-
tensity lead to optothermal heating of metallic objects, which can be utilized to trap as well

as manipulate colloidal particles through thermophoresis, thermos-osmosis effects.

In this thesis, broadly divided into two parts, we will discuss how these interactions can
be modulated by the characteristics of the focal optical field properties. The first part dis-
cusses the numerical and experimental results on how angular momentum characteristics of
the focal optical fields can be investigated by studying the forward scattering of a strongly
focused optical field and the resultant SOIs. The second part involves discussion on the
optical trapping and optothermal heating due to these optical fields, which leads to uncon-

ventional dynamics of thermally active colloids.

Firstly, we address the question on how the polarization dependence of the Fourier plane
scattering pattern can be utilized for simultaneous detection of spin and orbital angular mo-
mentum of light. In addition, we will discuss how the Fourier plane intensity distribution
of the scattering of strongly focused linearly polarized light from a quasi-one-dimensional
monocrystalline silver nanowire can be utilized to study the focal optical field characteris-
tics. Through both numerical and experimental studies, we show detection of longitudinal

spin density as well as the consequent optical spin-Hall effect.
The following part discusses the optothermal heating due to focused and defocused opti-

cal field and its effect on the interaction with thermally active colloidal particles. We show

that the thermophoretic behavior of the thermally active colloids can be exploited to form

vii



self-evolving dynamic assembly of the colloids for defocused laser beam illumination. Fur-
thermore, it has been shown that polarization plays a key role in structural orientation of
these assemblies. Driving these active colloids using optical orbital angular momentum also
leads to collective dynamics, which unlike passive colloids, slows down and forms a col-

loidal matter while undergoing rotational motion.

The thesis concludes by summarizing the key experimental results and outlines some possi-

bilities for extrapolation of the results for future studies.
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Chapter 1
Introduction

It is well known that a light beam carries energy and momentum, quantified by its Poynting
vector [1]. Additionally engineering the phase and polarization of the beam can give rise to
angular momentum which can be further subdivided into spin angular momentum (SAM)
and orbital angular momentum (OAM) [2, 3]. These parameters play a crucial role in all
light matter interaction [4]. For example, strong optical field at the focus of an objective
lens and the resultant light-matter interaction at the interface of a colloidal particle’s surface
and the environment facilitates gradient optical force [5—7]. As a result the colloid undergoes
trapping and manipulation depending on the intensity, polarization and phase profile of the
beam. Interaction of the focal field with a metallic object can also lead to scattering of the
optical field. Further, the scattered light profile bears the property of the incident beam as
well as the scatterer. This effect has been exploited to investigate optical spin-Hall effect [8—
13], orbital-Hall effect [14], directional scattering [15—18], as well as angular momentum
inter-conversion [19-22].

The light matter interaction with metallic structures can also lead to generation of sur-
face plasmon polaritons — a coupled oscillation of surface charge densities with the incident
wave, owing to the availability of free electrons [23, 24]. The consequent sub-wavelength
field confinement in metals and plasmonic cavities have been utilized to trap colloids [25],
investigate molecular vibrational modes [26, 27], fluorescence detection [26—29] as well as
single molecule detection [30-33]. The photon-phonon interaction in metallic objects can
generate temperature fields [34, 35]. The resulting optothermal interactions in a fluidic en-
vironment with colloidal particles lead to temperature driven migration which may involve
multiple processes such as thermophoresis [36-38], thermo-osmosis [39, 40], temperature
induced depletion [41] to name a few. In recent years these processes have been studied
to investigate the non-equilibrium processes [42] and extensively harnessed for low power
optothermal trapping and manipulation [43] as well as reconfigurable nanofabrication pro-
cesses [44, 45].



2 Chapter 1. Introduction

To this end, in this thesis we investigate how the light-matter interaction at nano /micro-
scopic scale depends on characteristics of the focal optical field. Specifically, we present ex-
perimental and numerical results on forward scattering assisted investigation of focal optical
fields from a single crystalline silver nanowire and show simultaneous detection spin and or-
bital angular momentum as well as spin-Hall effect from linearly polarized light scattering
and angular momentum interconversion. We also present results on optothermal interac-
tions due to trapping and heating of thermally active colloids in different optical excitation
conditions.

In what follows, we discuss various parameters of optical fields that play crucial roles in

most light-matter interactions and give an overview of different effects.

1.1 Properties of an optical field

An optical field can be characterized by its intensity profile, its phase distribution as well
as its polarization state [4]. The intensity characterizes the energy (per photon hc/\) and
amplitude carried by the optical field. On the other hand, the phase distribution and its polar-
ization state can modulate the linear momentum and angular momentum constituent of the
optical field. Angular momentum of an optical field can be further subdivided into two parts
— spin angular momentum (SAM) and orbital angular momentum (OAM) [3]. Engineering
the polarization state of any optical field can lead to generation of spin through its two or-
thogonal left circularly polarized (LCP, o) and right circularly polarized (RCP, o_) states
[46]. Similarly, engineering the phase distribution of any optical field can generate orbital
angular momentum (OAM) [2, 46]. As an example, Laguerre-Gaussian (LG! , [ azimuthal
index and m radial index) beams, commonly known as vortex beams have helical phase
profile through its azimuthally varying phase term i.e. exp(il¢) (¢ azimuthal coordinate and
[ an integer) and possess corresponding orbital angular momentum state quantified by the

topological charge [.

1.1.1 Spin and Orbital flow density

For an optical field with electric field components (E = (E,, E,, E,)) and magnetic field
components (H = (H,, H,, H.)), its momentum density (p) is proportional to the Poynting
vector (S) and can be subdivided into its spin flow (ps) and orbital flow constituents (po)
[47].
pxS= %Re[E* x H], (1.1)
9

Py = o Im[V x (E* x B+ H* x H)| o< —e, x V.5, (1.2)
W
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Po = o-Im[E" - (V)E + H' - (V)H]. (1.3)

here, g = (87)~! and w is the oscillating frequency and c is speed of light in vaccum.

For paraxial beams, the spin flow density (SFD, ps) is a transverse 2D vector field. The
physical origin of spin flow is due to rotation of field vectors at each point of the field. It can
be understood by considering a simplified picture as shown in fig. 1.1 (a). The situation is
equivalent to energy circulation in microscopic loops, which get canceled out if the adjacent
cells are identical. The cancellation does not occur whenever there is an inhomogeneity such
as at the beam boundary or for transversely inhomogeneous beam (such as Gaussian beam)
and results in a net energy flow. Consequently, SFD is proportional to the transverse gradient
of the fourth Stokes parameter [48] (i.e., < V53, s3 = I,, — I,_, I 18 intensity), as shown
in equation (1.2). Fig. 1.1 (b) shows the calculated pg for left-circularly polarized (LCP, o)
and right circularly polarized (RCP, o_) Gaussian beams (intensity profile in inset). Arrows
indicate the sense of the spin energy flow.

On th other hand, the orbital flow constituent (p,) of the angular momentum can be
obtained from equation (1.3). For a beam carrying only orbital angular momentum (for
OAM beams p = p,) the transverse orbital flow density (p2) originates due to transverse

projection of the momentum vector p,, i.e., p o V¢, as shown in fig. 1.1 (c). The

(a)

Circulation (C) A

cells

Resulting V.55(r) A N ; il f
circulation F

(b) ) LCP RCP
Ps

0.3

-0.3

FIGURE 1.1: Transverse energy flow of light beams. (a) The origin of spin flow density can be
physically understood by considering microscopic energy loops due to finite boundary of a beam
as well as transversely inhomogeneous circularly polarized beam. (b) Numerically calculated
spin flow density for left and right circularly polarized Gaussian beam. Inset shows the beam
intensity profile. (c) Transverse orbital flow density originates from transverse projection of
the momentum vector. (d) Numerically calculated orbital flow density for LGé beam. Inset
shows the corresponding intensity and phase profile. Figure (a) has been adapted from [47] with
permission.
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longitudinal projection represent the corresponding linear momentum carried by the beam.
Fig. 1.1 (d) shows orbital flow density (p(f) of a paraxial LG}) beam and the inset shows
corresponding phase and intensity profiles. The orbital energy flow magnitude and sense
depends on magnitude and sign of the topological charge respectively.

In addition to this, focusing of optical fields by means of an objective lens also plays
a crucial role in its intensity distribution, polarization as well as phase. These parameters
individually or collectively play a key role in all light-matter interactions. In the following

section we discuss some prominent examples.

1.2 Examples of light-matter interactions

1.2.1 Optical trapping and manipulation

One of the most prominent examples of light-matter interaction results from radiation force
imparted on a micro particle and consequent optical trapping, first demonstrated by Arthur
Ashkin [5-7]. It has proven to be a pioneering techniques for high-resolution and three-
dimensional manipulation of micro/nano objects. Additionally, introduction of holography
has enhanced the versatility of tweezers, where optical intensity, phase as well as polariza-
tion has been modulated to manipulate objects and form reconfigurable assemblies [49-51].

The interaction at the particle-environment interface with a focused intense optical field
facilitates a gradient optical force, leading to trapping of the particle at the beam center [52].
In addition, the particle also experiences a scattering force proportional to the Poynting
vector of the optical field as shown in fig. 1.2 (a). For a spherical colloid of radius R < A
under the influence of an optical field, the time averaged radiation force ((F)) can be given
by [52]:

1 1
<F> = ZEQETRC(OJ)V|E|2 + 560€TIIT1(OZ)IH1 (Z E;‘;VETL> (14)

where o(w) represents the complex polarizability of the colloid and n = (z,y, z). The fist
term in equation (1.4) represents the gradient optical force and the second represents the
contribution of scattering force.

A colloid undergoing Brownian motion in a fluidic environment undergoes optical trap-
ping under at the center of a focused Gaussian beam under the influence of the gradient
optical force. Fig. 1.2 (b) shows a trapped dielectric melamine formaldehyde colloid due
to a focused Gaussian beam at A = 532 nm at laser power ~ 40 mW. The position of the
trapped colloid was tracked with the help of video microscopy and the corresponding po-

sition distribution (p(z)) is shown in fig. 1.2 (c). Since the trapped colloid is in thermal
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FIGURE 1.2: Optical trapping (a) The optical force at the center of a focused optical beam can

be subdivided to optical gradient force (Fy,qq) and scattering force (Ficqr). (b) Position distri-

bution of a trapped 1 ym polystyrene dielectric colloid due to A = 532 nm focused beam. Inset

shows the micrograph of the trapped colloid. (c) The corresponding optical gradient potential

and trap stiffness can be obtained by analysing the position distribution and fitting it with har-

monic function. (d) The mean square displacement of the trapped colloid and corresponding
trap stiffness. Figure (a) is reproduced from [53] with permission.

equilibrium with the surrounding, the corresponding gradient optical potential (U(x)) can
be obtained by:

U(x) = —kpT log[p(x)] + Uo (1.5)

where, kp is Boltzmann constant, 7" system temperature and U, is a constant. The cor-
responding trap-stiffness (k,) of the colloid can be obtained by fitting the gradient optical
potential with a harmonic function, i.e., U(z) = 1 k, (z — z¢q)?, Where z., is the equilibrium
position. Alternatively, trap stiffness can also be obtained by calculating the mean squared

displacement (MSD) of the trapped colloid and fitting it with the equation:

kT

MSD, (1) = ([z(t + 7) + z(t)]*) = 2 (1 —elml/mer) (1.6)

where, 7 is the lagtime and trap characteristic time 7,, = 7/k,, v being the friction co-
efficient. Fig 1.2 (d) shows the fitted MSD. In both cases, the obtained trap stiffness is
approximately ~ 2.7 pN /um, indicating the corresponding gradient optical force is in ~pN

order range.



6 Chapter 1. Introduction

1.2.2 Generation of surface plasmons and optothermal heating

In metallic objects, the interaction of the time harmonic electromagnetic wave intensity and
polarization with the free electrons in the surface leads to coupled oscillations of surface
charges and consequent generation of surface plasmons (SPs) at the metal dielectric inter-
face [23, 24]. SPs are sub-wavelength confinement of light at the metal-dielectric interface
and evanescent in nature due to large negative permittivity value of metals (see fig. 1.3
(a)). Depending on the nature of the incident field and the geometry of the metallic object,
it is possible to generate localized surface plasmon modes or propagating surface plasmon
modes, also known as surface plasmon polaritons (SPPs). SPPs have been utilized for plas-
monic waveguides [54-56], plasmonic tweezers [25, 57] as well as sensing applications [26,
30, 32].

The light-matter interaction with metallic objects can also lead to generation of heat due
to photon-phonon conversion termed as optothermal heating [34, 58]. Fig. 1.3 (b) shows
finite element method numerical simulation of generated temperature on a metallic 15 nm
Fe,O3 nanoparticle (NP) placed on glass substrate in water environment, due to focused
Gaussian beam excitation at power 30 mW. The optically induced thermal field has been
greatly utilized in the field of thermoplasmonics [34]. Additionally, in fluidic medium with
colloidal particles and/or solute molecules the optothermal trapping mechanisms have been
employed through thermophoresis[36, 38], thermo-osmosis [39, 40] as well as depletion
effects [41]. These mechanisms have enabled low power trapping manipulation [43] as well

as wealth of information about the associated non-equilibrium mass transport processes [42].

1.3 Angular momentum mediated interactions

The transverse energy flow associated with the optical beams possessing angular momentum

and their interaction with matter have been extensively studied in the context of spin-orbit
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FIGURE 1.3: Generation of surface plasmon and heat. (a) Schematic of generation of surface
plasmons at metal-dielectric interface and its evanescent decaying nature. (b) Optothermal heat-
ing of an F'eoO3 nanoparticle of diameter 15 nm due to focused 532 nm excitation.
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and orbit-orbit interactions (SOI) [59, 60]. It has also led to discovering various phenom-
ena such as directional scattering [17], angular momentum interconversion [19] as well as
advancement of technologies related to optical communication [61, 62] and optical manip-
ulation techniques [19, 49, 50].

To that end, we discuss the following effects related to the optical angular momentum

mediated interaction:
1. Angular momentum mediated scattering

2. OAM controlled optical manipulation

1.3.1 Angular momentum mediated scattering

At sub-wavelength scale, the scattering direction is dependent on the Poynting energy flow
of the incident optical beam [60]. Specifically, transverse energy flow mediated by the cir-
cular polarization of a Gaussian beam and helical phase of a LG beam play a critical role
in light-matter interaction with a scattering object. The resulting spin energy flow or orbital
energy flow mediated shift upon reflection or transmission as well as scattering have lead
to investigation of spin-Hall [8, 10] and orbital-Hall effects [14]. The effects are optical
equivalence of electronic spin-Hall effect exhibiting spin-dependent trajectory of electrons
[63, 64]. Fig. 1.4 (a) shows an example photonic spin-Hall effect, where interaction at gold
metasurface leads to generation of spin dependent directional surface plasmon polaritons
[15]. Similarly, interaction of orbital angular momentum carrying beams with material en-
vironment can lead to directional scattering depending on the sign of the topological charge,
termed as orbital angular momentum Hall effect or in short orbital-Hall effect. Fig. 1.4 (b)
exhibits orbital angular momentum dependent preferential scattering due to interaction of
linearly polarized (y polarized) LGSEl beam with a with a monocrystalline silver nanowire
whose long axis is oriented along x axis (see schematic) [18]. The magnitude and sense of
the preferential scattering depends on the magnitude and sense of the topological charge.
Various such materialization of nanoscale spin-orbit and orbit-orbit effects have been
achieved to investigate photonic spin-Hall effect [17], directional scattering and coupling of

SPPs [16, 18] as well as angular momentum interconversion [19-22].

1.3.2 OAM controlled optical manipulation

While optical trapping of micro/nanoscopic particles enabled by strongly focused beam have
enabled studying optical forces and lead to application in bio-sensing as well as nanochem-
istry, the advent of holography have increased its versatility [49, 65]. This is enabled by

the presence of diffractive optical elements in the path of an incoming Gaussian beam and
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FIGURE 1.4: Angular momentum mediated direcitonal scattering. (a) Spin controlled direc-

tional SPP coupling mediated by gold metasurface. (b) Orbital energy flow mediated directional

scattering of y polarized LG{ beam from silver nanowire. Figure (a) is reproduced from [15]
with permission.

utilizes optical polarization and phase in addition to the optical intensity to increase the ver-
satility of optical tweezers. Such methods have been extensively used to manipulate trapped
colloidal objects and are known as holographic optical tweezers [66, 67].

Specifically, introduction of orbital angular momentum carrying beams such as LG
beams by introduction of spiral phase plates in the path of a paraxial Gaussian beam or
diffracting it from a appropriate diffractive element such as fork diffraction pattern or Fres-
nel zone plates [46, 68, 69], lead to transverse orbital energy flow mediated manipulation of
colloidal objects. In such cases, a trapped colloid in the optical vortex beam travels around
its circumference driven by the scattering force originating due to orbital energy flow. One
such example is shown in fig. 1.5. Fig. 1.5 (a) shows the beam intensity profile of an LG}
beam focused onto a glass substrate with 100x 0.95 NA lens. The corresponding time series
of orbital motion of a dielectric trapped 1 pm polystyrene colloid in water along the circum-
ference is shown in Fig. 1.5 (b). The time period of the rotation (w) can be calculated by
tracking the position distribution of the colloid using video microscopy and is found to be

w =~ 2.1 rad/s for this case at laser power ~ 6.4 mW.

1.4 Outline of the thesis

The work presented in this thesis investigates the light-matter interaction at micro-scale with
focused and polarized optical fields. Specifically, the modulation of optical polarization state
as well as the phase structure and the resultant optical spin and orbital angular momentum

has been utilized for investigation of spin-orbit interactions with a monocrystalline silver
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(a)

FIGURE 1.5: OAM controlled optical manipulation (a) Intensity profile of LG% beam at the
focus of 100x 0.95 NA lens. (b) Time series of orbital motion of a trapped 1 ym polystyrene
particle.

nanowire. On the other hand, utilization of optical intensity distribution as well as its linear
polarization state allow us to investigate optothermal interactions with self-heating thermally
active polystyrene colloids. Therefore, the thesis is broadly divided in two parts - Chapters
3 and 4 investigates the spin-orbit interactions upon scattering from a monocrystalline silver
nanowire and chapters 5 and 6 investigates the optothermal interaction of self-heating ther-
mally active colloids in the optical fields. In what follows we outline the structure of this

thesis and provide a short summary of each of the chapters.

Chapter 2: Methodology: experimental techniques and numerical calculations

First and foremost, this chapter discusses the various methodologies employed for setting up
experimental setup, acquisition of data as well as numerical calculations for corroboration
and explanation. More precisely, we have discussed the process for modulation of optical
phase distribution and consequent generation of Laguerre-Gaussian beams. Such beams
possess orbital angular momentum and therefore have been utilized for investigation of di-
rectional scattering. Subsequently, we have discussed the implementation of Fourier plane
imaging configurations for detection of directional scattering pattern as well as the archi-
tecture of the home-built two channel optical microscope employed for various experiments
presented in this thesis. In addition, we have discussed the numerical methods employed for
calculation of focal optical fields as well as geometry and module employed for execution

of full-wave finite element method based simulations.

Chapter 3: Scattering assisted simultaneous detection of spin and orbital angular mo-
mentum of light

This chapter addresses the question - whether it is possible to simultaneously and unambigu-
ously detect the spin and orbital angular momentum states of optical fields using a single
nanostructure. To address this, we study the interaction of circularly polarized Laguerre-

Gaussian beam with a monocrystalline silver nanowire (AgNW). The associated transverse
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energy flow results in angular momentum dependent directional scattering, which can be
detected by imaging the Fourier plane. The resulting intensity distribution has been ex-
tensively analyzed for extraction of angular momentum information as well as its spin and
orbital angular momentum constituents. The method bypasses the complexity of interfer-
ometry as well as nanofabricated metasurface based approaches and is a first observation of
single nano-object based unambiguous detection of spin and orbital angular momentum of
light.

Chapter 4: Experimental observation of optical spin-Hall effect and detection of lon-
gitudinal spin density of focused-linearly-polarized light

In this chapter we investigate the generation of longitudinal spin density due to focusing
of linearly-polarized Gaussian as well as Hermite Gaussian beams. It has been performed
by studying the scattered light from a monocrystalline silver nanowire and circular polar-
ization analysis of the signal. The resulting circular polarization dependent anti-symmetric
scattering pattern indicates existence of spin-Hall effect. In addition, the resulting far-field
longitudinal spin density is significantly enhanced for Hermite-Gaussian beam compared to
the Gaussian beam. The studies are corroborated with focal optical field calculations and

finite element method numerical simulations.

Chapter 5: Investigation of optothermal interactions of active colloids in focused and
defocused Gaussian beam

This chapter utilizes the optical intensity distribution as well as its polarization state to in-
vestigate optothermal interaction of self-heating iron-oxide nanoparticle infused polystyrene
active colloids. The thermophoretic as well as self-thermophoretic behavior of the col-
loids have been investigated to ascertain their dynamics in the optical field which shows a
long-range attraction and a short-range repulsion between the colloids. The optical gradient
field enabled attraction and the short-range repulsion between the active colloids have been
harnessed to form reconfigurable dynamic assembly. In addition, the assembly undergoes
self-evolution as a new colloid joins the structure. Further, we show that the incident polar-
ization state of the optical field can be employed as a parameter to modulate the direction of

self-thermophoretic motion as well as the structural orientation of the active colloidal matter.

Chapter 6: Orbital angular momentum driven collective motion of active colloids

The aim of this chapter is to investigate the collective dynamics of the assembly of active
colloids. To this end, the self-organization and collective motion of polystyrene thermally
active colloids driven by orbital energy flow of Laguerre-Gaussian beams has been studied.

In doing so, we harness the self-heating and thermophoretic nature of the iron oxide infused
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polystyrene colloids to investigate the interparticle interactions of colloids undergoing or-
bital motion in the illuminated optical field. The resulting short-range repulsion leads to
self-evolution of the formed colloidal matter as a new colloid joins the assembly. Conse-
quently, the characteristic collective motion also undergoes modifications. The results have
been further investigated by studying their dynamics with respect to increasing laser power
as well as introducing a passive dielectric colloid in the assembly, therefore, by modulation
of the optothermal interactions.

Chapter 7: Conclusions and future directions

The thesis concludes with this chapter. In this chapter we have summarized the experimental
results and the key findings of the work presented in each of the chapters. In addition, for
each of the parts - investigation of spin-orbit interactions and investigation of optothermal
interactions of active colloids, we provide an outline for extrapolation of the results for

future studies.






Chapter 2

Methodology: experimental techniques

and numerical calculations

The various light-matter interaction processes and examples described in the previous chap-
ter has not only fundamental importance but also covers a vast realm of technological ad-
vancements. For example, optical tweezers have been extensively used in bio physics to
study visco-elastic properties of biopolymers [53, 70], as well as single protein molecules,
and study cell dynamics [71]. It has also been implemented for mimicking micro motors and
studying Brownian dynamics as well as non-equilibrium thermodynamics [72, 73]. On the
other hand, angular momentum of light has been extensively studied in context of spin-orbit
and chiral light-matter interaction [60], and shown to have great potential for future optical
communication devices [61, 62].

The interaction between the characteristic properties of light and matter becomes much
more prominent in the sub-wavelength and wavelength-scale limits. For example, strong
sub-wavelength confinement of light has enabled investigation of molecular species [27,
33], and cellular structures [74], and scattering from sub-wavelength scale structures have
enabled diffraction as well as directional scattering [12, 13, 15]. Therefore, investigation of
these light-matter interaction mediated phenomena require high resolution microscopy. In
our experimental configuration, this is provided by incidence as well as collection of optical
field through high numerical objective lenses. The architecture has enabled precise and
selective excitation as well as high resolution acquisition of the desired signal to study the
interactions. In addition, the exact nature of the light-matter interaction can be modulated by
varying the polarization state of the incident beam as well as the phase, thereby generating
structured optical fields.

We have employed Fourier plane (FP) imaging capability with our microscopy, which
gives us information about the anisotropy of the emitted/scattered light over a large angular
range [4, 75]. This is implemented by imaging the back focal plane of the collecting objec-
tive lens through relay optics and projecting onto a charge-coupled device (CCD) [76, 77].

This signal bears the signature of the incident optical field, the scatterer placed at the focal

13
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plane, as well as the nature of the interaction. The analysis of the collected data can give
us information of the directionality of the scattered light as well as its polarization state -
therefore, enabling us to tailor the light matter interaction accordingly.

The exact nature of the interaction depends on the characteristics of the optical field at
the focus. To get an insight into the nature of the optical field at the focal plane, we have
employed Debye-Wolf integral formulation to calculate the field intensity as well as polar-
ization distribution [4, 78]. In addition, we have employed finite element method (FEM)
based full-wave scattering formulation for numerical investigation of the light-matter inter-
actions. FEM have been also employed to investigate opto-thermal interaction in fluidic
environments.

To this end, in this chapter, I will discuss the experimental and numerical techniques
employed to investigate various light matter interactions. The first part of the chapter will

focus on the experimental configuration used for different studies, namely,
* Phase modulation and generation of structured fields
* Fourier plane imaging technique
* Architecture of the microscope.

The second part will focus on various numerical techniques employed to corroborate the
studies as well as understand the mechanisms. This part will be further subdivided into two

subsections:
* Calculation of focal optical fields.

¢ Finite element methods simulations

2.1 Experimental configuration

2.1.1 Phase modulation and generation of structured fields

A Gaussian beam has a plane wavefront at its beam waist, representing that phase is con-
stant at each point in the plane transverse to the propagation direction. As a consequence
a Gaussian optical field does not contain any phase singularities i.e., a point or region of
zero intensity within the beam envelope around which the phase of the field circulates. In
contrast, beams such as Laguerre-Gaussian beams (LGﬁn, | azimuthal order, m radial order)
or Hermite-Gaussian (HG,,,,,, m, n nodal line along z, y respectively) possess phase sin-
gularities or nodes. These beams are solutions of the paraxial wave equation in cylindrical

coordinates and known as higher-order Gaussian modes.
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We will look at the specific case of Laguerre-Gaussian beam. An LG beam is given by

the equation,

|2]
ufn(r, ¢) x (%) L‘Tlr'b (i—?) exp( r* ) exp(ilo) 2.1

CL)OZ

where, wy is the beam waist radius, L s associated Laguerre polynomial function, exp(il¢)
expresses the linear variation of the phase with azimuthal angle ¢. [ is termed as topolog-
ical charge or the azimuthal order and indicates the number of twists the helical wavefront
undergoes within a wavelength [46, 69]. The magnitude of the orbital angular momentum
carried per photon is given by [A.

Therefore, the beam can be produced by modulating the azimuthal phase of a conven-
tional Gaussian beam i.e, imparting a azimuthal phase term exp(:l¢) leading to helical wave-
front. One approach of preparing such a beam with helical phase pattern is to pass a plane-
wavefront Gaussian beam through an optical element with helical surface known as spiral
phase plate as shown in fig. 2.1 (a). It is a transmission element of helicoidal nature, which
imparts an azimuthally dependent phase relation on an incident plane wavefront, preserving
the beam propagation direction. Alternatively, it is possible to design and fabricate complex
diffractive optical elements which can mimic any desired refractive element, with the draw-
back of working at only single wavelength. On axis spiral Fresnel zone plates is a prominent
example [68]. On the other hand, advent of spatial light modulators, offer great advantage as

these are liquid crystal operated devices, which can not only be programmed to impart and

FIGURE 2.1: Generation of Laguerre-Gaussian (LG) beam. (a) Modulation of azimuthal phase

of a Gaussian beam having plane wave front can be achieved via spiral phase plates. (b) Diffrac-

tion of Gaussian beam through Fork hologram leads to generation of LG beams. Figure (a) is
reproduced with permission from [46] and (b) is from [79].
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FIGURE 2.2: Generation and implementation of fork diffraction holograms in SLM. (a) Fork

diffraction pattern can be generated by adding azimuthal phase distribution to a linear ramp and

expressing the sum as modulo 27. (b) Corresponding intensity distribution of generated LG(l]

beam. (c) Implementation of phase modulation by employing a SLM. Figure (c) is reproduced
with permission from [81].

create different wave fronts, but can also have a large range of operating wavelengths [46].
Projection of appropriate diffraction patterns onto these devices are done through a video
interface of a computer and the desired optical fields are produced at the first diffraction
order as shown in fig. 2.1 (b).

The diffraction pattern is generated by adding a desired phase distribution (of the desired
beam) to a linear ramp and the sum expressed as modulo 27. Fig. 2.2 (a) shows the genera-
tion of forked diffraction grating [80]. The corresponding LG beam pattern is shown in fig.
2.2 (b). A central dark intensity region indicates the phase singularity. Fig. 2.2 (c) shows the
typical off axis operation of a SLM [81]. The linear polarization of the incoming beam is
aligned with respect to the extraordinary axis of liquid crystal. The SLM used in our exper-
iments have resolution 1024 x 768 with pixel pitch 19 m. The manufacturer calibrates the
SLM at each pixel to have a linear response to the control voltage, given by a 8-bit number
which indicates the gray level of the projected hologram pattern. The first order diffraction
pattern is filtered out with the help of an iris and routed to the microscope objective with the

help of mirror and lenses.
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2.1.2 Fourier plane imaging technique

Fourier plane microscopy has emerged to be an important tool to study emission and scatter-
ing properties of nano-photonic systems such as quantum emitters, optical nano structures
and associated light-matter interactions [4, 75, 76]. For example, it has been employed to
ascertain orientation of single molecules [82] as well as directivity of optical antennas [27]
with the common goal of quantitative measurement of angular radiation spectrum. In typ-
ical microscopy setup, the Fourier plane (FP) information is obtained by imaging intensity
distribution at the back focal plane (BFP) of an objective lens [75-77].

The optical field emanating from the focal plane of the lens can be represented by a
weighted sum of plane wave components, traveling along different directions angles given
by (0., 0,). An objective lens separates these plane wave components and transforms them
into paraboloidal waves which converge to a point at the back focal plane of the lens [75].
As shown in the fig. 2.3 (a), any plane wave traveling along direction given by the angles
(0, 0,), is focused onto a point (6 f, 8, f), f is the focal length of the lens. Therefore, each
direction is mapped by a point in the back focal plane (BFP) of the objective lens and hence
gives us information about the angular radiation spectrum. In a high-resolution microscopy
setup, the emitted/scattered light collected with the help of an high numerical aperture ob-
jective lens and the corresponding Fourier plane is projected to an external imaging device
by means of external optics.
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FIGURE 2.3: Concept and implementation of Fourier plane imaging. (a) Schematic showing

transformation of emanating plane waves from a focal plane of a lens to paraboloidal waves due

to a lens, and their convergence to points, hence mapping the direction. (b) 4 f configuration for

imaging of the Fourier plane using three components, namely objective lens, tube lens (TL) and

Bertrand lens(BL). k; and ko are wave-vectors, frr and fpy are focal lengths of TL and BL
respectively. Figure (a) reproduced with permission from [75].
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FIGURE 2.4: Architecture of the microscope. A two-channel optical microscope is employed

for the experiments. The upper objective lens (NA1) is used to focus incident CW laser at

wavelength A = 633 or 532 nm and lower higher numerical aperture objective lens (NA2,

NA2 > NA1) collects the desired signal. Incident laser can be structured by employing a SLM.

The power is modulated by using a combination of half-wave plate (HWP) and polarizing beam

splitter (PBS). The collected light is routed towards the detection device with the help of mirrors
and lenses. M1-M5: mirros, L1-L4 lenses.

Implementation: Fourier microscopy typically involves three components: a micro-
scope objective along with a tube lens and a Bertrand lens, which acts as a two-lens optical
system used to image the BFP of the objective lens. Fig. 2.3 (b) shows an implemented 4 f
configuration for imaging the BFP [76]. In 4f configuration, a tube lens (TL) is placed a
focal length (fr;) away from the BFP of the objective lens. TL transforms the collected FP
from the BFP of the objective lens to real plane image. Another lens, termed as Bertrand
lens (BL) is placed focal length (fp;) away from this real plane, which transforms this in-
formation back to FP at fz; away and projects onto a CCD. Therefore, the light emanating
from the focal plane in a given direction is focused onto singular points (k1) at the FP, hence,

allowing us to measure the wave-vector distribution of the optical field of interest.
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2.1.3 Architecture of the microscope

The experimental configuration implemented for various light-matter investigations prsented
in this thesis, is shown by the schematic in fig. 2.4. A home-built two-channel microscopy
system has been used for the studies. The setup consists of two objective lenses with lower
objective lens (numerical aperture NA2) having larger numerical aperture than the upper
objective lens (NA1), i.e., NA2 > NA1. The experiments have been performed in the trans-
mission configuration i.e., upper objective lens is used for excitation of the sample placed
on a piezo stage and the lower objective lens has been used to collect the desired signal.
The experiments have been performed with continuous wave (CW) laser illumination at
wavelength A = 532 or 633 nm. The laser can be directly used for experiments with Gaus-
sian beam or can be routed towards an off axis phase-only spatial light modulator (SLM)
with the help of mirrors (M) for experiments related to structured beams. A combination of
half-wave plate (HWP) and polarizing beam-splitter (PBS) has been used to modulate the
incident laser power. The polarization of the incident beam can be modulated with the help
of half-wave plate (HWP) or quarter-wave plate (QWP). The collected signal both in real
and Fourier plane is routed towards a charge-coupled device (CCD) using combination of
lenses (L) and mirrors (M). Additional placement of analyser, QWP as well as filters in the
collection path allows for investigation of various parameters of the optical field as well as
the system under study. In addition to the versatility of the operating parameters of the sys-
tem the experimental design allows us to independently modulate the focusing conditions of

the excitation beam from the collection path.

2.2 Numerical calculations

2.2.1 Calculation of focal optical fields

The nature of the light-matter interaction at microscopic scale is dependent on the nature
of the focal optical fields. Focusing of a paraxial optical beam through an objective lens
leads to complex non-paraxial distribution of the optical fields. To get an insight into the
nature of the focal optical fields, we have employed Debye-Wolf integral representation [4,
78, 83]. Considering an objective lens represented by parameters focal length f, numerical
aperture NA = ny sin(6,,,,) (n; refractive index of the medium), the focal optical field for
an incident paraxial beam with electric field amplitude E;,, and wave vector £ = k Z can be

obtained by,
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The formulation takes into account both the refraction of the paraxial beam at the lens
spherical surface (E,of(6, ¢)) as well as the focusing thereafter as shown by the geometry
in fig. 2.5 (a). t* and tP are the transmission coefficients corresponding to s and p polarized
electric field components respectively. n, and ng represents the unit vectors of a cylindrical
coordinate system whereas the unit vectors of a spherical polar coordinate are given by ny
and n,, origin of the coordinate system being the focal point (x,y, z) = (0,0, 0), as shown
in fig. 2.5 (a). nq and ny represent the medium refractive index.

Fig. 2.5 (b) shows the focal electric field intensity distribution (I = &, |E[*) due to
focusing of the paraxial x polarized Gaussian beam at wavelength A = 633 nm, propagating
along the z axis by 0.5 NA objective lens. The corresponding intensity distribution of the
x polarized (I, = ¢g ]EI\Q), y polarized (I, = ¢ |Ey]2) and z polarized (I, = &g \Ez\z)

constituent of the total electric field is shown in fig. 2.5 (c). In comparison to polarized
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FIGURE 2.5: Calculation of focal optical fields (a) Schematic of the focusing configuration. The

incident field (E;,) gets refracted by the spherical lens surface, with focal length f and leads to

generation of refracted field (E,ef). Consequent focal electric field components are given by

E = (E,;,E,, E,). (b) Focal electric field intensity distribution due to focusing of incident

x polarized Gaussian beam. (c) Corresponding intensity distribution of x, y and z polarized
component of the total electric field.
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paraxial optical fields, the vectorial nature of the focal optical fields are much more intense
owing to the stronger z component of the field, and therefore leads to generation complex
polarization structures. Calculation of focal optical fields allow us to investigate focal optical
field characteristics such as Poynting energy flow as well as its spin and orbital constituents.
The knowledge of focal optical fields also enables numerical investigation of the resultant
light-matter interaction mediated effects such as optical forces and optical heating as well

as inter-conversion of angular momentum components in specific cases [19].

2.2.2 Finite element method simulations

In addition to the calculation of the focal optical fields we have employed finite element
method simulations (FEM) to corroborate the experimental results, gain insight about the
optical interactions for effects such as directional scattering, optical forces as well as op-
tothermal effects. FEM subdivides a large geometry to finite elements through space dis-
cretization, achieved through meshing. Thereby, the concerned partial differential equations
are numerically solved in each discretized domain with appropriate boundary conditions by
minimizing an associated error function. For our studies, we employed commercial software
COMSOL Multiphysics 5.5 for FEM simulations. In the following paragraphs, we describe
a finite element method simulation geometry and results employed for investigation of elas-
tic scattering from silver nanowire.

For numerical investigation of light-matter interactions, Maxwell’s equations are numer-
ically solved. This is performed by incorporating the wave-optics module and solving it to
find the steady state solution. Fig. 2.6 (a) shows a typical geometry employed for investi-
gation of scattering of linearly polarized Gaussian beam from a plasmonic silver nanowire
(AgNW) [13]. AgNW have been modelled using a pentagonal cross-sectional geometry
of length 5 ym and width 350 nm, with refractive index set to Ag at 633 nm wavelength,
placed on a cuboid geometry set to mimic glass substrate. The Gaussian beam is set to inci-
dent through a port of 2.5 ym x 2.5 pum and the beam waist was kept ~ 633 nm to mimic the
focusing conditions. The entire geometry was meshed by employing tetrahedral meshing
with minimum dimension 50 nm. Appropriate scattering boundary conditions were applied
to avoid spurious reflections from the boundaries of the simulation geometry. This formu-
lation provides qualitative investigation of the problem and not an exact ones as it is very
difficult to mimic the exact strong focusing conditions, as achieved in experiments with the
help of objective lenses.

In addition to the geometry described in the previous paragraph, an inner cuboid geom-
etry of dimension 5.5 yum X 3 um x 2 um is employed for calculation of far-field scattering
pattern, given by the Fourier plane in experiments, based on reciprocity arguments [84]. It is
achieved by integrating MATLAB via livelink feature of COMSOL Multiphysics. Fig. 2.6
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FIGURE 2.6: Numerical calculation of scattered optical fields. (a) Schematic of the numeri-

cal simulation geometry. (b) Numerically simulated scattered electric field intensity distribution

at the focal plane (z = 0) corresponding to x polarized Gaussian beam incidence. (c) Corre-

sponding Fourier plane intensity distribution with collection numerical aperture set to 1.49 NA
is calculated by employing reciprocity arguments.

(b) shows the numerically calculated scattered near field electric field intensity distribution
at z = 0 plane for x polarized incident Gaussian beam (see [13]). Fig. 2.6 (c) shows the
corresponding forward scattered far-field intensity distrbution or Fourier plane intensity dis-
tribution where the maximum numerical aperture of collection is set to 1.49 NA, through the
glass substrate. The Fourier plane intensity distribution is plotted in k, and k, axes which
are basically the Fourier transform of the spatial coordinates (x and y axes). In the following
chapters we will discuss the implications of the wave-vector distribution through analysis of
the Fourier plane intensity distribution.

The numerically calculated optical fields can also be employed to calculate the optical
force on objects placed on the focal plane by employing Maxwell upward stress tensor
formulation and will be discussed in the context of optical trapping and binding in Chapter
5. On the other hand, opto-thermal interactions in fluidic environments are investigated by
coupling the heat diffusion equation with the Navier-Stokes equation. Within the COMSOL
Multiphysics 5.5 environment, it is achieved by interfacing the heat-transfer module with
the laminar flow module through non-isothermal flow coupling module. The results will

also be discussed in the context of opto-thermal interactions in Chapter 5.



Chapter 3

Scattering assisted simultaneous
detection of spin and orbital angular

momentum of light

Abstract:

In this chapter, I will discuss about preferential scattering from single nano-structure, namely
a mono-crystalline silver nanowire (AgNW) due to its interaction with optical beams having
transverse energy flow owing to their angular momentum state. Specifically, by employ-
ing Fourier plane (FP) microscopy, we show how elastic scattering pattern from AgNW
can be analyzed for the simultaneous detection of spin and orbital angular momentum of
incident optical beam. The method bypasses the complexity of interferometry as well as
nanofabricated metasurface based approaches and is a first observation of single nano-object
based unambiguous detection of spin and orbital angular momentum of light. This chapter
is an adaptation of the research article "Laser & Photonics Reviews 2022, 16, 2200049,
(arXiv:2111.14919)" [85].

3.1 Introduction and motivation

In an optical field, the spin angular momentum (SAM) is manifested through its circular po-
larization states and orbital angular momentum (OAM) is manifested through helical phase
front [2, 3]. SAM can have two orthogonal states corresponding to left- and right-circularly
polarized light, whereas OAM is theoretically unbounded with its infinite orthogonal states,
corresponding to the topological charge of vortex beams such as Laguerre-Gaussian beams
(LG! , I topological charge, m radial index) [46]. However due to finite aperture size, space-
bandwidth only finite number of basis states can be produced.

Hence, in recent years, deterministic sensing of SAM and OAM state of an optical field
has become a relevant problem. Detection of OAM in macroscopic scale has been achieved

through conventional interferometry [86—88], as well as diffraction [89-92] and projection

23
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o,/o_ LG}

Focal transverse energy flow

Glass

FIGURE 3.1: Schematic of the experimental configuration. An AgNW is placed on a glass
substrate and the scattered LG beam intensity distribution in the Fourier plane is analyzed to
determine the angular momentum state.

through a reciprocal forked diffraction grating [93]. The complexity of optical setups of
these methods have been overcome through the advancement of nanofabrication methods. It
has enabled nanoscale generation [94, 95], as well as detection of OAM and SAM states [96—
98]. The sub-wavelength operation of on chip plasmonic devices offer great advancement
from the interferometric based techniques with their lower footprint but with the inherent
requirement of complex fabrication methods.

Therefore, it is imperative to find a method which are devoid of either complication
optical setups as well as complex nanofabrication methods. In addition, deterministic and
simultaneous sensing of spin and orbital angular momentum component of a light beam
using a single nano-object is yet to be achieved. This motivated us to propose a angular
momentum state detection mechanism based on scattering from a chemically synthesized
quasi-one-dimensional monocrystalline silver nanowire (AgNW).

The solution phase simple synthesis method enables necessary tunability of their size
as well as their self-assembly on any desired substrate [99, 100]. The uniform nature of
the morphology renders them useful for low loss surface plasmon waveguiding property
[56] and makes them ideal for fundamental photonic circuit applications such as plasmonic
waveguide [56, 101], plasmonic antenna [27, 102] and logic gates [103]. In addition, our
previous reports indicate that AgNW can act as a plasmonic scatterer and sense total trans-
verse energy flow of an incident beam [12, 18], as well as spin densities [13].

The presented approach requires dropcasting of AgNWs on a glass substrate and a single
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AgNW has been used as a nanoscopic strip diffractor. The OAM and SAM state of the inci-
dent optical field has been determined by analysis of the Fourier plane intensity distribution
of the scattered light, as shown in fig. 3.1. Consideration of the total transverse energy flow
as well as the individual component due to spin flow and orbital flow at the focus allows
distinction of individual effect on the scattering pattern, therefore, enabling their detection.

In the following section, we numerically calculate the total transverse energy flow, its

spin and orbital constituent and study the resultant scattering patterns.

3.2 Theoretical calculation of the transverse energy flow

The first step for determination of spin angular momentum (SAM) and orbital angular mo-
mentum (OAM) is to ascertain their contribution to the transverse energy flow of the beam
[47]. As discussed in chapter 1, a Laguerre Gaussian (LGlm) beam, owing to its helical wave-
front, can possess transverse energy flow corresponding to its orbital flow density (p2). The
magnitude and the sense of flow gets dictated by the magnitude and sign of the topological
charge (1) of the beam. On the other hand, the transverse energy flow in circularly polarized
beam originates due to its spin flow density (ps), the sense of which gets dictated by the
handedness of the circular polarization. At the focal plane these quantities can be obtained

by employing Debye-Wolf integral formulation [78, 83], as discussed in chapter 2.
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FIGURE 3.2: Calculation of focal transverse energy flow constituents. Calculated focal orbital

flow density (OFD, pé), spin flow density (SFD, ps) and total transverse energy flow (pL)

distribution for (a) left-circularly polarized (o) and, (b) right-circularly polarized (o_) LG(l)

beam. Inset shows the corresponding total field intensity. (c) and (d) represents the pOL, Pps and
p line profile along z axis from 0 to 2.
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Fig. 3.2 (a) and (b) show the calculated OFD, SFD and total transverse energy flow
density (p* = ps+ pot) corresponding to left-circularly polarized (o ) and right-circularly
polarized (o_) LG} beams at wavelength A = 633 nm. The inset shows the total electric field
intensity at the focal plane. As expected, for both o, and o_ polarized LG beam, the p} has
similar magnitude and similar counter-clock orbital flow sense. But, for o LG(l) beam, the
ps has both clockwise and counter-clock energy flow in its inner and outer part respectively.
Additionally, the magnitude of py is higher in its inner radius (|ps| = 0.1085 at R = 0.322))
and lower in its outer radius (|ps| = 0.0731 at R = 1.068\). It is exactly opposite for the o
LG(l) beam. Hence, for o LG(l) beam, counter-clock orbital flow towards the center cancels
the clockwise spin flow, whereas, in the outer part the counter-clock spin flow gets added up
with orbital flow, resulting an overall counter clock total transverse energy flow. This results
in the transverse energy flow having a maximum magnitude of |pt| = 0.1515 at radius
R = 0.868)\. For o_ LG, the counter-clock inner spin flow gets added up with the counter-
clock orbital flow resulting in higher counter-clock transverse energy flow, |p| = 0.2551 at
R = 0.4\. The line profile of ps, p2 and p at the focal plane from 0 to 2\ corresponding
to o, and o_ polarized LG beams are shown in fig. 3.2 (c) and (d) respectively. In this
context, it is important to point out the subtle differences of the intensity profile for o and
o_ polarized LG} beams as focusing of circularly polarized LG beam aids spin-to-orbital

angular momentum transformation [19].

3.3 Detection of Fourier plane intensity distribution

The angular momentum state enabled focal transverse energy flow leads to flow dependent
forward scattering pattern upon interaction with a nano structure, which can be detected
through Fourier plane (FP) imaging. The implementation of forward scattering configura-
tion is achieved by dropcasting AgNWs of width ~ 350 nm onto a glass cover-slip, which
acts as a nanoscopic strip scatterer [89, 92], and placing it on a piezo stage. The incident
optical field is focused using a 50 x 0.5 NA objective lens and a 100 x 1.49 NA lens has
been used in transmission configuration, for collection of the scattered signal (see section
2.1.3 of chapter 2), as shown in fig. 3.3 (a). FP intensity distribution of the forward scattered
light was collected by projecting the back focal plane of the collection objective lens onto a
CCD using relay optics [76, 77] (see section 2.1.2 chapter of 2). The collected FP intensity
distribution can be divided into two regions, sub-critical region (NA < 1) and super-critical
region (NA > 1). The incident NA part (NA 0 — 0.5) in the sub-critical region is dominated
by the un-scattered incident light, and is omitted from our analysis, appears as a black disk at
the center of the measured FP. The detection mechanism works at a low power illumination,

a very low power of 0.13 #W has been used for the scattering of LGZ" beam.
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FIGURE 3.3: Experimental implementation and polarization dependent scattering pattern. (a)
Experimental configuration for the Fourier plane (FP) imaging. Inset shows the bright field
optical micrograph of AgNW. Measured FP intensity distribution for scattering of (b) x polarized
and, (c) y polarized LG} beam. Inner and outer white circles represent the critical angle at the
air-glass interface and the collection limit of the objective lens NA respectively. Incident NA
region is blocked and appears as a black disk at the center. (d) Simulated near-field electric
field intensity distribution at the air-glass interface for x and y polarized incident beam. (e)
Corresponding scattered total transverse energy flow density (pjcat) distribution for x and y
polarized LG(l] beam. The black arrows indicate the energy flow direction.
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3.4 Polarization dependence of scattering pattern

To determine the contribution due SAM and OAM in the scattered FP, it is imperative to
understand the scattered FP patterns of its constituent linear polarization components.

Incidence of longitudinally polarized (x polarized) optical field on a nanowire with long
axis along x axis leads to signal in sub-critical region. Since the longitudinal length of
the nanowire is not comparable to the wavelength, it does not lead to significant field en-
hancement at the nanowire edges, leading to reflective behaviour. On the other hand, for
transversely polarized optical fields (y polarized) and lead to near-field (NF) at the NW
edges. The evanescent NF gets partially converted into propagating waves at the air-glass
interface and can be observed in the supercritical region of the far field intensity distribution.
Therefore, for transversely polarized incident field signal can be observed in both sub- and
super-critical region of the FP. The respective cases are shown in fig. 3.3 (b) for x polarized
incident beam and fig. 3.3 (c) for y polarized incident LG, beam, where the nanowire’s long
axis is oriented along x axis. In fig. 3.3 (b) and (c) the inner white circle represents the
critical angle at the air-glass interface and outer white circle represents the collection limit
of the objective lens.

In addition to polarization dependent signature, the recorded FP intensity distribution
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exhibit directional/preferential scattering pattern due to orbital energy flow present in these
beams [18, 47]. But, the preference for x polarized case is opposite to that of y polarized
case. This can be attributed to the polarization dependent interaction of the NW with the
incident beam as shown through numerical simulation in fig. 3.3 (d) and (e). The finite
element method simulation employed for these results have been described in section 2.2.2
of chapter 2. For x polarized LG, beam the field gets scattered from the NW and the cor-
responding total transverse energy flow (pZ.,.) points away from the NW and opposite to
the incident beam p*. On the other hand, y polarized LG(I) beam aids the interaction of the
transverse energy flow with the nanowire and leads to generation of evanescent near-field
at nanowire edges, apparent with the presence of scattered light signal in the super-critical
region of FP in fig. 3.3 (c). Consequently, the scattered field pZ.,; flow is along the same
direction as that of the incident beam. Thus, a nanowire through its scattering can detect
OAM modes as well as its linear polarization states. The effect is qualitatively similar to a
nanoscopic strip scatterer [89, 92].

In addition, it is possible to ascertain the polarization of the scattered light, by placing
an analyzer in the collection path. Fig. 3.4 (a) shows FP intensity distribution of = polar-
ized LGT' beam and corresponding F, and E, analyzed intensity distribution. Therefore,
the polarization of the scattered light for the = polarized incident beam is predominantly
x polarized. Similarly, for y polarized beam scattering, the light scattered in the sub- and
super-critical region is mostly y polarized, as shown in 3.4 (b). Similarly, the £, and E,
polarization component analyzed FP intensity distributions for o polarized incident beam,
shown in fig. 3.4 (c), indicates that = polarized component contributes to signal in the sub-
critical region, where as, signal for the y polarized component appears in both sub- and
super-critical region. Therefore, we can recover the FP intensity distribution for = and y
polarized intensity distribution as shown in fig. 3.3 (b) and (c) respectively. Thus, for scat-
tering of circularly polarized LG; beam, the state of circular polarization can be determined
by analyzing the sub-critical region intensity distribution as only in this regime both in-plane
2 and y components of polarization scatter. Whereas, in super-critical region, predominantly
scattered light is from y polarized field and will posses information about OAM state of the

incident beam.
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3.5 Simultaneous Detection of optical angular momentum

State

3.5.1 Detection of OAM and SAM for fist order LG beam

To understand the scattering assisted spin and orbital angular momentum detection mecha-
nism, we investigate the FP intensity distribution for o, and o_ polarized LG} beam. Fig.
3.5 (a) and (b) shows the FP intensity distribution for o, and o_ LG(l) beam respectively.
The intensity distribution has been analyzed by division of the pattern into four parts look-
ing into the intensity distribution of either upper (k, > 0 region) or lower half (k, < 0
region). In addition, since SAM and OAM can be obtained by analysis of the signal in the
sub-critical and super-critical region, the intensity distribution in sub- and super-critical re-

gion have been individually considered. Fig. 3.5 (c) and (d) shows the intensity distribution
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FIGURE 3.4: Polarization analysis of measured FP intensity distribution. (a)FP due to x polar-

ized incident beam and polarization analysis along x and y respectively indicate almost all the

scattered light is « polarized. (b) FP due to y polarized incident beam and analyzed along = and

y respectively to indicate the light is predominantly ¥ polarized. (c) FP due to incident o LG(%
beam and its polarization analysis along x and y direction respectively.
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profile within the sub-critical region of the k£, > 0 part in the FP, for o, and o_ polarized
LG(l) beam respectively. The preference of the scattering is opposite for o polarized case
with respect to that of o LG; beam data as indicated by the black arrows. The preference
is the result of spin flow. Since the dominant contribution to the spin flow occurs due to
the inner circular part of the beam as shown in fig. 3.2, the preference follows the same
handedness. The super-critical region intensity distribution profile in the k, > 0 half for
both o, and o_ polarized LG} beam exhibit similar preference as shown in fig. 3.5 (e) and
(f). This preference as well as the number of lobes indicates the OAM state of the incident
beam [18].

C

I (arb. units.)

x 0

FIGURE 3.5: Spin dependent FP intensity distribution for LG(l) beam and analysis of k£, > 0

region. FP intensity distribution for (a) o and (b) o_ polarized LG(l) beam. The corresponding

intensity distribution profile in the sub-critical region of the k£, > 0 part of the FP for o and

o_ polarized LG(l) beam is shown in (c) and (d) respectively. The same for super-critical region
is shown in (e) and (f). The black arrows indicate the preference of distribution.

The quantification of the intensity distribution can be performed by calculating the direc-
tionality D = (Iy — I;) /(I + I ), where I, represents the integrated intensity of i*" lobe for
sub- or super-critical region. The experimentally measured directionality value from fig. 3.5
(c) and (d) we find, Dy, = 0.094 for o, LG; beam and D,,;, = —0.123 for o_ LG{, beam
in the sub-critical region. Therefore, D,;, > 0 for o polarization case and D,,;, < 0 for o_
polarized beam, i.e., sign of the directionality in the sub-critical region inverts depending

upon the spin flow direction and hence the SAM state. On the other hand, the preferential
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scattering in the super-critical region of the FP indicates the sense of orbital flow and hence
the OAM state: Dyyper = —0.284 for o polarized and Dy, = —0.563 for o_ polarized
LG(l) beam, i.e., directionality sign (D, < 0) remains the same. Hence, D, > 0 and
Dgyper < 0 indicates o LG(I) beam excitation and D, < 0 and Dg,,., < 0 indicates o_
LG; beam excitation. Although, selective analysis of the FP intensity distribution allows
differential sensing of the spin and orbital energy flow, the total transverse energy flow in-
fluences the effective directionality magnitude in the super-critical region to some extent.
The measured directionality for the super-critical region is significantly lower for o, LG
beam than for o_ LG beam, which is due to the higher total transverse energy flow density
for o_ polarized beam, as shown in fig. 3.2. For sub-critical region the change is much

smaller due lower directionality value as well as positional sensitivity.

3.5.2 Inversion of the orbital flow sense

To further establish the detection mechanism, we investigate the FP intensity distribution by

inverting the orbital flow sense, i.e., for LG, ! beam. Fig. 3.6 (a) and (b) shows the scattered

FIGURE 3.6: Spin dependent FP intensity distribution for LG ! beam and analysis of ky >0

region. FP intensity distribution for (a) o and (b) o polarized LG, ! beam. The corresponding

intensity distribution profile in the sub-critical region of the k,, > 0 part of the FP for o and o_

polarized LG ! beam is shown in (c) and (d) respectively. The same for super-critical region is
shown in (e) and (f). The black arrows indicate the preference of distribution.
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FP intensity distribution for ¢, polarized and o_ polarized LG, "' beam. Fig. 3.6 (c) and (d)
shows the corresponding intensity distribution profile in sub critical region of the the k,, > 0
half for the o, and o_ polarized case respectively. The directionality values turns out to
be Dy, = 0.054 for o4 and Dy, = —0.132 for o_ polarized LG, ! beam. The identical
directionality sign as that of the o, and o_ polarized LG(I) beam (see fig. 3.5) indicates the
same SAM sign. On the other hand, for the super-critical region intensity distribution, shown
in fig. 3.6 (&) (Dsuper = 0.369) and (f) (Dsyper = 0.114), the sign of the directionality is
opposite to that of the LG case. This indicates the sign inversion of the topological charge
and hence the orbital as well as total transverse energy flow of the beam. Therefore, the

detection mechanism is robust with respect to the inversion of the orbital flow.

3.5.3 Detection of OAM and SAM for higher order LG beam

In order to investigate the detection mechanism for higher order LG beams, we investigate
the scattered FP intensity distribution for LGS beam. Fig. 3.7(a) and (b) shows the FP
intensity distribution for o, and o_ polarized LG; beam respectively. In this case, 3 lobes
can be observed, instead of 2, like in the previous case, indicating the magnitude of the
topological charge (! + 1 lobes for LGf) beam)[18]. The corresponding intensity distribution
in the sub-critical region of the k, > 0 half is shown in fig. 3.7 (c) and (d). The intensity
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FIGURE 3.7: Spin dependent FP intensity distribution for LG% beam and analysis of k£, > 0

region. FP intensity distribution for (a) o and (b) o_ polarized LG% beam. The corresponding

intensity distribution profile in the sub-critical region of the k£, > 0 part of the FP for o and

o_ polarized LG% beam is shown in (c) and (d) respectively. The same for super-critical region
is shown in (e) and (f). The black arrows indicate the preference of distribution.
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FIGURE 3.8: Incremental focal OFD (pé) of LG beams. Calculated normalized transverse flow
density at the focal plane of 0.5 NA lens for x polarized LG%) beam from [ = 1 5 exhibits incre-
mental p2. The values are normalized with respect to maximum of Poynting vector magnitude.

distribution for the super-critical region for o, and o_ polarized case is shown in fig. 3.7
(e) and (f) respectively. From both fig. 3.7 (c) and (d) as well as fig. 3.7 (e) and (f) it
can be seen that the central lobe remains of almost same intensity for o, and o_ polarized
case, whereas the gray-shaded right-most (numbered 1) and left-most (numbered 3) lobes
undergo intensity change. Thus we consider the integrated intensity of these two lobes only
(1: NA 0.5 t0 0.25 and 3: NA —0.25 to —0.5). The directionality values for the sub-critical
region intensity distribution in fig. 3.7 (c¢) and (d) are Dy, = 0.029 and Dy, = —0.157
respectively. As before, the sign inversion of directionality allows us to accurately detect
the SAM sign and the signs are same as in the case of LG beam. On the other hand, the
directionality for the super-critical region from fig. 3.7 (e) and (f), Dgype, = —0.278 for o
polarized and D, = —0.555 for o_ polarized case, indicates the OAM sign.

It is worthwhile to notice that the directionality values we get in the sub-critical region
for o polarized beam is lower for LG beam than that of LG} beam. This is because, as
the topological charge magnitude of LG beam increases, the magnitude of the orbital flow
increases as shown in fig. 3.8. Therefore, it will have majority contribution in the total
transverse energy flow, making its more difficult to distinguish the effect of the spin flow.
Additionally, presence of [ + 1 lobes for large I for LG, beam scattering [18] in a small
scattered width (k, = —0.5 to 0.5) in the FP intensity distribution, will make it harder for us
to detect the fluctuation in the polarization dependent magnitude of the lobes.

Hence, owing to the polarization and transverse energy flow dependent interaction of the
AgNW with the incident beam, we are able to unambiguously detect OAM and SAM of the

incident beam.
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FIGURE 3.9: Spin dependent FP intensity distribution for LGé beam and analysis of k£, < 0

region. FP intensity distribution for (a) o and (b) o_ polarized LG(l) beam. The corresponding

intensity distribution profile in the sub-critical region of the k, < 0 part of the FP for o and

o_ polarized LG(l) beam is shown in (c) and (d) respectively. The same for super-critical region
is shown in (e) and (f). The black arrows indicate the preference of distribution.

We now look at three specific alteration of the detection mechanism and investigate their

effect on the overall mechanism:

3.6 Alterations of the detection mechanism

3.6.1 Inversion of the detection region

While we have investigated the directionality for the £, > 0 region of the FP intensity
distribution, here we investigate the FP intensity distribution profile in £k, < 0 region for
LG(I) beam. Fig. 3.9 (a) and (b) shows FP intensity distribution for o, and o_ polarized
LG{ beam respectively. The corresponding intensity distribution in the sub-critical region
of k, < 0 half for o and o_ polarized beam is shown in fig. 3.9 (¢) (Ds, = 0.130)
and (d) (Ds = 0.0425)respectively. The super-critical region intensity distribution for
k, < 0 half for o and o_ polarized beam is shown in fig. 3.9 (e) (Dgyper = 0.290) and
() (Dsyper = 0.526) respectively. The directionality values are exactly opposite in the sign
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FIGURE 3.10: Polarization dependent directionality for LG(l) beam. (a) The linear polarization

(LP) angle () and quarter-wave plate (QWP) angle () is defined with respect to nanowire long

axis. Measured directionality in the (b) sub-critical region (c) super-critical region of the FP. (c)

Integrated intensity in the super-critical region. The o4 and o_ states used in our experiments

are indicated by black arrows and show inversion of D, sign for o and o_ states, whereas
the sign of Dy remains the same, effectively reading out the SAM and OAM states.

compared to the k, > 0 half as shown in fig. 3.5, as the intensity pattern for £, > 0 region

is anti-symmetric with respect to k,, < 0 region.

3.6.2 Elliptical polarization dependence on directionality

We have investigated the polarization dependence of the directionality in the sub- (D)
and super-critical (Dgype,) region of k, > 0 region of the FP by changing the incident
polarization through a half-wave plate (HWP) followed by a quarter-wave plate (QWP). In
addition, we have also investigated the elliptical polarization dependence of the intensity in
the super-critical region (/) Of k, > 0 part of the FP. The linear polarization angle (LP)
due to the HWP is represented as o and QWP angle is represented by 3, and are measured
with respect to nanowire long axis (z axis) as shown in figure 3.10 (a).

Simultaneous measurement of spin and orbital angular momentum states are possible
due to the reference set by the orbital energy flow, the readout of which is performed by
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measurement of the directionality in the super critical region of the FP. The SAM states can
then be measured by comparing the directionality in the sub-critical region of the FP, which
is dominantly due to the contribution of spin energy flow of circularly polarized beams.
For elliptically polarized beams, no such reference can be established based on just the
directionality measurements as the directionality magnitudes in both the sub- and super-
critical region depends on the polarization states as well as transverse energy flow. However,
with the data presented in figure 3.10 (b)—(d) for Dyyp, Dgyper and Igype, respectively, the

following observations can be made:

1. The LCP (o) and RCP (o_) state used in our experiments, indicated by black arrows
in figure 3.10 (a), show inversion of Dy, values from o to o_ case, whereas Dg,pe,
remains the same, effectively reading out SAM and OAM states. The determination
is performed by comparing the sign of directionality in the sub- and super-critical

region.

2. To determine linear polarization states, the magnitude of the directionality also has to
be considered in addition to its sign. For example, if Dy, ~ —0.3 and Dgyper < 0,
the state can be either determined as y polarized LG(l) beam (o = pi/2, § = 0), or
conversely, it can be z polarized LG, ' beam. To further distinguish between these
two cases, the integrated intensity in the super-critical region (/gyp.,) of the k, > 0
region has to be considered. A low I, indicates x polarized beam and high /e,
indicates y polarized beam. Thus, this distinction can be made by considering the

parameters: Dgyp, Dsyper and Ly pey.

3. For other cases, it is not possible to determine and reconstruct the elliptical polariza-

tion states accurately by considering the above parameters (D, Dsyper and Ig,per).

However, by studying elliptical polarization dependence of D, Dgyper and Ig,per, the
elliptical polarization states can be reconstructed if either o or 5 is known. The accuracy
of the elliptical polarization measurement in such cases will be subject to standardization
of the directionality values, which can vary depending on the NW width and incident beam
profile. Repetition of such measurements on different nanowire, or different region of a

single nanowire may result in determination of error bar on D.

3.6.3 Directionality dependence on AgNW dimension

The accuracy of the simultaneous detection of the SAM and OAM state depends upon the
width of the nanowire used for the scattering process. We have performed the experiments
for AgNWs having width ~ 200 nm.
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FIGURE 3.11: Dependence of FP intensity distribution on width of AgNW. FP intensity distribu-

tion for z, y, 04 and o_ polarized LG(l) beam for (a) &~ 350 nm and (b) ~ 200 nm. Nanowire mi-

crographs are shown below the corresponding row. (c¢) Directionality values in the sub- (Dsub)

and super-critical region (Dgyper) for k, > 0 region of FP for z and y polarized LG(l) beam,

(d) Dgyp for o4 and o_ polarized LG(l) beam. (&) Dgyper for ky > 0 part of FP for o, and o_
polarized LG}, beam.

Comparison of fig. 3.11 (a) and (b) allows us to distinguish the sattering pattern due
to different width of the nanowire. For x polarized LG; beam, scattering from ~ 200 nm
NW leads to significant signal in the super-critical region compared to ~ 350 nm NW. It
leads to different directionality values in the sub- and super-critical region in the FP for
~ 200 wire from that of the ~ 350 nm case, as shown in figure 3.11 (c)-(e). For the thinner
nanowires, both the magnitudes of Dy, and D, for x and y polarized incident beam is
small compared to the ~ 350 nm wire, rendering measurement of OAM mode with ~ 350
nm more accurate. For o, or o_ polarized LGé beam, both ~ 200 nm and ~ 350 nm wires
detect the polarization state through the inversion of the Dy, sign, although with relatively

lesser magnitude for thinner nanowire. But, for thinner nanowires Dy,,,., may take opposite
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sign for o, LGj beam, resulting incorrect reading out of the OAM mode. This can be
attributed to the fact that for ~ 200 nm wires, there is significant signal in the super-critical

region of FP for x polarized beam.

3.7 Conclusion

In summary, we present an experimental study of forwards scattering assisted simultaneous
and unambiguous detection of spin and orbital angular momentum of light by employing
Fourier plane microscopy.

We have analyzed the intensity distribution due to scattering from left and right cir-
cularly polarized LG beams from an AgNW, in the sub- and super-critical region in the
Fourier plane. It leads to the conclusion that preference of scattering in the sub-critical
region changes when the spin is inverted, whereas the super-critical region intensity distri-
bution preference depends predominantly on the orbital energy flow of the incident beam.
The detection mechanism have been explored through investigation of the incident linear
polarization dependant scattering pattern from the AgNW, in the sub-critical region or both
sub- and super-critical region in the FP. The effective directionality trends have been further
investigated through calculation of focal optical field and corresponding transverse energy
flow constituent due to spin and orbital angular momentum of the light beam.

Therefore, the work presented in the chapter emphasizes spin-orbit interaction based
on simple single element chipscale detection configuration with prominent spin and orbital
angular momentum detection capability. The detection scheme exhibits significant improve-
ment over interferometric based approaches [86—88] and diffraction based approaches [89—
92] owing to the robustness of the detection mechanism. On the other hand, the single
scatterer-based approach represents simplicity over the complex nanofabrication require-
ment of metasurface and nanoantenna approaches [96-98]. However, where this approach
lacks are the ability to detection to many higher order LG modes, as compared to approach
of dielectric metasurface approach discussed in [98]. Nonetheless, with more rigorous po-
larization dependent directionality study, it can potentially act as a polarization detector.
Additionally, the spin-orbit interaction dependent scattering may lead to opportunities in
harnessing the resulting optical forces for optical manipulation at nano scale as well as fur-

thering our understanding of spin-orbit interaction.



Chapter 4

Experimental observation of optical
spin-Hall effect and detection of
longitudinal spin density of

focused-linearly-polarized light

Abstract:

This chapter discusses the generation of longitudinal spin due to focusing of linearly po-
larized Gaussian and HGy, beam and consequent spin-Hall effect of upon scattering from
a single silver nanowire (AgNW). Specifically, we report generation spin-dependent anti-
symmetric Fourier plane (FP) intensity distribution upon circular polarization analysis of
the scattered light. The corresponding far-field longitudinal spin density (s3) is significantly
enhanced for HG;o beam compared to the Gaussian beam. The studies are corroborated
with focal optical field calculations and finite element method numerical calculations. The
content of this chapter is adapted from the research article "Physical Review A, 103, 013520
(2021), (arXiv:2008.12245)" [13].

4.1 Introduction and motivation

In recent times, the spin and orbital angular momentum of light has been extensively har-
nessed in the context of spin-orbit interaction (SOI) as well as orbit-orbit interaction [14,
59, 60]. Among different examples, optical spin-Hall effect is one of the unique examples,
where, equivalent to its electronic counterpart [63, 64], a transverse shift in the scattered
beam location is perceived due to the transverse energy flow of the impinging light beam
on a dielectric interface [9-11] or a scatterer [12, 104]. In addition, opposite spins of the
impinging beam leads to opposite transverse shifts.

The discussed SOI effects are weak for paraxial beams. Hence, for a beam having no

transverse energy flow results no net transverse shift. Focusing of a paraxial light beam
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Gaussian/HG,, beam

Far-field spin density

FIGURE 4.1: Schematic of the measurement scheme of optical spin-Hall effect. An AgNW
placed at the focal plane scatters the generated focal longitudinal spin density (s,), and the
signal is detected at the Fourier plane as far-field longitudinal spin distribution (s3).

and consequent non-paraxial optical fields can lead to generation higher angular momentum
[105, 106], leading to enhanced SOI effects [17, 107]. Along with this, the optical fields due
to strong focusing have been harnessed for studies in optical trapping [5—7], sub-wavelength
position sensing [108, 109] as well as angular momentum interconversion [19, 110]. The
interaction of focal optical fields with matter can lead to additional SOI mediated photonic
applications such as directional scattering and nano probing [15-17, 111].

These studies motivated us to investigate generation and detection of longitudinal spin
density through scattering of focused linearly polarized Gaussian and HG;, beam from a
quasi one dimensional scatterer, namely a monocrystalline silver nanowire (AgNW) placed
on a glass substrate, as shown in fig. 4.1. Polarization analysis of the forward scattered light
in the Fourier plane (FP) reveals anti-symmetric distribution of intensity for opposite circular
polarization states, with respect to long axis of the AgNW. The pattern inverts for left circular
polarization (LCP) analyzed case with respect to that of right circular polarization (RCP)
analyzed one, indicating existence of intrinsic spin-Hall effect. The difference between the
two FP intensity distributions quantify the spin-Hall signal as well as far-field longitudinal
spin density (s3). Furthermore, the comparison of s3 for Gaussian beam with respect to that
of HG;( beam reveals higher spin-Hall signal for HG;, beam. All the results have been
examined through calculation of focal optical fields and corroborated through numerical
simulations.

In the following sections, we examine theoretically calculated optical focal field and

show the existence of longitudinally spinning fields at focal plane.
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4.2 Calculation of focal optical fields

Focusing of paraxial optical beams through an objective lens leads to complex distribution
of optical fields at the focal plane. The complex distribution of optical fields at the focus of
an objective lens can be calculated by employing Debye-Wolf integral formulation [78, 83],

as described in section 2.2.1 of chapter 2.

4.2.1 Focal electric field intensity distribution

Employing equation 2.2 we calculate the electric field components, E = (E,, £, E,) at the
focal plane of a 0.5 NA lens for linearly polarized (z polarized) paraxial Gaussian(G) and
Hermite-Gaussian (HG) beam (HG() at wavelength A = 633 nm, propagating along z axis.
Fig. 4.2 (a) shows the intensity distribution corresponding to F, component (/, = 50\Em|2)
of the focal optical field for Gaussian(G) and HG;y (HG) beams. Similarly, the intensity
distribution for the F, component (I, = €0|Ey\2) of the field is shown in fig. 4.2 (b).
The intensity distribution values are normalized with respect to maximum value of total
intensity, [ = 50|E|2. The paraxial polarization profile of the beams are given in 4.2 (a)
insets. Although the intensity distribution /, of Gaussian beam differ from that of HGq
beam, it can be observed in fig. 4.2 (b) that, the maximum magnitude for HG;y beam is
significantly higher than that of Gaussian beam. The ratio of maximum value of I, of HG

beam to that of Gaussian beam turns out to be ~ 2.97.

4.2.2 Focal spin density distribution

One of the unique feature that emerge due to focusing of optical field is complex distribution
of energy flows. Specifically, the rich feature of polarized optical fields lead to generation
of transverse energy flow associated with spin angular momentum as described by equation

1.2 in chapter 1. This can be further quantified by spin density, given by [112],

s o Im[go(E* x E) + po(H" x H)|. 4.1)

The symmetric nature of equation (4.1) allows us to consider the contribution of either the
electric field (E) part or the magnetic field (H) part. Considering the fact that a plasmonic
scatterer responds more to incident electric field component, we take into account that part.
The spin density components given by equation (4.1) can either by longitudinal or transverse
with respect to the propagation axis (z axis) [113]. The longitudinal component of the spin

density is given by,

5, X QIm[ExE;] X 83. 4.2)
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In the far-field it can be quantified through measurement of the fourth Stokes parameter ss,
which determines the degree of circular polarization of a planar optical field [48].

Fig. 4.2 (c) shows the calculated focal plane (xy plane) s, distribution for focusing of
x polarized Gaussian and HG;, beams. The values have been normalized with respect to
maximum of /. To get a more quantitative measure, we compute distribution of spin density
(S,) of one half of the focal plane, i.e. by integrating over the one of the spatial coordinates
y = 0to 3\ ie., S.(z) = f;’io s.(z,y) dy. Comparison of s, for Gaussian and HG,
beams, shown in fig. 4.2 (c), it can observed that s, is higher for HG;y, beam compared to
that of Gaussian beam. The same is reflected in fig. 4.2 (d), which shows the comparative
magnitude of S, for x polarized Gaussian and HG; beams as a function of x coordinates
at the focal plane. We can therefore, assign a corresponding enhancement factor by taking
ratio of extremum magnitudes of S, which in this case turns out to be 7cory = 1.29.

In the following sections we discuss the detection mechanism employed for measuring

the longitudinal spin density and consequent generation of optical spin-Hall effect.
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FIGURE 4.2: Calculation of focal optical fields. Calculated focal intensity profiles correspond-

ing to (a) = polarized field component, (b) y polarized field component of the total optical field

for Gaussian and HG1y beams. Insets in (a) shows the x polarized paraxial beam profiles. (c)

Longitudinal spin density (s, ) at the focus for Gaussian and HG1y beams. (d) Comparative plot
of longitudinal spin density distribution (.S,) for Gaussian and HG;o beam.
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4.3 Detection mechanism of scattered spin density

4.3.1 Experimental configuration for forward scattering

The experimental implementation of detection of longitudinal spin density and consequent
observation of optical spin-Hall effect relies on elastic scattering of focal optical fields. We
employ a monocrystalline silver nanowire (AgNW) having pentagonal cross-section with
width ~ 350 nm and width ~ 5 ym. These nanowires are chemically synthesized [99], and
were drop-casted onto a glass substrate. Fig. 4.3 (a) shows an bright field optical image of
the AgN'W used for our experiments. Fig. 4.3 (b) shows scanning electron micrograph of a
nanowire section.

A nanowire section is illuminated Gaussian and HG;, beam, prepared by projecting
Gaussian beam onto a spatial light modulator with blazed hologram, at wavelength A =
632.8 nm. The experimental configuration is similar to our previous study [12] and the
setup has been elaborated in section 2.1.3 of chapter 2. The schematic of forward scattering
setup is depicted in fig. 4.3 (c). The paraxial (Gaussian/HG{y) beam having polarization
along the long axis of the nanowire (x axis) is focused onto the center of the AGNW placed
at (z = 0, y = 0), with a 50x 0.5 NA objective lens and the forward scattered light is
collected using an 100x 1.49 NA oil immersion objective lens. The collected signal is
analysed using a combination of analyzer and quarter-wave plate and the Fourier plane is
projected onto a CCD using relay optics as depicted in sections 2.1.2 and 2.1.3 of chapter
2. The use of low NA (0.5 NA) excitation and high NA (1.49 NA) collection objective

lens facilitates the collection of scattered light in higher angles in the FP. The un-scattered

Fourier-plane image

FIGURE 4.3: Experimental configuration. (a) Optical bright-field image of the AgNW used for
our experiments. (b) FESEM image of an AgNW section. (c) The schematic of experimental
setup for the elastic forward scattering and its polarization analysis.
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light, which dominates the incident NA part of the FP intensity distribution, is omitted for

analysis.

4.3.2 Nanowire as a scatterer

An AgNW placed at the focal plane of an objective lens mimics the effect of a nanoscopic
strip diffraction [92, 114]. It is possible to obtain the scattering pattern by employing scalar
diffraction theory and Babinet’s principle, in case of strip diffraction. However, the com-
plex and vectorial distribution of the optical field as well as the unconventional pentagonal
geometry of the nanowire cross-section renders the use of full scattering theory essential in
this case [115].

As explained in the previous chapter, the scattered optical field from the AgNW can be
collected in two distinct regions in the far-field, i.e., sub-critical or allowed region (NA < 1)
and super-critical or forbidden region (NA > 1) in FP. The longitudinally polarized field (x
polarized) with respect to the nanowire long axis (z axis) components gets scattered in the
sub-critical region, as shown in fig. 4.4 (a) and (c) for Gaussian and HG beams respectively.
The transversely polarized field (y polarized) lead to near-field accumulation at the nanowire

edges and hence, contribute to signal in both sub- and super-critical region [55, 56]. The
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FIGURE 4.4: Polarization dependence of scattering pattern. Measured far-field intensity pattern

for x polarized (a) Gaussian and (b) HG beams respectively for a nanowire oriented along x

axis. Measured far-field intensity pattern for y polarized (c) Gaussian and (d) HG beams respec-

tively. The inner and outer white circle in (a) represents critical angle for air-glass interface and

collection limit of the objective lens. Dashed black disk and white circle represent the incident
NA region.
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evanescent NF gets partially converted into propagating waves at the air-glass interface and
can be observed in the super-critical region of the far-field [4], as shown in fig. 4.4 (b)
and (d) for Gaussian ang HG beams respectively. Hence, elastic scattering from an AgNW
allows us to route a portion of the scattered light either in the sub-critical region or both
sub- and super-critical region by engineering the incident linear polarization state as longi-
tudinal or transverse to the wire. Therefore, to extract the optical field information through
scattering without it being modified due to evanescent wave components, we operate with
incident longitudinally polarized fields and analyze the sub-critical region of the resultant

FP intensity distribution.

4.4 Detection of longitudinal spin density and spin-Hall ef-
fect

4.4.1 Experimentally measured scattering intensity

First, we examine the elastic scattering of optical fields due to focusing of longitudinally
polarized Gaussian and HGy beams from an AgNW. Fig. 4.5 (a) and (b) shows the ex-
perimentally measured FP intensity distribution of forward scattered Gaussian and HGy
beams (/) and corresponding left circular polarization (LCP, /) and right circular polar-
ization (RCP, I_) analyzed distributions. The inner and outer white circles in fig. 4.5 (a)
indicate the critical angle at air-glass interface and collection limit of the objective lens re-
spectively. The incident NA is blocked and is shown by a black disk at the center. Absence
of light in the super-critical region (NA = k, /ky = k,/ko > 1) in the measured FP intensity
distribution indicates the minimal accumulation of NF at the NW edges.

Comparison of the FP intensity distribution shown in fig. 4.5 (a) and (b) indicates that
for Gaussian beam the distribution has only one lobe, where as, presence of nodal line in
the intensity profile of HG;( beam leads to presence of two intensity lobes. But, both the
intensity patterns corresponding to [ in fig. 4.5 (a) and (b) exhibit symmetric pattern with
respect to k. /ko axis (parallel to AgNW long axis). In contrast, the FP intensity distribution
corresponding to 7, and /_ of Gaussian beam exhibit shift along &, /ky < 0 and k,/kg > 0
(for k,/ko > 0 region) respectively, revealing anti-symmetric scattering pattern, as depicted
by the white arrows in fig. 4.5 (a). On the other hand, the analyzed 7, and /_ components
for HG;( beam exhibit shift along k,/ky < 0 and k,/ko > 0 direction for k,/ky > 0 region
respectively (and vice versa for k,/ko < 0 region), as depicted by the white arrows in fig.
4.5 (b). The anti-symmetric distribution of the circular polarization analyzed FP intensity
distribution indicates the presence of partial circular polarization in the optical fields [116].

This spin dependent opposite angular shift of the lobe(s) in the FP is analogous to optical
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spin-Hall effect of light [9, 12]. Therefore, the presence of longitudinal spin and the magni-
tude of the spin-Hall effect can be obtained by calculation of the far-field longitudinal spin
density (s3) as, s3 o< I, — I_. Fig. 4.5 (¢) and (d) shows the experimentally measured far-
field longitudinal spin density for Gaussian and HG;, beams respectively. Experimentally

measured intensity values are normalized with respect to the maximum value of /.

4.4.2 Numerically simulated scattering intensity

The experimental results are corroborated by full wave 3-dimensional finite element method
(FEM) simulation. Details of the calculations have been elaborated in section 2.2.2 of chap-

ter 2. We further extract the far-field scattering pattern by employing reciprocity arguments
[84].

Experiment Simulation
(@ P ©),s ,

Gaussian

[ HE
< (syun *qae) —
”
|| [
S (spun ‘qae)

S (spun-qre) "~

< (syun *qie) —

+0.3 (d) 5 +0.3 . +0.3
3‘ 3 HG S3
o= 0 = ~ =
2 - 3 ) : - - A 3
g 0 g =S o :
2 15 0.3 03 5 0.3 0.3

-1.5 0 1.5 -1.5 0 1.5
kx/kO kx/k0

FIGURE 4.5: Far field intensity distribution and its analysis. Experimentally measured FP in-
tensity distribution for (a) Gaussian, (b) HGyg beam. I represents total intensity, I and I_
represents LCP and RCP analyzed FP intensity distribution respectively. Inner and outer circles
in (a) represent the critical angle at air-glass interface and the collection limit of the objective
lens NA respectively. The bias of the scattered field for /; and /_ is shown by white arrows.
Incident NA region is omitted for analysis and shown by a black disk. Measured far-field longitu-
dinal spin density (s3) distributions are shown in (¢) Gaussian and (d) HG;¢ beam. Numerically
simulated FP intensity distributions of I, Iy, I_ for Gaussian and HG;g beams are given in ()
and (f) respectively. (g) and (h) show numerically calculated s3 for Gaussian and HG1¢ beams
respectively. The inner dashed white circle in (e) and dashed white circle in (g) represent the
incident NA region equivalent to experimental counterpart.
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Fig. 4.5 (e) and (f) shows the numerically calculated FP intensity distribution for Gaus-
sian and HG;, beams and the corresponding LCP (/) and RCP (/_) analyzed components.
Similar to the experimentally measured data as shown in fig. 4.5 (a), the I, and /_ com-
ponent shown in fig. 4.5 (e) exhibit opposite shift of the intensity lobe along k, /kq axis,
as indicated by the white arrows.The numerically simulated FP intensity distribution corre-
sponding to /, and /_ of HG;y beam in fig. 4.5 (f), similar to its experimental counterpart
in fig. 4.5 (b), exhibit shift along k,/ky < 0 and k,/ky; > 0 direction for k,/ky > 0
region respectively (and vice versa for k,/ky < 0 region), indicated by the white arrows.
The opposite shifts for /, and /_ components are analogous to angular spin-Hall shift. The
anti-symmetric distribution corresponding to /, and /_ component indicate presence of lon-
gitudinal spin density and angular spin-Hall effect. The corresponding far-field longitudinal
spin density (s3) is obtained as s3 o< I, — I_. Numerically simulated s3 for Gaussian and
HG;, beams are given in fig. 4.5 (g) and (h) respectively. The intensity values are normal-
ized with respect to the maximum value of /. The simulated FP intensity patterns are in

good agreement with their experimental counterparts.

4.5 Characterisation of optical spin-Hall effect

4.5.1 Enhancement of spin-Hall effect and longitudinal spin density

The characterization of the generated longitudinal spin density and the spin-Hall signal is
further quantified by comparison of the s3 for Gaussian and HG;(y beams. Since the wire
is centered at (x = 0, y = 0) with its long axis is aligned along x axis and the scattering
is prominent in k,/kq direction, we consider the s3(k,, x,) distribution along x,, where
Ky = ky/ko and k, = k,/ko. In addition, symmetric nature of the intensity distribution
allows us to consider either upper or lower half of the FP. We consider the upper half only,
i.e., k, > 0 half, up to the critical angle. Therefore, we can compute distribution of far-field
longitudinal spin density (S3) as, S3(k;) = f,jyzg S3(Ky, Ky) diy.

Fig. 4.6 (a) and (b) shows distribution of S3(k,) for Gaussian and HG;o beam for both
experimentally measured and numerically calculated far-field longitudinal spin density dis-
tribution. Both fig. 4.6 (a) and (b) higher longitudinal spin density values and hence higher
spin-Hall signal for HG;y beam compared to Gaussian beam. The enhancement can be
quantified by computing the enhancement factor by taking the ratio of extremum values of
S3(k,) of HGyg to that of Gaussian beam. The computed enhancement factor from fig. 4.6
(@) 1S Nezp = 1.31, and from fig. 4.6 (b) it is 7y, = 2.39. Since focal s, o< s3, the en-
hancement can be attributed to higher s, of HG;y beam with respect to that of Gaussian
beam (From fig. 4.2 (¢) and (d): Miheory = 1.29). The difference between the measured s3
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FIGURE 4.6: Comparison of far-field longitudinal spin density distribution (S3(k)). Compar-
ative plot of S3(k,) for Gaussian and HGj( beam extracted from (a) experimentally measured
and (b) numerically calculated FP intensity distributions.

enhancement values 7., and 7;,, can be attributed to omission of incident NA region in the
experimental data as well as subtle difference of focusing in the numerical simulations with

the experimental focusing conditions.

4.5.2 Wave-vector shift in the Fourier plane

The FP image of total intensity (/) for Gaussian and HG;, beam exhibit symmetrical char-
acteristic about k, /kq axis, in contrast to anti-symmetrical distribution of 7, and /_. To
probe the shift of the intensity lobe(s) of /,(/_), we plot the distribution I (x;) =
S o T+ (K, £iy)driy and compare it with the distribution ' (re,) = [ I(rs, f5,)dr,
for Gaussian and HG;, beam in fig. 4.7.

Fig. 4.7 (a) and (b) shows indicates the wave vector shift along ~, for Gaussian beam
for experimentally measured and numerically calculated FP intensity distribution. In both
the figures it can be seen that the I (k,) and I"*(k,) analysed distributions exhibit angular
shift along x, < 0 and x, > 0 direction respectively. The measured shift from the experi-
mental data in fig. 4.7 (a) is 6/<;§expt = (.34, where as from the numerically simulated data

the shift measured in fig. 4.7 (b) is 0% = 0.05. On the other hand, for HG;, beam, the

shift along «,, obtained from experimental data in fig. 4.7 (c) is 6/-@£{erpt = 0.01 and that
obtained from numerically simulated data in Fig. 4.7 (d) is 6m£{gm = 0.01. Therefore the

shift along , for HG;, beam is negligible compared to Gaussian beam. For HG;, beam,
the shift is more along «, as can be determined from examining the FP intensity distribution
corresponding to /; and /_ in fig. 4.5 (b) and (f). The nodal line of HG;, beam acts as a
marker for the angular spin-Hall shift. In addition, the phase change at the nodal line of the
Hermite Gaussian beam does not allow the beam intensity to be shifted along this direction

upon scattering and hence we donaAZt observe measurable shift along x,, direction.
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FIGURE 4.7: Calculation of wave-vector shift. Integrated (x, = [0, 1]) intensity distribution

profile along k, of I, I, and I_ components FP for Gaussian beam from (a) experimentally

measured and (b) from numerically calculated FP intensity distribution. The corresponding

distribution plot for HG1¢ beam from experimentally measured and numerically calculated data
is given in (c) and (d) respectively.

( a) Experiment (b) Numerical Simulation

FIGURE 4.8: Comparison of NA of experimental and numerical simulation study. (a) Experi-

mentally measured and (b) numerically simulated FP intensity distribution without any scatterer

for Gaussian (G) and HG(I) (HG) beam. White dashed circle represents the region of incident
NA.

The shift obtained from the experimentally data and numerically simulated data depict a
qualitative comparison of the angular shift between Gaussian and HGy beams. The values
differ due to difference in exact focusing conditions as well as due to omission of excitation
NA region for experimentally measured FP intensity distribution. The difference can be
seen by comparing the far-field intensity distributions of the incident NA region (shown
by the white dashed circle) without any scatterer present, as shown in fig. 4.8 (a) and (b)
respectively. For experimental excitation condition, the entire incident NA region (shown by
the white dashed circle) is filled, whereas, for numerical study it is very difficult to achieve

SO.
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FIGURE 4.9: Numerically calculated scattered electric field intensity distribution at the focal

plane (z = 0). Normalized electric field intensity distribution corresponding to (a) Gaussian

beam and (b) HG;o beam. I represents total scattered electric field, I and /_ indicates the LCP

and RCP polarized components scattered electric fields respectively. The intensity distribution

plot (green line) of lobes in y > 0 and y < 0 half as a function of x coordinates are super
imposed on the figures.

4.5.3 Shift in scattered focal plane intensity distribution

Further investigation of the optical spin-Hall effect is performed through numerical calcula-
tion of the scattered electric field from an AgNW at focal plane (z = 0 plane) for Gaussian
and HG;, beams, as shown in fig. 4.9 (a) and (b) respectively. The NW positioned at (z = 0,
y = 0) and along x axis is indicated by the yellow dashed lines. I represents total scattered
intensity, /, and /_ represents the LCP and RCP analyzed components respectively. The
intensity distribution plot of the lobe(s) as a function of = coordinates (green lines) in both
y > 0 and y < 0 halves are superimposed in the figures.

Close inspection of intensity profiles corresponding to /, and /_ exhibit that with respect
to symmetric intensity profile of 7, the intensity lobe(s) iny > 0 and y < 0 regions of 7, and
I_ show opposite shifts, as indicated by the white arrows. The spatial shift (¢) along x axis
can be quantified by calculating the shift of 7, (or /_) distribution maxima of each of the
lobe(s) in y > 0 half with respect to the corresponding lobe(s) in y < 0 half. For scattered
Gaussian beam the average shift is 6 = 64.0 nm and that for HG;o beam is iy = 92.2 nm.
The enhancement of the positional shift can be obtained as the ratio 0y /¢ = 1.44. The

average shift calculated here are discussed in more general terms as shift vectors in different
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systems [117, 118]. The average shifts are consequence of breaking of symmetry in the -y
plane due to the presence of an extended geometry such as a NW. These shift correspond to
the angular shift of the intensity distribution of /. and /_ components, as discussed in the

previous sections.

4.6 Conclusion

To summarize, we have shown numerical and experimental investigation of generation of
longitudinal spin density through focusing of linearly polarized Gaussian beam and HG
beam. In addition, circular polarization analysis of the forward elastic scattered optical
field from an AgNW reveals intrinsic spin-Hall effect. The measurement of the far-field
longitudinal spin density (s3) for Gaussian and HG;y beam indicates enhancement of s3 for
HG1p beam compared to Gaussian beam, quantified by the enhancement factor 7., = 1.31.
By studying the focal optical fields, we attribute the observed effect to the generation of
longitudinally spinning optical fields due to focusing, hinting the geometrical origin of the
effect.

The chapter therefore discusses the very intricate nature of the spin-orbit interaction be-
tween non paraxial optical fields and nanoscopic scatterers. The method presented here
discusses a simple polarization analysis-based approach for measuring longitudinal spin of
optical fields. Similar method has also been employed for measuring the spin of linearly po-
larized dipoles realized by optical excitation of dipolar metal particles [116]. The directional
scattering from dipolar particles have also been analyzed to reveal the transverse spin of po-
larized and unpolarized optical fields [119, 120], angular momentum interconversion [110]
as well as used for position sensing [108, 109]. Hence the scattered signal for a nanoscopic
scatterer such as a single silver nanowire possess rich information about optical fields and
can potentially be useful for investigation of polarized signals as well as SOI phenomenon

such as angular momentum interconversion.






Chapter 5

Investigation of optothermal interactions
of active colloids in focused and

defocused Gaussian beam

Abstract:

In this chapter, I will discuss about optothermal interaction active colloids under the influ-
ence of illuminated focused and defocused optical field. Specifically, we harness the self
heating colloids and harness their thermophoretic behaviour to study optothermal interac-
tion which shows a long-range attraction and a short-range repulsion between the colloids.
The optical gradient field enabled attraction and the short-range repulsion between the active
colloids have been harnessed to form re-configurable dynamic assembly. In addition, the as-
sembly undergoes self-evolution as a new colloid joins the structure. Further, we show that
the incident polarization state of the optical field can be employed as a parameter to modu-
late the structural orientation of the active colloidal matter. This chapter is an adaptation of
the research article referenced as arXiv:2203.08904 [121]

5.1 Introduction and motivation

One of the most unique feature of light matter interaction is optical forces, first proposed
by Ashkin [5-7]. The optical forces have been extensively harnessed to facilitate optical
tweezers to trap and manipulate colloidal matter as well as to investigate their dynamics [25,
49, 53, 71-73, 122—-124]. The strong optical field required for optical tweezing can also fa-
cilitate optical heating, resulting in optothermal interactions in a fluidic environment. It has
been employed to trap and manipulate colloids through thermophoresis [36-38, 44, 125],
thermo-osmosis [40, 126, 127], depletion [41] as well as to understand the non-equilibrium
nature of the interaction [42]. In this context, artificial active matter has become an im-
portant system of study specifically because it can self-propel, absorbing energy from the

environment and can mimic systems which are out of thermodynamic equilibrium [128-

53
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134]. Similar to naturally occurring active matter systems such as swimming bacteria [135,
136] and flocks of birds [137, 138], these systems provide a test bed for many biophysical
and cellular phenomena.

Interaction of an artificial active colloid with an optical field leads to heating and conse-
quent release of thermal energy, resulting in a non uniform temperature distribution in the
surrounding region. This acts as an environmental cue to influence normal Brownian mo-
tion of the colloids, leading to thermophoreis [36, 37]. For self-heating colloids, this effect
can be harnessed for self-thermophoretic propulsion [133], feedback-controlled ordering of
colloids [131] as well as for studying microscopic engines [139]. As such, generating and
studying the dynamic assembly of colloidal matter is particularly interesting because these
can lead to better understanding of the collective dynamics and act as a model for various
biological systems [132, 140, 141]. To this end, previous approaches of generating spatio-
temporally ordered assembly involved holographic optical trapping as well as multiplexing
of the incident optical beams to trap multiple colloids [65-67, 131, 133, 142]. However, a
single optical beam enabled spatio-temporal ordering of active colloids remains to be ex-
plored in detail.

Motivated by that, herein we report spatio-temporal ordering of iron oxide infused poly-
styrene active colloids (PS ACs) in a defocused laser trap. The colloids undergo self-
thermophoretic motion under asymmetric laser illumination, rendering their active nature.
In addition, the temperature distribution generated due to heating colloids act as an envi-
ronmental cue for the colloids in the vicinity. The resulting thermophoretic motion of the
colloids towards the heat center render a long-range attraction and a short-range repulsion
between a trapped and a migrating colloid. Upon encountering the defocused optical field,
the counteracting effect of attraction due to optical gradient potential and short-range repul-
sion due to thermal gradient, the colloids form ordered assembly as shown in the schematic
fig. 5.1 (a) and timeseries fig. 5.1 (d) (Video 1) [143]. Unlike the active colloids, pas-
sive colloids (1.01 pm polystyrene colloids in aqueous medium) do not exhibit any active
dynamics in the defocused optical field and get trapped to form a two-dimensional array
(Video 2) [143].

5.2 Experimental implementation and characterisation

5.2.1 Experimental implementation

The dynamics of the polstyrene active colloids (PS ACs) employed for the study are achieved
by dispersing them within a microchamber (height ~ 100 pm) enclosed with two glass

coverslips. It is placed on a piezo stage and a two channel optical microscope enables
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FIGURE 5.1: Optothermal assembly of reconfigurable colloidal matter. (a) Schematic of assem-
bly of polystyrene active colloids (PS ACs) in an defocused Gaussian field. (b) A dual channel
optical microscope setup is used for the experiments. A 100x 0.95 NA objective lens is used
for focusing/defocusing of incident laser at wavelength A = 532 nm and a 100x 1.49 NA lens
is used to collect the signal and projected onto the Fast camera (100 — 1000 fps) using relay
optics. (c) Scanning electron micrograph of a PS AC shows the embedded FeoO3/Fe3Oy ~ 15
nm nanoparticles with ~ 30% mass fraction. (d) Timeseries of the assembly of PS ACs under a
defocused illumination.

illumination of A = 532 nm laser beam from the top-side using 100x 0.95 NA lens and
collection of the signal from the bottom-side with 100x 1.49 NA objective lens, as shown
in fig 5.1 (b). Continuous variation of the laser power is performed by using a combination
of half-wave plate (HWP) and polarizing beam-splitter (PBS). The excitation wavelength
from the collected signal is rejected by using a combination of notch and edge filter and the
signal is projected to a fast camera (fps 100 — 1000) to record the dynamics of the PS ACs.
The architecture of the optical setup has been elaborated in section 2.1.3 of chapter 2.The

trajectories of the dynamics are extracted by employing Trackmate [144]. The experimental
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design allows us to independently modulate the focusing conditions of the excitation beam

from the collection path.

5.2.2 Composition of PS ACs and calculation of effective parameters

The colloids employed for the experimental investigations are composed of polystyrene hav-
ing diameter 1.31 gum with nanoparticulate (diameter ~ 15 nm) iron oxide (Fe;O3/Fe304)
distributed (~ 30% mass fraction) throughout the pores within the polymer colloid interior,
rendering them symmetric (Microparticles GmbH) as shown in fig. 5.1 (c). Each nanopar-
ticle act like a point heat source and collectively they lead to asymmetric temperature dis-
tribution due to absorption of asymmetrically incident laser beam, rendering the colloids
active.

Considering the iron oxide inclusions distributed uniformly through out the polystyrene
active colloids, we can get the estimate of effective dielectric constant (e.¢) of PS ACs by
employing Maxwell-Garnett effective medium approximation as [145],

e 1207505

_ €i+2¢epg (51)

_ €i—EpS
€ps 1 €i+2¢eps

where ¢; and epg are the dielectric constant of the iron oxide inclusions and polystyrene
respectively. The volume fraction of the iron oxide inclusions (Fe,O3/Fe303) is obtained
by assuming a thin shell (thickness ) of iron oxide around a passive dielectric polystyrene
sphere, the combination of both results in a sphere of radius R = 1.31 um. The 30 % mass
fraction of the of iron oxide inclusion in the PS ACs results in volume fraction ¢ = 7.7 %.
Assuming, Fe;O3 : Fe3O3 = 1 : 1, the effective dielectric constant turns out to be . =
2.8145 + 0.05671, leading to effective refractive index neg = /eq = 1.6777 + 0.0169¢.
Similarly to get the effective thermal conductivity(x.rs) we have used Maxwell’s for-

mula as[146],
Reff 3¢
=1+ s
nif2niz - ¢

(5.2)

RPs

Where «; and kpg are the thermal conductivity of the inclusion and the polystyrene media
respectively. We get effective thermal conductivity as kg = 0.1861.

Following are the medium property used for the calculations

Material Polystyrene Fes O3 Fe304 Inclusion
€ 2.5546 10.3810 + 3.6546¢  5.4933 + 0.43447  7.9371 4 2.0445:
K (Wm™ K1) 0.15 7 17.65 12.33

TABLE 5.1: Material properties used for the calculation of effective parameters.
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5.2.3 Calculation of diffusion coefficient

The bulk diffusion constant for a freely diffusing PS AC can be obtained theoretically by
considering the equation Dy = kgT' /7o where kg is the Boltzmann Constant, T absolute
temperature, and vy = 671nya is the bulk viscous coefficient, a radius of PS AC and 7y bulk
viscosity of the fluid. Experimentally, the diffusion constant of a colloid can be obtained
analysis of the trajectory of the freely diffusing colloids and fitting the calculated of mean
square displacement (MSD) with the equation MSD(7) = 4D, where 7 represents lagtime,

1 is lower than the bulk

as shown in fig. 5.2 (a). The measured value D = 0.14 um?2s~
diffusion coefficient (Dy = 0.33 pm?s~1). The difference can be attributed to their proximity
to the glass surface [52, 147] and is discussed below.

Near to a surface, these values (D, v, ) differ significantly from the corresponding bulk

value and a correction factor « has to be considered « is given by (see fig. 5.2 (b)):

a:%:%:% (5.3)
R TR 1O RS

Thus, ™' =D /Do = 0.42, indicates the distance of the colloid from the surface. Com-
paring this value to the Fig. 5.2 (c), we find i/a = 1.09, implies that PS ACs are very close

to the surface.

The freely diffusing PS ACs in the vicinity of an optically trapped and heated colloid
undergo thermophoretic motion towards the heated region as a result of the generated tem-

perature gradient [37]. Therefore, in the following section we discuss about the temperature
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FIGURE 5.2: Diffusion constant of PS AC. (a) Diffusion constant is obtained by fitting of ex-

perimentally measured MSD with MSD(7) = 4D, (7 is the lag time). (b) Variation of bulk

viscosity of water () as a function of distance from the surface. 7 near a surface deviates signif-

icantly from the bulk value 7g. (c) Deviation of diffusion constant (D) from its bulk value (Dg)
as a function of distance from the glass surface.
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generated due to optical heating and corresponding measurement technique.

5.3 Temperature measurement technique

The nanoparticulate iron oxide infused within the polystyrene interior of the colloid acts
like heat sources upon absorption of incident optical field and facilitate corresponding op-
tothermal effects. The maximum surface of a heated PS AC can be obtained by studying
the nematic to isotropic phase transition of SCB liquid crystal (phase transition temperature
T = 35° C= 308 K)[133, 148], as shown in the schematic in fig. 5.3 (a).

The temperature distribution due to uniform optical heating of a colloid with maximum
surface temperature AT, can be given by, AT(r) = ATy?, where a is the radius of the
colloid [40]. The surrounding SCB medium undergoes nematic to isotropic phase transition
in the region where T(r) > 308 K. Due to the difference of refractive index of nematic and
isotropic phase of the SCB, the boundary of phase transition can be clearly visible in bright
field as shown in fig. 5.3 (b) for a centrally heated immobile PS AC with a focused laser

beam. Therefore, measuring the radius of the phase transition boundary (R) leads to the

(a) (c)
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FIGURE 5.3: Temperature measurement using SCB liquid crystal. (a) The measurement tech-

nique utilises an immobile PS AC heated centrally with 532 nm laser and the resulting phase

transition due to temperature distribution in the surrounding region.(b) The bright field optical

image of SCB phase transition for incremental incident laser power shows increase of isotropic

region radius. (c) The maximum surface temperature of the PS AC increases linearly with the
laser power.
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estimation of the maximum surface temperature of the heated PS AC from the equation,

R—-a

ATy = (Tp, — 298 K) (5.5)

a

In addition, the measured temperature increment on the surface of PS AC due to laser
absorption is inversely proportional to the thermal conductivity of the surrounding SCB
medium (ks5cg). Hence, measurement of the increment in 5SCB medium ATSCB leads to
estimation of the temperature increment in the aqueous medium ATF*" by employing the

equation,

ATyater — AT3CB E5CE (5.6)

Rwater
where, Kyater = 0.60 Wm ™K~ and xk5cp = 0.15 Wm~K~!. The temperature incre-
ment scales linearly with the incident laser power with equation AT [K] = 0.801 Py [mW] —
1.658, as shown in fig. 5.3 (c)

5.4 Optical trapping and self-thermophoretic motion of the

colloids in focused laser Gaussian beam

The freely diffusing PS ACs in the vicinity of an optically trapped and heated colloid un-
dergo thermophoretic motion towards the heated region as a consequence of the generated
temperature gradient [36]. Additionally, the self-heating of the PS ACs undergoing ther-
mophoretic motion leads to short-range repulsion between a trapped and an incoming col-
loid. Finally, under the collective influence of the defocused optical field and the generated
thermal gradient, the PS ACs attain a dynamic equilibrium to form a stable structural orien-
tation as shown in Fig. 1(d) (Video 1). Thus, to understand the phenomena, it is important to

first investigate the dynamic characteristics of individual PS AC in an focused optical trap.

5.4.1 Optical trapping of the colloids

The colloids undergo trapping under the action of gradient optical force due to a focused
laser beam. The gradient optical force and the consequent trap stiffness for the colloids can
be determined by tacking the position distribution of the colloids in very low power, such
that the effect of thermal gradient remains minimal [52].

Fig. 5.4 shows the power dependence of the trap stiffness of a PS AC trapped with a
focused optical field. As expected, the trap stiffness scales linearly with increasing power as
k [pN/pm] = 1.53 Py [mW] — 0.12.
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FIGURE 5.4: Variation of the optical trap stiffness (k) as a function of the incident laser power
(Py), showing linear dependence.

5.4.2 Self-thermophoretic behaviour of the colloids

With increasing laser power, the large optical field at the focal spot leads to heating of the PS
ACs [34]. The vectorial nature of the optical field at the focal spot in addition to the motion
of the colloid leads to asymmetric heating of the trapped colloid. The generated thermal
gradient along the surface of the colloid results in an interfacial flow of fluid, confined to a
thin layer along the colloid surface, termed as thermo-osmotic slip flow [39, 40, 126, 127],
and consequent self-thermophoretic motion of the trapped colloid. Such self-thermophoretic
motion of colloids have been investigated for Janus colloids [126] as well as symmetric
microswimmers [131, 133]. As a result, the colloid settles in an off-center position ()
where the harmonic optical force (F,,, = k dx, k is trap stiffness) pulling the colloid towards
the center balances the thermal gradient induced drift force (Fyis = yv = —yD1 VT, D is
thermo-diffusion coefficient, v represent bulk viscous coefficient), resulting from the fluid
flow, as shown in fig. 5.5 (a). Fig. 5.5 (b) shows the power dependence of the distance from
the focus center (dx) at which the colloids gets trapped, which exhibits non-linear trend
(Video 3 [143)).

Experimental insight into the maximum surface temperature which drives such self-
thermophoretic behaviour is extracted using SCB liquid crystal as a media as explained
in section 5.3. Fig. 5.5 (c) shows the nematic to isotropic transition of liquid crystal around
a centrally heated immobile PS AC at laser power Py, = 2 mW. The maximum temperature
increment on the surface scales linearly with increasing laser power as shown in fig. 5.5 (d).

To further study the trapping state, we study the non-linear power dependence of the off-
center position by considering temperature dependence of the thermo-diffusion coefficient
(D) as well as the Soret coefficient (St, St = D1 /Dy). In addition, we also investigate the

associated forces and drift velocity.
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FIGURE 5.5: Self-thermophoretic motion of a PS AC in the optical trap. (a) A trapped PS
AC heats up and undergoes self-thermophoresis resulting from thermo-osmotic slipping of fluid
along the colloid surface and settles in an off-center position. (b) The equilibrium position of
the trapped PS AC from the focal spot increases non-linearly with the laser power. (c) A bright-
field optical image of SCB liquid crystal phase transition from nematic to isotropic around an
immobilised centrally heated PS AC at power Py = 2.0 mW. (d) Temperature increment of the
PS AC as a function of laser power is estimated from the radius of the isotropic phase region.
Temperature increment at higher laser power can be estimated by extrapolating the measured
temperature increment at lower power shown in the inset.

A. Examination of non-linearity of off-center position:

To analyse the non-linear dependence of the dx of the trapped colloid with increasing laser
power, dx is plotted against the estimated temperature increment of the colloid, obtained by
AT = ATPe—07"/200® where AT*® is the experimentally measured temperature of an
immobile centrally heated PS AC, and wy = 0.8 pm is the beam waist. The plot is shown in

fig. 5.6 (a). The data was then fitted in the following ways:

* Case 1: Considering temperature dependence of D, i.e, Dt = C(T — T%)
Considering temperature dependence of thermo-diffusion coefficient: Dt = C (T — T%)

('T* is the sign inversion temperature) [149], we get,

1/3
5z = (@) (T — T (5.7)
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FIGURE 5.6: Analysis of non-linear slipping distance. (a) The off-center distance of the trapped

colloid as a function of estimated temperature increment. (b) The data is fitted according to case

1, from which we obtain T* = 307.7 K. (c) The data is fitted with equation 5.9 and obtained the
fitting parameter are T* = 304.9 K and Ty = 4.173 K.

where, 7 is the viscosity, a is the radius of the particle, % is the trap stiffness and
ATy is the increment in temperature of the trapped colloid. Since both A7Tj and
the k£ has linear power dependence, the above equation reduces to the form: dzr =
A(T - T*)l/ ®. Fig. 5.6 (b) shows the corresponding fitted plot with equation, dz =
A(T — T*)"”* 4 B. From the plot we can extract the parameter T* = 307.7 K.

« Case 2: Considering temperature dependence of S, i.e, St = S (1 — (™" ~T)/Tr)

Considering temperature dependence of Soret coefficient: St = S (1 — ™" =1)/Tr)
(ST is high temperature limit of the St and T* and T are Soret inversion temperature

and fitting parameter respectively) [149-151], we get,

kpATeaSE\ . :
Sr = (BT‘)“T> (T (1 _ (T 7T)/Tf))1/s (5.8)
where, kg is Boltzmann constant, a is the radius of the particle, £ is the trap stiffness
and AT is the increment in temperature of the trapped particle. As before, since both

AT and the k has linear power dependence, the above equation reduces to the form:
bz = A (T (1— T =D/Tr)) (5.9)

Fitting the data in fig. 5.6 (a) with the equation yields T* = 304.9 K and T; = 4.173
K, shown in fig. 5.6 (c).

Therefore, T* value obtained from both the cases are similar to values reported in var-
ious literature for variety of colloids [149—-151]. Hence, temperate dependence of thermo-
diffusion coefficient and the Soret coefficient can offer possible explanation for the non-

linear dependence of the off-center position (0x) of the trapped colloid with increasing laser
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FIGURE 5.7: Analysis of optical trapping state. (a) Optical gradient force as function of laser

power with experimentally measured off-center distance (§s = x) and power dependence of the

trap-stiffness. (b) The drift velocity as a function of the estimated maximum temperature of the

colloid is obtained by diving the optical gradient force (F,,) by the bulk viscous coefficient (7).
(c) Temperature dependence of the dynamic viscosity (7).

power.

B. Estimation of optical force and drift velocity:

The off-center trapping state of the colloid can be further analyzed by quantification of the
optical gradient forces and the corresponding thermal drift velocity. Fig. 5.7 (a) shows
the calculated optical force F,; = kdz, acting on the off-center (dx) trapped colloid. The
approximate values of the trap stiffness £ at a given power is estimated from its power de-
pendence as described in section 5.4.1. As before, the extent of heating can be estimated by
ATt = ATexPe=02%/2w0” where wy = 0.8 pm is the beam waist and AT®® is the exper-
imentally measured temperature of an immobile centrally heated colloid. The approximate
temperature gradient can be calculated by: |VT(dz)| = AT®P q/dx? which is of the order
~ 10" Km™

The consequent drift velocity generated due to presence of temperature gradient can be
calculated by balancing of the forces, i.e., v = kdx/~. Fig. 5.7 (b) show the correspond-
ing increase of drift velocity with estimated increment of the temperature of the colloid
T = AT*" + T, (T, = 298 K is the surrounding temperature). The calculation incorpo-
rates the temperature dependence of the dynamic viscosity (1), as shown in fig. 5.7 (c),
corrected with the factor (f = 1/0.42 = 2.38) which considers the distance from the glass
surface (see section 5.2.3).

n(T) = f (1.380 — 2.122- 107> T + 1.360 - 10~* T* — 4.645 - 10~ " T?) (5.10)
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The thermophoretic velocity of the colloid can be represented as:

2 VT
= ZyB—— 11
v 3xﬁ T (5.11)

where, x is the thermo-osmotic coefficient and 5 = 2k, /(2 Ky + kps) = 1.3 (ky = 0.6
Wm™' K~ !and kps = 0.186 W m~! K~1), accounts for the difference in thermal conductiv-
ities. Considering v ~ 5-10% ym s~ and T ~ 300K, theratiov/() = 2x3 ~ 1.50 - 107®
m?s~1. This leads to rough estimation of the parameter x ~ 1.73 - 107% m?s~!. With the
thermophoretic velocity defined as v = =Dt VT, the order of magnitude of approximate

value of thermo-diffusion coefficient turns out to be Dy = 2 /3T =~ 38.5 um? K~!s71.

5.4.3 Polarization dependence of self-thermophoretic motion

The direction of self-thermophoretic drift of the colloid upon heating due to asymmetric
laser illumination depends on the polarization of the incident laser beam (Video 4 [143]).
For a y polarized focused beam, the trapped PS AC drifts along x direction and vice-versa
for x polarized focused beam, as shown in fig. 5.8 (a) respectively. Further quantification
of this polarization dependence is performed by calculating MSD for y polarized case and
fitting it with MSD(7) = 2kpT/k[1 — e~I"//7t], where 7 is the lag time and 7,; = /k is
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FIGURE 5.8: Polarization dependence of the self-thermophoretic motion.(a) A colloid under-

goes self-thermophoretic motion along = direction for y polarized beam and along y direction

for = polarized beam. (b) The corresponding spring constant (k;, k,) for y polarized incident

beam is obtained by calculating corresponding MSD in z (MSD,;) and y (MSD,)) direction and

is more along z direction compared to the y direction. Numerically calculated focal (z = 0

nm) electric field intensity distribution and corresponding line profile along x and y axis for (c)
focused y and (d) x polarized incident beam.
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trap characteristic time [52]. Fig. 5.8 (b) shows the MSD along  (MSD,,) and y (MSD,))
direction for y polarized incident beam. The corresponding trap stiffness along x direction
k, = 4.22 pN/um is one order magnitude more than that in the y direction k, = 0.213
pN/pm. This effect can be attributed to the ellipsoidal shape of the electric field intensity
distribution at the focus, with major axis along the linear polarization direction, contributing
to the heating, shown in fig. 5.8 (¢) and (d). In such cases, a colloid can drift along the minor
axis (z direction for y polarized beam and vice versa for = polarized beam), which will lead
to lesser heating at a given distance from the potential minima compared to the same distance
along major axis and hence the forces can be balanced relatively easily. Therefore, for y
polarized beam, the colloid drifts in = direction due to the self-thermophoretic effect, which
in this case represents both the minor axis and radial direction, and consequently is pulled
towards the center along this z axis due to the optical gradient force (Fop = k(Py)-dz ~ 4.9
pN).

This polarization dependence of the self-thermophoretic drifting direction opens up an
additional parameter for manipulation of propulsion direction of active colloids. Further, the
temperature distribution set up by a trapped and heated colloid results in an environmental
cue for the motion of the freely diffusing PS ACs leading to unconventional interaction

between them, which is discussed below.

5.5 Effect on surrounding colloids: Thermophoretic hov-
ering

The heating of a trapped colloid due to a focused Gaussian beam generates an environmental
cue, which leads to thermophoretic motion of the PS ACs in the surrounding region towards
the heat center. The experimental results indicate that a second colloid migrates towards
the heat center due to thermophoresis and eventually near to the trapped colloid undergoes
hovering at a certain distance, shown in fig. 5.9 (a). Fig. 5.9 (b) shows the position distribu-
tion of the tapped and hovering PS ACs. It can be seen that, at the trapping laser power of
Py = 3.6 mW, the hovering occurs at distance ~ 2.59 pm. The temperature increment of the
trapped colloid can be estimated by the AT*! = ATePe=92%/2w5 which assumes uniform
heating of the off-center (0 = —0.5 pum) trapped colloid. The corresponding temperature
distribution due to the trapped colloid will approximately vary as, T(r) = ATa/r + Ty,
where r is the distance and a is the radius of the colloid, AT is the temperature increment
on the surface of the trapped colloid, T = 298 K is the ambient temperature. The generated
radially symmetric temperature distribution is shown in fig. 5.9 (c). Inset shows the line

profile of the temperature increment along x axis.
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FIGURE 5.9: Thermophoretic hovering of PS AC. (a) A heated trapped colloid at the focal
spot results in temperature distribution in the surrounding medium. A second PS AC undergoes
thermophoretic migration towards the heat center and eventually hovers near a trapped colloid
at a certain distance. (b) Position distribution of the trapped and hovering colloid. (c) The
temperature distribution that can be generated due to off-center trapped (0« = —0.5 pm)colloid
at power Py = 3.6 mW can be estimated from the experimentally measured temperature using
5CB, which assumes uniform heating. The corresponding line profile along x axis is shown in
the inset.

The colloids migrate towards the heat center, indicating their negative Soret coefficient
(St). However, the hovering resulting from thermophoretic repulsion can be attributed to
temperature dependence of St, i.e., assuming Sy = S¥(1 — T ~D/Tr) [150, 151]. T*
represents the temperature at which St inverts sign and 7 is a fitting parameter. For the ex-
perimental data, the temperature increment at the region where the hovering occurs (d ~ 2.5
pm) is AT ~ 4 K for AT ..« =~ 14.2 K of the trapped colloid, as shown in fig. 5.9(c), im-
plying 7™ ~ 302 K, similar to the value of 7™ for various colloids [150, 151]. Closer to heat
center from that region St may invert its sign, resulting in inversion of thermophoretic veloc-
ity v = =D VT (D1 = StDy is thermo-diffusion coefficient). Alternatively, encountering
some scattered light near to a trapped colloid, the incoming colloid may attain a temperature
T > T(r) due to its absorption. Consequently, the migrating PS AC no longer encounters
a positive thermal gradient (VT) and become zero or switches its sign near to this position.
Hence the thermophoretic velocity v = —D1V'T may have a value close to 0 or invert its
sign around this region. Any motion away or towards the trapped colloid will render fluctu-
ation of the thermophoretic velocity sign, leading to the hovering of the second colloid. The
hovering distance depends on the temperature distribution due to the first colloid and hence
can be modulated by changing the laser power, as shown in fig. 5.10 (Video 5 [143]).

Thus, a heated colloid leads to a long-range attraction acting up to distance 10-12 ;sm due
to thermophoretic migration other colloids and a short-range repulsion acting in the range
1-5 pm depending on the incident laser power, leading to their thermophoretic hovering.
Such behaviour is significantly different from that of passive dielectric colloids, and creates

an avenue for understanding as well as modification of collective dynamics of active matter
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FIGURE 5.10: Variation of the distance between a trapped PS AC and a hovering PS AC with
increasing laser power extracted from Video 5. [143]

systems [138].

It is worthwhile to notice the fluctuations in the position of the second colloid. While
multiplexing of incident beam or implementing holography it is possible to trap the second
colloid and study its dynamics due to environmental perturbations, in the following sections

we show a simple defocused Gaussian beam can serve similar purpose.

5.6 Optothermal interaction of PS ACs in defocused Gaus-

sian beam

While a focused beam can lead to hovering of the colloids around a trapped PS AC, a defo-
cused beam can provide the mean for equal optical trapping of multiple colloids and heating
them to equal extent. Hence, such configuration enables us to investigate the optothermal
interaction and collective dynamics of multiple colloids. To start with, we characterize the

defocused optical field distribution and exerted force on the the colloids.

5.6.1 Spatial distribution of trapping potential and gradient force due

to defocsued illumination

The optical field intensity distribution due to defocused Gaussian beam illumination is
shown in fig. 5.11 (a). The defocused beam has a central high intensity part followed by con-
centric Airy rings forming a circular optical field region. The defocusing was done upto the
extent of ~ 4 ym. This can be quantified in terms of the depth of focus DOF = )\/(2NA?),
where ) is the wavelength of light, usually taken as 550 nm, NA is the numerical aperture of

the objective lens. For the objective lens used for the incident optical field, Olympus M Plan
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FIGURE 5.11: Optical gradient potential and force profile. (a) Incident optical field intensity
profile. (b) Bright field optical image of SCB phase transition due to heating of an immobile
PS AC placed in different points of the optical field at laser power Py = 4.7 mW. (c) Extracted
temperature profile along a dashed black line in (a). (d) The corresponding calculated optical
potential and the optical gradient force line profile fitted with double Gaussian function.
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FIGURE 5.12: Estimation of radial trapping potential for defocused illumination. (a) The pas-

sive PS colloids gets trapped in two regions of the optical field in the central part and in the

peripheral ring region. (b) The corresponding radial trapping potential. The trap stiffness is

more for trapped colloid in the central region and the potential has a minimum ~ —4.4 kgT

and trap stiffness k, ~ 2.082 pN/um. The peripheral region has minima ~ —3.6 kgT and trap
stiffness &, ~ 0.407 pN/pm.

Apo 100x 0.95 NA lens, DOF ~ 0.3 um. Therefore, the defocusing distance was fixed to

~ 13 DOF.
To extract the profile of the optical gradient potential and force in the sample plane we

scan an immobile PS AC in 5CB medium along a line in the optical field (shown by black
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dashed line). The temperature increment of the colloid is dependent on the spatial profile
of the optical field. Fig. 5.11 (b) shows the generation of isotropic phase of SCB due to
increment of surface temperature of the PS AC in three different points as indicated in fig.
5.11 (a). The temperature profile along a line parallel to x axis (as shown by black dashed
line in fig. 5.11 (a)) is shown in fig. 5.11 (¢). The increment in temperature is directly
proportional to the intensity profile. Since the optical trapping potential is also proportional
to the intensity profile of the incident optical field, the temperature profile also gives us
a qualitative measure of the optical gradient potential. Fig. 5.11 (d) shows a qualitative
profile of optical trapping potential (in blue fitted with double Gaussian function) and the
corresponding optical gradient force profile (in red). The approximate trapping position is
at the secondary minima of the optical potential and have been indicated by the grey dashed
lines.

The quantitative measure between the trapping potential at center of the beam and at the
peripheral region can be obtained by trapping passive polystyrene particles having diameter
1.01 pm in the defocused optical field at laser power Py = 14 mW (Video 2 [143]) and
analysing the resulting trapping characteristics.

The passive colloids get trapped in the optical field in two regions — central region and
the peripheral ring region as shown in fig. 5.12 (a). The measured radial trapping potential
and the trap stiffness is more for the centrally trapped colloid with respect to the peripherally
trapped colloid as can be seen from fig. 5.12 (b). For the centrally trapped colloid the minima
of the trapping potential were found to be U™ ~ —4.4 kgT and trap stiffness &, =~ 2.082
pN/um. On the other hand, trapping potential for the trapped colloid in the peripheral ring
region has minima UP*" &~ —3.6 kgT and trap stiffness k, ~ 0.407 pN/um. The force on
the particle at the central spot is approximately an order of magnitude higher than that in the

peripheral region.

5.6.2 Dynamic of PS ACs in defocused Gaussian beam

The arrangement of two PS ACs in a defocused Gaussian optical field is shown in fig. 5.13
(a) along with the intensity profile in the xy plane. The colloids are trapped in diametrically
opposite positions. The black spot indicates the beam center. The diametrically opposite
trapping position shown in fig. 5.13 (a) can be attributed to the fact that each of the PS ACs
get heated up to equal extent under the effect of optical field and hence leads to repulsion
due to thermal field of each other. The interparticle distance depends on the extent of de-
focusing as well as the incident laser power. Fig. 5.13 (b) shows that for fixed defocusing,
the interparticle distance (d) increases non-linearly with power. The non-linearity can be

attributed to the self-thermophoretic motion of the colloids as well as their repulsion from
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FIGURE 5.13: Dynamics of colloidal pair in defocused optical trap. (a) Two PS ACs gets

trapped in diametrically opposite position. (b) For a fixed defocusing (diameter ~ 4 pm), the

interparticle distance increases non-linearly as the laser power is increased. (c) Bright-field

optical image of 5CB liquid crystal phase transition from nematic to isotropic around a heated

immobilised PS AC with a defocused laser power Py = 9.42 mW. The position of the colloid

with respect to the defocused spot is indicated in the inset. (d) Temperature increment of the PS
AC as a increases linearly with laser power.

each other. To find out the approximate maximum temperature of a PS AC under such defo-
cused illumination we study the nematic to isotropic transition of SCB liquid crystal around
a heated colloid shown in fig. 5.13 (c). The inset shows the approximate position of the PS
AC at the defocused spot. The maximum temperature variation with power is shown in fig.
5.13 (d). The maximum temperature increment attained by a single colloid due to incident
laser power of Py = 16 mW does not exceed ~ 12 K.

In addition to their diametrically opposite arrangement, their orientation along an axis
can be modulated by changing the incident laser polarization state as shown in fig. 5.14 (a).
The two PS ACs orient themselves along x direction for y polarized beam and vice-versa
for = polarized incident beam (Video 6 [143]). The inset shows the position distribution
obtained over 8 seconds. The trapping state for y polarized incident beam (laser power
Py = 11.77 mW) is further characterized by calculating the MSD along = (MSD,) and y
(MSD,)) direction and obtaining the corresponding trap-stiffness as shown in fig. 5.14 (b).
The obtained trap-stiffness along x direction k, = 0.362 pN/um is one order of magni-
tude higher than that of along y direction k, = 0.058 pN/um. The result could be un-

derstood considering their diametrically opposite arrangement along x axis and resulting
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FIGURE 5.14: Polarization dependence of the arrangement. (a) The orientation of the PS ACs
in the defocused spot depends on the polarization of incident beam. The colloids stay along x
direction for y polarized beam and stay along y direction for = polarized beam. (b) Calculated
MSD,, and MSD,, and the corresponding trap-stiffness of the colloids for y polarized incident
beam. Numerically calculated defocused (z = 2000 nm) electric field intensity distribution and
corresponding line profile along = and y axis for (c) focused y and (d) x polarized incident beam.

thermophoretic repulsive force and gradient optical field force acts along = axis. The po-
larization dependence of the orientation can be attributed to the electric field intensity dis-
tribution under such defocused illumination and the corresponding optical forces as shown
in fig. 5.14 (c) and (d). The normalized electric field intensity distribution is more along x
direction for y polarized beam and more along ¥ direction for x polarized beam, resulting in

higher gradient optical potential as well as confinement along that direction.

5.6.3 Optical gradient potential and force on PS ACs in defocused field

The optical gradient potential as well as force acting on the PS ACs due to the defocused
optical field has been estimated through evaluation of the trap stiffness from the time series
data (Video 1 [143]) at laser power Py=14.13 mW. 450 frames have been considered in the
calculation during the time frame where two colloids are oriented along the x axis due to the
y-polarization of the illumination beam.

The optical gradient potential is higher along the x direction with respect to the y di-
rection as shown in fig. 5.15. Consequently, the trap stiffness which quantifies the optical
gradient force, k, ~ 0.447 pN/pm is more with respect to k, ~ 0.035 pN/um. The varia-
tion of the values can be understood by considering their orientation in the optical field.

Numerically the gradient optical force on the active colloids have been estimated by

modelling the colloids using Maxwell-Garnett effective medium theory [145, 146] (section
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5.2.2) and evaluating the force in the defocused optical. It has been achieve through nu-
merical calculation of the optical defocused field for « and y polarized incident field using
PyFocus [152] and employing equation 1.4 for calculation of gradient optical force compo-
nent.

Fig. 5.16 shows the numerically calculated optical force on the active colloids at laser
power Py = 10 mW. The approximate position of trapping of the active colloid is indicated
by white dashed circle in the first column and grey dashed circles in the second and third
column. The optical forces are slightly higher perpendicular to the polarization direction.
Although these are approximate calculation, the order of magnitudes match with the ex-
perimentally obtained trap stiffness. In addition, we have also calculated the axial optical
scattering and gradient force by employing equation 1.4 for both focused (¢ = 0 nm) and
defocused (z = —2000 nm) cases at laser power Py = 10 mW. The results have been shown
in fig. 5.17 (a) and (b) for focused and defocused beam respectively. The colloids experi-
ence an axial scattering force, F** in the order of ~ pN due to focused beam at laser power
Py = 10mW and gradient force F¢7% ~ 1 pN. On the other hand, for defocused optical
field, the colloids experiences F**¢* ~ (.01 pN as well as gradient force F¢"% ~ (0.1 pN
also plays a crucial role in their trapping near to the glass surface.

The coupled motion of the PS ACs in the defocused laser beam is reminiscent of many
biological active matters as well as of fundamental importance due to the synchronization
of motion through environmental cues. The activity induced self-evolution is characteristic
of all naturally occurring active matter systems and motivates the investigation of dynamic

assembly of multiple active colloids.

k= 4.47X 107 N/m (c) k,= 3.48X 10 N/m

0.4 0.2 0 0.2 04 45 4 05 0 05 1 15
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FIGURE 5.15: Calculation of optical gradient potential on active colloids for defocused illu-

mination. (a) assembly of two colloids oriented along = axis in the defocused field. Optical

gradient potential along (a) x axis and (b) y axis on the active colloids due to the y polarized

defocused illumination. The potential and the trap are much stiffer along x axis compared to the
y direction.
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FIGURE 5.16: Numerical calculation of optical gradient force. Incident optical field (Iy), optical

) for (a) y polarized beam and (b)
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FIGURE 5.17: Numerica calculation of axial force on PS AC. Axial scattering (F5%), gradient
(FZG’”“d) as well as total force on a PS AC for (a) focused (z = 0 nm) and (b) defocused (z =
—2000 nm) optical field.

5.7 Self evolution of the colloidal matter

Trapped PS ACs in the defocused laser spot generate a temperature distribution in the sur-

rounding region and result in thermophoretic motion of other colloids in the vicinity. The
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FIGURE 5.18: Self-evolution of active colloidal matter under defocused illumination. (a) The
time series of the assembly under a defocused illumination at Pp = 14.13 mW. Black spot
indicates the position of beam center (b) As a new colloid joins the assembly, the existing PS
ACs re-position themselves in the assembly and forms a dynamic structure with the new colloid
included. The dynamic equilibrium positions are indicated by the green open circles. (c) Two PS
ACs settle in diametrically opposite position having average distance d = 4.14 um, (d) Three
in the vertices of a triangle with the distances between the colloids having distribution about
dy = ds = 3.57 ym and dy = 4.02 ym. (e) Four PS ACs form a diamond shaped quadrilateral
geometry having diagonal distance distribution about d; = 4.07 um and do = 4.68 pum. (f) Five
PS ACs form a pentagonal geometry. (g) The thermophoretic velocity of an incoming colloid
is obtained by investigating the mean-squared displacements (MSDs). The obtained velocity
(given in the inset) of an incoming colloid show incremental trend.
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described experimental arrangement can thus lead to self-evolution of the structures as mul-
tiple PS ACs migrate towards the spatio-temporally static optical field. The primary driving
mechanism for this assembly is the thermophoretic behaviour of the active colloids due
to generated temperature gradient as well as the optical gradient force facilitated spatio-
temporal trapping. Fig. 5.18 (a) shows the dynamic assembly of multiple PS ACs as they
migrate one by one towards the heated colloids in a y polarized defocused beam (Video 1
[143]). The self-evolution of the dynamically stable structures is shown in fig. 5.18 (b).
It can be seen that as a new colloid joins the structure, the existing colloidal arrangement
re-organizes to form a stable assembly with the new colloid. In contrast, passive colloids
(polystyrene 1.01 pm) do not exhibit active motion under such illumination configuration
and get trapped to form two dimensional array (Video 2 [143]).

The dynamic property of assembly of two PS ACs trapped in diametrically opposite
position is quantified by their position distribution and their distance as shown in fig. 5.18
(c). The distance between the colloids is shown in the histogram with average distance
~ 4.14 pum. The assembly evolves into a triangle with three PS ACs as shown in fig. 5.18
(d), with each colloid settling at the vertices. The distance between the colloids is indicated
in the histogram, with two distributions having mean ~ 3.57 yum and ~ 4.02 ym. The
larger distance between the horizontally oriented colloids is due to the electric field intensity
distribution of y polarized beam. Four PS ACs reorganize themselves to form a diamond
shaped quadrilateral structure as shown in fig. 5.18 (e). The diagonal distance between the
colloids exhibits two distributions with average ~ 4.07 ym and ~ 4.68 pym. The larger
distance is between the colloids aligned horizontally and similar to the three PS AC case,
it can be attributed to the polarization dependent electric field intensity distribution in the
sample plane and the corresponding optical gradient forces. Five colloids lead to formation
of a pentagonal structure as shown in fig. 5.18 (f). It is important to note that the exact nature
of the dynamic structure formation depends on the identical characteristic of the colloids,

deformed or smaller/bigger sized colloids might lead to formation of skewed geometry in

FIGURE 5.19: Colloidal assembly with higher number of colloids. With increasing time, and
for larger defocusing, dynamic assembly for 6-9 PS ACs can also be formed. The black spot
indicates the beam center. (Video 7 [143])
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comparison to the ideal ones.

As the number of colloids in the assembly increase, the maximum temperature attained
by the system increases. It is followed by the increased velocity (v) of the directed motion
with which a new colloid joins the assembly and can be found out by considering the mean
squared displacement (MSD). The MSD for such a directed motion is given by MSD(7) =
v272 4+ 4D7, 7 being the lag time [129]. Fig. 5.18 (g) shows the mean-squared displacement
of the n' colloid as they undergo thermophoretic motion towards the assembly of (n — 1)
colloid(s). The corresponding velocity (v) is shown in the inset and indicates an increasing
trend having v = 1.25 pum s~ for the second colloid to v = 2.94 ym s~! for the fifth colloid.

Higher number of colloids can also form a stable colloidal matter through this process,
as shown in Fig. 5.19 (Video 7 [143]). With a denser colloidal solution, the structure can
evolve to form dynamic assembly of higher number of colloids in short time. However, it
must be noted that the defocusing of the incident laser has to be increased for this purpose
to ensure sufficient distance between two colloids in the assembly. This is because of the
fact that a colloid can be repelled due to thermal gradient from the optical potential if the

distance between two colloids become very less.

5.8 Investigation of thermophoresis, thermal convection and

scattering forces

5.8.1 Calculation of Soret Coefficient

Since, the assembly process is driven by the thermophoresis of the colloids, in this section
we make an attempt to approximate the Soret Coefficient by ignoring its temperature de-
pendence for simplicity.. From the thermophoretic velocity (v) of second PS AC under the
influence of temperature distribution set up by the first PS AC, we can obtain the thermo-
diffusion coefficient (D) by employing the equation, v = —D1VT. Here T = T, + ATy
is the absolute temperature, T is the ambient temperature and AT is the maximum surface
temperature of heated PS AC. Therefore, the trajectory (r(¢)) of the incoming second PS AC
is given by,

r(t) = (A+ Bt)'/3. (5.12)

where, A = r¢® and B = 3D1tATya .

Thus, by fitting () vs. t between two PS ACs we can obtain Dp. Then, the Soret
coefficient can be obtained as St = %. If St > 0 then the AC will move to the colder
region and if St < 0, then the AC will move to the hotter region.
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(a) (b)

FIGURE 5.20: Soret coefficient calculation. (a) Snapshot of the motion of a PS AC under the

influence of temperature distribution set up by a trapped and heated PS AC in a defocused laser

spot. (b) Trajectory of the second colloid with respect to the trapped colloid 7(t) is fitted with
equation 5.12.

The trajectory r(¢) of the second colloid undergoing thermophoretic motion with respect
to the trapped one as shown in fig. 5.20 (a) is obtained by tracking their motion. The corre-
sponding trajectory r(t) is plotted in fig. 5.20 (b). Fitting it with equation (5.12) we obtain
the fitting parameters A = 1248.00 um?® and B = —308.20 um3®s~!. Thus, the thermo-

diffusion coefficient is obtained as Dy = ﬁ = —16.01 pm?*K~ts™!, where ATy = 9.80
K and 2a = 1.31 pm. The Soret coefficient can be obtained as St = % = —115.16 K*

(D = 0.14 um?3s~1). The negative sign implies the motion towards positive thermal gradient

as in our experimental case.

5.8.2 Effect of buoyancy driven thermal convection

The generated thermal gradient due to heating of the trapped colloids can also lead to buoy-
ancy driven convection in the surrounding regions. We have employed COMSOL 5.1 and
combined the heat-transfer module with laminar flow module to enumerate the effect of
buoyancy-driven convection for a single centrally trapped and heated PS AC, modelled us-
ing Maxwell-Garnett effective medium theory as explained in section 5.2.2. A 2D axisym-
metric model depicts the geometry considered for the calculation as shown in fig. 5.21.The
outer boundary layer was set to 7, = 298 K. The colloid (PS AC) was defined as the heat

source with the equation:

2P

_ae 02w (5.13)
T™Wo

Q(r,z) =

where, Py is the incident laser power, wy = 0.8 pum is beam waist and « is the absorp-

tion coefficient of the modelled particle at wavelength A = 532 nm. Modelling the iron
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FIGURE 5.21: Schematic of the 2D axisymmetric geometry employed to calculate the tempera-
ture and the corresponding buoyancy driven convection

oxide infused colloid using Maxwell-Garnett effective medium theory (section 5.2.2) and
calculating the refractive index as (n = 1.6777 + ¢0.0169), the absorption coefficient was
calculated using the equation o = 47n”/N = 5.3069 - 10°m~1, X = \/nyeq, n” denoting
the imaginary part of the refractive index. A temperature dependent density p(T), dynamic
viscosity 77(T) as well as thermal conductivity x(T) of the water facilitates introduction of

thermal convection. In addition, the following parameters are used.

Materials £(Wm'K™') p(Kgm™) C,(JKg'K™)
Glass 1.38 2203 703
Colloid 0.1861 1215 1070

TABLE 5.2: Parameters used for the simulations

Fig. 5.22 (a) shows the calculated temperature distribution. The temperature is more
towards the central part of the colloid due to its lower thermal conductivity. However, ex-
perimental temperature only reflects the surface temperature. Fig. 5.22 (b) shows the cor-
responding temperature distribution along a line parallel to z axis at z = 0.65 pum, which
shows decreasing trend from the central region. The surface temperature as a function of
laser power is shown in fig. 5.22 (c) and matches reasonably well with the experimentally
measured temperature. The relative density change is shown in fig. 5.22 (d).

To calculate the thermal convection, the upper and lower glass-water interfaces as well
as the colloid water interface were set with no-slip boundary conditions and the boundary on

right side as open boundary as shown in fig. 5.23. The resultant convective flow field and its
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FIGURE 5.22: Simulated temperature distribution and density distribution considering thermal
convection. (a) Temperature distribution in the zz plane (b) Temperature distribution along a
line parallel to the x axis at z = 0.65 um. (c) Temperature at the surface of the colloid as
function of power shows increasing linear trend. (d) The relative density change in the xz plane.
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FIGURE 5.23: Simulated flow field due to thermal convection for a laser power of Py = 10 mW
at xz plane. (a) Magnitude of the thermal flow field along with its direction (white arrow heads).
The corresponding x and z component of the flow field is shown in (b) and (c) respectively.
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FIGURE 5.24: Simulated maximum convective velocity v;,,; at laser power P = 10 mW as a

function of chamber height H.

2 and z components are shown in fig. 5.23. The calculated maximum flow velocity even for

10 mW excitation of a centrally heated colloid are in the range ~ 10! nm s~!, which are two
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orders of magnitude lower than the experimentally observed thermophoretic velocity. The
calculated maximum velocity saturates at about 63 nms~! as the sample chamber height is
increased to 120 pum as shown in fig. 5.24. Thus, the effect of thermal convection can be

neglected compared to the thermophoretic velocity of the colloids.

5.8.3 Effect of scattering force and optical binding

Other than the effect of generated thermal gradient on the assembly process and their ar-
rangement, we have also evaluated the effect of scattered light on neighbouring colloids and
the resultant optical binding effect has been considered [153].

To evaluate the effect of optical binding we have used COMSOL 5.1 and employed
a cuboidal geometry (8 yum x 8 um X 6 pum) as shown in fig. 5.25 (a). A defocused
Gaussian optical field at wavelength A = 532 nm and with polarization along y direction
was introduced using a port as shown by the green envelope and arrow. Iron oxide in-
fused colloids were modelled as uniform spheres having diameter 1.3 with refractive index
(n = 1.6777 +10.0169) obtained by considering Maxwell-Garnett effective medium theory
(see section 5.2.2). Scattering boundary conditions were applied to appropriate boundaries
to avoid spurious reflections. The medium was modelled as homogeneous with refractive
index set to that of water (n,.q = 1.33). The entire geometry has been meshed using a
minimum tetrahedral meshing size of ~ 150 nm.

The optical scattering force have been calculated by employing the Maxwell stress ten-
sor formulation of the wave-optics module. A colloid was fixed at one position, and the
scattering force on the particle was calculated as a function of position of the second mov-
ing colloid as shown in fig. 5.25 (a). Fig. 5.25(b) shows the numerically calculated optical
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FIGURE 5.25: Numerical calculation of optical scattering force. (a) Schematic of the geometry
employed for calculation of optical scattering force. (b) Evaluated optical scattering force using
Maxwell stress tensor at the fixed particle as a function of position of the second moving particle.
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scattering force. The force oscillates as function of position of the moving colloids with
period X' = A/nyeq = 400 nm. The oscillations are characteristics of optical binding force
and indicative of the scattering force on adjacent particles which are in the order of ~ 0.01
pN, one order smaller than the optical gradient force on the colloids, therefore, having a
weaker effect on the assembly with respect to the gradient optical force. This represents
the approximate scattering force on the colloids as implementation of strong focusing and
resultant vectorial optical field is difficult to achieve in COMSOL.

5.9 Conclusion

To conclude, we have reported experimental investigation of optothermal interaction of ac-
tive colloids in focused and defocused Gaussian optical field. The colloids undergo self-
thermophoretic motion under the effect of asymmetric illumination of focused optical field.
The self-thermophoretic effect and its laser power dependence has been investigated by
considering temperature dependent thermo-diffusion coefficient (Dt) as well as Soret co-
efficient (St) of the colloid. In addition, the temperature distribution set due to a trapped
and heated colloid serves as an environmental perturbation of freely diffusing PS ACs in
the surrounding region and aid thermophoresis enabled long-range attraction and a short-
range repulsion. In a defocused optical field, the colloids form an ordered assembly under
the counteracting effect of optical gradient potential enabled attraction and short-range re-
pulsion due to thermal gradient. The resultant colloidal matter self-evolves as a new active
colloid joins the assembly. We further report input polarization state as a parameter for mod-
ulation of the self-thermophoretic motion of the ACs as well as structural orientation of the
colloids in defocused laser spot. This observation is further understood by investigation of
the focal electric field intensity distribution under such illumination configuration. In addi-
tion, the effect of optical scattering force and thermal convection has been investigated by
employing FEM simulations. Through this method, the number of ACs in the colloidal mat-
ter can be modulated by changing the extent of laser defocusing. Thus, our study achieves
dynamic assembly of active colloids in a simple defocused optical field.

The following table summarizes the results discussed in various sections of this chapter.

Section Summary

5.2 In this section we have characterized the properties of the

colloids and discussed the experimental configuration

5.3 Summary of temperature measurement techniques
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5.4.1 Optical trapping of the colloids and power dependence of
trap constant shows linear dependence with respect to inci-

dent laser power

542 Self-thermophoretic motion of the colloids due to self-
heating of the colloids and investigation of power depen-

dence of the dynamics

5.4.3 Polarization dependence of self-thermophoretic motion: the
colloids moves along z direction of y polarized light and

vice-versa for x polarized light

5.5 Themophoretic hovering of a colloid near a trapped PS AC
due to temperature distribution set up by the trapped colloid

5.6.1 Spatial distribution of the defocused optical field, estima-
tion

5.6.2 Dynamics of pair of PS AC in defocused illumination

shows their arrangement along diametrically opposite po-
sition whose orientation can be modulated by input linear
polarization state: they orient along x direction for y polar-

ized optical field and vice-versa for x polarized field.

5.63 Experimental and numerical estimation of optical forces

5.7 The formation of colloidal matter self-evolves in the defo-
cused optical field as a new colloid joins the assembly and
it grows with time as well as extent of defocusing and laser

power.

5.8.1 The Soret coefficient has been estimated by tracking the tra-

jectory of an incoming PS AC.

5.8.2 The effect of Bouyancy driven thermal convection flow in
the order of ~ nm s~ have been considered for the assem-

bly process

5.8.3 Though numerical calculation, we show that the optical
binding force ~ 0.1 pN may play a role in the arrangement

of the colloidal matter in the optical field.

The presented work, therefore investigate the optical and thermal interaction of self-

heating iron oxide infused polystyrene colloids. In recent times, the optical tweezing of
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metal particle doped colloids have led to diverse field of research from realizing micro-
scopic engines to self-propelling colloids with laser steering [131, 133, 139]. In addition,
laser multiplexing coupled with steering have led to feed-back controlled assembly [133].
However, we show that the thermal response these colloids can be utilized for assemble in a
single defocused optical field. The self-evolution of this assembly without any external in-
tervention has been depicted for the first time. The study can serve as a simple model system
for understanding collective behavior at microscopic length scales in addition to realization

of reconfigurable microscopic engines with multiple colloids.






Chapter 6

Orbital angular momentum driven

collective motion of active colloids

Abstract:

This chapter discusses the self-organization and collective motion of polystyrene thermally
active colloids driven by orbital energy flow of Laguerre-Gaussian beams. Specifically, we
harness the self-heating and thermophoretic nature of the iron oxide infused polystyrene col-
loids to investigate the optothermal interactions of colloids undergoing orbital motion in the
illuminated optical field. The results indicate that the colloids undergo long-range attractive
motion towards a trapped and heated colloid and a short-range repulsive interaction between
two equally heated colloids in the optical field. This leads to self-evolution of the structure
as a new colloid joins the assembly and consequently the characteristics of the orbital angu-
lar momentum driven collective motion of the entire structure undergoes modifications. The
results have been further investigated by studying their dynamics with respect to increasing
laser power as well as introducing a passive dielectric colloid in the assembly, therefore, by

modulation of the optothermal interactions.

6.1 Introduction and motivation

Living organisms of different length scales such as colonies of bacteria [135, 136], flocks of
birds [137], schools of fish [154] often undergo collective motion [138] under the influence
of external environmental cues such as boundaries, nutrients, predators etc. These systems,
termed as living active matter, have opened up a vast swathe of studies related to their
collective dynamics, pattern formation, non-equilibrium thermodynamics as well as provide
a test bed for many biophysical phenomena [138, 155, 156]. It is desirable to study these
systems in much more controlled manner and replicate the systems.

In this context, in recent times, similar behaving systems have been envisaged through
optical trapping and manipulation of artificial active colloids of microscopic dimensions.

These systems not only provide a path for experimental realisation of active matter dynamics

85
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but also allows modulation through various means to investigate emergent behaviours such
as clustering, pattern formation, self-interactions [131-133, 140, 141]. At the core, most
of these studies harness light-matter interactions due to a focused or defocused optical field
at the particle-environment interface to facilitate optical forces as well as localized heating
for trapping and manipulation of self-thermophoretic colloids. These systems absorb energy
from the surrounding medium to self-propel, and can undergo collective motion as a whole,
mimicking dynamic pattern formation[133], swarming and vortex formation [132, 157] as
well as sensing, self-learning when coupled with a feedback mechanism [131, 158, 159].
The driving mechanism behind such studies have been realized by defocused illumination
of active colloids in a critical mixture [132] as well as via laser beam multiplexing and
steering with feedback loop [131, 133].

An alternative approach for driving the dynamics of the colloids can be facilitated by
scattering forces due to the interaction of angular momentum carrying beams with the col-
loids [19, 50-52, 160]. Manipulation of colloids through such methods utilizes optical
holography where optical intensity, phase as well as polarization states are modulated to
manipulate and form desired assemblies [49, 65, 66, 161]. Specifically, phase modulation
has enabled generation of optical fields possessing orbital angular momentum (OAM) due
to their helical wave fronts and consequent transverse energy flow due to orbital constituent,
termed as orbital energy flow [47]. As a result, colloidal objects trapped in a beam pos-
sessing OAM undergo orbital motion due to the scattering force facilitated by the orbital
energy flow component [49, 50]. To this end, such angular momentum driven systems have
been studied to investigate hydrodynamic as well as non-equilibrium interaction between
colloidal particles [162—164].

Motivated by this, in this report we investigate the collective dynamics of iron oxide
infused (Fe,O3/Fe30,) polystyrene thermally active colloid (PS AC) due to the orbital flow
of an illuminated Laguerre Gaussian (Lan, [ is azimuthal order, m is radial order) beam.
The transverse orbital energy flow of the incident LG beam leads to scattering force facil-
itated orbital motion of the colloids in the optical field. In addition, the iron oxide doping
leads to heating of the colloids due to absorption of the laser intensity and consequent tem-
perature distribution in the surrounding region. As a result, colloids in the vicinity undergo
thermophoretic motion towards the heat center as shown in the schematic in fig. 6.1 (a).
Eventually, the colloids get trapped in the optical field due to optical gradient force and ex-
perience mutual thermal repulsion due to their equal temperature in the optical trap. Such
thermophoresis enabled long-range attraction and short-range repulsion have already been
discussed in our previous work [121] as well as chapter 5. Finally, the counteractive effects
of attractive and repulsive force in addition to the optical trap leads to collective motion of

the colloids due to scattering forces induced by the orbital energy flow of the beam. The
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(a) LG beam

|

(c)

FIGURE 6.1: Collective motion of optothermally assembled reconfigurable colloidal matter. (a)

Schematic of assembly and collective motion of polystyrene thermally active colloids (PS ACs)

due to the orbital energy flow of incident LGj beam at wavelength A = 532 nm. (b) Scanning

electron micrograph of a PS AC shows the embedded FeoO3/Fe304 ~ 15 nm nanoparticles

with ~ 30% mass fraction. (c) Timeseries of the assembly and rotation of the formed colloidal
matter.

characteristics of the arrangement of the colloids in optical fields as well as their collective
motion changes as the assembly grows - the angular velocity of rotational motion decreases
as the assembly grows from one to three colloids, as shown in fig. 6.1 (c). In comparison
to the PS ACs, the orbital motion of system of dielectric polystyrene colloids of 1.01 pm
diameter increase with number of colloids, and is discussed in section 6.4.

Before we discuss the characteristics of the collective motion and analyze the data, we

will describe the experimental implementation as well as the properties of the colloids.

6.2 Experimental implementation and properties of the col-
loid

The colloids used in the experiments have diameter ~ 1.31 ym and are composed of polystyrene
doped with nanoparticulate (dimaeter 15 nm) iron oxide (Fe;O3/Fe30,) distributed through-
out the volume of the colloid with mass fraction ~ 30% (microparticles GmbH) as shown
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in fig. 6.1 (b). As a consequence of the iron oxide doping, the colloid heats up upon ab-
sorption of the incident laser beam, which can lead to self-thermophoretic motion due to
asymmetric heating [121], rendering their active nature. In addition, the doping also facil-
itates higher scattering forces due to the incident optical beam compared to an un-doped
dielectric colloid. The effective material properties of the iron oxide doped colloid can be
modeled using Maxwell-Garnett effective medium theory which results in a refractive index
n = 1.6777 4 10.0169. as described in section 5.2.2 of chapter 5 [145, 146].

The sample consists of a micro chamber (height ~ 100 m) enclosed with two glass cov-
erslips containing a dilute solution of these polystyrene thermally active colloids (PS ACs)
dispersed in deionized water. The sample is placed on a piezo stage and illuminated with
LGj beam at wavelength A = 532 nm using a 100x 0.95 objective lens with the help of the
top channel of a dual-channel optical microscope as discussed in the section 5.2 of chapter 5.
The LG} beam is prepared through projection of a Gaussian beam to a fork diffraction pat-
tern of desired order by employing a off-axis spatial light modulator, as described in section
2.1 of chapter 2. The continuous power variation is performed using a half-wave plate and
a polarizing beam splitter as discussed in chapter 5 section 5.2. The signal is collected from
the lower channel of the dual channel microscope, using a 100x 1.49 NA objective lens
and then projected to a fast camera (100 -1000 fps), with the excitation wavelength rejected
by combination of notch and edge filters. The extraction of the trajectories of the colloidal
particles from the recorded image sequence are performed by employing Trackmate [144].

In absence of any external perturbation, the colloids undergo unbiased Brownian mo-
tion, the diffusion of which can be calculated by tracking their position and calculating the
mean-square displacement (MSD). The diffusion coefficient for the free diffusing PS AC

is D = 0.14 um?s~ !, which is lower than their bulk value Dy = 0.33 ym?s~1.

The lower
value can be attributed to their proximity to the glass surface as described in section 5.2.3 of
chapter 5.

In the following section we discuss the assembly process as well as the collective dy-

namics of the colloids driven by the LG{ beam.

6.3 Dynamics of PS ACs due to LG} beam excitation

Under the influence of the incident optical field an optically trapped the colloid undergoes
rotational motion due to the scattering force exerted by the transverse orbital energy flow of
LG} beam (see equation 1.3). In addition, the generated temperature distribution leads to
thermophoretic motion of the colloids in the vicinity and consequent assembly.

Fig. 6.2 describes the entire assembly and collective motion of the colloids at laser

power Py = 6.5 mW. A trapped single colloid undergoes orbital rotation under the influence
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FIGURE 6.2: Time series of assembly and collective motion of the colloidal matter. A single PS

AC gets trapped int he incident LG% beam as shown in the inset and undergoes orbital motion

indicated by the white arrow. The resultant optical heating leads to thermophoretic motion of

surrounding PS ACs towards the heat center and formation of colloidal matter due to short-range

inter-particle thermal repulsion of equally heated colloids. In addition, the colloids undergo

collective motion owing to the scattering force imparted due to the orbital energy flow of the
incident LG3 beam.

of the transverse orbital energy flow of the incident LG; beam as shown in the inset. The
optical field also leads to heating of the trapped and rotating PS ACs, which facilitates an
environmental cue for surrounding freely diffusing PS ACs. As a consequence, surround-
ing PS ACs undergo thermophoretic motion towards the heat center. The thermophoretic
motion (v = —D¢V'T, Dr is thermo-diffusion coefficient and T is the temperature) can
be characterized by its negative Soret coefficient (St =Dt /Dy) and has been discussed in
section 5.8.1 of chapter 5. As a result, an incoming PS AC gets trapped in the optical field
and undergoes orbital motion in the optical field as shown in fig. 6.2. It is interesting to
note that the two colloids always keep diametrically opposite positions with respect to each
other, while undergoing collective orbital motion. Similarly, for three colloids, they form
a triangular colloidal matter, and rotate collectively, being approximately equidistant from
each other. Such formation of colloidal matter and its mechanism in a defocused optical
Gaussian beam has already been discussed in the previous chapter [121]. In this report, we
investigate the collective rotational motion of the active colloidal matter under the influence
of transverse orbital energy flow of the LG beam. In the following section, we analyze the

collective motion of the colloids and quantify the parameters.
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6.3.1 Analysis of the collective motion

The analysis of the collective dynamics of the assembly of colloids can be performed by
investigating their position distribution. Fig 6.3 (a) shows the average position distribution
of the colloidal assembly as it undergoes orbital motion at laser power Py = 6.5 mW. Inset
shows the corresponding assembly. As stated before, the mechanism relies on trapping
as well heating of the colloids in the focused LGJ optical field. The corresponding radial
optical potential can be computed by analyzing the trajectory of rotating single colloid.
Fig. 6.3 (b) shows the histogram of the radial position distribution and corresponding radial
optical potential (U,.) in units of kgT, where kp is the Boltzmann constant. The radial
trapping stiffness (k,) can be obtained by considering equipartition theorem [52], and fitting
the obtained potential with %krr? At laser power Py = 6.5 mW, the obtained trapping
stiffness comes out to be k, = 3.22 - 10~7 N/m. This indicates that the colloid experiences
a radial optical gradient force in the order F,. ~ 0.1-1 pN. The radius at which the colloid

undergoes orbital motion changes increases in case of collective motion of two and three
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FIGURE 6.3: Analysis of collective motion of the colloidal matter. (a) The position distribution
of the rotating colloidal matter consisting 1 to 3 PS ACs. Inset shows the corresponding snapshot
of the assembly. (b) Analysis of the radial position distribution for a single PS AC leads to
estimation of radial trapping potential with trapping stiffness k, = 0.322 pN/um at laser power
Py = 6.5mW. (c) The inter-particle thermal repulsion of equally heated PS ACs leads to higher
radius of rotation for colloidal matter consisting 2 and 3 PS ACs shown by the histogram with
average radius » = 0.73 pm for 1 PS AC, r = 1.25 um for 2 PS ACs and r = 1.43 pym for 3 PS
ACs. (d) The thermal repulsion leads to decrease of of the average angular velocity of rotation
with increase in number of colloids in the colloidal matter. (e¢) The angular velocities have been
extracted through calculation of cross correlation function
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colloids as shown in fig. 6.3 (c).

This can be attributed to their thermal repulsion, since multiple colloids when heated to
the same extent exhibit short range (up to 1 to 5 pm) repulsive behavior (see section 5.5 of
chapter 5). Considering their thermophoretic behavior quantified by equation v = =Dt VT,
two colloids heated to equal extent, experience a negative temperature gradient when they
come close. This repulsion also leads to decreasing of the collective angular velocity (w)
as the number of colloids increase as shown in fig. 6.3 (d). The corresponding average
angular velocity can be extracted by calculating cross correlation function (ccf(dt)) of the
corresponding trajectories (x(t), y(t)) through,

kBTTe_két/V sin(wdt) (6.1)

cef(0t) = (x(t)y(t + ot)) =
where, 0t is the lag time, v = 67an is the friction coefficient of a colloid having radius a in
a fluid having bulk viscous coefficient 77 and £ is the trapping stiffness. The angular velocity
at laser power P, = 6.5 mW decreases drastically from 19.93 rad/s for single PS AC to
8.23 rad/s for two colloids and decreases further to 7.02 rad/s for three PS ACs, as shown
in fig. 6.3 (e). The slowing down can be attributed to their thermal repulsion as well as the
colloids experiencing lower orbital angular momentum flux due and hence optical torque
due to increasing radius of two and tree PS AC systems.

To further quantify the orbital motion, the azimuthal force acting on a single PS AC is
calculated by analyzing its motion. The azimuthal force (F}y) is given by Fy = yv4, where «y
is the dynamic viscosity corrected with respect to the colloids proximity to the surface (see
section 5.2.3 of chapter 5) and v4 = 7w, is the tangential velocity of the colloid undergoing
orbital motion at radius r with angular velocity w. For a single colloid rotating at radius
r = 0.73 pm and w = 19.93 rad/s, the azimuthal force acting on the colloid is approximately,
Fy ~ 0.309 pN. Similarly, for two PS AC system the value turns out to be F, ~ 0.219 pN
and and for three PS AC system the values is F; ~ 0.215 pN. In addition, the time averaged
torque ((7)) acting a single PS AC colloid can also be calculated. The rotational motion of
a colloid about the z axis with a constant angular velocity 2 = wZ results from a balance
between the torque applied to the sphere and the drag torque: 7qrag = I X Fgrag - Therefore,
the time averaged torque can be calculated as, (1) = y(r X (r X )) = yw(r?). For the
rotation of a single PS AC, the torque comes out to be 7 = 4.566-1072° N m. In comparison,
the incident LGS beam carries an flux of OAM 7oy = [Py/f = 4.61 - 107" N m, where
[ = 3 is the azimuthal order, P, = 6.5 mW is the power and f is the frequency of light.
Therefore, approximately 1% of the incident OAM flux is transferred onto the PS AC. It
must be noted that the exact values of angular velocities as well as their radius depends on

individual colloids, their morphology, as well as mass fraction of iron oxide doping.
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6.3.2 Numerical calculation of optical forces

To corroborate the order of magnitude of the experimentally determined forces, we have
used COMSOL 5.1 to calculate forces on a single colloid. A cuboidal geometry (8 pm x
8 um x 6 yum) have been employed for the study as shown in fig. 6.4 (a). A LG beam at
wavelength 532 nm with polarization along y axis and power P, = 10 mW was incident
onto the system through a port as shown by the maroon arrow. The approximate focusing
conditions were matched with the experimental case by setting wy = 0.8 um, although exact
strong focusing conditions are difficult to achieve in COMSOL. The colloid was modeled
using Maxwell-Garnett effective medium theory (see section 5.2.2 of chapter 5) [145], which
results in an effective refractive index n = 1.6777 4 70.0169. The surrounding medium
is set as a homogeneous medium with refractive index set to that of water for simplicity.
The entire geometry is meshed using a minimum tetrahedral meshing size of ~ 150 nm.
Scattering boundary conditions are applied on the appropriate surfaces to avoid spurious
reflections.

The PS AC was scanned across the xy plane from —2.2 ym to +2.2 ym in both x and y
direction in 20 steps and the force on the colloid at each position is calculated by Maxwell-
stress tensor formulation of the wave-optics module. Fig. 6.4 (b) shows the obtained radial
force profile and the black arrows depict the sense of the in plane force components (£, [7).
Inset shows the corresponding beam profile with superimposed black arrows indicating the
transverse orbital energy flow of the beam. The approximate radius of trapping is at r ~
0.6 um and shown by the green dotted circle. The obtained radial optical force of the order

F,. ~ 0.1-1 pN matches well with the order of magnitude of the experimentally obtained

(a) d "N (c)

FIGURE 6.4: Numerical calculation of optical force. (a) Schematic of the geometry employed

for numerical calculation of optical forces. (b) Calculated radial optical force (F}.) with black

arrows indicating the sense of the in plane force components (F, ). Inset shows the corre-

sponding focal optical field profile along with arrows showing the sense of orbital energy flow.

(c) Calculated azimuthal force component (F) with black arrows indicating the sense of the in
plane force components (F, ).
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value of trap stiffness. Fig. 6.4 (c) shows the corresponding azimuthal force (/) along with
the black arrows depicting in plane force sense. The order of magnitude of the F, are similar
to that of the experimentally measured value.

The collective motion described in this section is reminiscent of many biological active
matters as well as of fundamental importance due to their synchronization through environ-
mental cues such as thermal gradient. Before we proceed to discuss the temperature distri-
bution of the system of PS ACs, it is useful to investigate the motion of passive dielectric

polystyrene colloids under the influence of LG beams and characterize the differences.

6.4 Dynamics of passive dielectric colloids

The large optical field due to focusing of the LG beam can facilitate optical trapping of
passive dielectric polystyrene colloids of diameter 1.01 pum. Subsequently, the colloid un-
dergoes orbital motion as depicted in fig. 6.5 (a) for incident power Py = 6.5 mW. The
corresponding beam intensity profile is shown in the inset. Similarly, multiple colloids can
be optically trapped and can undergo orbital motion under the influence of the scattering
force imparted due to the orbital energy flow of the LGJ beam. Their rotational motion
can be analyzed by calculating the cross-correlation function (ccf) and extracting the corre-
sponding angular velocity (w). The extracted angular velocity values are shown in fig. 6.5
(b). It can be seen that the angular velocity increases as the number of particles increase
in the LG% beam trap in contrast to the collective motion of the PS ACs, as discussed in
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FIGURE 6.5: Investigation of dynamics of passive dielectric colloids. (a) Optical trapping and
rotational motion of passive dielectric polystyrene 1.01 pum colloids in incident LG% beam. The
optical beam profile is shown in the inset. White arrows indicate the sense of the orbital motion.
(b) The angular velocity increases with number of colloids in the trap. (c) Histogram of corre-
sponding average inter-particle distance when there is 2-5 colloids in the trap.
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the previous section. This increase can be attributed to the hydrodynamic interactions be-
tween the identical colloids, i.e., a trailing colloid travels in the wake created by the leading
colloid and is dependent on their separation [162, 164]. This is investigated by calculating
the corresponding histogram for the inter-particle distances for 2-5 colloids, shown in fig.
6.5 (c). The extracted histogram indicates that for 2-3 colloids, the orbiting colloids can be
either very close to each other, or further away from each other, resulting in two peaks in
the histogram. Therefore, similar hydrodynamic interaction results in close values of the w
shown in fig. 6.5 (b). On the other hand, sharper probability distribution for the inter-particle
distance for 4-5 colloid systems results in their higher angular velocities. Such interactions
are enabled by the close packing of the passive polystyrene colloids, in contrast to the case
with PS ACs.

Examples of hydrodynamics interaction mediated collective motion have been widely
reported in the literature. For example, Sokolov et al. [162] reported spontaneous pairing of
two colloids when they are driven around a ring by an optical vortex beam. The mechanism
relies on symmetry breaking of the hydrodynamic coupling through the curvature of the path
due to orbital flow of incident LG beam. Similar collective motion of multiple colloids have
also been reported by Tsuji et al. [164], where the authors report increase of angular velocity
of LG beam driven colloids with increase of number of colloids and consequent decrease of
inter-particle distance.

Since the collective motion of the PS ACs rely on their optothermal heating, in the
following section we look at the experimental estimation of the temperature increment due

to optical heating as well as the temperature distribution in the surrounding region.

6.5 Estimation of temperature increment and temperature

distribution

The iron oxide nanoparticle doped trapped PS ACs acts as a microscopic heat source upon
absorption of the incident beam. The maximum surface temperature attained by the colloid
in such cases can be calculated by studying the nematic to isotropic phase transition of 5CB
liquid crystal (phase transition temperature Ty = 35°C = 308 K), as described in section
5.3 of chapter 5. Fig. 6.6 (a) shows the nematic to isotropic transition of liquid crystal
around centrally heated immobile PS AC at laser power Py = 3.88 mW. The position of
the PS AC with respect to the LGJ beam is shown in the inset. The measured maximum
surface temperature on the colloid increases linearly with respect to the incident laser power
as shown in fig. 6.6 (b), fitted with linear equation AT [K] = 2.01 Py [mW] — 0.41.
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FIGURE 6.6: Estimation of surface temperature of PS AC and corresponding temperature dis-
tribution. (a) Bright-field optical image of SCB liquid crystal phase transition from nematic to
isotropic around a heated immobilised PS AC with a LG% beam at power Py = 3.88 mW. The
position of the colloid with respect to the beam profile is indicated in the inset. (b) The measured
maximum surface temperature of the colloids varies linearly with laser power. (c) Schematic for
calculation of temperature distribution in the zy plane due to two equally heated colloids. (d)
Estimated temperature distribution in the xy plane for assembly of 1-3 PS ACs at laser power
Py = 6.5 mW.

To estimate the maximum, we assumed uniform temperature increment ('T'y) on the sur-
face of the heated colloid. The temperature distribution in the surrounding region (zy plane)
can be obtained by [40]:

To%, forr > a.
AT(r) = " (6.2)

Ty, forr <a.
where, 7 is distance from the heated colloid center as shown in the schematic fig. 6.6 (c).
This approach can be extrapolated for determining the temperature distribution in the sur-
rounding region for multiple heated colloids through the equation, AT(r) = )" AT, (r,).
Here, the subscript n denotes the n'" heated colloid in the assembly and AT, (r,) is the

temperature distribution sets up by the n" PS AC.

Fig. 6.6 (d) shows the corresponding temperature distribution for 1 to 3 PS ACs at

laser power Py = 6.5 mW, with average inter-particle distance and radius extracted from
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the experimentally measured dynamics of the assembly (see fig. 6.3). The temperature
increment is calculated by considering AT®® = ATePe—97%/2w0® " 52 is the distance from
the ring shaped region of the beam, wy = 0.8 m is beam width, AT is the experimentally
measured temperature of an immobile centrally heated colloid in the configuration as shown
in the inset of fig. 6.6 (a). The maximum temperature of the system increases from one PS
AC to three PS ACs, leading to higher thermal repulsion and therefore, resulting in slower
collective angular velocity as described in section 6.3.1.

To further investigate the effect of thermal repulsion, in the following section we look at
dynamics of binary mixture of polystyrene 1.01 um passive colloids and 1.31 ym PS ACs

under the influence of focused LG beam.

6.6 Dynamics of binary colloidal mixture: thermally active

and passive colloids

To further investigate the effect of thermal repulsion on the angular velocity of the system,
we investigate a system of PS ACs (brown disks) and passive polystyrene (PS) dielectric
spheres having diameter 1.01 ym (blue disks). At laser power Py = 6.5 mW, a single PS
AC colloid undergoes orbital motion and its angular velocity is extracted by calculating the
corresponding cross correlation function, resulting in obtaining angular velocity, w = 15.2
rad/s, shown in fig. 6.7 (a). In comparison, a system of a single PS AC and a passive
PS colloid undergo collective motion with angular velocity w = 8.4 rad/s. In this case,
collective motion is slower than a single PS AC since the passive PS is much slower moving
species than the PS AC. In addition, the thermophoretic response of the passive PS may also
contribute to lower angular velocities. The corresponding histogram of the inter-particle
distance shows maximum probability at distance d15 ~ 1.51 um. In contrast, collective
motion of two PS ACs undergo orbital motion with significantly slower angular velocity
w = 5.5 rad/s as shown in fig. 6.7 (c). The average inter-particle distance is di2 ~ 2.62 ym
and is much higher with respect to the case shown in fig. 6.7 (b), owing to their thermal
repulsion. Addition of a passive PS onto the system of two PS ACs renders angular velocity
w = 4.5 rad/s of the system of colloids, slower with respect to two PS ACs, as shown in
fig. 6.7 (d). It can be attributed to the slower moving passive PS colloid as well as its
thermophoretic response to the heated PS ACs. The inter-particle distances between the PS
ACs and the passive PS shown in fig. 6.7 (d) has an average of d13 = 1.82 um and dy3 =
1.68 pm, and depicts that the passive PS roughly stays in between the PS ACs. Replacing
the passive PS with another PS AC renders formation of triangular colloidal matter and
much slower angular velocity, w = 2.9 rad/s. The average inter-particle distance is shown
by the histogram with average d = 2.60 ym. It must be noted that the PS ACs in the
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sample chamber trapped for the study were kept of similar size for consistency. Therefore,
the results depict that thermal repulsion between the PS ACs have a stronger effect on the
slower angular velocity of the formed colloidal matter than a slower moving passive PS.
Since optothermal heating of the colloids plays the key role in their collective orbital
motion, in the following section we investigate their behavior with increasing laser power,
which leads to higher heating as well as increasing incident orbital energy flow. Through
the competitive action of the azimuthal force as well as the thermal repulsion we also inves-
tigate how the colloidal structure self-evolves while undergoing orbital motion through this

process.

(a) ®) 4% eu. (©
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FIGURE 6.7: Investigation of dynamics of binary active-passive system. (a) A single PS AC
in an incident LG% beam at laser power Pp = 6.5 mW undergoes orbital motion with angular
velocity w = 15.2 rad/s. (b) In comparison, the system consisting a PS AC and a passive
PS undergoes rotation with angular velocity w = 8.4 rad/s. The corresponding inter-particle
distance peaks around dio = 1.51 pym. (c) The thermal repulsion between two PS ACs lead
to significantly slower angular velocity w = 5.5 rad/s as well as higher average inter-particle
distance dijo = 2.62 um. (d) Introduction of a passive PS into the system of 2 PS ACs lead to
slowing down of the system with average angular velocity w = 4.5 rad/s with average distance
between the PS ACs and PS being dy3 = 1.68 ym and dog = 1.82 ym. (e) In comparison, an
assembly of three PS ACs rotate with much slower angular velocity w = 2.9 rad/s and average
inter-particle distance d = 2.60 pm.
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6.7 Evolution of rotating colloidal matter with increasing

laser power

The collective motion of the PS ACs in the LGj optical field can be further modulated by
increasing the incident laser power. For a single PS AC colloid, the angular velocity of the
orbital motion increases with increasing laser power, having a linear trend as shown in fig.
6.8 (a). While undergoing orbital motion, the average radius of orbiting trajectory decreases
with increasing laser power, as shown in fig. 6.8 (b). This is because of asymmetrical heating
of the colloid due to its orbital motion as well as thermal fluctuations (see section 5.4.2 of
chapter 5). Therefore, while changing the power from ~ 2 mW to ~ 7 mW, the estimated
maximum surface temperature change AT ~ 12 K (see Fig. 6.6 (d)) can lead to temperature
dependant viscosity change as well as thermal diffusion properties of the colloid, leading to
self-thermophoretic motion (see section 5.4.2 of chapter 5). The self-thermophoretic motion
towards the inner side of the vortex beam is because of the fact that the beam intensity falls
off faster on the inner side. The effect is similar to that of polarization dependence of the self-
thermophoretic motion as discussed in section 5.4.3 chapter 5. However, we envisage that

considering the small increase of temperature change and corresponding change in viscosity
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FIGURE 6.8: Evolution of the assembly and rotational dynamics with laser power. (a) The
angular velocity of orbital motion of a single PS AC increases linearly with laser power. (b) Its
radius of rotation decreases in the process due to self-thermophoretic behaviour. (c¢) The angular
velocity and (d) the radius of rotation for a colloidal matter consisting 2 PS ACs increases with
power at lower values, but undergoes saturating behaviour at higer powers (> 5.5 mW). (e)
The angular velocity and (f) the radius of rotation for a colloidal matter consisting 3 PS ACs
increases with power at lower values and undergoes saturating behaviour at powers > 4.5 mW.
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of water, it does not play the major in changing the angular velocity of the colloid.

In contrast to a single PS AC, the angular velocity of collective motion of two PS ACs
shows increasing trend at lower laser power values as shown in fig. 6.8 (c), whereas at higher
values (> 5.5 mW) indicated by the shaded region, the angular velocities undergo saturating
behavior. Similarly, the radius of their collective motion of two PS ACs increases non-
linearly with laser power, as shown in 6.8 (d). Such non-linearity can be attributed to their
mutual thermal repulsion along with outwards self-thermophoretic motion at higher powers
(= 5.5 mW), indicated by the shaded region. In case of the collective motion of a system of
three colloids, the angular velocities of orbital motion increases at lower laser powers but at
higher values (> 4.5 mW) undergo saturating behavior, depicted by the shaded region in fig.
6.8 (e). Similarly, its radius also increases non-linearly and undergoes saturation behavior
at power > 4.5 mW shown by the shaded region in fig. 6.8 (f) due to their mutual thermal
repulsion as well as self-thermophoresis. The saturating behavior of angular velocity with
increasing laser power for two and three PS ACs can be attributed to their increase of thermal
repulsion with increasing laser power as well as, the colloids move outward from the LGS
beam intensity part. In addition, the saturation occurs at lower power for three PS AC
systems than the two PS AC system due to their higher system temperature than two PS AC

systems at any given laser power.

6.8 Conclusion

To summarize, we have investigated self-organization and collective motion of polystyrene
thermally active colloids driven by orbital energy flow of Laguerre-Gaussian beams. A sin-
gle colloid undergoes optical trapping as well as optothermal heating due to incident optical
field. In addition, the temperature distribution set up due to the trapped colloid acts as an en-
vironmental cue and leads to thermophoretic motion of the colloids in the vicinity. Multiple
colloids form a colloidal matter in the optical field owing to their mutual thermal repulsion,
and therefore leading to collective motion as a whole due to orbital energy flow facilitated
azimuthal scattering force. The organization as well as the collective rotational motion of
the colloidal matter self-evolves as a new colloid joins the assembly. The angular velocity
of the collective motion decreases as the number of colloids increases in the assembly, due
to their mutual thermal repulsion. In contrast, the angular velocity of an assembly of passive
polystyrene colloids increases with their number of, owing to their hydrodynamic interac-
tion. To further underline the effect of thermal repulsion in the collective motion, we have
studied the collective motion of binary mixture of thermally active and passive polystyrene
colloids. In addition, we have investigated the dynamics of the active colloidal matter with

increasing laser power. For a single active colloid, the angular velocity of orbital motion
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increases linearly with increasing laser power. Conversely, we show that for assembly of
two and three colloids its radius of motion as well as angular velocity increases non-linearly
with respect to increasing laser power, and exhibits saturating behaviour at higher power
owing to thermal repulsion as well as self-thermophoretic motion.

Self-organization and collective motion of artificial colloids holds great ramification not
only for non-equilibrium physics but also for various bio physical phenomena. It has been
envisaged for microscopic engines as well as applications such as targeted task of drug de-
livery [139, 165]. To this end, the thermophoretic response of artificial active colloids have
been harnesses in various configuration such as defocused beam in binary mixture [132] as
well as laser steering with feedback [133]. However, the optical scattering forces have yet to
be utilized in such systems. While for traditional Gaussian optical fields, the optical scatter-
ing force is dominant along the light propagation direction, the transverse optical scattering
force of vortex beams presents itself as a useful tool for providing the driving forces for the
colloids. The heating due to optical field and the driving due to angular momentum present
in these beams allows investigation of dynamics self-evolving assembly as well as collec-
tive motion of the active colloids. The study can serve as a model system to study questions
related to driven active matters as well as can be harnessed as a re-configurable colloidal

micro-engine.



Chapter 7
Conclusions and future directions

In conclusion, the work presented in this thesis discusses some recent efforts in investigation
of light-matter interactions with nanoscopic as well as microscopic objects. The discussions
presented in the chapters investigated implications in light-matter interactions due to inten-
sity, polarization as well as phase of the incident optical fields. In doing so, we have covered
a diverse range of phenomena covering from spin-orbit interactions of angular momentum
carrying beams with a mono-crystalline silver nanowire to optothermal interactions with
iron oxide infused polystyrene thermally active colloids. The optical setup employed for the
studies involved operation and modification of a home-built two-channel optical microscope,
integrated with Fourier plane imaging capability for momentum space imaging as well as
a fast camera for observation of millisecond colloidal dynamics. The experimental results
as well as the supporting numerical calculations ineluctably establishes the importance of
considering the vectorial nature of optical fields at the focal plane of a high numerical aper-
ture objective lens. In addition, we have discussed the role of geometrical arrangements and
symmetries in the presented light-matter interaction phenomena.

In the following paragraphs we summarize the different experimental results presented
in the chapters of this thesis, broadly divided into two parts: investigation of spin-orbit in-
teractions and investigation of optothermal interactions of active colloids. Importantly, we
will also present some outlines to extrapolate the results for future studies. We envisage,
the presented results in this document will lead to better understanding of light-matter inter-
action related to sub-wavelength spin-orbit interactions as well as optothermal interactions
with active as well as passive colloids in fluidic environments.

The first problem we discussed in chapter 3, involves investigation of spin-orbit in-
teraction of circularly polarized Laguerre-Gaussian beams with a mono-crystalline silver
nanowire (AgNW), which acts as a sub-wavelength strip scatterer. Herein, we addressed the
problem of simultaneous and unambiguous detection of spin and orbital angular momentum
components of an incident optical field. The transverse component of the Poynting vector
also known as the transverse energy flow due to spin as well as orbital angular momentum

beams represents a momentum direction and sense. Such momentum can be transferred
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onto a probe particle to facilitate its rotational motion. On the other hand, it can also lead
to preferential scattering upon scattering, the directionality of which is dependent on the
magnitude and sign of the angular momentum value. In addition, the orthogonality of the
angular momentum states represent mutually orthogonal states which can be harnessed for
optical communication. Therefore, to simultaneously distinguish the constituent compo-
nents of the total angular momentum we employ Fourier plane microscopy, which enables
precise measurement and quantification of preferential scattering due to the transverse en-
ergy flow components. The analysis of scattering pattern of incident circularly polarized
LG beams from an AgNW in the sub and super-critical region of in the Fourier plane leads
to the conclusion that - preference of scattering in the sub-critical region changes when the
spin is inverted, whereas the super-critical region intensity distribution preference depends
predominantly on the orbital energy flow of the incident beam. The detection mechanism
relies on the polarization dependent scattering behavior of the nanowire. The effective di-
rectionality trends have been further investigated through calculation of focal optical field
and corresponding transverse energy flow constituent due to spin and orbital angular mo-
mentum of the light beam. The presented work exhibits a single element based angular
momentum detection mechanism and bypasses the requirement of complex nanofabrication
based on-chip photonic structures.

Subsequently, in chapter 4, we go one step further and investigate the spin density of the
optical fields. Specifically, we investigate the longitudinal spin density due to focusing of
incident linearly polarized Gaussian and Hermite Gaussian beams and the consequent spin-
Hall effect by analysing the scattered signal from a single AgN'W. We show that, contrary to
the paraxial to linearly polarized optical field possessing zero spin angular momentum, the
strong focusing and consequent generation of vectorial optical field can possess partial spin
angular momentum in the form of spin densities. The longitudinal spin density component
can be detected by analyzing the circular polarization component of the scattered light,
which leads to a spin-dependent anti-symmetric intensity distribution in the Fourier plane,
therefore exhibiting angular spin-Hall effect. The corresponding longitudinal spin density
was found to be enhanced by a factor 1.31 for HG beam with respect to that of Gaussian
beam. By studying the numerically calculated focal optical fields as well as the scattered
light with finite element method numerical calculations, we attribute the observed effect
to the generation of longitudinally spinning optical fields due to focusing, hinting at the
geometrical origin of the effect. Our experiments reveal the very intricate nature of the SOI
between a focused optical beam and a nanoscopic object.

In the following part we outline possible future implications of the experimental results

presented here.
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Future directions:

Both these chapters (chapter 3 and 4) aim at investigation of incident focal focal optical
fields and understanding the resultant spin-orbit interactions. In doing so, we try to read out
the polarization as well as angular momentum state of the incident optical field, as well as
its modification due to strong focusing. Therefore, in the following we lay out possibilities
for harnessing the detection mechanism as well as the scattered light from the nanowire for

future studies.

* One of the possible extrapolations to the presented results can be to use them as a
polarization sensor, allowing us to detect any elliptical polarization of the incident
light beam. The directionality of the scattered light from an AgNW in the sub- and
super-critical region of the Fourier plane as well as intensity in the super-critical re-
gion depends on the polarization state of the incident light beam. Hence polarization
dependent study of the parameters can lead to determination of specific polarization
state of the incident beam. Similar polarization dependent directionality has been in-
vestigated from other structures as well [15, 166]. To this end, a similar approach has
been presented in Fig. 3.10 of chapter 3, where we have examined the polarization
dependence of the parameters - directionality in the sub- (Dy,;) and super-critical re-
gion (Dgyper), as well as intensity in the super-critical region (g,,) of the Fourier
plane. In doing so, we establish protocols for detection of specific polarization states,
namely, left-circularly polarized and right-circularly polarized states. In addition,we
have pointed out the difficulties of measuring generalized elliptical polarization states.
However, with more involved study and investigation of additional parameters, any

generalized polarization can be determined.

» Strong focusing of beam possessing orbital angular momentum such as Laguerre
Gaussian beams can also lead to orbital to spin angular momentum conversion and
consequent generation of spin densities, much more enhanced with respect to the lin-
early polarized Gaussian/Hermite Gaussian beams cases. Similar effect of genera-
tion and conversion of angular momentum of light has been theoretically investigated
as well as experimentally probed through transmission of vectorial beams through a
stratified medium [22] and by focusing effects [167]. In specific cases, the scattering
induced angular momentum interconversion has been studied through interaction with
chiral scatterers [110, 168]. In similar lines, the scattering from a single AgNW can
also be harnessed to potential read out of the spin densities due to focussing of LG
beams. The consequent orbital to spin angular momentum conversion can be detected
by polarization analysis of the scattered signal as well as investigation of the phase

distribution of the scattered light through interferometric methods.
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* In addition to the extraction of information of the focal optical fields, the scattered
light allows us to modify the focal optical field intensity, as well as its energy flow
direction. A specific example has been presented in Fig. 3.3 (e) by comparing the
transverse energy flow due to interaction with the nanowire for x and y polarized
incident LG beam. Such modification of energy flow can be detected by examining
the dynamics of a probe particle in the vicinity of the nanowire surface. Scattering
induced interaction can also lead to a very rich signature of the optical force landscape,

which can potentially be harnessed for optical trapping and manipulation.

In the following parts of the thesis, in chapter 5 we have investigated the optothermal
interactions due to optical heating of metallic nanoparticles embedded in the volume of
polystyrene active colloids dispersed in deionized water. In keeping with the theme of the
thesis, we investigate the effect of focused and defocused optical field intensity distribution
and polarization on the optical trapping and dynamic assembly of these self-heating colloids.
Specifically, we harness the self-heating as well as thermophoretic behavior of iron-oxide
infused polystyrene colloids to investigate the optothermal interactions. The resulting at-
tractive and repulsive forces lead to reconfigurable assembly of the colloids in a defocused
optical field, which further undergoes self-evolution as a new colloid joins the assembly.
Additionally, the experimental results indicate that the polarization of the incident optical
field and the consequent vectorial nature of the optical field intensity distribution at the focal
plane can be employed to control the direction of self-thermophoretic motion of the colloids
as well as the structural orientation of the assembly.

In the following chapter,in chapter 6, we discussed self-organization and collective mo-
tion of the iron oxide infused polystyrene thermally active colloids driven by the energy flow
of Laguerre-Gaussian beams. Similar to the study of the previous chapter, the self-heating
nature of the polystyrene active colloids were harnessed to generate an environmental per-
turbation in which the surrounding colloids undergo thermophoretic motion. In addition,
the short-range thermal repulsion of two equally heated colloids lead to self-evolution of
the assembly as well as collective motion under the influence of the scattering force due to
the orbital energy flow. The radial optical force as well as the azimuthal driving scattering
force have been extracted by analyzing the trajectories of the colloids as well as by means of
numerical simulations. Finally, we have also investigated the self-evolution of the structures
with respect to increment of incident laser power as well in binary mixture of colloids.

In what follows, we discuss how the results can be extrapolated for future studies.
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Future directions:

The two chapters investigate the optothermal interaction of active colloids as well as the
formation and collective dynamics of reconfigurable active colloidal matter in different in-
cident optical field configurations. In doing so, we have discussed various properties of the
thermally active colloids such as their self-thermophoretic behavior, thermophoretic migra-
tion, as well as investigated inter-particle interactions. In addition, we have investigated how
the interactions and dynamics get modulated by the various properties of the incident op-
tical fields. Specifically the themophoretic as well as the self-thermophoretic nature of the
colloids can be harnessed in various ways and we lay out a few possibilities in the following

points.

* The volume distribution of the iron-oxide nanoparticulate inclusions within the col-
loid renders them roughly symmetric. Therefore, their activity stems from asymmetric
illumination of focused light. An alternate method of forming an asymmetric arrange-
ment will be by assembling a binary mixture of colloids - passive dielectric colloids
and thermally active colloids. Such a system even in the case of symmetric illumina-
tion may exhibit active dynamics. Similar systems have been investigated in a critical
mixture and their active dynamics have been studied [169]. The active-passive binary
system and its dynamics can potentially be harnessed as a colloidal micro engine and

non-equilibrium dynamics.

* The optothermal assembly of active colloids in the defocused optical assembly can
also potentially be used for selective tasks such as reconfigurable colloidal engines, as
well as the arrangement with specific photonic properties. In addition, it is possible to
study dynamics of the colloids in binary systems, in crowded environments under var-
ious optical illumination and environmental conditions for investigation of collective

motion such as swarming, vortex formation.

In summary, the work presented in this thesis discusses a diverse group of light-matter
interaction phenomena whose characteristics are dictated by similar laser excitation arrange-
ment, i.e., strongly focused optical fields. The results are corroborated with optical field cal-
culations as well as accompanied with extensive analysis of the experimental data to point
out the driving principle. We hope that the results will find interest in the community and can
lead to more enriched knowledge of various light-matter interactions with focused optical
fields.
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